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Summary

The primary aim of the thesis was to examine calcification processes in roots of terrestrial 

plants and to apply these mechanisms to the study of calcified roots in the fossil record. 

The central idea is a hypothesis that fine roots of vascular plants, i.e. the part of the root 

system responsible for water and nutrient uptake, play a central role in carbonate formation 

and diagenesis in near surface terrestrial vadose settings, particularly in certain types of 

calcretes. 

Introductory literature review chapter, providing an overview of geobiology of 

calcium carbonate in the plant root–soil system, presents the concepts of fine roots, the 

rhizosphere and related biomineralisation processes in soils. Chapter Two re-examines 

root-related carbonate micromorphology of some classical Quaternary calcrete localities 

on the Bahamian islands and re-evaluates the rhizogenic calcrete model. Chapter 

Three documents immense carbonate biomineralisation products from modern soil 

environments, forming through intracellular calcification of root cortex, hypothetically 

linked with proton extrusion as an effective nutrient acquisition mechanism. Calcified roots 

have been studied in present-day calcareous soils of the Province of Alicante, SE Spain. 

Intracellular CaCO3 precipitation in plant roots is discussed in terms of biomineralisation 

processes, ecophysiology, and its geological significance. Chapter Four presents results 

of DNA identification of calcifying plants, based on DNA extracted from organic tissues 

preserved in modern intracellularly calcified roots. Chapter Five deals with Microcodium, a 

problematic biogenic calcite feature of calcretes and palaeosols. The major part is focused 

on morphological and ultrastructural analysis and stable isotope analysis of Microcodium 

material from Cretaceous and Palaeogene of south-central Europe and Quaternary of 

the Caribbean, its comparison with modern intracellularly calcified roots, and discusses 

the arguments opposing the rhizogenic interpretations, using recently published works 

as a discourse framework. Final section re-evaluates existing models of root calcification 

processes and products and propose directions of future research.
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Preface

The primary aim of this thesis is to examine calcification processes in roots of terrestrial 

plants and to apply these mechanisms to the study of calcified roots in the fossil record. The 

central idea and a guiding concept of the thesis is a hypothesis that fine roots of vascular 

plants, i.e. the part of the root system responsible for water and nutrient uptake, play a 

central role in carbonate formation and diagenesis in soils/sediments in near surface vadose 

settings, particularly in certain types of calcretes. Rhizoliths – in a broad sense defined 

as traces and remains of plant roots preserved in mineral matter, particularly calcium 

carbonate – have been a central topic in palaeosol studies as one of the most prominent 

and recognisable soil-diagnostic features in sedimentary successions. An overall motivation 

of the thesis is to make a contribution to the understanding of rhizoliths – from their 

morphology and classification to metabolic processes responsible for calcium carbonate 

precipitation in and around plant roots. 

Chapter One is a literature review, framed by specific objectives of the thesis and scope 

of the individual chapters. It provides a focused introductory review, integrating concepts of 

geobiology of the soil system, (palaeo)biology, (palaeo)ecology of plant roots, sedimentary 

and diagenetic processes in soil carbonates (calcretes), and principles of calcium carbonate 

biomineralisation. An attempt is made to bridge the gap between earth and life science 

disciplines by drawing attention to the concepts of fine roots, the rhizosphere and related 

biomineralisation processes in soils, which have been largely overlooked, or at least 

underemphasised, in the modern sedimentological literature. 

The central part comprises four case-study chapters. Many of the fundamental concepts 

on calcrete formation mechanisms are based on well-exposed and thoroughly documented 

Quaternary shallow-marine and aeolian deposits in the Caribbean islands. Chapter Two 

re-examines root-related carbonate features in some classical localities on the Bahamian 

Islands (North Andros, San Salvador and New Providence) and is aimed at re-evaluation of 

the rhizogenic calcrete model.
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The purpose of Chapter Three is to document impressive carbonate biomineralisation 

products from modern soil environments, forming through intracellular calcification 

of the root cortex, hypothetically linked with proton extrusion as an effective nutrient 

acquisition mechanism. Calcified roots have been studied in present-day calcareous soils 

from xerophyte-dominated semiarid Mediterranean environments of the Province of 

Alicante, SE Spain. Intracellular CaCO3 precipitation in plant roots is discussed in terms of 

biomineralisation processes, ecophysiology, and its geological significance. 

In order to identify the plants producing intracellularly calcified roots, DNA extracted 

from very small amounts of organic tissue preserved in some of the sampled calcified fine 

roots has been analysed using DNA barcoding taxonomic identification tools. Because of 

the methodological specifics, results of DNA analysis of intracellularly calcified roots are 

presented as a separate Chapter Four.

Chapter Five is aimed at providing answers to the enduring controversy about the 

origin of Microcodium, a problematic biogenic calcitic feature of calcretes and palaeosols. 

The chapter is based on previous research (Košir 2004) which presented morphological 

evidence for the root origin of Microcodium, based on exquisitely preserved calcified fine 

roots and transitional forms from Paleocene calcretes of SW Slovenia, which showed that 

the typical Microcodium cellular structures could have formed through progressive radial 

growth of root cortical cells. The major part of the chapter is focused on morphological 

and ultrastructural analysis and stable isotope geochemical analysis of Microcodium 

material from Slovenia, Croatia, Spain, France, the Bahamas and Caicos, and discusses the 

arguments opposing the rhizogenic interpretations, using these counter-arguments from 

recently published works as a discourse framework.

The final Chapter Six provides a brief overview of root-related biomineralisation 

processes and carbonate rhizolith formation mechanisms, based on conclusions of the 

previous chapters. The concepts of rhizolith formation have not been significantly updated 

since the review of Klappa (1980b) who described general morphology, diagnostic criteria 

and classification of rhizoliths. The aim of Chapter Six is to set a basis for a critical re-

evaluation of carbonate precipitation in plant root systems with a strong emphasis on 

biologically controlled and induced processes of fine roots and the rhizosphere. 
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Chapter 1: Geobiology of calcium carbonate 
in the plant root–soil system: Literature review

1.1 Introduction: Plants and mineral weathering

By a simple and broad definition, soil is the biogeochemically altered material that lies 

between the lithosphere and the atmosphere (Amundson 2005), the biologically excited 

layer of the Earth’s crust (Richter and Markewitz 1995). For the largest part of soil sciences 

the term “soil” stands for the medium for plant growth, typically consisting of vertical 

sequence of layers (soil horizons) of generally unconsolidated mineral and organic material 

(Birkeland 1999). However, taking into account a considerable maximum rooting depth of 

certain vegetation types, extending down for several tens of metres and often tapping into 

permanent or temporarily reliable water sources at depth (Canadell et al. 1996; Jackson et 

al. 1996; Schenk and Jackson 2002, 2005; Kirkham 2014; Dawson et al. 2020; Schwinning 

2010, 2013, 2020; McCormick et al. 2021), such a broader perception of the soil zone 

largely corresponds to regolith or the unsaturated (vadose) belowground part of the Critical 

Zone – a system defined from the outer extent of vegetation down to the lower limits of 

groundwater (Brantley et al. 2006; Hasenmueller et al. 2017). The ‘criticality’ accentuates 

the essential role of this zone in natural and managed ecosystems because it represents 

the system of coupled chemical, biological, physical, and geological processes operating 

together to support life at the Earth’s surface (Brantley et al. 2007, Banwart et al. 2019). 

Although this zone has been studied since the onset of science, the term itself is relatively 

new (US National Research Council Committee on Basic Research Opportunities in the 

Earth Sciences, 2001; Brantley et al. 2011; Amundson et al. 2007). The concept of Critical 

Zone provides a suitable interdisciplinary framework for the study of calcium carbonate 

biomineralisation in plant roots and the rhizosphere. Perhaps the term Critical Zone is not 

the most practical, relevant, and explicative, yet the concept puts an important (critical) 

stress on its interdisciplinarity.

Although vegetation has long been recognised as one of the five major factors of soil 

formation, together with climate, parent material, topography and time (Jenny 1941), the 

role of vegetation has been largely correlated with climate and climatic constraints for 
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plant ecology and biogeography. Geological studies have traditionally regarded weathering 

as a relatively simple set of inorganic (chemical and physical) rock-water interactions, 

however, during the last decades substantial attention has been paid to the function of 

rooted vascular plants and their associated microbiota in mineral weathering processes (van 

Breemen et al. 2000; Landeweert et al 2001; Finlay et al. 2020).

Berner et al. (2005) provided a thorough review of the effects of higher plants on 

weathering based on studies of plant-induced biogeochemical processes in present-day 

soils as well as the geological history of plants, weathering and evolution of the atmospheric 

CO2. Following Lucas (2001), Berner et al. (2005) outlined main types of element cycling 

by plants and their involvement in biogenic secondary mineral production. Among the 

chemical processes involving plants in weathering and soil formation, the most important 

part corresponds to biological pumping, that is, the recycling of inorganic constituents 

(Lucas 2001; Kelly et al. 1998). Plants act as biogeochemical pumps that take up life-

essential elements from the soil solution, use them in metabolic processes, temporarily 

store them in their tissues, and return them to the soil through litterfall, root turnover, and 

whole plant decomposition after death (Tinker and Nye 2000; Lucas 2001; Amundson et al. 

2007). These cycling processes include all major mineral nutrients (nitrogen, phosphorous, 

sulphur, potassium, magnesium and calcium), minor nutrients (iron, manganese, zinc etc.), 

as well as silicon and aluminium, i.e. elements that are not essential or in general highly 

beneficial for plants but are major lithospheric constituents (Marschner 1995; Epstein 

and Bloom 2005; Broadley et al. 2012a; Broadley et al. 2012b; Hawkesford et al. 2012). 

Importantly, precipitation of secondary minerals is a crucial component in the chemical 

evolution of the soil/weathering zone (Brantley et al. 2011) and largely results from 

biologically induced or biologically influenced mineralisation processes (Lucas 2001), or, 

in the case of intracellularly calcified roots (Chapter 3), from a complex plant-controlled 

biomineralisation process driven by plant metabolism (Hinsinger 2013).

Plants operate as geobiological agents on short (minutes to year) and very long (millions 

of years) timescales (Beerling and Butterfield 2012), the latter particularly by their vital 

function in global organic and inorganic carbon cycle. By enhancing weathering rates of 

silicate minerals, plants have played the key role in global climates of the past 400 million 

years in Earth’s history (Beerling and Berner 2005; DiMichele and Gastaldo 2008; de 

Tombeur et  al. 2021).

Over 80% of all land plants form some type of symbiotic association with mycorrhizal 

fungi (Brundrett 1991, 2004). By colonizing plant roots, mycorrhizal fungi absorb nutrients 
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and water from the bulk soil and obtain plant photosynthates in return (Landeweert et al. 

2001). Mycorrhizal fungi appear to have coevolved with terrestrial plants from the dawn 

of their evolutionary history in the early Devonian (Brundrett 2002; Smith and Read 2008; 

Field et al. 2015), moreover, the key weathering processes since the colonization of land by 

plants have actually been driven by the combined activities of roots and mycorrhizal fungi 

(Taylor et al. 2009).

1.2 Palaeosols and pedogenic carbonates

Palaeosols are ancient soils that have been incorporated into the geological record. Since 

soils form in response to interactions of the lithosphere, hydrosphere, biosphere, and 

atmosphere, palaeosols potentially record physical, biological, and chemical information 

about past conditions near the Earth’s surface. Palaeosol research has received an expanding 

attention over the last several decades. The importance of recognition and interpretation of 

palaeosols in marine and continental sedimentary systems (Mack et al. 1993; Wright 1994; 

Kraus 1999; Retallack 2001) has significantly broadened by qualitative and quantitative 

application of palaeosol indicators in reconstruction of terrestrial environments and climate 

in the past, reviewed by Sheldon and Tabor (2009) and recently by Tabor and Myers (2015). 

One of the most utilized and the most studied palaeoecological and palaeoclimatic 

indicator in palaeosols is the isotopic composition of pedogenic (soil-formed or secondary) 

carbonates (Cerling 1984, 1999a, b; Cerling et al. 1989; Cerling and Quade 1993; Ekart et al. 

1999; Nordt et al. 2000; Berner and Kothvala 2001; West et al. 2006). Pedogenic carbonates 

have been used as a tool for the reconstruction of palaeo-pCO2 levels of the atmosphere 

using a diffusion-reaction model for the carbon isotopic composition the soil carbonate, 

assumedly precipitated in equilibrium with soil respired and atmospheric CO2 (Cerling 

1984). Another application of carbon isotopes of pedogenic carbonates is an estimation of 

C4 vs. C3 vegetation biomass in (Neogene and younger) palaeosols (Cerling et al. 1989, 

1993; Cerling 1999b).

Wright and Vanstone (1991) exposed theoretical and empirical constraints for the 

uncritical application of the Cerling model in certain types of soil carbonate, particularly 

those formed by biologically induced processes of carbonate precipitation, e.g. rhizogenic 

calcretes (see below). 
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Fig. 1.1. Comparison of relative 
sizes of the principal carbon pools 
on Earth, based on Eswaran et al. 
(2000), Lal (2004) and Mackenzie 
& Lerman (2006). *The discrepancy 
between the published estimates 
of the global soil inorganic carbon 
is largely due to inability to 
differentiate between the presence of 
primary (lithogenic) carbonates and 
soil carbonates of secondary origin 
(Lal & Kimble, 2000). 
1 Pg = 1015 g = 1 Gt.

Another important aspect of soil carbonates is their role in the global carbon cycle 

and the fact that the soil inorganic carbon (SIC), predominantly bonded in secondary 

soil carbonate minerals, represents one of the principal large carbon pools on Earth (Fig. 

1.1). Climate change is one of the major issues in the past few decades, hence most of the 

dealings with the global attributes of soil carbonates implicitly or explicitly tackle their 

relationship with atmospheric CO2 change and the potential mechanisms of using soil-

formed carbonate in longer-term carbon sequestration (Lal et al. 2000; Nordt et al. 2000; Lal 

2003, 2004; Monger 2014; Monger et al. 2015). In the context of investigation of global SIC 

stocks and their dynamics on a global and regional scale, Zamanian et al. (2016) discuss the 

formation mechanisms of pedogenic carbonate, including biogenic processes. 

 

1.2.1 Calcretes

Calcretes are near surface, terrestrial accumulations of predominantly calcium carbonate, 

which occur in a variety of forms from powdery to nodular, highly indurated, massive and 

laminar, and result from cementation and replacive and displacive introduction of CaCO3 

into soil profiles, sediments and bedrock, in areas where vadose and shallow phreatic 

waters are saturated with respect to calcium carbonate (Wright and Tucker 1991). The 

term calcrete is effectively synonymous with caliche, which is more widely used in North 

American literature (Wright 2007), but only partly with pedogenic carbonate since a broad 

definition of calcrete includes extensive authigenic carbonate bodies formed in the shallow 

phreatic zone (i.e. groundwater or phreatic calcretes), generally detached from the soil zone. 
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Comprehensive general reviews on calcretes have been given by Esteban and Klappa 

(1983), Wright and Tucker (1991), Alonso-Zarza (2003), Wright (2007), and Alonso-Zarza 

and Wright (2010a, b). Specific aspects of calcretes have been covered in numerous papers: 

contributions dealing with geobiology of calcretes include Braithwaite (1983), Mclaren 

(1995), McLaren and Gardner (2004), Zhou and Chafetz (2009), Durand et al. (2010, 2018), 

and Li and Jones (2014), amongst others. Papers focused on root-related features and 

rhizogenic calcretes are discussed below (section 1.4).

1.3 The plant root–soil system 

As expressed by a series of comprehensive monographs on all aspects of plant root 

studies entitled “Plant Roots: The Hidden Half ” (Waisel et al. 1991, 1996, 2002; Eshel and 

Beeckman 2013), the research on plant roots is a specific and separate discipline of plant 

sciences. If the root research somehow lags behind the immense progress in the study of 

the aboveground parts of the plant and biosciences in general (Eshel and Beeckman 2013), 

the perception of plant roots in sedimentary geology appears to be rather superficial and is 

mostly rooted in relatively basic textbook concepts. Therefore, important aspects of plant 

root systems and root-soil processes that are of key relevance for sedimentology, especially 

near-surface vadose diagenesis in carbonate settings, are briefly reviewed below. 

1.3.1 Characteristics and functions of root systems

Plant roots vary enormously in the morphology and physiology (Lauenroth and Gill 

2003; Lynch 2005). Root systems differ significantly between the groups of “higher” 

vascular plants and seedless vascular plants (e.g. Kutschera et al. 1992, 1997; Kutschera 

and Lichtenegger 2013). By a general size and functional division of plant roots (Fitter 

1996, 2002; Waisel and Eshel 2002), the root systems consist of coarse (secondary, woody) 

roots and fine roots (Fig. 1.2; see Section 1.3.2 below). Coarse roots form a “distributive” 

root system comprised of lower order roots (Fig. 1.2C), responsible for mechanical 

support (anchorage in soil) and the transport of substances between fine roots and the 

shoot (Gregory 2006; Danjon et al. 2013). Coarse roots develop a periderm and additional 

vascular tissue due to secondary growth, are characterised by cortex loss, normally have 

much longer lifespan than fine roots, and do not contain mycorrhizae (Pregitzer 2002, 2003; 

Freschet et al. 2021a, b). 
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Fig. 1.2. Schematic presentations of generic root nomenclature in monocotyledonous (A) and dicotyledonous 
(B) plants and the corresponding nomenclature proposed by the International Society of Root Research 
(ISRR). C) Developmental root branching classification approach. D) Schematic illustrations of common root 
nomenclatures related to specific root morphological and anatomical traits.  Macrorhiza and brachyrhiza (fine 
roots) and woody coarse roots. E) Taproot, sinker and horizontal roots in a schematic tree root system. From 
Freschet et al. (2021a).
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Root architecture has developed complexity over the course of evolution of terrestrial 

plants (Brundrett 2002; Lynch 2005; Kenrick and Strullu-Derrien 2014). Bryophytes have 

rhizoids, which are relatively shallow, unbranched, and architecturally simple. Horsetails 

(Equisetales) have a more complex root architecture with branching nodes, homologous 

with their shoot architecture, whereas ferns, although including large and even arborescent 

species, still exhibit relatively simple root architecture (Kutschera et al. 1997; Lynch 2005).
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In phanerogams (seed plants), a simplified diversity of root system types concurs with 

a division into woody and herbaceous plant types and further subdividing the herbaceous 

plants into those in which the root system of the established individual is organized around 

the primary root and those in which that is not the case (Lauenroth and Gill 2003). This 

leads to a division of vascular plants into three groups: (1) conifers and woody dicots, (2) 

herbaceous dicots, and (3) monocots. The first two groups share the unifying characteristic 

that the primary root or taproot commonly directs the branching and the whole root 

system of the plant (Fig. 1.2B), whereas the root systems of most monocots, particularly 

grasses (Poaceae) and grass-like plants (Cyperaceae and Juncaceae), consist entirely of 

stem-borne adventitious roots (Fig. 1.2A; Lauenroth and Gill 2003; Evert 2006). 

The key attributes of the three groups are summarised in Lauenroth and Gill (2003, 

p. 63-64). The first group (conifers and woody dicots) differentiates from the others in 

secondary growth of elements of the root system. All conifers and woody dicots exhibit 

secondary growth (production of secondary tissue) in their taproot and main branch roots. 

Fine roots are a dynamic (short-lived) component of the root systems of conifers and 

woody dicots and are the only portion of the root system that is considered in evaluation of 

turnover.

In herbaceous dicots, root systems are characterised by the presence of a taproot and 

limited or no secondary tissue. Despite the lack of secondary growth, the relatively large 

diameter taproots of herbaceous dicots enable them to penetrate deeply into the soil. The 

group is characterised by enormous architectural diversity of root systems (Kutschera et al. 

1997, 2013; Lynch 2005).

The third group, monocots, are characterised by stem-borne adventitious root systems. 

In contrast to the herbaceous dicots and their taproots, the adventitious fibrous root system 

consists of many main laterals, none of which is very large in diameter. 

In woody plants, another classification of root system distinguishes fibrous roots 

(i.e. feeder, short or absorptive roots) and pioneer roots (i.e. long, framework or skeletal 

roots). The former correspond to fine roots (see below), principally responsible for water 

and nutrient absorption, whereas the latter are the main exploratory roots that eventually 

develop the framework of the whole root system. Pioneer roots typically undergo radial 

expansion into woody structural roots, whereas fibrous roots may not branch at all and do 

not develop secondary thickening (Zadworny and Eissesnstat 2011). 
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1.3.2 Fine roots

Fine roots, traditionally defined as those with diameter ≤ 2mm, are higher order lateral 

roots responsible for most nutrient and water uptake, as well as for mycorrhizae formation 

(Eissenstat and Yanai 1997; Fig. 1.3). In both annual and perennial plants, roots <1-2 

mm in diameter form a structurally and functionally complex population which is the 

dominant component of the root system. As a below ground analogue of leaves for resource 

uptake, fine roots are responsible for water and nearly all essential soil nutrient uptake by 

plants (Wells and Eissenstat 2002). Fine roots have short lifespans (days-months), but are 

replaced by the plant in a continuous process of root ‘turnover’: 33-50% of total plant tissue 

turnover may be represented by fine roots, accordingly, decomposition of fine root organic 

matter is a major factor in soil formation (Eissenstat et al. 2000; Freschet et al. 2017). Fine 

roots typically (but not necessarily) form mycorrhizal symbiosis, grow rapidly when soil 

is favourable, and shed quickly when soil conditions become unfavourable. Growth and 

maintenance of fine roots can consume up to 50% of daily photosynthate, while as much 

as 2/3 of annual net primary production can be allocated to fine roots in some ecosystems 

(Eissenstat 1992). A simple functional classification of McCormack et al. (2015; Fig. 1.3) 

distinguishes (1) absorptive fine roots, characterised by high surface area-to-volume ratio, 

high degree of mycorrhizal colonization, high root hair density, little to no secondary 

development, intact cortex, lower suberization, and absence of cork periderm, and (2) 

transport fine roots with high stele-to-diameter ratio, well-developed xylem conduits, and 

pronounced secondary development (loss of cortex and development of cork periderm, 

high suberization, increasing lignification). 

In addition to primary and secondary root systems (Zobel 2005a), which consist of four 

classes (ISRR nomenclature in Fig. 1.2; Zobel and Waissel 2010), Zobel (2005b) defined 

tertiary root systems, made up of two or more classes of genetically and functionally 

distinct roots, smaller than 0.6 mm in diameter, that condition the observed functionality 

of mature root systems. Very fine absorptive roots may be <0.05 mm in diameter in some 

grasses (Poaceae or Graminae) and ericaceous species roots (Fitter 1996; Eissenstat et al. 

2015). These finest roots typically have very short lifespan and are replaced by new roots 

at roughly the same site (Zobel 2005b). Very fine roots are cheaper to construct and may 

be able to penetrate finer soil pores, however, they are generally more vulnerable to biotic 
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A

B Fig. 1.3. A) Fine root classification 
schemes. (a) Traditional, diameter-
based approach: a root branch with 
all fine roots traditionally defined as 
those having diameters ≤ 2.0 mm; (b) 
the same branch as in (a) separated 
into transport fine root, and 
absorptive fine roots according to the 
functional classification; (c) the same 
branch separated into individual root 
orders. B) Root branches of three 
architecturally diverse, co-occurring 
species, demonstrating the variable 
number of root orders that fall below 
different diameter classifications 
(common cutoffs of 0.5, 1.0, and 2.0 
mm). C) Simplified opposing patterns 
of root functional traits (absorptive 
vs. transport capacity, metabolism 
and turnover, and tissue chemistry 
(e.g. deposition of suberin layers) 
between absrptive roots of smallest 
diameter and thicker transport fine 
roots. From McCormack et al. (2015).

)c()b()a(

C 1st order, smallest 
diameter fine roots

5th order, largest 
diameter fine roots

attack (Robinson et al. 2003). Importantly, tubular fabric in many published examples of 

laminar rhizolite crusts appears to correspond to such tertiary roots of very small diameter 

(discussed in Chapter 2). 

Absorptive fine roots of most perennial plants form symbiotic associations with 

mycorrhizal fungi. Particularly ectomycorrhizal plants display high morphological diversity 
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A B

Fig. 1.4. Schematic representation of A) root functions involved in changes in physical properties and B) of 
root functions involved in changes of biochemical and chemical properties occurring in the rhizosphere.
From Hinsinger et al. (2005).

of roots with ectomycorrhizae forming on short, determinate roots, displaying a range of 

forms from unbranched to highly branched structures (Smith and Read 2008). The degree 

of branching is determined by both plants and fungi, however, McCormack et al. (2015) 

suggest to exclude mycorrhizal short root structures from fine-root order classification 

since branching within the ectomycorrhizal cluster appears to be largely under fungal 

control.

1.3.3 The rhizosphere concept

The rhizosphere is defined in simplest terms as the volume of soil around living roots, 

which is influenced by root activity (Hinsinger et al. 2009). This means that, depending on 

the activity that one considers (exudation of reactive compounds, respiration, uptake of 

nutrients and water), the radial extension of the rhizosphere can range from sub-micron to 

supra-cm scales (Marschner 2012; Marschner and Rengel 2012; York et al. 2016; Kuzyakov 

and Razavi 2019; van Elsas 2019). 

Changes in biochemical, chemical and physical properties of soil surrounding the 

root, compared with the bulk soil, arise either from processes for which roots are directly 

responsible, and /or activities of microorganisms that are stimulated in the vicinity of 

the roots as a consequence of the release of rhizodeposits by roots (Fig. 1.4; Hinsinger 

et al. 2005). Rhizodeposits consist of a mixture of sloughed cells, mucilage, small-
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molecular-weight sugars, amino acids, and other compounds leaked from root cells, 

which are deposited in the soil adjacent to the surface of fine roots (Ehrenfeld 2001, 2013). 

Importantly, this stimulation of microorganisms may be either beneficial or deleterious for 

plant roots, e.g. by attracting pathogenic microorganisms (Hinsinger et al. 2005). Because 

the roots of most terrestrial plants are colonised by mycorrhizae-forming symbiotic fungi, 

the rhizosphere can be logically extended to the mycorrhizosphere (Smith et al. 2003; 

Timonen and Marschner 2006; Finlay and Thorn 2019) to include the vast volume of soil 

influenced by networks of fungal hyphae (i.e. mycorrhizal hyphosphere of Finlay 2005). The 

concept of the mycorrhizosphere significantly expands the functional space and capabilities 

of the rhizosphere.

Apart from rhizodeposition, there are five key mechanisms of root-soil interaction 

induced directly by plants and their mycorrhizal fungi (Taylor et al. 2009; Hinsinger 

2013): (1) root exudation (release of reactive species such as H+ and low molecular weight 

organic chelators), (2) respiration, increasing the pCO2 in soils, (3) decomposition of 

plant litter (increasing the concentration of high molecular weight organic acids and low 

molecular weight organic chelators in the soil solution, fuelling respiration by heterotrophs, 

and returning base cations from the biota to the soil solution), (4) evapotranspiration 

(increasing the flow of water-bearing base cations and other nutrients to plants, and 

affecting soil water residence times and the amount of rainfall on a regional scale), and 

(5) physical stabilisation of soils by root systems (soil aggregation and compression), e.g. 

binding of soil particles by roots and mycorrhizal hyphae.

1.4 Rhizoliths and rhizogenic calcretes

Rhizoliths – in the simplest terms defined as traces and remains of plant roots preserved in 

mineral matter, particularly calcium carbonate – are among the most prominent features 

in many soils and palaeosols and may constitute the dominant fabrics in some forms of 

calcrete. Although widely introduced by Klappa (1980b), the term rhizolith (rhizolithus) 

dates back to at least Linné’s Systema Naturae (Linnaeus 1770) and Wallerius’ Systema 

Mineralogicum (Wallerius 1772, 1778; Fig. 1.5). Mineralised root traces have been 

described under different names such as rhizomorphs, rhizocretions, rhizoconcretions, 

ichnorhizomorphs/rhizo-ichnomorphs, etc. (Northrop 1890; Kindle 1923, 1925; Glennie 

and Evamy 1968; Ziehen 1980, 1981; Curran and White 2001; also see overviews in 
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Sarjeant 1975, Klappa 1980b and Gregory et al. 2004). Rhizoliths exhibit fabrics reflecting 

various degrees of biological activity responsible for their formation. Except for their 

gross morphology, some forms may show no biologically influenced fabrics (for example, 

simple root moulds left after roots have decayed and subsequently filled with a cement), 

whereas others are characterized by biologically induced or controlled precipitation of 

(predominantly) calcium carbonate in, on, or around roots (Wright and Tucker 1991; two 

end-members are shown in Fig. 1.6).

Despite a widespread spatial and stratigraphic occurrence of rhizoliths, the basic 

concepts in the understanding their formation have not fundamentally changed since 

the classical review of Klappa (1980b) who defined genetic types of rhizoliths, their 

morphology and petrography, mechanisms of their formation and distribution in 

terrestrial carbonates, mostly based on Quaternary examples of the western Mediterranean. 

Pfefferkorn and Fuchs (1991) provided a morphological classification of fossil plant features 

formed through root-soil interactions, and numerous papers during the last four decades 

significantly improved the understanding of rhizoliths and root-related fabric at subaerial 

exposure surfaces in sedimentary successions (e.g. Semeniuk and Meagher 1981; Bown 

1982; Cohen 1982; Esteban and Klappa 1983; Mount and Cohen 1984; Jones and Ng 1988; 

Loope 1988; Bockelie 1994; Dickson and Saller 1995; White and Curran 1997; Froede 2002; 

Liutkus et al. 2005; Alonso-Zarza et al. 2008; Alonso-Zarza 1999, 2018; Owen et al. 2008; 

Liutkus 2009; Cramer and Hawkins 2009; Semeniuk 2010; Genise et al. 2010; Gocke et 

al. 2010, 2011, 2014; Huguet et al. 2012, 2020, do Nascimento et al. 2019, amongst many 

others, cited in the following chapters). 

Fig. 1.5.  Facsimiles of pages 
from Linneaeus (1770) 
Systema Naturae (Vol. 3, 
above) and Wallerius’ (1778) 
Systema Mineralogicum 
(Vol. 2; below); both 
used the term rhizolith 
(rhizolithus, rhizolithi) for 
‘petrified plant (tree) roots’.
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Modern concepts of rhizosphere and fine plant roots, described above (Sections 1.3.2 

and 1.3.3), hold important implications for the interpretation of biogeochemical processes 

in calcretes and rhizoliths. These concepts have largely developed after publication of 

Klappa’s (1980b) paper, therefore, an updated review on rhizoliths would be more than 

needed. For example, a simple analysis of more than 750 publications listed in Google 

Scholar and Web of Science (retrieved on April 15, 2021), which cite Klappa (1980b), 

showed that none of the works mentioned “fine roots” in their title and/or abstract. 

However, it is important to note that although behaviour and functions of finest roots have 

intrigued many generations of plant biologists (Darwin and Darwin 1880; Weaver 1919; 

Epstein 1973), it was not until the seminal publications in the late 1900s and early 2000s 

which established the concept of fine root architecture, anatomy, physiology and ecology 

(Eissenstat 1992; Eissenstat and Yanai 1997, 2002; McCully 1995, 1999; Pregitzer 2002, 

2003; Zobel 2003; McCormack et al. 2015 and references therein; Freschet et al. 2021a). 

A special type of root-related terrestrial carbonate accumulations are rhizogenic 

calcretes, composed largely or wholly of textures related to calcification in or around 

roots (Wright et al. 1995). One of the subtypes of rhizogenic calcretes are accumulations 

of intracellularly calcified roots and Microcodium (see below; Chapters 3 and 5), whereas 

Fig. 1.6. Two end-members of the rhizolith family showing low and high degree of biological influence in 
their formation: A) almost trivial example of a root void in poorly-cemented carbonate aeolianite filled with 
same, only slightly more cemented sediment. Preservation potential or potential to recognise such feature 
in palaeosol is very small. Holocene aeolianite, Island of Mallorca. B) branched intracellularly calcified root 
formed wholly through biologically controlled calcite precipitation in cortical cells. Modern calcareous soil, 
Sella, Alicante region, Spain. False colours BSE SEM image.

BA
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the other group (termed rhizolite by Klappa 1980b) include laminar root-mat calcretes 

(Chapter 2) and calcretes dominated by calcareous pisoids and peloids and associated 

rhizoliths (Wright et al. 1988, 1995; Wright 1989, 2007). Although not always explicitly 

demonstrating the root-related origin, similar kinds of crudely laminar soil carbonate 

accumulations have been described by Multer and Hoffmeister (1968), James (1972), Read 

(1974, 1976) and Harrison (1977), sometimes under different names such as soilstone 

crusts (Robbin and Stipp 1979; Shinn and Lidz 1988; Lidz et al. 2008), root rocks (Perkins 

1977), rootcretes (Jones 1992) or root calcretes (Alonso-Zarza and Jones 2007). 

Perhaps it is worth noting that in plant biology the term rhizogenic pertains to (1) root-

producing, (2) arising from root endodermis (as opposed to originating from pericycle), 

or (3) stimulating/promoting formation of roots. Rhizogenesis in the broad sense denotes 

differentiation and development of roots (Lawrence 2005) or, in restricted sense, a specific 

set of root growth and morphological adaptations, for example to soil drought (i.e., drought 

rhizogenesis; Vartanian 1996). Related to soil carbonates and calcrete formation, the term 

‘rhizogenic’ has been used as ‘root-formed’ (i.e., carbonate generated by plant roots) and 

‘root related’ (Wright et al. 1995) or caused/generated by roots (e.g., soil redox processes; 

Fimmen et al. 2008). 

Such a broad terminological use is in agreement with, for example, OED which defines 

‘-genic’ as a suffix [to form] for “adjectives with both the sense of ‘generating, producing (the 

thing or effect specified by the first element)’ and ‘of or relating to origin or development (of 

the thing or a kind specified by the first element)’ ”. It may be useful, however, to re-evaluate 

terminology for root-related soil carbonate features. Intracellularly calcified roots (Chapter 

3), for example, are an obvious and representative case of rhizogenic carbonate, directly 

produced by biomineralisation in plant root cells, whereas in many or most of the beta-

type calcretes it cannot be easily perceived if the carbonate has formed by the influence of 

living roots (i.e. in the rhizosphere of functional fine roots) or after their senescence and 

decay. However, the presence of unambiguously preserved anatomic details of fine roots in 

many beta calcretes (Chapter 2) is a very good indicator of plant roots as a major (f)actor 

in soil carbonate accumulation even though the precipitated carbonate cannot be directly 

attributed to roots or is not necessarily connected with the rhizosphere processes (see e.g. 

distinction between active and relic rhizosphere in York et al. 2016).
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1.4.1 Rhizosphere biomineralisation vs. inorganic CaCO3 precipitation 

As illustrated above, soil biogeochemical processes are most intensive in the area 

immediately surrounding live and metabolically active fine roots. Presumably, microbially 

driven precipitation of secondary soil minerals largely correspond to the rhizosphere and 

those parts of soil influenced by mycorrhizal and saprophytic fungi. Fungi significantly 

contribute to the accumulation of microcrystalline soil carbonates (Wright 1986; Phillips 

et al. 1987; Verrecchia 2000; Caldwell 2000; Gorbushina et al. 2002; Burford et al. 2003, 

2006; Gadd et al. 2007; Fomina et al. 2010, amongst others), either directly by involvement 

in precipitation of fibrous microcrystalline calcite forms (needle-fibre calcite (NFC)  and 

calcite nanofibres; Phillips and Self 1987; Jones and Kahle 1993; Verrecchia and Verrecchia 

1994; Loisy et al. 1999; Cailleau et al. 2009a, b; Milliere et al. 2011a, b; Bindschedler et al. 

2009, 2012, 2014, 2016) or through transformation of calcium oxalate, deposited on fungal 

hyphae and in plant tissues, to calcite by soil oxalotrophic bacteria (Verrecchia et al. 1993; 

Arnott 1995; Garvie 2003, 2006; Braissant et al. 2004; Kolo et al. 2005, 2007; Cailleau et al. 

2011; Martin et al. 2012; Rowley et al. 2017, 2018; Uren 2018; Herve et al. 2018, 2021).

Fibrous microcrystalline forms of calcite (FMC) are probably the most ubiquitous 

form of calcium carbonate in subsurface terrestrial environments and are intimately 

related to rhizolith formation (Alonso-Zarza 1999, 2018). Although there is considerable 

evidence that deposits of NFC and calcite nanofibres (micro rods) make specific microbial 

ecosystems in the vadose zone, controversy remains regarding the role of microorganisms 

and the mechanism(s) of calcite precipitation. The prevailing biogenic hypotheses are 

largely based on common co-occurrence of fibrous calcite and microbial features, and 

the similarity in dimensions and morphology of calcite fibres and fungal hyphae and 

filamentous bacteria (Verrecchia and Verrecchia 1994; Bindchedler et al. 2016 and 

references therein). Morphological arguments for biogenicity have been supported by 

geochemical and petrographic data, considered as biosignatures preserved in certain 

forms of fibrous calcite. In contrast, purely physicochemical interpretations have linked 

the occurrence of NFC in vadose environments with highly evaporative conditions in such 

settings, leading to supersaturation and rapid crystal growth from pore waters (James 1972; 

Jones and Peng 2014 and references therein).

The biogenicity of NFC and calcite nanofibres has been a subject of the ongoing 

research  (Martín-Pérez and Košir 2017a, b; Martín-Pérez et al. 2019a, b; Košir and Martín-

Pérez 2018) using in-situ and laboratory investigation of moonmilk-type speleothems. The 
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studied fibrous microcrystalline carbonates show strikingly similar micromorphological 

features to calcite crystals produced in vitro by non-classical pathways of crystallisation 

(Olszta et al. 2004; Gower 2008). Results of this research indicate fundamentally different 

precipitation mechanism to interpretations in recent studies of Bindschedler et al. (2012, 

2014), Cailleau et al. (2009a, b) and Milliere et al. (2011a), all explaining FMC as calcite 

pseudomorphs of fungal hyphae and cell-wall cellulose fibers. 

Modern carbonate sedimentology, including its interdisciplinary research area dealing 

with biomineralisation, has only marginally integrated the ideas of one of the hottest topics 

in modern materials science, i.e. the concept of nonclassical mineral nucleation and crystal 

growth (DiMasi and Gower 2014; van Driessche et al. 2017). Calcium carbonate has been 

widely used as a model mineral, particularly in crystal growth experiments on oriented 

attachment, amorphous and mesocrystalline calcium carbonates, and polymer-induced 

liquid-precursor (PILP) processes (Wolf and Gower 2017). These ‘non-standard’ concepts 

are progressively entering other scientific disciplines and gaining relevance in ‘realistic’ 

systems such as biomineralisation processes. Precipitation of calcite in these experiments 

can be compared to natural processes of organomineralisation (= microbially-influenced 

mineralization of Dupraz et al. 2009) where the organic matrix (mostly microbial 

exopolymeric substances - EPS) influences crystal morphology and composition - with 

no living organism and no metabolic processes required. Striking similarity between the 

natural fibrous microcrystalline calcite and calcite morphologies produced in vitro, using 

e.g. polymer-induced liquid-precursor and solution-precursor-solid mechanisms (Gower 

2008), supports further research into crystallization of NFC and calcite nanofibres under 

extrinsic influence of organic matter (Meldrum and Cölfen 2008).

Organic exudates, such as root and fungal mucilage deposits, critically influence 

water dynamics in the rhizosphere, particularly in soils affected by intense wetting and 

drying cycles (Czarnes et al. 2000; Chenu and Cosentino 2011; Carminati et al. 2016, 

2017; Benard et al. 2018, 2019). Mucilage, along with root hairs, fungal hyphae and other 

microorganisms, is largely responsible for the agglutination of soil particles, forming so 

called rhizosheats around fine roots (Watt et al. 1994, 2006; McCully 1995, 1999). Mucilage 

in the rhizosheath help this domain to hold more water than the bulk soil (Lynch et al. 

2014), even during drought. Rhizosheats form on young, active parts of roots where 

the epidermis is still intact (McCully 1995) but are lost from more mature portions of 

roots. Mucilage is a gel that can absorb large volumes of water and act as a hydraulic 
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bridge between roots and the soil (Carminati et al. 2016). It is tempting to presume that 

mucilaginous hydrogel matrix may critically influence crystallisation patterns of secondary 

carbonates around fine roots, either during their life (i.e. in the active rhizosphere) 

or during their decay. For example, Alonso-Zarza (1999) documented presence of 

mucilaginous films around roots and stressed their importance in early stages of calcrete 

formation. 

1.4.2 Intracellular calcification in plant roots

Intracellularly calcified roots can be regarded as a special type of rhizoliths, which form 

entirely through plant-controlled CaCO3 (calcite) biomineralisation of the cortex of live fine 

roots. Micromorphology of intracellularly calcified roots has been exhaustively presented 

in the pioneering work of Jaillard (1987a) and co-authors (Callot et al. 1985; Jaillard et 

al. 1991). Calcified roots of Jaillard et al. (1991) have been widely cited as an example of 

biogenic precipitation of soil carbonate, resulting in extensive accumulations (Hinsinger 

1998; Lambers et al. 2009). According to Jaillard (1987a, b) and Hinsinger (2013) the 

process of intracellular CaCO3 precipitation occurs as a result of intensive root activity 

which can dissolve large amounts of calcium carbonate in the rhizosphere as a consequence 

of respiration and proton release with calcium ultimately precipitating as calcite in the 

vacuoles of root cortical cells. Accumulation of CaCO3 in the root tissues thus reflects 

protection of the plant from excessive calcium concentrations entering the roots from soil 

solutions.

McConnaughey and Wheelan (1997) presented a model of root calcification as a 

potentially effective nutrient acquisition mechanism. Proton (acid) secretion in itself 

enables plants to mobilize sparingly soluble nutrients from the rhizosphere. Intracellular 

carbonate precipitation may, however, additionally increase production of protons, which 

are potentially useful for nutrient assimilation in nutrient-poor calcareous soils.

Although the intracellularly calcified root has been identified in many Quaternary 

palaeosols and recent soils, particularly in loess successions and calcretes (e.g. Khoklova et 

al. 2001a, b; Khormali et al. 2006; Barta 2011, 2014; and references therein), they have not 

been reported from generally well-studied calcareous soils in the Mediterranean coastal 

region of Spain. Chapter Three is largely based on examples from the extensive deposits of 

calcified roots in the Alicante region where they locally represent more than a half of the 

soil mass.
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Intracellular carbonate precipitation in fine roots has been reported from in vitro 

experiments on model plants (Ross and Delaney 1977; Jaillard 1987a), whereas apparently 

no calcifying plants have been identified in their natural settings. Plant roots growing in a 

mixed below-ground community are difficult to identify at any taxonomic level, especially 

morphologically simple fine roots that acquire nutrients and take up water. Furthermore, 

it is hardly possible to trace the individual plant root system from a single calcified root 

fragment, excavated deep in a soil profile, to its coarse primary root and to the determinable 

aboveground part of a plant.

Therefore, a test study of DNA identification of intracellularly calcified roots from 

SE Spain has been performed; results are presented in Chapter Four. DNA barcoding is 

a molecular taxonomic identification tool, which uses a standard short genomic region, 

universally present in target biological material and has sufficient sequence variation 

to discriminate among taxa. DNA extracted from very small amounts of plant tissue 

(mostly vascular cylinders) preserved in calcified roots from Spain, has been analysed 

following procedures used for plant roots, described in Jackson et al. (1999), Linder et al. 

(2000), Kress and Erickson (2007), Erickson et al. (2008), Hollingsworth et al. (2009) and 

Burgess et al. (2011). This preliminary study provides the first attempt to identify plants, 

responsible for accumulations of CaCO3 in modern soils, formed through intracellular 

biomineralisation in fine roots.

1.5 The Microcodium controversy

Substantial part of the thesis is devoted to Microcodium – a problematic biogenic 

carbonate feature with a very distinctive cellular aggregate structure, composed of 

individual polyhedral, elongate crystalline elements of calcite, arranged in a radial pattern. 

Microcodium has a discontinuous stratigraphic distribution spanning from the late 

Palaeozoic to Quaternary, with a peak occurrence during the late Cretaceous and the early 

Palaeogene. Fundamental structural similarity with modern calcified roots has led some of 

the early researchers to interpret Microcodium as a product of root calcification.

Following an earlier publication in support of root origin of Microcodium (Košir 2004; 

Appendix A5-2), suggested by previous authors (Esteban 1974; Klappa 1978a, b; Wright 

et al. 1995), Kabanov et al. (2008) extensively reviewed occurrences of Microcodium from 
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Palaeozoic to the Recent and presented arguments against the root origin, reinterpreting 

its typical aggregate structure as a mineralised microbial (actinobacterial) feature. 

Microcodium continuously generates a considerable interest in published studies, however, 

it is mostly used as a valuable diagnostic feature for subaerial exposure and soil formation 

in sedimentary successions. As a further contribution to morphological comparison of 

Microcodium with intracellularly calcified roots (Košir 2004), Chapters 3 and 5 include 

C and O stable isotope analysis of both features as well as comparative analysis with, as 

amatter of fact, very limited published isotope data. 

Some examples of rhizoliths, showing well preserved structural details of plant root 

cellular tissues, have been linked to Microcodium as possible incipient forms representing 

early stages of root intracellular calcification without expanded cellular growth, typical 

for Microcodium elements (Esteban 1972, 1974; Alonso-Zarza et al. 1998; Košir 2004). 

Košir (2004) interpreted roots exhibiting selective (incomplete) calcification seen in 

some sections, in which only some of the cortical cells but not the intercellular spaces 

are calcified, as a unambiguous evidence for intracellular biomineralisation in the root 

cortex. However, cathodololuminescence and SEM petrographic analysis performed in this 

study (Chapter 5), which has not been applied in previous investigations of Microcodium 

ultrastructure, has been aimed at distinguishing between biomineralised Microcodium 

elements and intracellularly calcified roots on one side, and the textures, formed largely 

inorganically through permineralisation of fine root tissues on the other. Early diagenetic 

mineralisation and exceptional preservation of fine root tissues in calcretes, not related to 

biologically controlled intracellular calcification, are also discussed in Chapter 2. 

1.6 Carbon and oxygen stable isotope signatures of root-related carbonates 

As noted in Section 1.2, secondary soil carbonates have been widely used as a 

palaeoclimatic and palaeoecological indicator, especially as an estimate for palaeo-

atmospheric pCO2 and as a geochemical proxy for the reconstruction of past terrestrial 

ecosystems and vegetation changes (e.g. Cerling 1991; Cerling et al. 1989, 1997; Ehleringer 

et al. 1997; Ekart et al. 1999). Models of C and O stable isotope composition of soil 

carbonates are based on many different assumptions, which are hard to verify particularly 

when secondary carbonates evidently form under strong biological influence (e.g. 
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discussion of Wright and Vanstone 1991, and Cerling 1992 and Wright and Vanstone 1992), 

associated with pronounced non-equilibrium isotope partitioning such as in intracellular 

CaCO3 biomineralisation in plant roots (discussed in Chapter 3) and Microcodium (Chapter 

5), as well as in rapidly formed and thermodynamically unstable microcrystalline carbonate 

features, typical of rhizosphere microenvironments (Chapter 2) and usually related to 

microbial metabolism. Data of stable isotope analysis, performed in the framework of this 

thesis, are listed in Appendix A1-1.
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Chapter 2: Calcretes and fine-root systems: 
Quaternary rhizolites of the Bahamas

2.1 Introduction

The root systems of terrestrial plants perform two primary functions: the acquisition 

and transport of soil based resources (water and ions) and anchorage (Fitter 2002; Waisel 

and Eshel 2002). As outlined in Section 1.3.1, in a general size and functional division of 

plant roots, the root systems consist of coarse (secondary, woody) roots and fine roots. 

Although root system morphologies are extremely variable, particularly in different groups 

of vascular plants (an extreme example can be represented by comparing root systems of 

a several thousand years old coniferous tree with those of annual herbaceous dicots or 

grasses), every single root system is composed of various constituents and displays a certain 

level of functional diversity (Waisel and Eshel 2002). 

Immense plant science literature on root research is intrinsically aimed at fine root 

systems, that are structurally and functionally complex underground part of plants 

responsible for water and nearly all essential soil nutrient uptake by plants. The global 

ecological importance of fine roots is illustrated by that the growth and maintenance of 

fine roots can consume up to 50% of daily photosynthate, while as much as 2/3 of annual 

net primary production can be allocated to fine roots in some ecosystems (Section 1.3.2; 

Eissenstat 1992).

Geological research of plant roots, which mostly deals with rhizoliths, in the simplest 

terms defined as traces and remains of plant roots preserved in mineral matter, particularly 

calcium carbonate, seems to be strongly biased towards macroscopic, coarse root systems. 

As noted in Section 1.4, virtually none of the papers dealing with rhizoliths in soils and 

palaeosols, published after the seminal review of Klappa (1980b), clearly distinguishes 

root size and functional classes neither explicitly mentions fine roots as a particular part 

of the plant, performing specific vital functions. General geological perception of plant 

roots and their environments appears to be almost exclusively, although not explicitly, 

based on macroscopic roots, their shape and size, orientation and branching patterns, 

observable in the field and evaluated in comparison with animal burrow systems (Klappa 
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1980b). Moreover, disproportionally large part of published rhizolith-related research 

is concentrated on aeolian systems. Aeolian deposits represent a particular ecosystem 

– and a specific type of substrate and (ichno)facies that is physically relatively uniform 

and isotropic (i.e. homogeneous in all directions; Peng 2011). Nevertheless, many early 

works on rhizoliths have emphasised morphological complexity of root systems and their 

traces, as well as their relations with substrates (e.g. Cohen 1982; Mount and Cohen 1984). 

Although not definitely regarded as root-related, Reeves (1970), James (1972) and Harrison 

(1977) described irregular (wavy) calcrete stringers, predominantly parallel to subparallel 

to the outcrop surface, up to several millimetres thick, which commonly exhibit the same 

microstructure as the thicker laminar calcretes (Harrison 1977; Wright 1994; see below).

Functional distinction between coarse roots, mostly consisting of dead tissues and being 

responsible for water transport and plant structural support, and short lived, ephemeral fine 

roots, which are critically involved in water and nutrient uptake, is of vital importance for 

the understanding of carbonate precipitation in soils, particularly in large-scale carbonate 

accumulations which have been considered as products of biogenic, root-related processes. 

As emphasised by Klappa (1980b), rhizoliths can exhibit a range of textures, which reflect 

various degrees of biological activity responsible for their formation. Except for their gross 

morphology, some forms may show no biologically influenced fabrics (for example, simple 

root moulds left after roots have decayed and subsequently filled with a cement), whereas 

others are characterised by biologically controlled precipitation of calcium carbonate in 

the living cortical cells of fine roots. The latter type, i.e. intracellularly calcified roots, is 

presented and discussed in Chapter Three. This chapter is focused on root-related calcretes 

where calcium carbonate precipitates in the soil around the fine root system, but the 

mineralisation itself is not necessarily directly driven by roots. 

The primary aim of this chapter is to show that the basic morphological and functional 

differentiation of plant roots into coarse roots and fine roots can be applied in description 

and interpretation of rhizoliths and rhizogenic calcretes (rhizolites). The study is based 

on examples of Pleistocene and Holocene root-related calcretes from the Bahamas, which 

include remains of fine roots with exquisitely preserved anatomical details and enable 

further insights into processes of (bio)mineralisation and taphonomy of fine root tissues 

in calcretes. One of the objectives is to re-evaluate the concept of rhizosphere applied to 

the processes of calcium carbonate precipitation around roots and to discuss a continuing 
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Fig. 2.1. 
An ocean topography map 
of the Bahamian archipelago 
showing position of the studied 
locations. A - North Andros 
Island (Nicholls Town area); 
NP - New Providence Island; 
SS - San Salvador Island.
Basemap compiled from data of 
ESRI Oceans Basemap (https://
www.ncei.noaa.gov/maps/
bathymetry/). Also see maps of 
individual islands in Appendix 
A2-1. 

and recurring question if calcium carbonate accumulation occurs around living fine 

roots or during their turnover and decay (Klappa 1980b; Alonso-Zarza 2018; Huguet et 

al. 2020). These processes are further assessed as a mechanism of accretionary growth of 

laminar calcretes as related to formation and turnover of fine-root mats and progressive 

accumulation of rhizolites, and the possible link of episodic growth in relation to terrestrial 

ecosystem functioning and recurrent events like drought, floods and fire. Calcrete 

material from the Bahamas is supplemented by material of fine root-associated carbonate 

accumulations from modern soils in Spain and rhizoliths from modern aeolianites in 

Morocco. 

2.2 Geological setting

The Bahamian archipelago (Fig. 2.1) consists of a series of shallow water carbonate 

banks less than 20 m deep, separated by deeper basins. The carbonate platform system 

has been separated from North American landmass and siliciclastic input throughout 

the Tertiary and has been used as one of the globally most important areas for the 

development of carbonate geoscience (Melim and Masaferro 1997). Fundamental concepts 

of sedimentology of modern marine carbonate environments, depositional and diagenetic 

models, and subsurface geology of the Bahama banks, to a large part pioneered and 

developed by Robert Ginsburg, his students and associates (Swart et al. 2009a, b; Shinn 

2019), resulted in an immense body of literature published during the past decades 

(e.g. Schlager 2005). Only ~5.5% of the total carbonate platform area is represented by 
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emergent islands (Sealey 1994). Terrestrial geology of the Bahamian archipelago has been 

comparatively less explored, however, together with South Florida and other areas of the 

Caribbean, carbonate islands of the Bahamas have provided numerous model examples 

such as for the meteoric carbonate diagenetic realm (e.g. James and Choquette 1984), 

carbonate aeolianites (Abegg et al. 2001), and karst development on carbonate islands 

(Mylroie and Carew 1995). 

The Bahamian islands largely exhibit a constructional landscape, i.e. the landforms that 

have been created by accumulation of carbonate sediments deposited by currents, waves, 

and winds (Carew and Mylroie 1997). All major islands in the Bahamas are dominated 

by two landforms: eolianite ridges that commonly rise up to 30 m above sea level, and 

lowlands composed of marine and terrestrial deposits. Dissolution of the carbonates of the 

islands has produced a karst landscape that is superimposed on the overall constructional 

topography (Mylroie et al. 1995; Mylroie and Carew 1995). Most Bahamian islands are 

dominated by Pleistocene rocks, with a lesser amount of Holocene deposits, generally 

distributed along island fringes (Carew and Mylroie 1997; Kindler and Hearty 1997). The 

Bahamian islands are mostly located close to the platform margins but they differ by their 

extension on the platforms, the width of the outer shelf, and their exposure to open-ocean 

energy (Kindler and Hearty 1997). 

The physical stratigraphic scheme of the Bahamian islands is largely derived from 

studies on San Salvador, but has been also supported from and applied to other islands 

(Carew and Mylroie 1995). The general stratigraphic division of late Quaternary deposits 

is tripartite (Appendix A2-1, Fig. A2-1.03B; Carew and Mylroie 1995; see also detailed 

stratigraphic scheme of Hearty and Kindler 1993 and Kindler and Hearty 1997) and 

comprises the Owl’s Hole Formation (mid-Pleistocene aeolianites), the Grotto Beach 

Formation, composed of a package of marine and aeolian units, deposited during the 

Marine Isotope Stage (MIS) substage-5e sea-level highstand (~132–119 ka; Chen et al. 

1991) and well-exposed throughout the Bahamian islands, and the Rice Bay Formation 

(Holocene aeolianites). The units are mostly bounded by distinctive palaeosols, including 

prominent calcretes, which are among the most impressive features of the islands’ 

landscapes and stratigraphic architecture. Throughout the Bahamian islands, rocks of the 

Grotto Beach Formation are capped by a hard, red terra-rossa palaeosol, or a beige to red-

brown calcrete, except where it has been removed by later erosion (Carew and Mylroie 

1995; Boardman et al. 1995). The crests of eolianite ridges typically have a calcrete layer 
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a few centimetres thick, but in the swales and on regressive-phase aeolianites, complex 

palaeosols are commonly found. The complex palaeosol overlaying the Grotto Beach 

Formation developed during the MIS substage-5d to stage 1 (~118–6 ka; Hladil et al. 2004) 

lowstand. These palaeosol/calcrete caps are the youngest Pleistocene rocks in the Bahamas 

and are only locally covered with relatively thin Holocene aeolian deposits of the North 

Point and the Hanna Bay Member, respectively.

2.2.1 Climate and vegetation

Climatically, the Bahamas range from subtropical temperate in the north to semiarid 

regime in the south. Winters are mostly dry, with occasional cold fronts that cause 

increased rainfall especially in the northern part (Sealey 1994). There is a marked climatic 

gradient from wetter and cooler north-northwest (MAP >1.500 mm, average temperatures 

18°C in January and 28°C in July) to the drier and warmer climate, typical for the 

southernmost Bahamian islands of Inagua, and the neighbouring Turks and Caicos (MAP 

~700 mm; average temperatures 23.5°C in January and 28.5°C inJuly; Sealey 1994; Fig. A2-

1.01). Estimates of potential evapotranspiration (PET) range from 1.300-1.400 mm/y for the 

northernmost part to >1.600 mm/y, thus characterised with a pronounced moisture deficit 

(Whitaker and Smart 1997). 

Plant communities generally correspond to climate and to the major landscape types 

of the Bahamian islands, i.e. the ridgeland, the rockland, the coastland, and the wetland 

(Correll 1979; Sealey 1994; Smith and Vankat 1992). The vegetation of the northern islands 

consists largely of forests of the endemic Caribbean Pine (Pinus caribaea var. bahamensis; 

Farjon and Styles 1997). The pines grow on eroded limestone rock with pockets of lateritic 

soil, usually inland, on larger islands where there are relatively stable water lenses and 

reduced salt spray (Sanchez et al. 2019; Whitaker and Smart 1997). The pines are forming 

pure, open stands, usually with scattered or dense undergrowth of shrubs (often dominated 

by Sabal palmetto and mixed broad-leaf coppice), and also invading open scrubland 

forming secondary forest (Farjon and Styles 1997). Mangrove swamps are developed along 

low-lying coastal areas in almost all islands. Much of the island vegetation has been affected 

by human activities and is largely secondary. 

Particularly on larger islands, such as North Andros, Caribbean pine is a keystone 

species as the only native tree in the pine forest ecosystem of the Bahaman archipelago 

(Sanchez et al. 2019). The pines make fire-climax forests where the pine seeds need light to 
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germinate, benefiting from natural fires, which clear the broadleaf undergrowth. In cases 

where fire is suppressed or absent, species in the undergrowth tend to take over, changing 

the vegetation from pine forest to coppice over time (Myers et al. 2004). The natural fire 

intervals for different islands have been estimated from 3 to 10 years (Myers et al. 2004; 

Sanchez et al. 2019). In comparison to Mediterranean climates with pronounced seasonal 

moisture regime (see Section 3.2), the low-altitude terrestrial ecosystems of the Bahamian 

islands, including soils and soil processes, are and have been critically influenced by lower-

frequency but high-magnitude events, such as hurricane-related devastation and flooding, 

and also recurrent widespread fires. 

2.3 Material and methods

Calcrete geometry and macrofabrics were studied in coastal outcrops at Nicholls Town, 

North Andros (coordinates: 25.14243° N, 78.00089° W), and six localities on San Salvador 

Island (North Point: 24.12445° N, 74.45735° W; a coast between Barker’s Point and area 

S of Rocky Point: 24.09842° N, 74.52099° W; Cockburn Town: 24.05249° N, 74.53504° 

W; Fernandez Bay: 24.02621° N, 74.52418° W; E part of the French Bay: 23.94891° N, 

74.52096° W; and The Gulf: 23.94739° N, 74.50878° W). Outcrops from New Providence 

Island at the Lyford Cay roadcut (25.02336° N, 77.53156° W) and Clifton Pier (25.00539° 

N, 77.54623° W) were not examined in detail but are used as a remarkable example of root-

related calcretes.

Calcrete samples were cut into 1-2 cm thick slabs, which were examined under a 

stereomicroscope for microfabric details. Standard thin-section size slices were selected 

and cut from the slabs. Since most of the material had been sampled in coastal outcrops, 

all the slices were washed overnight in slowly running tap water, followed by several 

successive baths in deionized water to remove any remains of salts. Slices were then dried 

for 8h at 45°C and embedded in transparent low-viscosity epoxy resin (EpoTek® 301-1, 

Epoxy Technology Inc.) in a Struers Epovac vacuum chamber and cured in an oven for 48 

h at 30°C. Forty standard petrographic thin sections were prepared from resin-embedded 

samples, supplemented by twelve ultra-thin, double-polished sections (10-15 µm thick), 

finished with 1µm diamond paste. Furthermore, selected complementary slices, remaining 

from thin-section preparation, were polished to enable combined observation of samples in 
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transmitted and reflected light. Certain type of rhizolith microfeatures appeared to be much 

more clearly visible in polished surfaces than in standard or even ultrathin sections. 

Thin sections and polished slices were examined and photographed with a polarizing 

microscope Olympus BX51 TRF-6 with SC-50 digital camera in transmitted light, with 

a Wild M420/Leica DFC-450 photomacroscope in reflected light, and with a Leica DML 

microscope with reflected blue-wavelength fluorescent light, equipped with a Leica DFC-

420 digital camera. 

Selected polished thin sections and slices were observed uncoated under a JEOL JSM-

IT100 Scanning Electron Microscope equipped with an integrated Energy Dispersive X-ray 

analysis (EDS) and backscattered electron (BSE) detector, operating in low vacuum mode 

(at 20–40 Pa) at an accelerating voltage of 15 and 20 kV, and a working distance from 9 to 

11 mm. Images were taken in shadow BES imaging mode. Semi-quantitative EDS elemental 

analysis was performed at the same low-vacuum conditions. Elemental spectra were 

obtained from uncoated specimens using small area analysis with 100 seconds pre-set (live) 

time and automatic or manual element identification mode.

Mineralogical composition of six crushed and powdered calcrete slices was obtained 

with X-ray powder diffraction (XRD) using a Bruker AXS Endeavour diffractometer at 

the Department of Materials Synthesis, Jožef Stefan Institute in Ljubljana, operating at 40 

kV and 30 mA, at 0.040º/sec, with monochromatic CuKα radiation. XRD analysis was 

complemented with Fourier Transform Infrared Spectroscopy (FTIR) performed at on 

several mm-sized fragments using the KBr pellet technique. For this, 1.5 mg of sample 

were mixed with 200 mg of KBr and subjected to a pressure of 10 ton cm-2 during 10 min. 

Spectra were recorded in the 4000 to 400 cm-1 range on a NICOLET NEXUS 670–680 

spectrometer equipped with a DTGS detector. 

Selected samples of laminar rhizolite calcretes were analysed for C and O stable isotope 

composition. Due to microstructural heterogeneity of laminar calcrete material observed in 

thin section, only test analysis has been performed on ‘bulk’ material, drilled from multiple 

laminae of rhizolites from North Andros and San Salvador, and compared with stable 

isotope composition of unpublished analyses of Quaternary root-related calcretes from SE 

and E Spain and Morocco, and Paleocene and Eocene rhizogenic laminar calcretes from the 

Liburnian Formation, Slovenia (Appendix A2-5, Table A2-5.1). Sample details, laboratories, 

and analytical procedures are listed in Appendix A1-1.
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2.4 Description and interpretation of rhizolite calcretes 

Calcretes, associated with major stratigraphic discontinuities in the Bahamian Quaternary 

successions, display a wide variety of forms and developmental stages, typical of palaeosols 

developed on consolidated and unconsolidated pure carbonate substrates, from massive to 

laminar hardpans and subsurface stringers, brecciated horizons, re-cemented in multiple 

stages etc. (e.g. James 1972; Harrison 1977; Perkins 1977; Wright and Tucker 1991; 

Boardman et al. 1995; Alonso-Zarza and Wright 2010a). This chapter deals exclusively with 

forms, macroscopically attributable to rhizolites (see section 1.4) or (laminar) rhizogenic 

calcretes (in the sense of Wright et al. 1988, 1995). 

2.4.1 Calcrete profiles and macromorphology 

Studied calcretes from North Andros, New Providence and San Salvador all correspond 

to the disconformity between the Pleistocene (MIS 5e) marine and aeolian deposits of the 

Grotto Beach Formation and locally deposited Holocene aeolianite deposits of the Rice 

Bay Formation (Fig. A2-1.03). Topographic relationships of substrate and laminar calcretes 

types are summarised in Figure 2.2. Two groups have been distinguished on the basis of 

the substrate: calcretes on well-lithified (mostly marine) limestone, and calcretes on less 

cohesive, mostly weakly and patchily cemented fine-grained aeolianite sand bodies. 

At the Nicholls Town locality (Fig. 2.3, Fig. A2-1.02), laminar calcretes infill decimetre- 

to metre-scale subvertical dissolutional cavities in coral framestone, correlative with the 

fossil coral reef outcrops of the Cockburn Town Member on San Salvador (Fig. A2-1.03; 

Mylroie and Carew 2010). These deposits, exposed up to several metres above the present 

sea level, correspond to the Pleistocene MIS 5e maximum highstand. In limited, partly 

artificially enlarged coastal outcrops, palaeokarstic cavities, including possible solution 

pipes, are almost entirely filled by prominently laminar, yellowish brown coloured calcrete. 

From most of the cavities, laminar calcrete extends onto the adjacent surfaces; the topmost 

parts are ferruginous, dark red- to brown stained, indicating that the calcrete crusts had 

been covered by non-carbonate soil material (Foos and Bain 1995; Boardman et al. 1995). 
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Fig. 2.2. Schematic summary of macroscopic root-related laminar calcrete forms in young Bahamian 
carbonates. A) Calcrete features in strongly cemented carbonate sediments/limestone: (a) Crudely to finely 
laminar calcretes coating horizontal and vertical (lateral) surfaces of well-cemented limestone beds/blocks and 
protruding along joints and bedding plane partings (Fig. 2.4). Laminar calcrete crusts are often red-brown 
pigmented by inclusions fine-grained mineral soils (Fe-rich laterite), concentrated especially in their top layer. 
(b) Vertical to subvertical fissures of different origin, metres to several 10s of metres long and centimetre 
to several decimetres wide. Large fissures are mostly related to extensional fractures adjacent to carbonate 
platform (bank) margins (Daugherty et al. 1987) and are filled (lined) by crudely laminar calcretes (Fig. 2.5). 
Calcretes in fissures commonly exhibit symmetric accretionary growth from both sides/fissure walls towards 
the centre; open fissures can be partly filled by loose sediment or organic soil. (c) Decimetre to metre scale 
topographic depressions, mostly karstic dissolution pits, coated or fully filled by crudely laminar calcrete, 
often interlayered with red clayey soil material and macrorhizoliths (Figs. 2.3, 2.6, and 2.7 and Figs. A2-1.04E 
and F). Incompletely calcrete-filled pits contain organic topsoil or mineral soils. Laminar calcrete crusts often 
continue from cavities and spread over adjacent surfaces (Fig. 2.3A, B, Fig. A2-1.04E, F). 
B) Calcrete forms on and in unlithified and poorly lithified carbonate sands. (d) Cross section through 
a solution pipe, coated with centripetally-accreted laminar calcrete (see Fig. 2.10 and Fig. A2-2.01G). (e) 
Unconsolidated aeolianites typically contain abundant macrorhizoliths (mm to cm-size in diameter, dm-m in 
length). See Figs. 2.8B, 2.9C, D, E. (f) Surficial laminar calcrete crusts, mm- to several cm thick, often covered 
by organic topsoil or mineral soil, typically thicker in depressions (Fig. 2.9A, Fig. A2-1.04H). (g) Millimetre 
to centimetre thick planar calcrete stringers occur along aeolianite layers (foresets) and along joints/fractures 
between layers (Figs. 2.8A, B, D, E), often forming boxwork structures, emphasised in weathered outcrops 
by resistant calcrete-cemented layers (Figs. 2.8A, B). (h) Penetrative calcretes are complex 3D structures, 
composed of crudely laminar calcrete layers, protruding metres deep from the surface and laterally spreading 
for several metres in several discrete levels (Rossinsky et al. 1992). (i) Thin surficial calcrete crusts and 
subsurface stringers are smaller-scale equivalent of penetrative calcretes. (Figs. 2.4C, D, 2.8C). 
Scale bars demonstrate a large variability in size of calcrete phenomena.
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Fig. 2.3. Laminar rhizolites from coastal outcrops at Nicholls Town, North Andros. A, B) Subvertical/oblique 
section through a system of calcrete-filled karstic cavities (Rh) in Pleistocene coral framestone (C) of the 
Cockburn Town Member. White dashed lines outline the cavities, red dashed line marks the surface of the 
laminar calcrete, extending from the cavites and lining the whole surface (S). Lens cap for scale (white arrow). 
C) Artificially cut horizontal surface of the coral limestone (C) cross-cutting two cavities (?solution pipes, 
outlined with white dashed line), lined with laminar calcrete (Rh). Mesoscale features and microfabric of 
laminar calcrete samples from Fig. A are shown in Figs. 2.11A, B, C, 2.13A and 2.14-2.19.
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North-western coastal outcrops of the San Salvador Island (Fig. A2-1.03A) are 

composed of massive to bedded marine limestone of the Cockburn Town Member, capped 

by a calcrete, typically having a red top layer (Fig. 2.4A, B). In many outcrops between 

the Fernandez Bay and the Barkers Point (Fig. A2-1.03A), the so-called “terra-rossa” 

palaeosol of Mylroie and Carew (2010 and references therein) is actually a laminar calcrete 

with minor amount of non-carbonate material (clays and Fe oxides), which is mostly 

concentrated in a millimetre thick surficial encrustation (Fig. 2.4B). Laminar calcretes 

make few millimetres to several centimetres thick crusts over the limestone beds and 



31Chapter 2: Quaternary rhizolites of the Bahamas 

GBf

trp

2 cm

A B

C D

Fig. 2.4. A) Red crudely to finely laminar crust, mm to cm thick, coating bedding planes of well-bedded 
Pleistocene limestone (Cockburn Town Member) and vertical walls of dissolutional voids developed along 
joints, cutting accross the beds. Thin red top layer indicates that the calcrete was overlain by Fe-rich (lateritic) 
soil (Foos and Bain 1995). Fernandez Bay, San Salvador. B) Close-up view of a finely laminar calcrete (trp) 
coating irregular surface of bioclastic limestone (GBf - Grotto Beach Formation, Pleistocene); trp stands 
for ”terra rossa palaeosol” in the stratigraphic nomenclature of Mylroie and Carew (2010), although the 
laminar crust, except for the top mm, contains only minor amount of non-carbonate matter (Fe oxides and 
hydroxyoxides and clay material). Micromorphology of this laminar calcrete is shown Figs. 2.11E and 2.13C-
G. Barker’s Point, San Salvador. C, D) Well-cemented limestone bed showing boxwork-like structure made of 
brownish horizontal calcrete layers (black arrow), connected with vertical fissures (yellow arrow). Such brick 
wall-like brecciation structures (Rossinsky and Wanless 1992) are mostly caused by penetrative growth of 
coarse plant roots along bedding plane partings and vertical fissures (cf. Figs. A2-1.04A-D)

along the solution-enlarged joints, cross-cutting the bedding (Fig. 2.4A). Laminar calcretes 

also protrude into the bedding plane partings, producing characteristic brick wall-like 

patterns (Fig. 2.2A, type a). Similar features are frequently observed also on a smaller 

scale, e.g. in well lithified thin-bedded aeolianites (Fig. 2.4C, D), as a result of plant root-

induced brecciation (James 1972; Rossinsky and Wanless 1992) and infill of the network of 

horizontal and vertical fissures by calcrete carbonate (also see Figs. A2-1.04A-D). 
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Fissure calcretes, also called ‘calcrete or caliche dikes’ (see White et al. 1984; White 1988; 

White and Curran 1988) are a prominent feature of coastal outcrops of the Cockburn Town 

fossil reef locality (Fig. 2.5, Fig. A2-1.03A). Large-scale fissures, which are widespread on 

Bahamian islands particularly adjacent to carbonate platform (bank) margins, are mostly 

related to extensional fractures (Daugherty et al. 1987) and are typically filled (lined) by 

crudely laminar calcretes. In the outcrops of the Cockburn Town fossil reef, fissures, 5-15 

cm wide, typically display accretionary laminar growth of calcretes from both sides, i.e. 

from opposite walls of the fissure, progressively filling up the fissure (Fig. 2.5B). Larger 

fissures are associated with mm to cm wide and up to several metres long stringers, often 

cross-cutting (and post-dating) the large calcrete-filled fissures (Fig. 2.5C). Open, not fully 

calcrete-filled fissures, may contain loose soil or carbonate sediment.

Figure 2.6 shows an impressive example of rhizolite, filling up a large, metre scale 

dissolutional cave in marine beach and shallow foreshore cross-bedded sequence of the 

Cockburn Town Member at Clifton Pier, New Providence (Fig. A2-1.02). In comparison 

to similar karst/calcrete association from Nicholls Town (see above), the rhizolite fabric at 

Clifton pier is coarser, less cemented, composed of macroscopically visible rhizoliths (Figs. 

2.5B, C). Roughly laminar stratigraphy of the cave infill indicates accretion of rhizolite 

laminae, progressively filling up the cave. Carbonate rhizolite is mixed with red-brown 

clayey soil material; remaining pockets of soil contain coarse marcrorhizolits, few mm to 

cm in diameter, composed of fine root rhizoliths (Fig. 2.7). Subvertical tubular dissolutional 

voids (Fig. 2.7A, B) are coated by dense laminar calcrete layer, several cm thick, analogous 

to other laminar calcrete forms (Fig. 2.2).

Thin, generally only few mm thick calcrete layers, associated with aeolianite deposits 

(Fig. 2.2A), have been generally simply described as micrite crusts or ‘caliche dikes’ (White 

and Curran 1988; White 1988; technically, most of these are sills not dikes). Figure 2.8 

shows typical examples from Pleistocene aeolian dune succession at Lyford Cay, New 

Providence Island (Figs. 2.8A-C), and Holocene aeolianites from North Point, San Salvador 

(Figs. 2.8D, E). Thin, planar calcrete layers, spreading along aeolianite cross bedding and 

joints, cross-cutting the bedding, show identical fabric as laminar rhizolites (see description 

of microfabric below). In strongly bioturbated aeolianites, lacking depositional lamination, 

rhizolites predominantly appear as irregular, anastomosing, mm-thick subhorizontal 

stringers, associated with vertical branching rhizoliths, mm to cm in diameter (Fig. 2.8C). 
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Fig. 2.5. Fissure calcretes in Pleistocene reef limestone (Cockburn Town Member), Cockburn Town fossil 
coral reef locality (Mylroie and Carew 2010, Thompson et al. 2011). A) Sinuous, 5-15 cm wide calcrete-lined 
fissure which can be followed several 10s of meters, runs rougly parallel to the coastline. B) Close-up view of 
the calcrete-filled fissure (Rh) in coral limestone (c) showing crudely layered fabric, composed of dense beige 
layers and porous interlayers. Hammer face for scale (red arrow). C) Horizontal surface of bioclastic limestone 
cross-cutting 2-4 cm wide calcrete-filled issure (Rh) cross-cut by thinner calcrete stringer (yellow arrow). 
Black arrow marks a tubule, probably left after a decayed coarse root. Red arrow points to an oval-shaped 
cross section of a composite rhizolith. 
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Fig. 2.6. Large rhizolite-filled 
dissolutional cave formed in 
Pleistocene marine beach and 
shallow foreshore cross-bedded 
sequence of the Cockburn Town 
Member at Clifton Pier, New 
Providence Island (Aurell et al. 
1995; Mylroie et al. 2012, p. 36-
37; Fig. 32). 
A) Light brown rhizolite calcrete 
(Rh) infills the cavity and 
shows roughly layered structure 
(dashed lines). B) Close-up view 
showing a cavity (P), probably 
corresponding to a former pocket 
of red-brown soil containing cm-
sized composite rhizoliths (cf. 
Fig. 2.7C) between the layered 
units (L). C) Detail of B.
Camera objective cap is ~7 cm in 
diameter.
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A-C: Clifton Pier, New Providence

Aurell et al.(1995), Mylroie (2012), p. 36-37 ( Fig. 32)

C

V

W

A B

C

Fig. 2.7. Same outcrop as in Fig. 2.6. A) Smaller (remain of a) cavity infilled by crudely laminar rhizolite 
fabric. Red dashed line marks a wall (w) built on top of the outcrop. V - vertical dissolutional tubular void (cf. 
Mylroie et al. 2012, p. 36, Fig. 32) filled with remains of red soil material and cm-sized composite rhizoliths. 
B, C) Details of the woid showing several cm lining of laminar to massive calcrete (B; dotted black line and 
yellow arrows) and close-up view of composite macrorhizoliths (C; blue arrows), composed of numerous 
millimetric tubes, corresponding to fine roots.

Coarse, macroscopic root structures, observed along the foresets in Holocene aeolianite 

at North Point (Fig. 2.8D, E), are mostly formed by composite rhizoliths, composed 

of sub-millimetric, fine root microfeatures. White and Curran and (1997) and Curran 

and White (2001) deduced that some of the supposed rhizoliths are not root traces and 

introduced the term thallo-ichnomorphs for tubular traces associated with micritic crusts. 

They interpreted them as traces of runners or stolons, i.e. stems of plants that that grow 

horizontally along the ground and extend for several metres across the surfaces of modern 

sand dunes, commonly seen on San Salvador. Thallo-ichnomorphs supposedly indicate 

that they developed contemporaneously with the accumulation of sand in the ancient 

dunal environment (Curran and White 2001). Although some of the rhizoliths, associated 

with aeolian cross-lamination, may correspond to such surficial stems, most of the traces 

exposed on weathered coastal aeolian outcrops exhibit hierarchic branching patterns, more 



36Chapter 2: Quaternary rhizolites of the Bahamas 

PS

R

Fig. 2.8. Thin calcrete layers in aeolian dunes, Pleistocene of Lyford Cay, New Providence (A-C), and in 
Holocene dunes (North Point Member) at Rice Bay, San Salvador (D-E). A, B) Boxwork-like structures of 
mm-thick, cemented laminar calcrete layers, extending along parallel aeolianite foreset/backset laminae, 
connected with joints, cross-cutting the bedding. In thin sections, such thin cemented layers are made of one 
or several laminae, composed of millimetric tubular fabric, corresponding to fine roots. C) Palaeosol (PS) 
within a stacked sequence of aeolianite dunes, underlain by a meshwork of rhizoliths (R) and irregular thin 
calcrete stringers (arrows) within weakly cemented carbonate sand. D, E) Weathered out, several mm thick 
rhizolite layers from Holocene aeolianite cross bedding showing clearly preserved macroscopic root structures 
(cf. White and Curran 1988). 
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compatible with root systems (Fig. A2-1.04E). Furthermore, as noted above, the internal 

structure of these traces typically shows composite fabric, composed of fine root rhizoliths 

(see discussion in Section 2.5.3).

Aeolianites with thin calcrete layers often display selectively weathered, boxwork 

structures (Fig. 2.8A, B), indicating preferential growth of plant root systems along 

particular laminae and connective joints, and corresponding precipitation of secondary 

carbonate, causing enhanced cementation of these layers.

Figure 2.9 shows root-related calcrete features from the well-known locality at The 

Gulf, San Salvador (e.g. Carew and Mylroie 1995; Hladil 2004). There, the upper part of 

the Cockburn Town Member is composed of regressive aeolian dunes, capped by a laminar 

calcrete (Fig. 2.9A), associated with several penetrative, laterally pinching out rhizolite 

layers (Fig. 2.9B). The locality is best known for impressive macrorhizoliths, protruding 

from selectively weathered bioturbated aeolianite (Figs. 2.9C, D). Importantly, the rhizoliths 

are almost indistinguishable from the matrix in freshly broken surfaces, indicating that such 

root traces may become largely unrecognisable by progressive diagenesis (cementation) of 

aeolianite sand.

Another common feature, mostly observed in weakly cemented aeolianite sand deposits, 

are circular structures, corresponding to laminar calcrete-coated vertical solution pipes and 

irregular dissolutional cavities, typically several dm in diameter (Fig. 2.10). The crusts in 

weathered pipes are several centimetres thick and associated with cm-scale rhizoliths in the 

sediment around the pipes (Fig. A2-1.04G), however, rhizoliths does not seem to be related 

or connected with the laminar rhizolite crust. 
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Fig. 2.9. The renowned locality 
with rhizoliths at The Gulf, San 
Salvador (e.g. Carew and Mylroie 
2001). A) Regressive aeolianite 
(Ae) of the Cockburn Town 
Member, capped by thin laminar 
calcrete (PS = complex palaeosol 
of Carew and Mylroie 1995); rh 
- macrorhizoliths. B) Close up 
view of a freshly broken surface of 
a fallen block in Fig. A, showing 
thin surficial crust (calcrete or 
case-hardening; white arrow), 
10-15 cm thick bioturbated layer 
of aeolianite sand (Ae), two 
pinching-out layers of laminar 
rhizolite (Rh), and the lower 
aeolianite layer. C-E) Typical 
appearance of macrorhizoliths, 
pronounced by selective weathe-
ring in coastal outcrops of weakly 
cemented sand, while on the 
unweathered surface in lower part 
of the block in Fig. B, rhizoliths 
are virtually indistinguishable 
from the matrix. 
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A B

Fig. 2.10. Solutional cavities (pipes) coated with laminar rhizolite calcrete. A) Strongly weathered coastal 
outcrops at Rocky Point, San Salvador, and B) erosional remnant of a calcrete-lined solution pipe from partly 
deflated, weakly-cemented aeolian sand. Coast E of French Bay, San Salvador.

2.4.2 Mesoscale calcrete fabric 

Mesoscale fabric in cut calcrete slabs are typically beige to brown and red in colour, 

and display distinctive millimetric to sub-millimetric, gently undulating lamination or 

indistinctively layered texture (Figs. 2.11A, D, E, 2.13A, B, C). Particularly thicker laminar 

forms, from several to more than 10 cm thick, are commonly composed of interchanging 

porous layers with numerous tubular pores (Figs. 2.11A, 2.13A) and stronger cemented 

layers (Figs. 2.11A, 2.13A). Laminar fabric can contain discontinuity surfaces (micro-

unconformities), typically emphasised by thin red or black laminae, mineralised by Fe and 

Mn oxides (Fig. 2.11B, 2.13A). 

Lamination is mostly due to variation in microstructure (e.g. open or filled pores, Fig. 

2.13A) and the degree of staining by occluded organic matter and non-carbonate mineral 

component (clay minerals, Fe and Mn oxides and hydroxyoxides). In spite of intensive 

red-brown colouration (e.g. sample in Fig. 2.13C), such laminar forms contain only trace 

amounts of Fe and negligible fraction of clay minerals (see Section 2.4.4). 

Some laminar rhizolite samples contained distinctive purple-coloured cylindrical 

features, 0.2 to 0.5 mm in diameter, arranged in anastomosing laminae (Figs. 2.11E and 
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Fig. 2.11. Mesoscale calcrete fabric in slabs. A) Crudely laminar rhizolite composed of generaly slightly darker 
porous microtubular layers (Rh) and denser cemented layers (c). B and C) Rhizolite in cm-sized cavities in 
coral rubble, composed of several phases of calcrete growth: Rh1 - lower porous rhizolite layer; L - finely 
laminar layer, capped by Mn-oxide coated discontinuity surface (d), overlain by upper, crudely laminar  
rhizolite (Rh2). C) A slab of a coral with a rhizolite-filled boring bivalve (2), overlain by darker colour calcrete 
layer (1). Note fine tubular rhizolith features within the coral septa (3). Samples A-C: Nicholls Town, North 
Andros (see Fig. 2.3A). D) Indistinctively layered rhizolite crust composed of microtubules, corresponding 
to fine roots, mostly less than 1mm in diameter. Cf. Fig. 2.13B. Cockburn Town, San Salvador. E) Well-
cemented, dense laminar rhizolite with layers composed of distinctive, purplish coloured fine root structures 
(black arrow) and beige and red-brown laminae with less pronounced tubular fabric. Also see Figs. 2.13C-G. 
Barker’s Point, San Salvador.
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Fig. 2.12. Fine root anatomy, life-span of different tissues, and their fossil preservation potential. Diagram of a 
primary root with simplified cellular structure showing the root cap, the apical meristem, the elongation zone 
and the maturation zone at increasing distance from the root tip, modified from Taiz et al. (2015).
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2.13C, D) or appearing as discrete points (2.11A). Microscopic analysis revealed that these 

purplish-stained microfeatures represent exquisitely preserved anatomical details of fine 

roots, described below (diagram in Fig. 2.12 and photomicrographs in Figs. 2.13D-G, 2.15-

2.17).

The type and scale of layering in laminar calcretes is commonly used to distinguish 

laminar crusts (Read 1976; Verrecchia 1994, 1996; Verrecchia et al. 1995), which would 

include most of the published examples of Quaternary soilstone crusts (e.g. Kornicker 

1958; Perkins 1977; Coniglio and Harrison 1983a, b; Swart 2015), from root-related calcrete 

forms (Wright et al. 1988; Wright 1989; Alonso-Zarza and Jones 2007 amongst others). 

Many of the examples described here (e.g. finely-laminar portions of calcrete in Fig. 2.11E) 

are identical to the archetypal, supposedly exclusively surficial (subaerially exposed) and 

phototrophic microbially-induced laminar forms, however, the presence of exceptionally 

preserved very fine root traces (<0.3 mm in diameter) within the sub-millimetric laminae 

(Fig. 2.13C), and the accretionary laminar fabric in calcretes coating deep cavities and 
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Fig. 2.13. (previous page) A) Cut (unpolished) slab of the rhizolite from Nicholls Town, North Andros 
(cf. sample in Fig. 2.11A) showing different preservation modes of fine roots.  Black arrows: tubular pores, 
corresponding to decayed roots without any preserved anatomical features; red arrows: white circular features 
corresponding to roots mineralised by microcrystalline carbonate; yellow arrows - fine root cross sections 
with exceptionally well preserved epidermis with root hairs and outer cortex layers (exodermis), shown in 
Figs. 2.15 and 2.16. d - darker layer marking a discontinuity surface. B) Thin section slice of a rhizolite crust 
on peloidal grainstone/packstone, composed of different cylindrical features, generally less than 1 mm in 
diameter, with indistinctive internal structure, consisting of central (vascular) cylinder and outer cortical 
layer. Cockburn Town, San Salvador. C) Polished slab of calcrete in Figs. 2.8B and 2.11C. Root anatomical 
details are best seen in purplish layers, composed of very fine roots, less than 0.5 mm in diameter. D) Cluster 
of well-preserved fine roots (arrow), polished remaining slice of a thin section. E-G) Same laminar calcrete 
sample as in Figs. C and D, cut parallel to lamination. Some of very fine roots in longitudinal sections 
exhibit branching (yellow arrow in F). Higher magnification images G anf F (taken on polished slabs under 
petrographic microscope in reflected light ) show distinctive cellular structure, particularly in epidermis and 
outer cortical layers (black arrow in G). Purple pigmentation probably corresponds to deposits of condensed 
tannin in roots that were undergoing browning (maturation) process. C-G: Barker’s Point, San Salvador.

fissure walls (Figs. 2.3, 2.11C), contradict the model which puts subaerial exposure as 

a prerequisite for formation of laminar calcretes (crusts) and confirm the opposite, i.e. 

that they can ‘form in a variety of settings and have a variety of origins’ (see discussion in 

Wright et al. 1996 and Verrecchia et al. 1996).

2.4.3 Microfabric

In general, microfabric of laminar rhizolites is relatively poorly discernible in thin sections 

of standard thickness. Lamination is mostly expressed by interchange of dense micrite and 

more porous layers, containing 0.1 mm to 1.mm large tubular pores, and irregular reddish-

brown-stained patches due to Fe oxide and clayey material. Furthermore, even in ultrathin, 

double polished thin sections (10-15 µm thick), predominantly micritic composition 

generally enables to distinguish only gross features like tubular fenestrae and peloids (Fig. 

2.14), and only exceptionally clear root cellular tissues and (Figs. 2.14B-C and 2.18). 

Fine root microstructure appeared to be more visible in reflected light under a 

stereomicroscope or polarising microscope, in polished, resin-impregnated slices and even 

in rough, unpolished calcrete slabs. Figure 2.15 shows fine root sections in thin section 

(Fig. 2.15A, B) and slabs. Most of the roots, generally <0.5 mm in diameter, exhibit well-

preserved cellular structure of epidermis and exodermis (i.e. the outer layer or two the 

cortex), including delicate root hair features (Figs. 2.15A-D, F, 2.16F). Clearly preserved 

cellular fabric appears to be due to organic pigmentation of the cell walls in the outer cortex 
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Fig. 2.14. A) Roughly layered structure composed of dense micrite (m) and closely packed very fine root 
rhizoliths (rh1), <0.5 mm in diameter, with relatively well discernible ultrastructure, while in layer rh2, root 
anatomical structures are almost unrecognisable. B) A cross section of a fine root (a) with relatively well-
preserved cellular structure, paricularly in comparison with adjacent traces of roots which exhibit only hardly 
distinguishable concentric fabric. C) Root sections showing partly preserved cortex (cx), pigmented  
epidermis (e), vascular cylinder (v) and spherical red-brown coprolites (red arrows). Also see Fig. 2.17. A-C: 
PPL thin section photomicrographs of the laminar rhizolite from Nichols Town. Subsample of the specimen in 
Fig. 2.13A. D, E) Microfabric of a crudely laminar calcrete from a karstic pit at Clifton Pier, New Providence. 
Cylindrical fenestrae surrounded by microlaminar micrite; note faint cellular fabric (red arrow). All images 
are PPL photomicrographs of polished ultrathin sections.
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Fig. 2.15.  See caption on the following page.
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Fig. 2.15. (previous page) Exceptionally preserved fine roots in laminar rhizolite samples from Nicholls Town, 
North Andros. A, B) PPL thin section photomicrographs of a transverse section of a fine root with perfectly 
preserved epidermis with emerging root hairs (rh), exodermis (ex), and pigmented tissues (?diarch xylem) of 
the vascular cylinder (s). C) A root similar to A and B with slightly displaced dark-coloured elements of the 
vascular tissue. Stereomicroscope reflected light photomicrograph of polished, resin-embedded slab.  
D) Transverse root section with deformed (non circular) outer shape and without any trace of vascular 
tissues. Polished thin section photomicrograph, taken under blue luminescence reflected light. E) Fragment 
of a fine root (R) with a lateral root (L). Stereomicroscope reflected light photomicrograph of polished, resin-
embedded slab. F) Three root sections showing different stages of decay process; arrows indicate roots with 
ruptured epidermal layer. The root in the middle shows two patches of pigmented cells (xy - ?xylem), whereas 
the lower root section shows partly preserved structure of the vascular cylinder (vc) with several pigmented 
cells. Note also exquisitely preserved root hairs in the lower specimen. Same specimen as E. G) Four fine roots 
tranverse sections; arrows indicate disrupted epidrmal/exodermal layer. Steromicroscope photomicrograph, 
taken on a wet, non-polihsed slice with rough surface. 

and epidermis, most probably deposits of condensed tannin. Similar staining is observable 

in internal parts of the roots, in transverse sections appearing in two distinctive spots, 

probably corresponding to (diarch) xylem tissues (Figs. 2.15A, C, 2.16B, C), or several 

pigment-filled discrete cells of the vascular cylinder tissues (Figs. 2.15F, 2.16D). Aligned, 

pigmented cells of the vascular cylinder are also visible in some longitudinal sections (Figs. 

2.16A, E). In slices, cut approximately parallel to the lamination, pigmented roots show 

distinctive branching patterns (Figs. 2.13E, F, G).

Cellular structure of the internal part of the cortex has not been observed in any of the 

examined fine roots. Significantly, in many roots, pigmented parts of the vascular cylinder 

tissues (probably xylem parenchyma) are displaced from its anatomically normal central 

position (Figs. 2.15C, 2.16C). In many root sections, pigmented epidermis and rhizodermis 

exhibit strongly deformed (normally cylindrical) shape of the root (Figs. 2.15D, F, 2.16E) 

and disrupted parts (Fig. 2.15G, 2.16E). Many roots contain spherical, stained peloids, 

identical in colour to pigmented parts of root tissues (Fig. 2.17A-D). These peloids probably 

represent coprolites of small soil arthropods (mites) feeding on tannin containing root 

tissues and excreting coprolites inside decaying root tubules (cf. Wright 1983; Jones and 

Squair 1989; Strullu-Derrien et al. 2012). Figure 2.17E-H shows similar, tannin-pigmented 

plant tissue containing coprolites of comparable size from modern soil carbonate 

accumulations, associated with extensive root systems of Pinus halepensis in the Alicante 

Province (see Chapter 3). 

Although many roots exhibit well-preserved cellular structure, they do not show 

evidence of intracellular biomineralisation of the cortex (see Chapter 3). In exceptional 

cases, outer cortical cell layers and epidermal cells display variability of cell preservation 
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Fig. 2.16. (previous page) Same sample as in Fig. 2.15. Reflected light photomicrographs of polished slabs (A-
F) or non-polished slices with rough surface (G), showing sections of fine roots with relatively well preserved 
epidedemal/exodermal tissues and remains of vascular tissues. A) Longitudinal section through the axial part 
of a root including the vascular cylinder, showing two lines of elongate cells, filled with yelow-brown organic 
matter (probably condensed tannin). B, C) Transverse sections of well-preserved pigmented cell walls of the 
epidermis/exodermis and two clusters of pigmented (condensed tannin-filled) cells of xylem tissues, displaced 
towards the margin of the root in C. D, E) Considerably decayed root remains with preserved pigmented 
cells of the vascular system (vc). F) Tangential section of a fine root showing well-preserved cellular structure, 
pigmented cell walls of the epidermis/exodermis, and root hairs (rh). G) Unpolished, wet surface of a calcrete 
slab showing isolated remains of root hairs or tiny sloughed-off cells (arrow).

in ultrathin sections (Fig. 2.18) where some of the cells are empty and other filled with 

microcrystalline carbonate of variable density, probably fibrous forms such as needle fibre 

calcite and calcite nanofibres. Polished, resin-impregnated  thin sections, observed under 

SEM in BES mode, shows that the cell walls of the outer layers, showing pigmentation 

under optical microscope, are mostly mineralised with carbonate, forming irregular, 1-2 µm 

thick walls (Fig. 2.19B). Cell lumina are either empty (Fig. 2.19A, B) or filled with spherical, 

probably bacterial features, encased in a meshwork of nanofibrous carbonate (Figs. 2.19B, 

C, D), or micro- or nanocrystalline material of different density (Figs. 2.19F-H), infilling 

the whole cell space or forming irregular coatings on the cell walls. Some mineralised cell 

walls display anastomosing tubular fabric (Figs. 2.19G, H). 

Fine root features without preserved cellular structure typically consist of microlaminar 

micrite, forming cylindrical structures, 0.2 to 1 mm in diameter (Fig. 2.14D, E). In the 

studied laminar rhizolites from the Bahamas, microfabric of fine root cylindrical features 

is typically badly preserved for detailed SEM observation, however, it has likely formed 

through initial precipitation of needle fibre calcite (NFC) and calcite nanofibres (Figs. 

2.19I-L; 2.21E, F). Potential modern analogues of CaCO3 precipitation around fine roots 

and their taphonomy are represented by active root systems from calcareous soils in SE 

Spain and rhizoliths from modern aeolianite deposits in Morocco, shown in Appendix A2-3.

Fig. 2.17. (following page) A-D) Fine roots in different stages of decay, mostly with well preserved pigmented 
epidermal layer only. Internal parts of roots contain abundant spherical red-brown coprolites, 30-60 µm in 
diameter. Reflected light photomicrographs of polished slab, same calcrete sample as in Figs. 2.15 and 2.16; 
Pleistocene, Nicholls Town, North Andros. E, F) PPL and XPL thin section photomicrographs of peloids/
coprolites from recent chalky calcrete deposits associated with root system of Pinus halepensis (Sella-Finestrat 
locality, Alicante Province, Spain; see Chapter 3 and Appendix A3-1). Peloids contain abundant red-brown 
particles of tannin-containing plant tissues, consumed and excreted by soil animals, probably mites. G, H) 
SEM photomicrographs of peloids (calcified coprolites) from the same locality, composed predominantly of 
nanoscopic forms of calcite (nanofibres) and µm-size nest-like microbial (?bacterial) features.
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Fig. 2.18. Ultra-thin (~10 µm), 
double polished thin section 
photomicrographs of a root in cross 
section, taken in A) transmitted 
PPL, B) XPL, and C) long-exposure 
reflected XPL light. Relatively well 
preserved cellular structure of 
the cortex is composed of empty 
cells (white in A and black in B) 
and cells, partly or fully infilled 
by microcrystalline carbonate. 
Red-brown patches in the center 
are remains of (probably) tannin-
pigmented xylem tissues without 
discernible cellular structure but 
marked by dispersed organic matter, 
best seen in Fig. C (white arrows). 
Slightly pigmented cell walls are also 
visible in the epidermal layer and 
parts of the outer cortex (exodermis; 
black arrows) Also see SEM 
photomicrographs in Fig. 2.19. 
Nicholls Town, North Andros, 
sample NTW-E. 
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Fig. 2.19. A-H (previous page): SEM photomicrographs of fine root ultrastructure in laminar rhizolites, 
Pleistocene, Nicholls Town, North Andros. All figures are backscattered electron (BES) images of polished, 
resin-impregnated thin sections, taken in low or high vacuum (see labels), except Fig. E which is a SED image 
of NFC/nanofibrous calcite in a freshly broken surface. A) Transverse section of the root in Fig. 2.18 showing 
empy cortical cells (black = resin) and cells displaying diffrent fine textures and shades of grey, corresponding 
to microcrystalline infill of different density (darker grey = higher microporosity and correspondingly higher 
amount of resin). B) Partially preserved cellular structure of fine root cortex, composed of calcified cell 
walls (yellow arrows). Some cells contain nanocrystalline (probably nonofibrous) deposits (red arrows), or 
are infilled by spherical features (S). C, D) Detailed view of the texture, composed of closely packed spheres 
of uniform size, 0.6 to 0.8 µm in diameter with 0.1-0.2 µm thick walls, enclosed in a nanofibrous (?calcite) 
meshwork. E) Texture, possibly analogous to C and D, showing nanofibrous calcite fabric and bacterial ‘nest-
like’ features; Recent soil from the Sella-Finestrat locality (see caption of Figs. 2.17G, H). F) Mineralised fine 
roots (R) in micritic matrix (m). G, H) Cellular structure of fine root cortex showing a variety of microfabric: 
yellow arrows: anastomosing microtbular fabric, apparently occuring along the cell walls and intercellular 
spaces; red arrows: cells infilled with nanocrystalline material (probably calcite nanofibres) of different 
density, showing indistinct fibrous texture in Fig. G; blue arrow: micro-scale alveolar septal structure, 
composed of nanofibres. I) SEM photomicrographs of Au-coated broken surface of a laminar rhizolite 
from Holocene aeolianite at North Point, San Salvador, showing a wall of a root tubule, 0.5 mm in diameter, 
composed of micrite - predominanttly nanofibres (nf) and rare incorporated NFC rods (red arrow). J) Same 
sample as I, showing the wall of a millimetric tubular pore, coated by calcite nanofibres (nf) and ?calcite-
mineralised fungal hyphae (cyan arrow). K, L) Internal fabric of submillimetric fine root tubules (cf. Fig. 
2.14D,E) composed of NFC and possibly oxalate crystals (triangular needles marked with yellow arrows in K, 
nanofibrous micrite (nf), and mineralised fungal hyphae (?oxalate transformed to calcite). Clifton Pier, New 
Providence.

I K

LJ

nf

nf

nf



53Chapter 2: Quaternary rhizolites of the Bahamas 

R

p

A B

C D

FE

m

*

*

* *
*

*

1

2
3

4

Fig. 2.20. Microfabric of composite macrorhizoliths from San Salvador. Thin section photomicrographs. 
A) Coarser root rhizoliths (numbered 1, 2, 3), 3-5 mm in diameter, and a smaller rhizolith (4), all showing 
indistinctive cellular fabric in their marginal parts (red arrows). B) Detail of A showing rhizolith #4 in micrite 
matrix. C) Cross section of a macrorhizolith, ~1 cm in diameter, composed of alveolar septal structure, 
peloids (p) and a fine root rhizolith (R) with poorly preserved cellular structure. D) Rhizolith, ~5 mm in 
diameter, composed of dense outer micrite wall. F, E) Detail of D showing internal structure of the rhizolith 
made of several distinguishable root tubules (marked with *). PPL /XPL pair.  
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Fig. 2.21. BES SEM low-vacuum photomicrographs of a polished thin section of a composite rhizolith from 
San Salvador (A-D) and SED photomicrographs of a broken surface of fine root rhizolith (E-F). A) Irregular, 
disrupted cellular structure of fine root rhizoliths (R); cell walls are coated or replaced by a thin layer of 
carbonate. B) Deatail of A showing thin, disrupted cell walls, associated with tubular features (calcified 
filaments, i.e. probably mineralised fungal hyphae). C) Calcified cell walls (red arrows) and spherical features 
(yellow arrows; cf. Fig. 2.19C, D) or calcified fungal hyphae (blue arrow) in cross section (yellow arrows). D) 
Calcified fungal hyphae of different sizes in cross section (arrows). E, F) SED SEM photomicrographs of a fine 
root rhizolith with mineralised cell walls (red arrows). Outer surface is covered by calcite nanofibres (cyan 
arrow) and networks of needle fibre calcite (yellow arrows). San Salvador, Cockburn Town.
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Classical macrorhizoliths, which are one of the most impressive geomorphic features in 

the Bahamian aeolianites, have not been investigated in detail this study. Several samples, 

however, indicated that most of larger rhizoliths, several mm to 1-2 cm in diameter, are 

displaying compound fabric, composed of fine root micrite tubules (Figs. 2.20 and 2.21). 

The internal structure of composite rhizoliths is analogous to the fabric of crudely laminar 

rhizolites and indicates the same formation mechanism (Section 2.5.2).

2.4.4 Mineralogy, elemental and stable isotope composition of laminar rhizolites

XRD and FTIR analyses have been focused on detection of possible Ca oxalate minerals, 

associated with tubular pores, observed in thin sections of rhizolite samples from Nicholls 

town and San Salvador. The XRD patterns have not revealed cleat oxalate peaks but only 

predominantly calcite and minor amounts of aragonite (i.e. traces of hostrock sediments), 

and trace amounts of hematite and smectitic clays. FTIR analyses of fine root rhizoliths 

confirmed only (low-Mg) calcite.

SEM EDS elemental analysis, performed on selected polished thin sections and slices, 

showed generally uniform, low-Mg carbonate composition of laminar rhizolites (<1.0 

wt% Mg). Even intensively red-stained laminar samples (Fig. 2.13C) showed very low 

amounts of Si (<1.5 wt%) and Al (<1.2 wt%), whereas automatic detection EDS, obtained in 

approximately 1 mm2 large areas, did not identified Fe and Mn or detected amounts close to 

detection limits (~0.1 wt%). 

Stable isotope analysis was performed only on seven samples of laminar rhizolites from 

Nicholls Town locality and two samples from San Salvador (Appendix A2-5, Table A2-5.1). 

Results are plotted in Figure 2.22, together with data of comparative recent root-related 

carbonate accumulations from modern soils in SE Spain (Sella-Finestrat), Pleistocene 

calcretes from La Mora (E Spain), Quaternary rhizoliths of Morocco, and Paleogene 

rhizolites from Kras, Slovenia. Bahamian rhizolites from Nicholls Town show very uniform 

composition of δ13C (–10.0 to –9.4‰) and δ18O ranging from –3.6 to –2.3‰. The δ13C 

values of laminar rhizolites would correlate with carbonate precipitated in predominance of 

C3 plant-respired CO2 or corresponding soil organic matter (see Chapter 3, section 3.5.3); 

the test analysis presented here, however, is too limited for any elaborate interpretation. 
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Fig. 2.22. Cross plot of δ13C and δ18C 
stable isotope  results of selected 
Bahamian laminar rhizolites (red 
points) and comparative recent root-
related carbonate accumulations 
from modern soils in SE Spain 
(Sella-Finestrat), Pleistocene 
calcretes from La Mora (E Spain), 
Quaternary of Morocco, and 
Paleogene rhizolites from Kras, 
Slovenia. See text for discussion. 

2.5 Discussion

2.5.1 Laminar rhizolites: fine root-mat growth and carbonate mineralisation processes

The rhizogenic calcrete model of Wright et al. (1988, 1995) implies progressive CaCO3 

mineralisation of laterally extensive, horizontal (surface-parallel) root mats within the soil 

profiles (also see comparison of laminar calcrete models in Wright 2007). Although not 

specifically highlighted, the mesoscale fabric and microfeatures of most published examples 

of laminar rhizogenic calcretes clearly show that they correspond to fine roots, mostly the 

finest root orders (i.e. secondary and tertiary root system of Zobel 2005), made up of roots 

<0.5 mm in diameter (Wright et al. 1988; Rossinsky and Wanless 1992; Fedoroff et al. 1994; 

Alonso-Zarza 1999; Alonso-Zarza and Jones 2007; Zhou and Chafetz 2009, 2012; Brlek et 

al. 2014; Li and Jones 2014; Liang and Jones 2015). In the model of root-mat calcrete growth 

(e.g. Fig. 1 of Wright et al. 1995), dense systems of (fine) roots spread along surfaces within 

the substrate, for example over weakly permeable massive calcrete (petrocalcic horizons) 

layers below the organic/mineral soil, and increase in thickness by progressive calcification 

of multiple, aggraded calcified root mats, few millimetres in thickness, producing beds (or 

domal buildups) of rhizolite, several 10s of centimetres thick. Another growth mechanism 

suggests that thicker rhizolite calcretes develop by progressive amalgamation of thin, 

millimetre- to centimetre-sized sheets or stringers, which may have used pre-existing 

fractures or discontinuities in the substrate (Wright et al. 1995, their Fig. 4). Identical 
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accretionary growth mechanism applies for laminar rhizolite forming in centimetre- to 

metre-sized cavities and voids, for example epikarst pits and solution pipes (Figs. 2.3, 2.6, 

2.7, 2.10, 2.11B), and (sub)verical fissures (Fig. 2.5).

Rot mats, i.e. dense systems of intertwined fine roots, develop as a consequence of 

limited space for root growth and proliferation, such as fractures, or along boundaries 

between materials of contrasting hydraulic properties, such as rock substrate and loose 

sediment/organic soil (Schwinning 2010, 2013; see examples of non-calcified modern root 

mats in Fig. Appendix A2-4). Hard rock substrate is of contradicting value to plant roots 

because it severely limits their spatial expansion, but on the other hand, the water stored 

in or on rock layers is protected from strong evaporative loss and can allow prolonged 

uptake by root systems. In both very narrow fissures in weathered bedrock and shallow 

soil-covered rock surfaces, such as topographies of karstic landscapes of carbonate islands, 

root systems tend to develop into nearly two-dimensional root fans or mats (Zwieniecki 

and Newton 1994, 1995, 1996; Poot et al. 2012; Hasenmueller et al. 2017). Formation of 

fine root systems in fissures and along soil-rock interfaces has been shown to represent 

a mechanism for the uptake of water stored in rocks. Schwinning (2020) has presented 

several different pathways of water transport between rock and root where rock-bound 

fine roots bypass the soil pathway but potentially increase the driving force for rock water 

release. The efficiency of the uptake of root water is supposedly further intensified via 

mycorrhizal hyphae, which are capable to penetrate in microfissures and extract water from 

microporosity, inaccessible to roots. However, root crowding on the surface of rocks might 

significantly reduce effective soil-to-root conductance. Schwining (2020) has also noted a 

potential trade-off in the function of ‘free’ roots, embedded in soil, and rock-bound fine 

root mats. Development of free versus rock-bounded roots may represent a root allocation 

strategy, depending on climate and plant functional type. 

Cemented carbonate rock surfaces, including calcrete hardpans or petrocalcic 

horizons at certain depth in the soil profile, appear to be highly restricting for both root 

growth (penetration) and water percolation. However, it has been shown that apparently 

highly cemented calcrete (plugged) horizons can exhibit very high water-holding 

capacity (Duniway et al 2007, 2010). It is thus tempting to correlate fine root mats as an 

ecohydrological strategy for the effective uptake of rock-stored water with accumulation of 

carbonate around fine roots, i.e. in their rhizosphere, as a mechanism for enhanced water-

retention capacity in the critical interface between the rock surface and soil. 
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Rhizolites in karst cavities and fissures, shown in Section 2.4.1, indicate accretionary 

growth by aggrading laminae, resulting in progressive filling-up the space available for 

input of recyclable organic and mineral matter and for the root growth. If precipitation of 

calcium carbonate in fine-root mats may represent a short-term beneficial water-retention 

mechanism, precipitation and cementation creates irreversible long-term disadvantage due 

to reduction and final obliteration of the growth habitat, e.g. a karst soil pocket. However, 

progressive, episodic CaCO3 mineralisation of fine root mats may represent a trade-off 

strategy linked to specific vegetation types and probably to specific moisture-driven 

response of root systems.

Calcium carbonate cementation of the rhizosphere has been frequently reported as one 

of the fundamental mechanisms of biogenic calcrete formation (Jaillard 1982; Wright et al. 

1988; Alonso-Zarza 1999; Košir 2004; Lambers et al. 2009), where “coalescence of calcite 

crystals around neighbouring roots result in continuous calcrete formation” (Hinsinger 

2013). However, cementation of the active rhizosphere with CaCO3 appears to be at least 

undesirable for the efficient nutrient and water uptake by absorptive fine roots if not largely 

detrimental for functioning of the part of the root system involved in resource acquisition. 

Therefore, a fundamental question arises if the precipitation of CaCO3 around fine roots 

corresponds to plant-induced biomineralisation in the active rhizosphere (around live 

roots) or to processes of (mostly microbially-induced) mineralisation related to turnover 

and decay of fine roots, i.e. the relic rhizosphere – the part of soil left altered after the death 

of roots that modified it (York et al. 2016).

Exquisitely preserved anatomical features of fine roots, such as an undeformed 

epidermis and root hairs, shown in Figures 2.15 and 2.16, indisputably correspond to 

parts of absorptive fine roots, which are most active in nutrient and water acquisition. 

Consequently, these features could be simply taken as an evidence of a direct involvement 

of fine roots in calcrete formation, especially when considering a short life span of these 

fine root tissues (Fig. 2.12). However, although the root-hair covered (maturation) zone on 

a root is short because of their short life, the root hair walls can remain for quite long time 

after the root hair cell has ceased to function (Tinker and Nye 2000). Furthermore, it is 

often not readily apparent in fine roots whether an epidermal cell is dead or alive because 

the walls are thickened (suberised) and the outer walls are arched, mechanically strong, and 

they typically do not collapse when they die (Meyer and Peterson 2013). 

Many examples of fine roots shown in Section 2.4 (Figs. 2.15-2.17) actually clearly 

indicate that the roots with well-preserved epidermis, exodermis and root hairs were largely 
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dead and undergoing decomposition. This is evidenced by partly collapsed and deformed 

overall cylindrical shape, apparently fully decayed cortex and displaced elements of vascular 

cylinder, and particularly by numerous faecal pellets (coprolites) inside the decaying roots 

(Fig. 2.17). Exceptional preservation of fine root tissues in the studied rhizolite calcretes 

was probably enhanced due to impregnation of tissues by tannin. Deposits of condensed 

tannin are the main cause of root browning, a process characteristic particularly of fine 

roots of trees, which become brown as the age (McKenzie and Peterson 1995a, b; Peterson 

et al. 1999; Enstone et al. 2001; Wells and Eissenstat 2002; Kumar et al. 2007). Although still 

preserving external morphology, brown roots largely loose their absorptive functions and 

are characterised by progressive senescence and death of cortical cell and the epidermis.

Although there are many published reports of rhizoliths (calcified roots) with (partially) 

preserved organic root tissues (e.g. Perkins 1977; McLaren 1995; Semeniuk 2010; Alonso-

Zarza 2018), clear evidence of CaCO3 precipitation in the active rhizosphere around 

provably live roots or roots in early stages of decay is lacking. Appendix 2-3 shows fine 

roots from modern soils in SE Spain and W Morocco in various stages of decay. None of 

the fine roots with preserved epidermis and root hairs, but collapsed cortex and vascular 

system, show any considerable deposits of carbonate on their surface (Fig. A2-3.01). 

Some of the fine roots with intact root hairs are partly covered with open meshwork of 

needle fibre calcite (NFC) (Fig. A2-3.03.C-F). Decayed roots and their surrounding soil 

area are composed of highly porous network of NFC, calcite nanofibres and calcified 

filaments (i.e. Ca oxalate-mineralised fungal hyphae). The microfabric, dominated by NFC, 

nanofibres and Ca-oxalates, probably rapidly transformed into Ca carbonate, is usually 

considered representative of microenvironments influenced by fungi. Presumably, most 

of the microcrystalline CaCO3 and primary Ca oxalate around fine roots corresponds to 

fungal exoenzymatic metabolic processes, probably largely linked to oxalic acid excretion, 

particularly in decomposition of complex substrates such as root cellulose and lignin 

(Dutton and Evans 1996; Verrecchia 2000; Finlay 2006) in highly alkaline and Ca-rich 

microenvironments.

2.5.2 Are macrorhizoliths mostly just coarse root-shaped rhizolite?

Klappa (1980b) defined the term rhizolite for “a rock showing structural, textural and fabric 

details determined largely by the activity, or former activity, of plant roots.” He did not, 
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however, define the size and shape of rhizolite. If a several millimetres thick laminar crust 

can be regarded a rhizolite, why would not the same apply for a coarse macrorhizolith, 

centimetres in diameter, which is largely or entirely composed of textures, clearly 

attributable to carbonate precipitation around fine root systems?

Although ‘classical’ rhizoliths have not been investigated in detail in this study, a 

majority of examined samples showed a complex fabric of macrorhizolith structures 

(Figs. 2.20, 2.21, Fig. A2-2.01), composed largely of mineralised fine roots. Formation of 

composite rhizoliths is in accord with well-known strategy of (fine) root proliferation in 

decaying roots and old root channels (Dell et al. 1983; McKee 2001). Such ‘secondary’ root 

exploitation is associated with nutrient poor substrates and probably represents a nutrient 

conservation and recycling mechanism in oligotrophic soil settings.

Rhizoliths, formed in tubular voids of larger diameter, left for example after decay 

of coarse tap roots, can exhibit more or les distinctive concentric lamination, indicating 

centripetal accretionary growth (see comparative material from W Morocco shown in Figs. 

A2-2.01A-L). Concentric lamination and accretionary deposition mechanism in larger root 

tubules is thus analogous to laminar growth on surfaces and particularly along the walls 

of larger dissolutional cavities such as solution pipes (Fig. 2.3; see also Figs. A2-4.01D, E 

as an example of fine roots, preferentially extending along the wall of a soil-filled karstic 

void). Developing composite rhizoliths also show patterns, observed in (non-mineralised) 

decaying roots with successive generations of fine roots growing inside increasingly smaller 

root channels (Fig. A2-2.01D; McKee 2001). 

It has to be emphasised that not all macrorhizoliths are necessarily produced by 

carbonate precipitation around fine root systems, proliferating secondarily in coarse root 

pores. Classical rhizolith (root traces) types like root moulds, tubules, casts and certain 

forms of rhizocretions (Klappa 1980b) definitely provide unambiguous morphological 

evidence for former plant root systems, however, formation or preservation of such coarse 

rhizoliths typically do not imply any biological activity of plants, except their existence 

(see e.g. Gregory et al. 2004). Correspondingly, speaking of rhizosphere in association with 

formation of coarse root rhizoliths is to a large extent inconsequential, since the zone of 

soil around coarse roots – with their distributive and mechanical support functions – is not 

substantially influenced by plant-driven biochemical processes. 
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2.5.3 Calcrete-palaeokarst associations: geobiological processes, climatic factors  

 and process rates

Calcretes and palaeokarst phenomena are two groups of major macroscopic products of 

meteoric carbonate diagenesis. Although generally considered to represent contrasting 

styles of diagenetic processes in the vadose zone (e.g. James and Choquette 1984; 

Esteban and Klappa 1983; McKee and Ward 1983: Wright 1988; James and Jones 2016), 

ancient (epi)karst features and calcretes are often associated in carbonate depositional 

successions (Wright 1988; Vanstone 1991, 1998; Otoničar 2007, 2021). Modern surface 

and shallow subsurface karst on carbonate rocks as well as the buried ancient karst 

systems are characterised by dissolutional features generally developed under prevailing 

humid climatic conditions and predominance of dissolutional weathering. In contrast, 

calcretes are typically considered as an indicator of ‘arid’ (semiarid to subhumid) climate, 

characterised by precipitation of secondary calcium carbonate in soils or within shallow, 

near surface vadose diagenetic environment. This palaeoclimatic generalisation has been 

often used in the interpretation of palaeoexposure surfaces in stratigraphic sequences. 

However, as shown in the previous sections and published work, many calcretes form 

by predominance of biologically induced processes, particularly precipitation of calcium 

carbonate within the root systems of higher plants and associated microorganisms in soils. 

In its broadest definition, the depth of soil is defined by the rooting depth of plants (Richter 

and Markewitz 1995), and this zone generally overlaps with the epikarst. Most of calcretes, 

associated with karst, reflect specific biological processes involved in the precipitation of 

secondary carbonates rather than specific climatic conditions. Furthermore, occurrence of 

calcretes within a zone of prevailing dissolutional regime perhaps seem less contradictory 

when we compare the rates of carbonate dissolution in karst and estimated precipitation 

rates for biogenic calcretes. Solutional denudation of carbonate terrains has been relatively 

well assessed both on global and local scales (Ford and Williams 2007; Palmer 1991, 

2007) whereas calcrete accretion is rather poorly understood and is based on few studies 

of (finely) laminar forms (e.g. Robbin and Stipp 1979) and unpublished reports of age 

determinations of root-related calcretes (root-rock) in South Florida (Perkins 1997).

Figure 2.23 shows comparison of published estimates of karst denudation rates (Ford 

and Williams 2007; Palmer 1991) and estimated accumulation rates of laminar calcretes, 

including a rough estimate of short-term accretionary potential of rhizolites, formed by 
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progressive mineralisation of short-lived fine root systems (i.e. growth, turnover, and 

decay of fine-root mats). The figure shows that accumulation of CaCO3 in calcretes can be 

a relatively rapid process, and, operating across a wide climatic range, it can overlap with 

typical karst geomorphic settings and karst denudation rates.

In a considerable simplification, co-occurrence of karst dissolutional topography and 

calcretes in carbonate successions can be considered analogous to palaeokarst clastic 

and chemical sediments (speleothems), deposited in subsurface cavities and depressions. 

Despite formed in an overall erosional climatic regime and landscape setting, in which 

large portions of the rock record are removed, such sediments can preserve portions of the 

stratigraphic record that might have been removed by subsequent surface erosion (Plotnick 

et al. 2015).

Presented examples of rhizolite calcretes from the Bahamas have not been dated and 

might have formed during periods of considerably different climate within a considerably 

long time span between MIS 5e (~115 ka) and present. However, smaller-scale carbonate 

accumulations, associated with live fine root systems observed e.g. in aeolian carbonate 

dunes on San Salvador, indicate that root-related calcretes actively form under the current, 

relatively humid climate which is evidently suitable for the ongoing karst denudation (e.g. 

Boardman et al. 1995). In general, the climatic condition in the Bahamian archipelago 

during late Pleistocene glacial periods was probably characterised by higher rainfall rates 

and intensive events (and lower temperatures), and thus prone to intensive carbonate 

dissolution (Boardman et al. 1995).

Fig. 2.23. Comparison of published estimates of karst denudation rates and estimated accumulation rates 
of laminar calcretes, including rough estimate of short-term accretionary potential of rhizolites, formed by 
progressive mineralisation of short-lived fine root systems (i.e. growth, turnover, and decay of fine-root mats).  
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2.6 Conclusions

The case study presented in Chapter 2 has been based on examples of Pleistocene and 

Holocene root-related calcretes from the Bahamas. Rhizolite calcretes from the islands of 

North Andros, San Salvador and New Providence have shown a variety of microfabric, 

attributable to fine root systems, including remains of with exquisitely preserved anatomical 

details of fine roots tissues.

Laminar rhizolites of young carbonates of the Bahamas appear as archetypal laminar 

calcrete crusts and are associated with karstic dissolutional topography and rock fissures. 

All rhizolite forms are characterised by similar fabric, composed of fine root cylindrical 

features (pores) and massive and laminar micrite. Laminated structure consists of sub-

millimetric- to several millimetres thick, discrete, usually laterally discontinuous layers, 

commonly exhibiting discontinuities in accretion and truncated laminae, marking erosional 

micro-unconformities. 

Petrographic observation of rhizolites has shown that fine root anatomical details are 

commonly better discernible in resin-impregnated, polished slabs than in standard or even 

ultrathin thin sections. Similarly, best SEM results were obtained in polished thin sections, 

observed in backscattered electron detection mode. 

Microstructural examination has not shown any evidence of intracellular calcification 

in fine roots (see Chapter 3). Anatomical details of fine roots in laminar rhizolites were 

probably preserved due to organic pigmentation, most probably by condensed tannin.

Studied rhizolite calcretes can be regarded as typical examples of rhizogenic calcretes, 

formed by progressive mineralisation of thin, aggraded fine root mats. Calcification 

processes, however, do not seem to be controlled by roots as suggested by existing models. 

Disrupted fine root epidermal tissues, displaced vascular cylinders and faecal pellets 

(coprolites) within the roots indicate that carbonate did not precipitate in active rhizosphere 

but probably largely formed by microbially induced processes during decay of fine root 

remains. 



64

Chapter 3: Intracellular calcification in plant roots

3.1 Introduction 

Intracellular calcium carbonate biomineralisation in fine roots has been well known for 

more than 30 years, since the classic studies of Jaillard et al. (1991) of modern calcareous 

soils in France. Although the process represents one of the most impressive examples of 

biomineralisation in present and past terrestrial ecosystems, intracellular calcium carbonate 

formation in roots has received disproportionally less attention than the well-documented 

precipitation of calcium oxalate in plant tissues (Franceschi and Horner 1980; Smith 

1982; Arnott 1982; Franceschi and Loewus 1995; Horner and Wagner 1995; Webb 1999; 

Monje and Baran 2002; Nakata 2003; Franceschi and Nakata 2005; Raven and Giordano 

2009; Raven and Knoll 2010; Bauer et al. 2011; He et al. 2012, 2014; Pylro et al 2013; 

Karabourniotis et al. 2020).

Most of the knowledge about the intracellular CaCO3 biomineralisation in plant roots is 

the result of the pioneering work of Jaillard and co-authors in the 1980s and their research 

in the early 1990s (Jaillard 1982, 1983, 1984, 1985, 1987a, 1987b, 1992; Jaillard and Callot 

1987; Jaillard et al. 1991; Jaillard and Hinsinger 1993). Surprisingly, although repeatedly 

presented in highly-cited reviews (e.g. Lucas 2001; Lambers et al. 2009) as “one of the most 

dramatic cases of biogenic mineral formation in terrestrial ecosystems”, intracellularly 

calcified roots have received relatively limited scientific interest. Following publications 

of Jaillard, calcified roots have been identified as such and reported from soils and 

palaeosols in different environmental and geological settings, however, most of the papers 

largely regarded them as one of the diagnostic soil features or an example of (biogenic) 

soil carbonate, potentially useful for palaeoenvironmental or palaeoclimatic analysis 

(Kaemmerer and Revel 1991, 1996; Kaemmerer et al. 1991; Alonso-Zarza et al. 1998; 

Khoklova et al. 2001; 2016; Boguckyj et al. 2006; Khormali et al. 2006; Wang & Greenberg 

2007; Łacka et al. 2009; Bradák et al. 2014; Barta 2014; Luo et al. 2020, amongst others). 

Most of the mentioned case studies have neither investigated nor thoroughly discussed 

the mechanisms of carbonate biomineralisation in plant roots and their implications. 

Interestingly, even in modern soil micromorphology textbooks and handbooks, 
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intracellularly calcified roots are only marginally mentioned and merely interpreted as 

“petrifaction or impregnation of root cells by calcite” (Durand et al. 2010, 2018), “calcite 

crystals, pseudomorphic after root tissues” (Stoops 2021), or a micromorphological 

example of a root preservation mode, e.g. where “[calcite crystal] replaces the entire cell, 

fossilizing the root tissue” (Verrecchia and Trombino 2021).

The most stimulating input came from the work of McConnaughey and co-authors 

(McConnaughey and Whelan 1997, Cohen and McConnaughey 2003) who explored 

calcification in plant roots as a nutrient acquiring mechanism in comparison to carbonate 

biomineralisation in reef corals, that has been regarded as their adaptation to thrive in some 

of the most nutrient deficient regions of the planet. Physiology of CaCO3 biomineralisation 

in plant roots has been invoked by Košir (2004) as a possible explanation for the origin of 

Microcodium (Chapter 5).

A broad analogy can be drawn between carbonate production modes in the marine 

ecosystems and depositional environments and the terrestrial soil carbonates. The concept 

of marine carbonate factories (James 1979; Schlager 2000, 2005; Pomar 2020; Reijmer 

2021, amongst others) has been based on three basic modes of carbonate precipitation, 

i.e. abiotic, biologically induced and/or influenced (generally microbial), and biologically 

controlled (generally skeletal) (Schlager 2000; also see Dupraz et al. 2009). Similarly, 

soil carbonates can form almost entirely through inorganic processes, in processes 

induced by soil microbial activity and associated organic matter, or through biologically 

controlled mineralisation processes (e.g. Lal et al. 2000; Alonso-Zarza and Wright 2010a). 

In comparison to coral reefs, which are probably the most impressive biomineralisation 

product on Earth and one of the biosphere’s largest carbon reservoirs (Cohen and 

McConnaughey 2003), soil carbonates represent much smaller carbon pool, although 

containing about double as much carbon as the atmosphere and a similar amount as soil 

organic carbon pool (Fig. 1.2 in Chapter 1; Eswaran et al. 2000, Lal 2004; Mackenzie and 

Lerman 2006). In this context, biomineralisation of corals and plant roots, both closely 

associated with nutrient deficient environments, may reflect an analogous adaptation 

strategy of massive and rapid accumulation of calcium carbonate as a mechanism and 

a ‘collateral product’ of acquisition of essential elements of limited availability, such as 

phosphorous and iron (McConnaughey and Whelan 1997; Pomar 2020).

The aim of this chapter is to investigate processes and products of intracellular calcium 

carbonate mineralisation in plant roots, including their ecophysiology and geological 
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significance. The research has been performed on original and previously unexplored 

material from the Mediterranean environments of southeastern Spain and has included 

detailed petrographic and micromorphological analysis of intracellularly calcified roots, 

integrated with mineralogical, elemental and stable isotope analysis of carbon and oxygen. 

Formation of intracellularly calcified roots is discussed in the framework of plant functional 

traits. The complementary chapter (Chapter 4) presents novel results of DNA molecular 

identification of calcifying plants from natural environments. A comparative analysis of 

intracellularly calcified roots from modern soils and ancient Microcodium structures is 

given and discussed in Chapter 5. 

3.1.1. Terminological and conceptual compendium

Jaillard (1987a) and Jaillard et al. (1991) demonstrated that older soil science literature 

contained reports on features that were almost certainly calcified roots. Wieder and Yaalon 

(1974) presented analogous forms and referred to them as “calcans in voids”, whereas other 

authors mentioned “pseudomycéliums en forme de vermicelles”, “pseudomorphoses de 

racines”, “calcites intercalaires” (Jaillard et al. 1991). Disintegrated calcified roots have been 

termed cytomorphic calcite (Durand et al. 2018). A specific and complex, but not widely 

used terminology has been proposed for calcified roots by Herrero and co-authors (Herrero 

and Porta 1987, 2000; Porta and Herrero 1988; Herrero et al. 1992; Artieda and Herrero 

2003). In their concept, a calcified root as a whole is called ‘quera’, while derivations of the 

term denote associated features (quesparite for equigranular sparitic crystals; quedecal for 

calcite-depleted hypocoating and quasicoating, and quevoids for soil microchannels, left 

after calcified roots; for a recent example see e.g. Plata et al. 2021). 

In their classification of rhizogenic calcretes, Wright et al. (1995) discriminated 

intracellular calcification as a specific type of carbonate formation in soils, which is 

markedly distinguishable from root-related processes operating in the rhizosphere sensu 

stricto, that is outside and not including the root itself (in extracellular or, better, extrarhizal 

soil environment). The present work follows this concept, and the adjective ‘intracellular’ 

is attempted to be used as consistently as possible to emphasise and differentiate calcium 

carbonate biomineralisation within the living root cells from other processes and 

environments. For simplification, an acronym iCR, standing for intracellularly calcified 

root(s), is used throughout the text.
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It is perhaps also worth noting the wide and rather inconsistent use of the term 

calcification. In ocean sciences (Tyrell and Young 2009), calcification includes the synthesis 

of solid calcium carbonate from dissolved substances, whether passively by spontaneous 

formation of crystals in a supersaturated solution (inorganic calcification) or actively 

through the intervention of organisms (biocalcification). Calcification, as related to soil, 

soil processes, and palaeosols (e.g. Retallack 2021), generally pertains to the accumulation 

of calcium and magnesium carbonates in the subsurface horizons of soils. In life sciences 

and biological systems, until the early 1980s, calcification has been considered as a broad 

synonym of biomineralisation (Lowenstam 1981; Lowenstam and Weiner 1989; Sigel et al. 

2008), reflecting the predominance of biologically formed calcium-containing minerals and 

the fact that calcium is the ‘cation of choice’ for most organisms (Weiner and Dove 2003) 

because it fulfils many fundamental functions in cell metabolism and regulation (Simkiss 

and Wilbur 1989; Berridge et al. 1998; Skinner and Jahren 2005; Skinner and Ehrlich 2014; 

Carafoli and Krebs 2016; Thor 2019). Importantly, the term calcification is not limited 

to carbonates but also refers to calcium-containing phosphate, oxalate and other mineral 

types!

Biomineralisation processes are traditionally divided into two fundamentally different 

groups based upon degree of biological involvement in mineral formation (Lowenstam and 

Weiner 1989; Mann 2001; Weiner and Dove 2003; Berman 2008). In biologically induced 

mineralisation, precipitation of minerals occurs as a result of interactions between biological 

activity and the environment. In biologically controlled mineralisation, the organisms use 

cellular activities to direct the nucleation, growth, morphology and final location of the 

deposited minerals (Weiner and Dove 2003). Biologically controlled mineralisation occurs 

extra-, inter- or intracellularly. In the latter process, which includes intracellularly calcified 

roots, mineralisation takes place within specialised vesicles or vacuoles that direct the 

nucleation and growth of minerals within the cells. Accordingly, intracellular calcification 

of roots, in exact terms, refers to biologically controlled intracellular CaCO3 mineralisation.
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3.2 Geological and environmental setting, soils and vegetation 

Research on intracellularly calcified roots presented in this study was carried out on 

material from the area located in the north of the Province of Alicante (Alacant) on the 

eastern-southeastern Mediterranean coastal region of Spain (Fig. 3.1A). Impressive remains 

of intracellularly calcified roots have been initially discovered in fresh road-cut exposures 

E of the town of Sella (Fig. 3.1B) in a pilot exploration performed in the summer of 2002: 

the following field campaigns confirmed almost ubiquitous presence of iCRs in soils and 

weathered calcareous substrates throughout the study area. Fieldwork was performed in a 

broader mountainous terrain of the Serra d’Aitana (Sierra Aitana) mountain range and its 

surroundings between Villajoyosa and Benidrorm (Costa Blanca) on the Mediterranean 

coast, and the area between Alcoy and Castalla (Fig. 3.1B and Fig. A3-1.1). 

The study area is a part of the External Betics tectonic unit (Cordillera Bética), 

specifically, its external Prebetic Zone (Prebético), composed of Triassic to Miocene 

sedimentary units, deformed by the Alpine Orogeny (Gibbons & Moreno 2002; Vera 2004). 

The main part of the study area around Serra d’Aitana is characterised by series of folds 

and thrusts (Marco Molina et al. 2004), composed predominantly of Upper Cretaceous 

and Palaeogene carbonate and siliciclastic sequences (Fig. A3-2.01; Colodrón et al. 1981; 

Hernández Samaniego et al. 1993; Leret Verdú and Lendínez González 1978). Mesozoic 

and Cainozoic sedimentary units are in a relatively minor extent covered with Quaternary 

alluvial and colluvial sediments. In the western part of the study area (Ibi locality; Fig. 

3.1B), Quaternary deposits (gravels, sands and muddy sediments) are widely distributed, 

especially in covering the depressions of Neogene sediments (Martínez del Olmo et al. 

1978). Larger part of the study area corresponds to the drainage basin of the Amadorio 

River (Riu Amadorio; Fig. A3-1.02).

The area shows typical physical aspects of the Mediterranean mountain landscapes 

(Melis and Loddo 2012). The landscape and vegetation of the valleys of Serra d’Aitana 

(Marina Baixa) have been strongly influenced by agricultural expansion during the Modern 

times, most remarkably by reshaping of the natural terrain by ‘terraced landscaping’, 

forestry, followed by cessation of farming activities and re-colonisation of abandoned crop 

fields, extensive forest fires – particularly during the last several decades, and systematic 

reforestation (Giménez-Font 2013; Giménez-Font and Marco Molina 2017). 
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Figure 3.1.  A) Map of the Iberian Peninsula with position of the map in Fig. B. B) Relief map of a part of the 
Alicante region showing main localities and mean annual rainfall lines. Precipitation data (average P in mm/
yr) adapted from Calvo-Cases et al. (2003). All the studied localities (red) belong to the Marina Baixa and 
Alcoià districts (Comarca de la Marina Baja and Comarca de l’Alcoià) in the Province of Alicante (Alacant) 
of the Valencian Community (Comunitat/Comunidad Valenciana). C) Daily temperature ranges and average 
minimum (blue) and maximum (red) values, Benidorm (AEMET, 2015). D) Average monthly precipitation 
(P) and potential evapotranspiration (PET) data (in mm) for the Sella weather station (data from Hornero 
Díaz et al. 2009 and AEMET, 2015). Also see Appendix A3-2.
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All the studied sites were located on calcareous bedrock or loose carbonate parent 

materials, characterised by soil types of leptosols, lithic leptosols (rendzinas) and regosols 

(Boix-Fayos et al. 2001; Calvo-Cases et al. 2003), locally with substantial accumulation of 

secondary carbonates forming calcisols, petric calcisols, and calcic luvisols (IUSS Working 

Group WRB 2015).

Climate of the region is typically Mediterranean, characterised by mild wet winters and 

warm dry summers. The territory between the Costa Blanca coastal zone and the Valley 

of Guadalest on the northern side of the study area (Fig. A3-1.01), roughly corresponding 

to Marina Baixa, is represented by a steep gradient from semiarid to sub-humid 

Mediterranean and, partly, continental Mediterranean climate conditions (Calvo-Cases et 

al. 2003; Ortega et al. 2016). Figure 3.1 shows mean annual precipitation (MAP) lines of the 

region (Calvo-Cases et al. 2003) with marked study sites located within <400 and ~600 mm 

MAP range (Fig. 3.1B), as well as the temperature variation in Benidorm (AEMET 2015; 

Fig. 3.1C), and average monthly precipitation (P) and potential evaporation (PET) data for 

the Sella weather station (Hornero Díaz et al. 2009). This weather station can be considered 

as representative for the most of the studied localities. The P-PET plot (Fig. 3.1D) indicates 

a pronounced seasonal moisture regime with a strong moisture deficit from late spring 

to early autumn, and generally more humid conditions from October to February. It is 

important to note considerable rainfall and drought anomalies (Appendix A3-2, AEMET 

maps; Cerdà 1997) representing deviations from general climate patterns in the region, 

which critically affect the vegetation through (changes in) soil infiltration rates, evaporation 

and soil moisture distribution, and, consequentially, root growth and soil biogeochemical 

functioning (Austin et al. 2004; Collins and Bras 2007; Bao et al. 2014; Robbins and 

Dinneny 2015, 2018). 

Predominantly calcareous lithologies, topographic relief and the climate critically 

determine terrestrial ecosystems of the studied area. Principal ecosystems are maquis – 

vegetation biomes dominated by evergreen sclerophyllous shrubs and trees, and garrigue 

– low growing secondary evergreen shrublands (Rundel and Cowling 2013; Soriano and 

Costa 2017; Alcaraz 2017). 

One of the principal constituents of the vegetation in the study area is the Aleppo pine 

(Pinus halepensis Mill.), one of the most important and widely distributed conifers in 

the Mediterranean basin because of its ability to adapt to a wide range of environmental 

conditions (Quézel 2000). The surface area covered by this species has substantially 

increased as a consequence of spontaneous colonisation of abandoned lands as well as its 
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widespread use in plantation. As a pioneer drought-resistant species it has been extensively 

planted throughout the Western Mediterranean (Barbéro et al. 1998; Quézel 2000); in 

the Iberian Peninsula alone, almost a half of the current P. halepensis forests derives from 

afforestations (Maestre et al. 2003), whereas in the semiarid sector of the province of 

Alicante, P. halepensis is an absolutely predominant species in forests and as individual trees 

in open areas (Maestre and Cortina 2004), otherwise dominated by sclerophyllous woody 

shrubs, herbaceous perennials and grasses. Wild shrub ecosystems occur on soils with a 

low degree of mineral nutrients due to the low weathering regime of calcareous parent 

rocks, where in the topsoil the most significant sources of nutrients are litter decomposition 

and external inputs (Martínez et al. 1998). As a result of low-nutrient substrate and low 

and seasonally limited water availability, both herbaceous and woody perennials tend to 

have highly developed root systems (Martinez et al. 2002), often disproportionally large 

in comparison with the aboveground plant parts (Fig. 4.7 in Chapter 4). The predominant 

plant community type in the study area corresponds to Querco cocciferae-lentiscetum 

and Rosmarino-Ericion associations (Crespo and Serra 1993; Boix-Fayos et al. 2001), 

characterised by Quercus coccifera, Salvia rosmarinus (=Rosmarinus officinalis), Thymus 

vulgaris, Erica multiflora, Brachypodium retusum, Stipa spp., Festuca spp., and different 

genera of Fabaceae (Leguminosae), i.e. Hedysarum, Onobrychis, Ononis, Astragalus etc. 

(HVMO 2021; Crespo and Serra 1993, p. 44; also see Chapter 4).

3.2.1 Localities

The main study locations, named after the nearest towns, are shown in Figures 3.1 and A3-

1.01, whereas the sampling site coordinates are listed in Table A3-1.1. 

Sella 

The locality includes several outcrops and sampling points located along forest roads in the 

Barranc de l’Arc ravine, ENE of the Town of Sella, and along local roads S of the town (Figs. 

3.2 and 3.3). Excavation and sampling sites were situated on NNW slopes in relatively fresh 

road cuts with exposed 1-3 m thick surficial layer of generally strongly weathered zone of 

Oligocene marl, marly limestone and calcarenite (Colodrón et al. 1981; Fig. A3-2.01B), 

locally overlain by Quaternary gravelly colluvial sediments. The locality yielded some of 

the best-preserved root systems of iCRs, formed along vetical and horizontal fissures in 

calcareous loamy substrate, and living roots in freshly excavated pits. Wild vegetation of 
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Figure 3.2.  Soil profile with iCRs, 
locality Sella (site T14-463, Barranc 
de l’Arc ravine). See Table A3-1.1 
and maps in Figs. A3-1.1 and A3-
1.2. A) Weathered marl with a mixed 
vegetation, typical of ‘pine wood and 
shrubland with rosemary and thyme 
garrigue’ habitats (HVMO 2021). 
B) Close-up view of an area approx. 
0.5-1 m below the surface showing 
marl (m) with horizontally-oriented 
layers (arrows) composed of iCR in 
brown clayey matrix. 

the Sella sites is dominated by sparse P. halepensis canopy and an understorey, composed 

of patches of shrubs of Salvia rosmarinus, multiple representatives of Hedysareae, Thymus 

spp., and Stipa grasses (Fig. 3.3C). Abandoned terraced fields in the area also contain 

relicts of former cultivated species, e.g. almond (Prunus amygdalus) and olive trees (Olea 

europaea). Aggregates of iCRs have been observed from depth of 20-25 cm down to >7 m 
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Figure 3.3.  Sella locality. See maps in Figs. A3-1.1 and A3-1.2.
A) Road-cut in weathered marl with sandstone beds, S of the Sella village. The area is planted with Pinus 
halepensis and almonds (Prunus amygdalus). Recent coarse woody roots and iCRs occur throughout the 
profile to a depth of >7 m below the surface. B) Close up view, approx. 5 m below the surface: relicts of marl 
(yellow arrows) in a soil mass dominated by iCRs in clayey matrix. Red arrow indicates ‘zebra’ pattern layered 
structure, composed of iCRs and clayey interlayers. Green arrow points to a coarse active root. C) Site T14-
463 (Barranc de l’Arc ravine; see Table A3-1.1): characteristic vegetation on a slope of ?Oligocene marls, 
sandstones and limestones, composed of Pinus halepsensis, xerophyte shrubs and grasses. D) Soil, approx. 
20 cm below the surface, composed entirely of interlaced iCR aggregates (arrow). See also Fig. A3-4.01B. E) 
Branching calcified root (arrow) from a vertical fissure in marl with partly preserved organic parts (vascular 
cylinders) which keep the root branches together. The root is embedded in a thin clayey layer (i.e. decalcified 
cylinder). Cf. Figs. 3.8C and 3.11.

2 cm
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below the surface (Fig. 3.3A), i.e. throughout the observed rooting depth range of present 

vegetation. 

Finestrat

Smaller outcrops are located along a paved road, cutting across Quaternary colluvial 

deposits on SW slopes of the Puig Campana Mountain (Fig. 3.4; Fig. A3-2.01B; Colodrón et 

al. 1981). The sediments are mostly composed of blocks and cobles of limestone, embedded 

in finer grained matrix. Locally, centimetres to multi-decimetre sized pockets of matrix are 

composed almost exclusively of iCRs, forming layered masses between the larger limestone 

clasts (Figs. 3.4B, C, D, F). Accumulations of iCRs in the studied outcrops appeared to 

be relic: no iCRs have been observed associated with living (active) root systems. Sparse 

present vegetation consists of low shrubs, herbaceous species, grasses, and solitary trees of 

P. halepensis and Quercus spp.

Finestrat-Sella

Several sites have been studied along an unpaved forest road between the Barranc de l’Arc 

ravine and NNW foot slope of the Puig Campana Mountain (Fig. 3.5). Old and largely 

overgrown road cuts in the area (Figs. 3.5A, 4.1B) were dug in Cretaceous and Palaeogene 

carbonate and clastic successions (Colodrón et al. 1981), predominantly marls (Fig. A3-

2.01B). The area is partly covered by P. halepensis forest and mostly with dense mixed 

understorey of Erica sp., Salvia rosmarinus, grasses and diverse vegetation of herbaceous 

legume species. Smaller excavation pits at sites along the road(s) between Finestrat and 

Sella have yielded numerous fresh, living calcified roots, which have been applied for the 

DNA barcoding (Chapter 4).

Relleu

Several sites were located in relatively fresh roadside outcrops of Upper Cretaceous 

(Coniacian to Maastrichtian) thin-bedded (platy) limestone, marly limestone and marl 

with globotruncanids (Colodrón et al. 1981). Intracellularly calcified roots were found 

along bedding plane partings from approximately 25 cm below the surface to the bottom 

of observable, 1-2 m high outcrops (Fig. 3.6A-C). No larger excavations were carried out 

at this locality. Sampled remains of iCRs from the Relleu locality have not been associated 

with well-preserved organic root tissues, except for smaller fragments of degraded vascular 

cylinders. 
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Figure 3.4.  Finestrat, E of the Puig Campana Mountain. See maps in Figs. A3-1.1 and A3-1.2. 
A) Road-cut outcrops of partly cemented Quaternary carbonate talus deposits, covered predominantly with 
xerophyte shrub vegetation and rare trees of P. halepensis. B) Weakly cemented blocky gravel. C) Finer-
grained ‘matrix’ between larger clasts is composed almost exclusively of iCR aggregates. D) Detail of Fig. B 
showing indistinctly layered mass of iCRs and brown-red clayey matrix. E) Detail of Fig. C showing flat iCR 
aggregates, some with noticeable longitudinal linear and branching grooves (arrow), corresponding to former 
(non-calcified) vascular cylinders. Cf. Figs. 3.10A, C, D, E, 3.17 and 3.19. F) Freshly broken surface of the 
material in Fig. D showing layered asymmetric iCRs. Figs. B-F: site T15-820 (see Table A3-1.1). 
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Figure 3.5.  Finestrat-Sella, unpaved forest road N of Puig Campana. See maps in Figs. A3-1.1 and A3-1.2.
A) Site T14-462: soil/weathered Cretaceous marl and marly limestones covered with P. halepensis and 
xerophyte shrubs. B) Site T14-461: relatively fresh road-cut exposures of Eocene marl with sparse shrubby 
vegetation. C) Same outcrops as in Fig. A: roots protruding from subvertical fissures (green arrow) in marl 
with abundant iCRs (red arrow). D) Detail of Fig. C showing aggregates of iCRs. E) Limestone bed with 
branched clusters of iCRs (yellow arrow) and corrosive chanels (red arrow) produced by roots. See also 
Figs. 3.8D, 3.10H and A3-4.01C. F) Surface of calcarenite with iCRs preserved in corrosive chanels.  
Site T15-823 (see Table A3-1.1).



77Chapter 3: Intracellular calcification in plant roots 

C

B

A D

F

E

Figure 3.6.  A) Relleu locality (Site T14-454, Table A3-1-1; Figs. A3-2.1 and A3-2.2): road-cut outcrops of 
Cretaceous thin-bedded marly limestones and marls. Root systems proliferate along bedding-plane partings 
and fractures. B) Branched systems of iCRs developed along a bedding plane (within a bedding plane fissure). 
C) Detail of Fig. B: calcified roots have been longitudinally split into identical, symmetric halves - the other 
half has been removed with the overlying limestone bed. See also Figs. 3.9, 3.13, and A3-4.01A. 
D) Penàguila locality (T14-457, Table A3-1-1; Figs. A3-2.1 and A3-2.2). Weathered beige marl below a humic 
topsoil layer is largely replaced by iCRs. E and F) Details of Fig. D: patches (layers) of marl (m and white 
arrows) within indistinctly layered mass of asymmetric, flat aggregates of intracellularly calcified roots (iCRs) 
associated with grey clay (yellow arrow). Also see Fig. A3-4.01D.
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Penàguila

Relatively fresh outcrops of Oligocene marl (Colodrón et al. 1981) along smaller forest 

roads (Fig. 3.6D-F), off the regional road between Sella and Penàguila, are characterised by 

several centimetres to decimetres thick layered structures, composed of flat iCR aggregates 

and relics of host rock (Figs. 3.6E, F). Accumulations of iCR occur throughout the 

weathered marl profile below humic topsoil layer but are most concentrated 1-2 m below 

the surface. Trees of P. halepensis and a dense thicket of Erica sp. and Salvia rosmarinus 

bushes dominated the vegetation of the sampled sites. No living calcified roots have been 

observed in Penàguila iCR material. 

Ibi

The locality comprises two sites near the town of Ibi. The area is covered by up to several 

10s of metres thick succession of Quaternary alluvial deposits (Martínez del Olmo et al. 

1978; Fig. A3-2.01A). Relatively fresh roadside outcrops revealed soil horizons, rich in iCRs, 

associated with thick calcretes under old P. halepensis trees (Figs. 3.7A, B). Stratigraphic 

relationships in the profiles and apparent lack of any active (fine) roots in the horizon with 

iCRs indicate that their formation probably predated formation of calcrete horizons of the 

upper part of the profile (Fig. 3.7B). Red-brown clayey soil with 30-60% of iCRs remains 

(Figs. 3.7D, E, 3.8A) contained prismatic and spherical chalky nodules, locally clearly 

incorporating iCRs. Larger part of sampled iCR material is strongly weathered. No samples 

of iCRs associated with organic root remains have been found that would provide evidence 

for recent or active intercellular calcification in roots in the studied profiles. 
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Figure 3.7.  Ibi locality (see maps in Fig. 3.1 and Figs. A3-2.1 and A3-2.2). 
A) Site T14-464 (Table A3-1.1): calcrete profile below old P. halepensis trees. B) The upper layer is chalky (c), 
strongly brecciated along the laterally spreading coarse pine roots; m - massive powdery to peloidal horizon; 
s - weakly cemented layer with harder sheet-like textures and anastomosing stringers; n - red-brown soil 
with iCRs and prismatic chalky glaebulae. C) m - massive horizon; p - horizon with vertically-elongate 
irregular chalky glaebulae. D) Red-brown clayey mass with white aggregates of iCRs. See close-up in Fig. 
3.8A. n - weakly-cemented, chalky nodules. E) Site T14-464-1 (Table A3-1.1): massive brown soil, composed 
predominantly of iCRS in clayey matrix, with scattered chalky to concentrically cemented nodules, 1-4 cm in 
diameter. 
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3.3 Material and methods

3.3.1. Field sample collection 

Intracellularly calcified roots in soils are commonly extremely fragile; therefore, special 

care has been taken in sampling to prevent destruction of carbonate features as well as 

potential contamination of delicate microstructures with the soil material. Dry samples of 

a hand specimen size were wrapped in situ in aluminium foil and bubble wrap bags. Moist 

samples were temporarily wrapped in kitchen paper, placed in paper bags (envelopes), and 

then partly dried at the room temperature already during the field campaign. Sufficiently 

dry soil and rock samples with attached calcified roots with preserved organic parts were 

placed in transparent plastic boxes of appropriate size (from 12.5 to ~200 cm3 volume; 

Krantz Rheinisches Mineralien-Kontor GmbH & Co.), prevented from moving with pieces 

of bubble wrap and enclosed with silica gel bags. Moist specimens, containing parts of 

partly calcified and apparently live fine roots (i.e., fresh, translucent roots, 0.5-2 mm in 

diameter, exhibiting normal turgidity of cell tissues) were sampled with an ample amount 

of moist soil material, loosely wrapped in cuts of filter paper and aluminium foil, and stored 

in the field in a cooler box with pre-cooled ice packs (keeping temperature at 4 – 8ºC) and 

transferred to a refrigerator. 

3.3.2. Laboratory sample preparation 

In the laboratory, samples were further dried by being kept at room temperature and 

low humidity for several days and finally desiccated in an oven at 30ºC for 48 hours. Dry 

samples have been kept in plastic boxes and petri dishes along with silica gel.

Fragments of live fine roots, mm to cm sized, were picked from damp soil/rock samples 

under a stereomicroscope and observed immersed in cold water in glass petri dishes. Partly 

calcified roots were dissected with a scalpel; several mm long sections for SEM observation 

were dehydrated in successive steps of increased concentration from 35% to 95% and 

absolute ethanol, following a protocol described by Fratesi et al. (2004). Selected samples of 

fresh fine roots were observed without prior chemical fixation and dehydration under low-

vacuum SEM (see below) using an adapted freeze-dry cryogenic technique of Suzuki (2005) 

and JEOL USA (2009), described in Appendix A3-3. Sub-millimetric sections of live roots 
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were produced from fine root fragments, sandwiched between pieces of Parafilm, following 

the procedure of Frohlich (1984). Fresh iCRs, obtained by preliminary experiments of 

biomineralisation of Hedysarum coronarium, grown in pots (Appendix A3-4, Figs. A3-4.03-

04), were prepared by the same methodology.

Fully dried soil samples, several cm3 large, with clusters of intracellularly calcified 

roots were placed into flexible silicon rubber mounting cups (FlexiForm, Struers GmbH, 

Germany), set in a vacuum chamber (Struers EpoVac) and kept at high vacuum for 30 

minutes. Specimens were then impregnated and embedded with a transparent EpoTek 301-

1 low-viscosity epoxy resin, successively introduced to the bottom of the mounting cups 

to enable thorough infusion into micropores. Individual dry calcified root fragments and 

smaller, cm-size chips of rock with attached calcified roots were placed onto a several mm 

thick bases, cut from remains of hardened epoxy resin, and placed in rubber mounting 

cups. As above, samples were kept under vacuum and then slowly covered and embedded 

with epoxy resin to make approximately 1.5 cm thick blocks. Resin-embedded samples in 

mounting cups were let hardened at room temperature for one week.

Twenty-two thin sections were prepared in the laboratory at the Institute of 

Palaeontology ZRC SAZU in Ljubljana. Resin-embedded blocks were cut into slices, 

5-10 mm thick, using a precise Buehler Iso-Met low-speed diamond saw with propylene 

glycol as a cooling liquid to prevent mechanical damage of crystal ultrastructure. Slices 

were machine lapped on one side with silicon carbide (SiC) abrasive powder (600F/mean 

grit size 25 µm) and then manually polished using a succession of SiC-impregnated pads 

(Kemet, UK) of P1200 (15 µm grit size), P2500 (8 µm) and P4000 (5 µm). Polished faces 

were mounted at room temperature on glass slides using EpoTek 301-1 epoxy resin and a 

Logitech bonding jig, and left fixed for 48 hours to allow the resin to fully cure. Mounted 

slices were trimmed and machine lapped at slow rotation to approximately 40 µm thickness, 

followed by manual polishing using a succession of same SiC pads, producing thin sections, 

20-30 µm thick. Selected thin sections were additionally machine-polished for 10—20 

minutes using 1 µm diamond paste (SPI Diamond Compound, Structure Probe, Inc., 

West Chester, USA), dispersed on a polishing cloth mounted on an aluminium plate, on a 

Logitech PM5 machine. Eight thin sections for SEM EDS and EPMA analysis were finalised 

and highly polished at the Thin Section Laboratory UCM (Departamento de Mineralogía y 

Petrología, Facultad de Ciencias Geológicas, Universidad Complutense Madrid, Spain). 
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3.3.3. Thin section petrography

Thin sections were observed and photographed in transmitted light under conventional 

polarising microscopes and stereomicroscopes (an Olympus BX51 equipped with a digital 

camera Olympus SC180 and cellSensTM software; a Leitz Orhoplan and a Wild M420 

equipped with a Leica DFC450 and LAS (Leica Application Suite) imaging software). 

Selected polished thin sections were examined with fluorescence microscopy in the 

Microscopy Lab (SEES, Cardiff) using a Leica DML microscope in reflected light with 

filters for blue and green wavelength fluorescent light, fitted with Leica LAS imaging 

software. 

3.3.4. Scanning electron microscopy

Macro samples were photographed with a digital camera with a macro objective and 

observed under a stereomicroscope. Fragments of dry intracellularly calcified roots, mm 

to cm in size, were collected and mounted onto SEM stubs (aluminium cylinders and discs 

ø10, 30 and 51 mm) with carbon tape and conductive paste. 

Scanning electron microscopy (SEM) was carried on a JEOL JSM 330A and a JEOL JSM 

IT100 LV microscope at the Microscopy Laboratory ZRC SAZU in Ljubljana. Uncoated 

specimens were observed and photographed in low-vacuum (LV) mode (20-40 Pa) 

with an accelerating voltage of 15 kV and 20 kV at a working distance from 9 to 11 mm. 

Photomicrographs were taken in topographic, compositional and shadow backscattered 

electron imaging (BET, BEC and BES) modes. Selected samples were Au-coated for 100-300 

seconds using a Baltec SCD-50 Sputter Coater and observed in high vacuum (HV) SED 

mode. Several impregnated slices, remaining from thin section preparation, were manually 

polished on polishing pads (procedure described above), decalcified with diluted (8 %) 

formic acid for 3 minutes, washed three baths of distilled water and air-dried. Slices were 

fixed on aluminium discs (ø 51 mm) with conductive carbon tape, and Au-coated for SEM 

analysis.

SEM images of polished thin sections were collected either in LV on uncoated surfaces 

in BEI mode or coated with carbon (for several seconds, using a JEOL JEC-530 Carbon 

Coater) and observed in high vacuum with an accelerating voltage of 15 kV and 20 kV. 

Conventional backscattered electron imaging of uncoated thin sections was supplemented 
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by Charge Contrast Images (CCI) performed in LV conditions (40-60 Pa) with a powerful 

beam (maximum accelerating voltage and high probe current) using a low-vacuum 

Secondary Electron Detector (LV SED) or a backscattered detector. 

3.3.5. SEM and EPMA elemental analysis

Qualitative and semi-quantitative Energy Dispersive X-ray Spectroscopy elemental analysis 

(EDS) was performed at the same LV conditions. Elemental spectra were obtained on 

uncoated thin sections using point or small area analysis with 100 seconds pre-set (live) 

time and automatic or manual element identification mode. Elemental mapping was 

performed for manually selected elements in 10-50 mapping steps (‘sweeps’) of 100 seconds 

live time, and probe current adjusted for count rates from 15 to 25 kCPS.

Elemental analyses of three thin sections were performed on highly polished thin 

sections on a JEOL JXA-8900M WD/ED Electron Microprobe at the National Electronic 

Microscopy Centre (CNME) at the University Complutense Madrid. Microprobe was 

operating at 15 kV and 20 nA and employing an electron beam diameter of 5 μm (for 

further analytical details see Appendix A3.5).

3.3.6. Microsampling and stable isotope analysis of carbonate δ13C and δ18O and  

 organic δ13C 

Samples for C and O stable isotope analysis were collected under a stereomicroscope. 

Disaggregated calcified cells, devoid of matrix and organic material, were sampled with a 

scalpel with a sharp point blade and collected in a 3 ml glass vial. Vials with 0.5 to 5 mm3 of 

calcified cells were filled with distilled water, closed and shaken; muddy water was decanted 

and remaining sediment collected using a disposable 1 ml Pasteur pipette with fine tip, 

transferred to a hour glass, and covered with several drops of 70% ethanol. Sediment was 

roughly separated by gently agitating watch glass; clean, translucent calcified cells were 

carefully pipetted from the watch glass under a stereomicroscope using a combination of 

transmitted and reflected light, and collected in plastic conical-bottom vials. Approximately 

0.2 to 1 mm3 of calcified roots cells were collected per sample.

In intracellularly calcified roots with preserved organic parts, a root fragment, 1-2 

cm long, was cleaned of matrix, sandwiched between two pieces of adhesive tape and cut 
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lengthways into halves over a watch glass; calcified cells were scraped out of the root half-

sections with a scalpel, collected on a watch glass and transferred into a vial.

Fragments of slightly cemented intracellularly calcified roots were picked from hand 

samples with a precise tweezers under a stereomicroscope and collected into a glass 

petri dish. Collected sediment was rinsed in several batches of distilled water. Clean iCR 

aggregates, 0.5-2 mm3 large, were air dried and collected into plastic vials.

Carbon and oxygen stable isotope analyses of calcified roots were performed at the 

Stable Isotope Laboratory of the School of Earth and Environmental Sciences, Cardiff 

University, with additional analyses carried out at the University of Graz, Austria, 

GeoForschungsZentrum (GFZ) in Potsdam, Germany (see Appendix A1-1). 

At Cardiff, isotopic determinations were performed on samples of calcified cells, 

crushed with a clean stirring rod in the vial, using a ThermoFinnigan MAT 252 mass 

spectrometer with a Kiel IV carbonate preparation device. For an individual sample, 

repeated measurements (typically quadruplicates) were done on sets of separated sub-

samples, approximately 20-100 µg each. Isotope values are reported relative to Vienna Pee 

Dee Belemnite (VPDB) using the standard NBS-19. The average analytical precision of the 

standard analyses over the period of the investigation was ±0.05‰ for 18O and ±0.03‰ 

for 13C. Analytical details for laboratories at Graz and Potsdam are given in Appendix A1.1.

Three samples of iCRs with preserved organic tissues (see Table 3.1) were used for 

analysis of δ13Corganic performed at the Department of Environmental Sciences, Jožef Stefan 

Institute (IJS), Ljubljana. 

3.3.7. X-ray diffraction and FTIR mineralogical analysis

Mineralogical characterisation of calcified cells was done by X-ray diffraction (XRD) 

analysis. Samples of calcified cells were collected under stereomicroscope as described 

above. Approximately 0.5 cm3 of sediment per sample was collected into a 100 ml glass 

beaker, soaked with deionised water, and agitated in an ultrasonic bath for 1 minute. Water 

with suspended fines (clay and organic material) was decanted and replaced with clean 

deionised water. The step was repeated 3 to 5 times. Collected material was dried at 40ºC 

in an oven, crushed in an agate mortar, and sieved through 50 µm nylon sieve. Ten samples 

were analysed with XRD at the Department of Materials Synthesis, Jožef Stefan Institute in 

Ljubljana, using a Bruker AXS endeavour diffractometer operating at 40 kV and 30 mA, at 
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0.040º/sec, with monochromatic CuKα radiation. XRD spectra were obtained from 10° to 

90° 2θ range.

X-ray diffraction analysis was also performed on four samples of clayey matrix of 

the iCRs (Sella and Ibi localities; see Figs. 3.3B, 3.7D and 3.8A) at the Universität für 

Bodenkultur (BOKU), Vienna, Austria, by Marta Mileusnic. Approximately 50 g of sample 

was mixed with 500 ml of deionised water, processed for 5 minutes in an ultrasonic bath, 

and wet-sieved through 63 µm sieve. Collected sediment was air dried, crushed in an 

agate mortar, and sieved through 50 µm nylon sieve. Obtained samples were analysed 

using a Philips PW1710 diffractometer, operating at 40 kV and 30 mA, at 0.040º/sec, with 

monochromatic CuKα radiation. The XRD diagrams were obtained for 2 to 66° 2θ range. 

Same samples were reused for slides prepared from separated of <2 µm fraction, and 

analysed using the same analytical parameters as above.
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3.4 Results

3.4.1 Field occurrence and macroscopic appearance of iCRs

Appearance of intracellularly calcified roots in the field largely depends on their 

preservation state. Macroscopically, when not associated with active or partly decayed 

fine roots, iCRs appear as fine white or semitransparent cylindrical, vermiform structures, 

typically from 0.5 to 2.5 mm in diameter (Figs. 3.3B, D, Fig. A3-4.01G). Intracellularly 

calcified roots typically do not occur in organic topsoil horizons, whereas in shallow, 

biologically active subsoil layers, strongly affected by rhizoturbation and animal 

bioturbation, they rarely form any larger branching fragments but rather occur as 

disaggregated individual calcified cells and smaller aggregates, dispersed in the soil volume 

(Figs. 3.3D, 3.7D, 3.8A, Fig. A3-4.01B).

In most of the studied localities, where active soil was generally limited to a thin A 

horizon over an incipient B horizon or directly over more or less unaltered calcareous rock 

material, accumulations of iCRs were typically observed in association with active coarse 

root systems, exploring rock fissures (Figs. 3.3B, E; 3.5C, 3.6A, B, C) – from several 10s of 

centimetres below the surface to depths of more than 7 metres (Fig. 3.3A). Aggregates of 

iCRs are often concentrated in mm to cm thick horizontal layers (Fig. 3.2B), composed of 

iCRs, organic remains and active roots, and non-carbonate (clayey) matrix. Associated with 

deep root systems in strongly weathered marl, iCR structures locally form zebra-like layered 

fabrics (Fig. 3.3B). Similar, but larger scale and well-structured layered accumulations 

of iCRs occur between carbonate blocks in slope deposits (Fig. 3.4) and in layers, tens 

of centimetres thick, occurring 1-3 metres below the soil surface, laterally spreading in 

relatively soft weathered marl (Figs. 3.6D, E, F). Such layered masses are composed almost 

exclusively of iCR aggregates, associated with thin clayey layers (see Section 3.4.2 below, 

Figs. 3.12 and 3.17).

In thin fissures in limestone and marly limestone, iCRs formed highly ordered 

structures, representing larger portions of fully calcified, branched root systems. In outcrops 

of thin-bedded limestone, such as at the Relleu locality (Figs. 3.6A, B, C), millimetric or 

sub-millimetric bedding-plane partings in platy limestone often reveal perfectly preserved 

iCR systems, forming identical (mirror) halves of longitudinally split iCRs, attached on 

limestone plates from both sides of a fissure. In wider, several mm to several cm wide voids, 
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Figure 3.8.  A) Detail of Fig. 3.7D: iCR aggregates (white) in brown clayey matrix. B) Very fine calcified root 
(c), <0.5 mm in diameter, in calcareous matrix/substrate (s), with carbonate-depleted zone (d), several 100s 
of µm thick, surrounding the root (i.e. rhizosphere). See also corresponding EDS elemental maps in Figs. 
3.15B-E. Sella, site T14-463. C) Densely branched, fully intracellularly calcified root from a vertical joint 
in marl. Roots are enclosed in a film of clayey material (i.e. carbonate depleted zone). Roots on the left (c) 
are longitudinally bisected, showing fully calcified cortex and partly preserved organic vascular cylinders 
(arrow). Cf. Figs. 3.11, 3.12C, 3.14 and 3.15. Sella, site T14-463. D) Corrosion trace of a densely branched 
root system: bedding plane of marly limestone with channels, formed by root-induced dissolution. Some root 
‘casts’ contain remains of iCRs (yellow arrows) and clayey films (green arrow) resulting from total carbonate 
dissolution in the immediate rhizosphere. Relleu, site T14-456. 
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occupied by roots and partly filled with soil material, iCRs appear to be present solely along 

the contact with the rock substrate, whereas organic (soil) material within the void does not 

contain calcified root remains. 

Marls and loamy soils in exposures between Sella and Finestrat, freshly broken along 

fissures and exfoliation joints, exhibited excellently preserved iCR root systems (Figs. 

3.3E and 3.5D, Figs. A3-4.01A-K), forming distinctive herringbone branching patterns 

(described below) and frequently associated with organic remains of terminal orders of live, 

wholly or partly calcified roots (Fig. 3.13), or dead iCRs in various stages of decay (Figs. 

3.10, 3.11, 3.12). 
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Rock surfaces may display distinctively branched corrosive features (grooves), formed 

by root-induced dissolution. Such grooves, one to several mm wide, apparently correspond 

to weathered-out iCR systems (Figs. 3.5E, 3.8C, D, 3.11H), clearly indicated by remains of 

calcified cells and clayey films in channels (Figs. 3.5F, 3.8D, Fig. A3-4.01C).

3.4.2 Morphology and architecture of iCR systems

Somehow counter-intuitive to a common depiction of fine roots as cylindrical, radially 

symmetrical organs (e.g. Fig. 2.9), most intracellularly calcified roots do not exhibit such 

geometry. Figure 3.9 illustrates different morphological types of iCRs in cross sections. 

Common to all iCR morphologies is presence of a more or less clearly manifested zone, 

surrounding the root, characterised by apparent carbonate depletion of the substrate/

growth medium. This zone is generally equivalent to the rhizosphere and roughly 

corresponds to the extent of the soil surrounding the roots, permeated by root hairs (Figs. 

3.9B; also see Figs. 3.8B, 3.15C, D and 3.16). 

Two morphological groups of iCR have been distinguished. Type I (iCR-I) comprise 

symmetrical morphologies (Figs. 3.9A, C, D) with centrally placed vascular cylinder. The 

most regular, radially symmetrical calcified roots (Fig. 3.9A) evidently reflect growth of 

iCRs in homogeneous, compositionally isotropic substrate. Compressed but symmetrical 

iCRs (i.e. having two perpendicular planes of symmetry), exhibiting rounded rectangle 

to elliptical shape in cross section and carbonate depletion zones on bot sides (Fig. 3.9C), 

are typical of iCRs growing in relatively wide fissures, e.g. bedding plane partings of 

width similar to ‘normal’ fine root diameter (Figs. 3.15, 3.16). The third subtype of iCR-I 

comprises bilaterally symmetrical (in two axes), but pronouncedly flattened calcified roots, 

lens-shaped in cross section (Fig. 3.9D), associated with iCRs found in narrow fissures. This 

form is characteristic of iCR systems showing conspicuous herringbone branching patterns 

(Figs. 3.6C, 3.8C, 3.10, 3.14, and Figs. A3-4.01H-K). Accompanying carbonate-depleted 

zones on both sides of iCR-I type roots (Figs. 3.9C, D) are associated with remains of root 

hairs or microtubules in clayey material, left after their decay (Figs. 3.15C, D, E).

Type II intracellularly calcified roots are characterised by ‘aberrant’ asymmetrical (or 

bilaterally symmetrical) structure and are typically distinguished by wide, compressed 

shapes (Figs. 3.9E, F), 2-4 mm wide. A very common subtype of iCR-II roots includes 

forms with eccentric (ectopic), peripherally placed vascular cylinder (Fig. 3.9E) and a 
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Figure 3.9.  Scheme of calcified root morphologies in cross section. A) Fine roots, growing in homogeneous 
(isotropic) substrate normally exhibit circular and radially symetrical iCR shape in cross section with the 
vascular cylinder placed centrally. B) Detail of A showing calcified cortex, epidermis (normally not calcified) 
and root hairs. Width of the carbonate-depleted zone around iCRs generally corresponds to the extent 
(length) of rooth hairs. Cf. Figs. 3.8B, 3.15C, D and 3.16. C) Bilaterally symmetrical iCR growing in a relatively 
wide fissure (e.g., bedding plane parting of width (wf) similar to ‘normal’ fine root diameter (dr)) showing 
rounded rectangle to elliptical cross-section with carbonate-depleted zones of dissolutional groves in contacts 
with substrate. Cf. Figs. 3.15D, E. D) Characteristic elliptical to biconvex arc shape of iCRs penetrating and 
dissolving narrow fissures (wf <<dr). A, C and D are subvarieties of type one (iCR-I) intracellularly calcified 
roots. E) Morphology of asymmetrical calcified roots (type two (iCR-II) or ‘shovel’ root type) growing along 
a contact between hard (calcareous) substrate (s1) surface and softer (less dense) soil (s2). A ventral side 
typically shows a relatively thin veneer of clayey material and a thicker dome-shaped carbonate-depleted zone 
on the dorsal side. The carbonate-depleted zone is interspersed with root hairs or tubules left after their decay 
(Figs. 3.19A, B and 3.20). Root hairs appear to be limited on the dorsal side. Note the vascular cylinder in 
ectopic, marginal position. Cf. Figs. 3.19, 3.20, 3.21 and Figs. A3-4.02. F) Extremely wide and flat variety of 
iCR-II (examples in Figs. 3.11 and 3.18D). No examples of this form have been found with preserved organic 
parts, therefore, the presence and position of root hairs in this type of iCRs is unknown. Cf. Fig. 3.11F.
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general shape of an elliptic semicylinder. Relatively levelled to slightly convex side of iCRs, 

in contact with the vascular cylinder (the ‘dorsal’ side), is typically capped with a convex 

layer of clayey material (i.e. carbonate-depleted zone; Figs. 3.12), interspersed with root 

hairs tubules (Figs. 3.19A, B and 3.20). The ventral side is typically semi-elliptical to semi-

circular in cross section and appears moulded into the substrate (Figs. 3.9E, 3.20B, E). Alive 

specimens and some of the exceptionally preserved dry iCRs of this type have shown that 

root hairs are present only on one, i.e. dorsal side of a root (Fig. 3.20), whereas the ventral 

side displays epidermis which is apparently totally devoid of root hairs (Figs. 3.20B, D, 

3.21A-E, Figs. A3-4.02C-F). However, some roots exhibit an epidermal layer, composed 

of protuberant, non-calcified cells (Figs. 3.21C, D, E) with ruptures, approximately 20 µm 

wide, comparable with typical root hair diameters (e.g. Fig. 3.20G). 

An extreme variety of Type II iCRs (Figs. 3.9F) is represented by wide, thin, strongly 

compressed forms, associated with a sparse, a few 10s of µm thick clayey film on the dorsal 

side, that is the side in contact with the vascular cylinder (Figs. 3.11F, 3.18D). Since no 

examples of this form have been found with preserved organic parts or thicker clayey 

coatings, the presence and position of root hairs in this type of iCRs is unknown, however, 

their morphology can be derived from short, flattened lateral iCRs, shown in Figure 3.21F 

and Figures A3-4.02E, F.

Many in situ iCR root systems, i.e. wholly calcified terminal parts of fine root branches, 

preserved along fissures in substrate, exhibit strikingly regular, often highly ordered 

branching patterns (Figs. 3.10A-D, F, Fig. A3-4.01). Regular herringbone patterns are 

particularly well developed and well seen in iCR-I type root systems, when symmetrically 

split in half and thus exposing the median part, often emphasised by preserved vascular 

cylinders, darkened by fungal rotting (Figs. 3.10A, B, C, Figs. A3-4.01H, I). Herringbone 

patterns consist of a main root segment (axis) and lateral roots, emerging from it in more 

or less ordered manner, generally at relatively consistent intervals in alternating way on 

both sides (reconstruction in Figs. 3.14B and D). These patterns often constitute very 

dense network of fully calcified roots, virtually covering all available substrate surface and 

filling up whole fissure space, respectively (Figs. 3.10C, D, 3.14B; Fig. A3-4.01). Branching 

patterns indicate efficient ‘navigation’ of new root branches, growing in parallel bundles, 

exploring empty spaces/surfaces, and approaching but not crossing spaces/surfaces, 

occupied with previously grown lateral calcified roots (Fig. 3.10A, Figs. A3-4.01A, H-K).

Herringbone patterns occur also in asymmetrical, type II iCRs. In single layer root 

systems (Fig. 3.12D) they often form dense and straight, mutually parallel outgrowths from 



91Chapter 3: Intracellular calcification in plant roots 

1 cm

FE

5 mm

A

5 mm

5 mm

1 cm

B

DC

Figure 3.10.  Bilaterally symmetrical iCRs (type I) in hand-specimens. A) Sample of a clayey limestone with 
iCRs growing on a surface. The sample and, correspondingly, iCRs, was split along a bedding plane parting; 
identical half of the calcified root system with irregular herringbone branching was preserved on the other 
bed/side of the fissure. Relleu, site T14-454. B) Similar to Fig. A; arrow indicates preserved non-calcified 
vascular cylinders. Finestrat-Sella, site T14-461. C) Similar to A and B: extremely dense architecture of a 
herringbone branching, fully calcified root system. Cf. SEM photomicrographs in Fig. 3.14. Sella, site T15-
816. D) External side of a similarly densely branching, fully calcified root system. Penàguila, site T14-458.  
E) Portion of iCR root system with largely preserved organic parts: vascular cylinders (red arrow) and 
epidermis (e.g. in short laterals labelled with L). F) Small branching fragment of iCR-I; red arrows: calcified 
cortex; yellow arrow: preserved vascular cylinder. Sella, site T14-463. 
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Figure 3.11. (previous page). Asymmetrical iCRs (type II) in hand-specimens. A) Fragment of marl with 
extremely flat and wide assymetric iCRs (label c indicates their ventral side). Yellow arrow shows a ridge-like 
cast corresponding to non-calcified, marginally placed vascular cylinder (cf. Figs. 3.9E, F). Red arrow: clayey, 
carbonate-depleted substrate. Silica gell beads (2-4 mm) for scale. Finestrat-Sella, site T14-462. B) Fragment 
of layered iCR-II aggregates: c - parallel branches of wide, flat iCRs (ventral sides); red arrow: exposed part of 
a clayey layer (carbonate-depleted zone) on the dorsal side of iCR. Finestrat-Sella, site T14-462. C) A structure 
of very wide (w = up to 4 mm), flat iCR-II branches (dorsal sides) showing vascular cylinder grooves (yellow 
arrows). Brown colouration indicates partly preserved organic material within the grooves. Red arrow: a 
short fragment of a symmetrical (type I) iCR. Finestrat-Sella, site T14-462. D and E) Layered structures 
composed of densely packed, flat iCR-II aggregates. See field appearance in Figs. 3.4D, F, and 3.6E, F. Yellow 
arrows: vascular cylinder imprints on dorsal sides. Red arrow: longitudinal grooves with lateral branches 
corresponding to branched vascular cylinders. Cf. iCRs in Fig. 3.4E. Samples: D - Relleu, site T14-454; 
E - Penàguila, site T14-459. F) Relatively poorly preserved iCR-II of a subvariety F in Fig. 3.9. Arrows: clayey 
layers on sides towards the substrate. Platy limestone, Relleu, site T14-456. G) Same as F: arrow indicates iCR-
II aggregates forming thin, approximately 50-100 µm thick layers. H) Asymmetric iCR-II aggregates (c) and 
their corresponding dissolutional grooves (v) on the edge of a marl fragment; yellow arrow indicates a groove 
corresponding to a short lateral root, red arrow point to non-calcified, organic remains of short laterals. 
Finestrat-Sella, site T14-462.

a main (parent) root axis. In iCR-II root systems, assembled in several layers, the branching 

geometry is less pronounced: asymmetric iCRs with associated decalcified semicylindrical 

clayey caps form intertwined, crudely layered structures (Fig. 3.12). Extremely flat varieties 

of iCR-II roots often form almost continuous layers, composed of wide, fully calcified iCRs, 

arranged in dense network with neighbouring roots in contact with each other (Figs. 3.11A, 

B, D, E, F). Such layered structures, made entirely of flattened iCRs and interlayered with 

clayey laminae, compose centimetre to decimetre thick laminar deposits (Figs. 3.4B, D, F, 

3.6D, E, F). In such laminar accumulations, it is virtually impossible to recognise any root-

like branching pattern, particularly in cross sections, whereas individual iCR fragments 

often show longitudinal linear and branching grooves, corresponding to former vascular 

cylinders (Figs. 3.4E, 3.11C).

3.4.2.1 Live iCRs and partly calcified fine roots

Fragments of fine roots systems, partly or totally calcified and apparently live, i.e. exhibiting 

normal turgidity of cell tissues and typically having fresh, white epidermis, partly covered 

with a thin carbonate-depleted clayey layer and root hairs (Figs. 3.13C, D), have been 

sampled in individual excavation pits along the forest roads between Sella and Finestrat 

(Figs. 3.3E, 3.5B, 4.1). Apical parts (root tips) of live iCRs were fresh, transparent and non-

calcified (Figs. 3.13A, B, 4.2E, F).
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Figure 3.12. Asymmetrical iCRs (type II) with pronounced clayey coatings, corresponding to carbonate-
depleted zone at the contact of iCRs with the substrate. A and B) Densely branched, interwoven system of 
iCR-II roots, embedde in clayey coatings, a same specimen seen from opposite sides. Yellow arrow: exposed 
iCRs without clayey coating; m - relict of a marl substrate. C) Type II iCRs on a fragment of marl; c- wide, flat 
iCR aggregate (ventral side); d - dissolutional groove with remain of clayey film (carbonate-depleted layer);  
m - fragment of an iCR branch composed of a ‘primary’root (m) with closely packed short (‘secondary’) 
laterals; p - closely packed terminal order iCRs. D) A fragment of iCR-II system with perfect herringbone 
branching pattern. Red arrow: primary root; yellow arrows: partly preserved epidermis of non-calcified root 
tips. E, F) Intertwined type II iCRs with carbonate-depleted coatings (dz). Red arrows: exposed ventral sides 
of calcified cortex; Yellow arrows: preserved epidermis of ‘deflated’ non-calcified terminal roots. All samples 
from Finestrat-Sella locality, site T14-462.
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Cross sections of fresh and translucent incipiently calcified fine roots, 0.5-2 mm in 

diameter, revealed individual calcified cortical cells, which are predominantly located in the 

internal part of the cortex close to vascular cylinder (Figs. 3.13F, G). 

Calcified fine roots apparently die and start to decompose immediately after the 

calcification process in the cortex has completed (Jaillard 1983, 1987a). However, fully 

calcified iCRs, which were sampled and desiccated before the microbial degradation 

would strongly affect the organic tissues, may show exquisite anatomical details with well-

preserved cell walls of the cortex (Fig. 3.18C; Section 3.4.3).

Significantly, none of the investigated samples of live iCRs or partly calcified dead 

fine root material have shown evidence of mycorrhizal association, neither external 

ectomycorrhizal structures (i.e. presence of a mantle of fungal hyphae) nor vesicular-

arbuscular mycorrhizal structures within the root cells.  

Comparative live iCR material, obtained in preliminary experimental growth of 

Hedysarum coronarium, has shown typical flattened, asymmetrical  (‘shovel’) root 

morphologies (Tola et al. 2009) with partly calcified cortex (Figs. A3-4.03, A3-4.04). Some 

of the calcified terminal roots have shown a thin layer of non-carbonate material on the 

dorsal side of a root (Figs. A3-4.03D, E, G). Semi-cylindrical caps, analogous to carbonate-

depleted zones along the root-hair covered parts of calcified roots, have not developed on 

iCRs of pot-grown H. coronarium, probably due to a homogeneous, fine-grained organic-

mineral substrate, used in the experiment. 

3.4.2.2 iCR-substrate relationships

Imprints of root systems on carbonate rock surfaces, some of them associated with traces 

of calcified cortex (Figs. 3.5E, F, 3.8D, Fig. A3-4.01C), observed throughout the studied 

localities, provide an indisputable evidence of plant-driven corrosive activity, generated by 

root-induced pH changes in the rhizosphere (e.g. Hinsinger 2013 and references therein). 

Fitted geometrical relationships between iCRs and the corresponding corrosive grooves 

in the substrate (Figs. 3.14E, F, 3.15A, B, C, 3.20C, E) indicate that dissolution of the 

substrate obviously occurred simultaneously with carbonate precipitation in cortical cells. 

Furthermore, iCR-induced pH changes in the rhizosphere are demonstrated by carbonate-

depleted, and correspondingly relatively Si- and Al-enriched zones around iCRs (Fig. 3.8B 

and corresponding SEM images and EDS elemental maps in Fig. 3.16). Flattened, strongly 

asymmetrical iCR-II forms are particularly indicative of a tendency of roots to maximise 

their surface in contact with the substrate. 
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Figure 3.13. Living intracellularly calcified roots. A) Branched cluster of iCR on a surface of a piece of marl, 
showing clayey coating throughout the root surface except in terminal outgrowths (arrows), i.e., fresh, non-
calcified root tips. Finestrat-Sella, site T15-823. B) Detail of sample in Fig. A: transparent, noncalcified root 
tip (arrow). Image of water-immersed root, taken under a stereomicroscope. C) Larger branched fragment 
of fully-calcified root with a thin non-carbonate coating. Sample immersed in water, millimetric paper 
for scale. Sella, site T14-463. D) Twisted root hairs of a subsample of root in Fig. C. PPL transmitted light 
photomicrograph. E) Fragment of partly calcified fine root with dissected part (arrow), cut through the cortex 
close to the vascular cylinder. Sella, site T14-463. F) PPL and G) XPL photomicrographs of the dissected part 
of the root in Fig. E showing discrete, calcite-filled cells, predominantly occurring in the central part, close to 
the vascular cylinder. See millimetric paper in fig. E for scale. 
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Figure 3.14. SEM photomicrographs of densely distributed type I iCR system. All images are from subsamples 
of iCRs in Fig. 3.11C (Sella locality, site T15-816). A) Distinctly regular ‘herringbone’-type root system with 
a main root axis (ax) and lateral branches, mainly confined to one side of the main axis. Arrow: preserved 
organic tissue of the (non-calcified) vascular cylinder; s - marly substrate between fully calcified lateral iCR 
branches. B) Same sample as in Fig. A showing two main iCR axes (dotted lines 1 and 2) with their laterals, 
marked with thinner dash-dotted lines corresponding to the vascular system. Note difference in density and 
geometry of branching patterns between 1 and 2, and their ‘mutually’ arranged, parallel-aligned lateral iCRS. 
C) Detail of iCR in Fig. A: yellow arrow: organic tissue of a vascular cylinder; blue arrows: fungal hyphae. 
D) iCR fragment with preserved vascular tissues showing a typical herringbone-type branching pattern 
composed of a main root axis (vc) and lateral branches (numbered 1 to 5). E and F) iCR with fully calcified 
cortex. Arrows indicate direct contact of calcified cortical cells with the substrate without a gap which would 
correspond to (non-calcified) epidermis. Cf. Microcodium in Fig.5.12 and Fig. A5-4.10.
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Figure 3.15. Bilaterally symmetrical type I iCRs. A) PPL and B) XPL thin section photomicrographs of an 
iCR aggregate, without preserved organic parts, in cross section; partly micritised (m) and in some parts 
slightly displaced fully calcified cortical cells ; void (v) between iCR and the substrate on the right-hand side 
(s) is partly filled by clayey material. C) PPL thin section photomicrograph of two iCR-I in cross section; cx - 
calcified cortex, dz/rh - carbonate-depleted/root hair zone filling up a dissolution/corrosion channel in marly 
limestone with planktic forams (white arrows). D) Detail of Fig. C in XPL. E, F) Flat but laterally symmetrical 
iCR with centrally located vascular cylinder (cf. schematic drawing in Fig. 3.9C); dz/rh - carbonate-depleted/
root hair zone; organic tissues are partly preserved: e - epidermis, cw - cell walls, yellow arrow (in F): 
collapsed xylem vessels . SEM BES (backscattered (‘shadow’) imaging mode).
All samples: Finestrat-Sella locality, site T14-461.
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Figure 3.16. Backscattered electron SEM images and EDS elemental maps of type I iCRs. A) Left: BES 
image of two iCRs (cf. thin section photomicrograph in Fig. 3.15C); right: elemental maps for Ca, Mg, Al 
and Si. Note depletion of Ca corresponding to the extent of root hairs and the corresponding concentration/
enrichment of Al and Si. B) BES image of a longitudinal section of iCR in Fig. 3.8B, split approximately 
through the center of the root. C-E) Elemental maps of Ca, Al and Si showing Ca depletion (C) in 
approximately 0.5 mm wide zone on both sides of iCR and corresponding concentration of Al (D) and Si (E), 
all representing the extent of the rhizosphere. Images B-E: sample A561_IBI-08, Ibi locality, site T14-464. EDS 
mapping performed in quick mode (12 sweeps).
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3.4.3 Anatomy of iCRs

Normal cellular tissues of fine roots (see diagram in Fig. 2.12) can be considerably modified 

by the intracellular crystal growth. Calcified parts of fine roots, in general 0.5 to 2 mm in 

diameter, are generally thicker than non-calcified fine roots and are often composed of 

radially elongate calcified cortical cells, indicating radial cell expansion which gives rise 

to a ’fat root’ appearance (Figs. 3.3E, 3.8C, 3.13C). This makes a substantial deviation of 

iCRs from a normal cellular anatomy of fine roots, where the zones behind the growing tip 

(apical meristem) show longitudinal elongation of cells (Fig. 2.12). Precipitation of CaCO3 

is limited to the cells of the cortical parenchyma, while the cells of the apical meristem, 

vascular cylinder and the epidermis are typically not calcified.

Anatomy of calcified cortex is primarily controlled by the overall morphology of iCRs. 

Fully calcified, symmetrical iCRs are generally composed of isodiametric to moderately 

elongate cells (Fig. 3.15C-F), 25 to 200 µm, most often between 50 and 100 µm in diameter 

(Fig. A3-4.05). In flattened morphologies of both symmetrical and asymmetrical iCR types, 

calcified cortical cells attain pronouncedly elongate shapes (Figs. 3.14, 3.17, 3.19), reaching 

lengths of 250 to 400 µm and length:width ratio up to 8:1 (Fig. 3.22A-D). In bilaterally 

symmetrical iCR-I type roots, cortical cells are often aligned in parallel radial rows (Fig. 

3.14D - F), arranged perpendicularly or at certain angle to the vascular cylinder (cf. Jaillard 

et al. 1991). In asymmetrical iCR-II morphologies, elongate cells generally appear aligned 

normal (i.e. with their long axes perpendicular) to the curve of the ventral side of iCR in 

contact with the substrate (Figs. 3.17, 3.19C, 3.20A, B, E, 3.22A). Cell elongation appears 

to be more pronounced in cortical layers on the dorsal side (Figs. 3.20A, B, 3.22A, B). In 

longitudinal cross sections, iCR-II forms consist of series of parallel-aligned elongate cells 

(Figs. 3.17A, B, C, E, F), a cellular palisade texture analogous to the arrangement of cells in 

lamellar Microcodium colonies (Section 5.3, Fig. 5.10, Fig. A5-4.06A, B).

Cortex of symmetrical iCR-I forms is typically composed of 3-6 cell layers (Fig. 3.15), 

whereas extremely compressed forms of iCR-II may consist of more than 10 cortical layers 

on each side of the vascular cylinder (Fig. 3.18). 

Live intracellularly calcified roots and dead iCR aggregates, which are not yet fully 

decayed, incorporate remains of organic tissues. Calcified cortex may contain cell walls in 

different preservation states (Figs. 3.15E, F, 3.18C, 3.23A, E, 3.24B, C, Fig. A3-4.06A-D). 

Vascular cylinders, particularly xylem vessels, are often preserved (Figs. 3.10, 3.14) although 
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Figure 3.17. See caption on the following page.
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Figure 3.18. SEM photomicrographs of type II iCRs, all in longitudinal orientation. A, B) Flat iCRs, dorsal 
side; Labels v indicate position of marginally placed vascular cylinder (not preserved). Penàguila, site T14-
459. C) Flat iCR-II, dorsal view, with partly preserved cell walls (yellow arrow) and epidermis (red arrow); v - 
position of the vascular cylinder. Finestrat-Sella, site T14-462. D) Ventral side of three flat iCRs (labelled 1-3); 
note individual non-calcified (empty) cellular spaces. Cf. specimens in Fig. 3.11. Relleu, site T14-455.

Figure 3.17. (previous page).  Asymmetric (type II) iCRs in thin sections, all smples from Penàguila, site 
T14-458. A and B) Collage of PPL photomicrographs of crudely layered (laminar) structure composed almost 
entirely of fully-calcified asymmetric iCRs in longitudinal and cross sections. C) XPL couterpart of Fig. B.  
D) A slab of resin-embedds iCRs remaining from thin section preparation. Note patches of non-carbonate 
(clayey) brownish material between iCRs and the resin. E) PPL and F) XPL photomicrographs (detail of Fig. 
B): longitudinal sections of iCRs composed of 4-5 layers of calcified cortical cells. Note strongly elongate 
cells in the lower iCR. G, H) Type II iCR in cross- and diagonal sections; v -groove corresponding to vascular 
cylinder. Cf. lamellar Microcodium structures in Chapter 5, Fig. 5.10, and Appendix A5-4, Figs. A5-4.06A, B.
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Figure 3.19. Asymmetric iCR-II aggregates under PPL and SEM. 
A) PPL thin section photomicrograph of an isolated, dried and resin-embedded live iCR-II; v - ventral, 
d - dorsal side; red arrow: vascular cylinder with partly preserved xylem tissues (brown material). B) BES 
SEM counterpart of Fig. A with clearly visible root hair tubules (rht) in clayey cap (i.e., carbonate-depleted 
zone). Cyan arrow points to a thin layer of non-calcified cells of the epidermis; their rounded, swollen shapes 
and protrusive contacts with calcified cortical cells indicate normal cell turgor of the epidermis  during 
the calcification of the cortex. See detailed view in Fig. A3-4.02A. Finestrat-Sella, site T14-462. C) BES 
photomicrograph of a polished, resin-impregnated thin section of asymmetric iCRs and corresponding EDS 
elemental maps of Ca (D), Al (E) and Si (F), respectively. Matrix between iCRs is composed of non-carbonate 
calyey material and individual calcified cells. C-F: Penàguila, site T14-458.
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Figure 3.20. (previous page). SEM photomicrographs of asymmetric iCR-II aggregates. A) Low magnification 
image of freshly broken surface of a cluster of inertwined iCR structures (sample in Figs. 3.12E, F).  
B) iCR-II in cross section showing thick dome-shaped accumulation of non-carbonate material (dz) on the 
upper (dorsal) side (d); v - ventral side, vc - vascular cylinder, e- epidermis. Note pronouncedly elongate 
calcified cells of the dorsal part. C) Close-up of Fig. B: rh - preserved root hairs emerging from a thin layer of 
epidermis on the dorsal side of iCR; xyl - relicts of xylem vessels. D) Well-presrved root hairs (rh) with thin 
veneers of calyey material. E) Perfect cross section of iCR-II with well-preserved epidermis (e) and root hairs 
(rh) in clayey matrix, forming a domed stucture on the ventral side (v). Note apparent absence of root hairs on 
the dorsal side (d). Also see Figs. 3.21A, B and a diagram E in Fig. 3.9. F) iCR with collapsed xylem (arrow) in 
a hollow corresponding to the vascular cylinder. G) Internal part of a roor hair tubule (rht). H) Longitudinal 
section of asymmetric iCR-II: cx - calcified cortex, xyl - xylem, rht - root hair tubules.
All samples from Finestrat-Sella locality, site T14-462. Figures A-E and H: low-vacuum BES images of 
uncoated specimens; figures F and G: high-vacuum SED images of Au coated material.

typically with reduced size, contracted shape and collapsed cellular structure (Figs. 3.15E, F, 

3.19B, 3.20B, C, F, H, 3.21A, F). Non-decayed dry iCR remains often show well-preserved 

epidermis (Figs. 3.15E, 3.20C, D, F, 3.21, Fig. A3-4.13C, D, E), in exceptional cases with root 

hairs, typically embedded in a clayey matrix of carbonate-depleted zone around roots (Figs. 

3.15C-E, 3.19A, B, 3.20C-H, 3.21E, F, Fig. A3-402D-F). Non-calcified cells of the epidermis, 

which exhibit rounded, swollen shapes and protrusive contacts with calcified cortical cells 

(Fig. 3.19B and Fig. A3-4.02A), indicate normal cell turgor of the epidermis during the 

calcification of the cortex. 

3.4.4 Shape, ultrastructure and crystal morphology of calcified cells

Even without preserved organic tissues, completely calcified roots accurately replicate the 

cellular structure of the cortex in which the entirely mineralised cells often retain the shape 

and topological details resulting from the arrangement and geometry of cell interfaces. 

In general, fully calcified cells exhibit various shapes of convex to concave polyhedra 

with curved faces (Figs. 3.15 E, 3.18A, B, 2.20, Fig. A3-4.05). Mosaics of fully calcified 

cortex show fitted cellular fabric with thin gaps, several µm wide, between the calcified 

cells corresponding to former organic cell walls (Figs. 3.16A, 3.19B). Larger non-calcified 

gaps (in triple or multiple cell junctions) correspond to intercellular spaces (Figs. 3.23F, 

3.24B). Traces of intercellular spaces can be imprinted as facets along the edges of calcified 

calls (Figs. A3-4.05C, A3-4.06D). Discernable, overall cell shape can be preserved even in 

incompletely calcified cells (Figs. 3.24F, A3-4.05E).
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Figure 3.21. SEM photomicrographs of iCR-II specimen, Finestrat-Sella locality, site T14-462. All images in 
HV SED mode of Au-coated samples. A) Oblique view of iCR-II with preserved organic tissues; cx - calcified 
cortical cells, v - vascular cylinder cavity with relicts of cellular fabric; dz & rh - decalcified (carbonate-
depleted) zone with root hairs, e -epidermis, dz - thin clayey layer covering epidermis on the ventral side. Cf. 
diagram E in Fig. 3.9. B) Close up of Fig. A: e - empty (non-calcified) epidermal cells, some having collapsed 
cell walls. C) Thicker fragment of iCR with a short lateral branch on the lower side. Ventral view. D) Detailed 
view of the short lateral root in Fig. C (arrow indicates the root tip), showing numerous ruptured (collapsed, 
blister-like epidermal cells), possibly representing short, root-hair like protuberances on the ventral side of 
iCR. E) Detail of Fig. D showing blister-like epidermal cells with ruptured (collapsed) outer walls.  
F) Fragment of flat iCR of the same root as in previous images, showing ventral side, covered with a dense mat 
of strongly twisted root hairs (rh); cx - thin calcified cortex; xy - remains of xylem. 
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Isolated, fully calcified individual cortical cells can replicate exquisite details of 

the cell wall texture such as folds (wrinkles; Fig. 3.22E) and fibrous fabric, possibly 

corresponding to cellulose fibril bundles (Fig. 3.22F), as well as micron-scale depressions 

and protuberances (Figs. 3.25E, A3-4.05F, G), probably representing traces of structures, 

connecting adjacent cells (e.g. plasmodesmata). 

In standard thin sections, individual fully calcified cells show monocrystalline calcite 

or polycrystalline aggregate structure, commonly composed of two or more parts with 

different crystal orientation and uniform or undulose extinction patterns in cross-polarised 

light (Figs. 3.15A-D, 3.17B, C, E, F). Fragments of iCR, containing incompletely calcified 

cells, and particularly live and un-decomposed partly calcified roots, enable observation 

of different stages of intracellular mineralisation. Under SEM in backscattered electron 

imaging (BES) mode, cell walls may appear transparent under low vacuum (Fig. 3.23A) 

and exhibit very variable crystal ultrastructure and external morphology of intracellular 

(intravacuolar) carbonate precipitates. Figures 3.23A and B show high variability within a 

single iCR fragment, with individual cells composed either of calcite with rhombohedral, 

mesocrystalline or microlamellar ultrastructure. Secondary electron SEM images of 

parallel and interlaced microlamellar fabric (Fig. 3.23C-E, Fig. A3-4.07D) show highly 

porous crystal ultrastructure. In fully mineralised cells, porosity of primarily microlamellar 

structured calcite bodies appears to be occluded with second generation of calcite, yet 

showing well-distinguishable lamellar pattern in BES charge contrast images (CCI) in 

polished thin sections (Fig. 3.23F, Figs. A3-4.07A-F). Similarly, rhombohedral crystalline 

forms in incompletely calcified cells (Fig. 3.24A, B) are evident in BES CCI images (Fig. 

3.24D), showing crystal growth lines. 

Detailed SEM examination of calcified cells indicates that fully calcified cells with 

curved surfaces of calcite, reflecting the shape of the cell lumen (membrane), evidently 

form in a two-step process. A thin, several µm thick external layer, replicating the cell 

shape, is typically composed of mesocrystalline overgrowths (coatings) of the underlying 

coarser rhombohedral and lamellar crystal framework (Figs. 3.24E, F, 3.25, Figs. A3-4.08 to 

4.10). The external layer often exhibit mesocrystalline structures formed through oriented 

(surficial parallel/epitaxial growth) assembly of nanosized globular particles or nano-scale 

polyhedral crystal blocks (Fig. 3.25C-H, Fig. A3-4-09C-E).
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Figure 3.22. SEM images of strongly radially elongate cells in ‘shovel-type’, flat asymmetric iCRs. Penàguila 
locality (see Fig. 3.1 and Appendices A3-1 and A3-2). A) iCR aggregate in cross section; calcified cortex is 
composed of 3-4 layers of cells; v, d - ventral and dorsal side, respectively; vc - cavity/groove corresponding to 
a (non-calcified) vascular cylinder. B) iCR aggregate composed of prominently elongate calcified cells. Cross 
section of the iCR sample in Fig. 3.18B. C, D) Isolated elongate calcified cells. E) External morphology of a 
calcified cell renders an exact cast of a folded (wrinkled) cell-wall. F) Close-up of E showing detailed surficial 
morphology marked by a fibrous texture (f), probably representing cellulose fibril bundles, comprising the cell 
wall. Arrow indicates a step/irregularity in the crystal structure, corresponding to incomplete mineralisation 
of the external layer of calcite. Cf. Figs. 3.24C, D, 3.25B, C and Fig. A3-4.05G.
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Figure 3.23. Ultrastructure of calcified cells under SEM. A) Fragment of partly calcified root with preserved 
cell walls (w) which appear transparent under low vacuum BES imaging mode. Some cells are apparently 
completely calcified (c), i.e., cell lumina are entirely filled up by calcite, rendering cell morphology, including 
minute details as µm-size plies of cell walls, whereas other cells show calcite bodies with irregular external 
morphology, with rhombohedral mesocrystalline shapes. B) Cortical cells filled with calcite exhibiting very 
variable crystal ultrastructure from rhombohedral (R), mesocrystalline (M) to lamellar (La). 
C and D) Calcified cells exhibiting parallel microlamellar and crossed (interlaced) lamellar ultrastructure. 
Arrows indicate thin, nanocrystalline overgrowth layers of calcite, resulting in perfect cast of cell lumen.  
E) Porous, incompletely calcified cell composed of microlamellar calcite; w - preserved organic cell wall.  
F) Charge contrast image of a polished thin section. Ultrastructure of fully-calcified cells characterised by 
cross-lamellar microstructure, analogous to cells in Figs. C-E. Image taken low-vacuum BES mode. Sella, site 
T14-463. Also see Fig. A3-4.07.
Figures A-D: uncoated material, LV BES images; figure E: HV SED image of Au-coated sample.
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Figure 3.24. Ultrastructure of calcified cells under SEM. A) iCR cortical cells with rhombohedral (stepped 
polyhedral) calcite filling up most of the cell space. B) Detail of iCR in Fig. A showing well-preserved 
cell walls (w); rhombohedral calcite bodies are covered with a thin organic film (f) possibly representing 
contracted vaculoar membrane (tonoplast). Arrow indicates empty, non-calcified intercellular space. HV SED 
image. Finestrat-Sella, site T14-461. C) Partially calcified cortical cells of a pot-grown H. coronarium plant. 
Rhombohedral crystal bodies with partial overgrowths forming smooth calcite surfaces, replicating internal 
cell shape (arrows). LV BES image. D) Charge contrast BSE image of polished thin section. Calcified cells 
with crystal growth lines corresponding to rhombohedral shapes in 3D (cf. Fig. B). E) Calcified cells with 
thin external layer composed of globular, nanocrystalline particles, forming aligned textures. LH BES image.
Finestrat-Sella, site T14-461. F) Incompletely calcified cell composed of calcite mesocrystals (m) and partly 
overgrown with several µm thick calcite layer, replicating the cell shape. HV SED image. Sella, site T14-463.
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Figure 3.25. See caption on the following page.
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Figure 3.25. (Previous page) Vacuolar crystal maturation and microstructure of external layer of iCR cells. 
All images taken in HV SED mode of Au-coated samples. Also see Figs. A3-4.08 to 4.10. A) Calcified cortex 
composed of almost completely calcified cell volumes and perfectly replicating textural details of flexible cell 
walls. Arrows indicate large irregularities in primary calcite crystal not covered with external layer. B) Detail 
of A showing smooth surface of the external layer and exposed crystal faces of the underlying, primary calcite 
crystal (arrows). C, D) Sub-micron thick mesostructed layer, formed through oriented (surficial parallel/
epitaxial growth) assembly of nanosized globular-to-polyhedral crystal blocks. Arrows indicate hollows 
- irregularities in the basal crystal, not (yet) overlain by the external, nanocrystalline layer.  Also see Figs. 
A3-4.8C, D, E. Sella, site T14-462. E) Fully calcified cell exhibiting rough, nano-textured surface. Bulges, 2-3 
µm in diameter, possibly correspond to plasmodesmata - pores that span the adjoining walls of plant cells. 
F) Detail of E: mesostructured calcite crystals forming the surficial layer: rhombohedral crystallites formed 
through epitaxial growth on a larger basal crystal. G, H) Higher magnification images of E: external calcite 
layer apparently formed by aggregation of globular (possibly amorphous of poorly crystalline) nanosized 
particles (cf. measurements in Figs. A3-4.09E and 4.10F). High magnification image (H) shows mineral fabric 
consistent with aggregation structures of metastable particles, such as liquid, amorphous, or poorly crystalline 
particles, or of oriented (and nearly oriented) attachment of metastable nanocrystals, described by De Yoreo et 
al (2015).
Sample SLL-38, Sella locality, site T14-463.

3.4.4.1 Non-vacuolar, small-scale mineral precipitates 

In iCRs with preserved organic cell walls, empty cells commonly contain small-scale crystal 

forms, which are not related to intravacuolar calcification but most probably formed 

independently after the intracellular calcification process has completed (post-mortem). 

These forms include small, several 10s µm large calcite crystals with regular crystal surfaces 

(Fig. 3.26C), disc-shaped crystal bodies, 5-10 µm in diameter (Fig. 3.26D and Figs. A3-

4.11D, 4.12A), and druses of similar dimension (Fig. A3-4.11C), appearing on the surface of 

cell walls. Bulbous forms (Fig. A3-4.12C, D) and submicron-sized precipitates, concentrated 

at discrete points along the cell wall (Fig. 3.26F), possibly precipitate on spots of the cell 

wall corresponding to plasmodesmata (Fig. 3-4.12E, F). Calcite mineralogy of these forms 

has not been confirmed.

Another feature, unrelated to precipitation within the cell vacuoles, are calcite bodies, 

which replicate the shape of intercellular spaces. These forms can be occasionally observed 

between the fully calcified cells (3.26A) or within collapsed organic cell tissues (Fig. 3.26B). 

Rarely, individual cells of the outermost cortical layers in incompletely calcified iCR 

aggregates exhibit 1-10 µm thick irregular layers of calcite, coating the cell wall (Fig. A3-

4.11E, F). Presumably, these calcification forms are not related to intracellular calcification 

but correspond to post-mortem precipitation on decomposing call wall material (cf. fine 

root rhizoliths in Chapter 2). 
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Figure 3.26. SEM photomicrographs of non-vacuolar, small-scale crystal forms. A) Calcite bodies (arrows) 
formed by entirely mineralised intercellular space (between full calcified cells (c)). B) Isolated intercellular 
calcification form (red arrow) enclosed in collapsed, semitransparent cell walls. Lab-grown Hedysarum 
coronarium iCRs. C) Calcite crystal with regular crystal faces grown on a cell wall. Finestrat-Sella, site T14-
462. D) Interior of a cell with disc-shaped crystal bodies, 5-10 µm in diameter, formed on the surface of the 
cell wall. Sella, site T14-463. Cf. forms illustrated by Jaillard (1987), their Figs. 5-11c-f. E) Fully calcified 
iCR cell, coated with relicts of a cell membrane. Protuberances and perforations probably correspond to 
plasmodesmata. Sella, site T14-463. F) Cell interior: fine grained ?calcite preciptates in hollows in the cell wall. 
Sella, site T15-816.
Images A and C-F taken in HV SED mode on Au-coated material; image E taken on uncoated sample in LV 
BES mode.
Also see Figs. A3-4.11 and A3-4.12. 
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3.4.4.2 Internal filamentous microfabric of calcified cells and weathered iCR aggregates 

Unaltered iCR calcite aggregates in thin sections and individual cells in transmitted 

light under a stereomicroscope are limpid. However, iCR aggregates often appear white 

and non-transparent. In thin sections, calcite of such weathered iCR aggregates displays 

opaque patches within otherwise limpid calcite of individual cells or whole cells, apparently 

unselectively affected by micritisation (Figs. 3.27A, B) or showing layered alteration 

patterns, following growth lines and intercrystalline boundaries in calcite crystals (Figs. 

3.27C-F). Backscattered electron SEM images of polished thin sections (Fig. 3.28) clearly 

show that the micritisation is due to microendolithic modification of calcite. Microborings 

are of uniform tubular shape, approximately 0.5 µm in diameter, and clearly follow 

intercrystalline layers in calcite, reflecting different composition (charge contrast image 

in Fig. 3.28C and EPMA backscattered electron image in Fig. 3.28F), most probably with 

endolithic borings following layers with higher amount of incorporated organic matter 

(fluorescence image in Fig. A3-4.14J; also see Section 5.6). Microborings are most probably 

produced by fungi which possess enzymes capable of digesting organic matter, incorporated in 

calcite (Glaub et al. 2007; Golubic et al. 1975, 2005; Golubic and Schneider 2001; Wisshak 2012; 

Taylor et al. 2015). Figure 3.29 shows 3D geometry of microborings and a drastic extent of 

microendolithic alteration of calcite, seen in resin-casted samples. In addition to layered 

structures, endolithic microborings can form small arbuscular structures, 20-40 µm in 

diameter, apparently emerging from/through the surface of a calcified cell (Fig. 3.30 and 

Figs. A3-4.14I-L). 

Microbial endolithic alteration probably starts almost instantly after the completed 

calcification of cortex as evidenced by preserved organic part of roots containing calcified 

cells infested by microendoliths. In addition to apparently rapid modification of original 

calcite by microbial endoliths, once released into the soil media, calcified cells can get 

intensively transformed by microbial weathering. Incompletely disintegrated iCR aggregates 

may still show recognisable cellular structure, although strongly obliterated by dissolution 

of original calcite and re-precipitation of carbonate in the form of needle fibre calcite and 

calcite nanofibres (Fig. 3.31A). Degraded cells often show dissolutional features (Fig. 3.31C) 

and are associated with Ca-oxalate encrusted fungal hyphae (Fig. 3.31B). With progressive, 

predominantly microbially induced alteration and partial replacement by fibrous micro-

crystalline carbonates (Fig. 3.31D), cell-shaped calcite grains loose their characteristic form 

and can finally transform into peloids (Figs. 3.31E, F). Progressive weathering stages can be 

well observed in larger, differentially preserved iCRs fragments (Figs. A3-4.15 to A3-4.18). 
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Figure 3.27. Micritisation of iCR calcite by microendoliths. Thin section photomicrographs in PPL. 
A and B) Type II iCR composed of elongate calcified cells. c - limpid, non-modified calcite, m - brownish, 
cloudy calcite. C) Strongly elongate calcified cell with layered structure enhanced by endolithic microborings 
following crystal growth lines (arrow), possibly corresponding to intracrystalline lamellae with incorporated 
(occluded) organic matter. Cf. SEM images in Figs. 3.28 and 3.29 and strongly similar textures in Microcodium 
shown in Figs. 5.21F and 5.22C. D) Dendroid pattern of endolithic microborings. E, F) Partly disaggregated 
iCR in fine grained matrix. Endolithic borings largely aligned along intracrystalline layers. Cf. CC image in 
3.24D, BSE images in Fig. 3.28 in resin casts in Fig. 3.29.
Samples in A-D: Penàguila, site T14-457; E, F: Finestrat-Sella, T15-823.
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Figure 3.28. Endolithic microborings in iCR calcite: backscattered electron images of polished thin sections of 
resin-impregnated iCR samples. A) Rougly polished thin section. Endolithic microborings are more abundant 
and closely packed in calcified cell in the upper part, corresponding to outer cortical cells. Penàguila, site 
T14-458. B) Close-up view of A showing resin-filled microendoliths (black) aligned along crystal growth 
lines/intracrystalline layers. C) Charge-contrast enhanced BES image showing indistinct layering (arrow) and 
parallel to anastomosing microborings of uniform, ~ 0.5 µm diameter. Sella, site T14-463. D) Incompletely 
calcified cell (triangular resin-filled cavity in the center) with endolithic borings following growth lines 
in dome-shaped crystal structures. Cf. crystal shapes in Fig. A3-4.07G, H. E) Higher magnification of 
microborings in sample in Fig. C. F) EPMA backscattered image of microendoliths. Arrows indicate layering 
corresponding to difference in composition of calcite, apparently controlling distribution of microborings.  
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Figure 3.29. SEM photomicrographs of 3D resin casted microborings in iCR calcite. A, B) Densely-layered 
dome-shaped structure corresponding to structures in Figs. 3.28D and F. C) Roughly parallel microborings, 
correlative of textures in Fig. 3.28C. D) Microboring pattern following intercrystalline layers; cf. thin section 
photomicrographs in Figs. 3.27E, F. Spaces between (dissolved) iCR cells are filled with resin (e).  
E, F) Microboring casts at higher magnifications. 
Material in all images is from Penàguila, site T14-458. All images taken on Au-coated material in HV SED 
imaging mode.
Also see Fig. A3-4.14.
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Figure 3.30. Arbuscular structures in iCR calcite produced by endolithic microorganisms. A and B) PPL and 
blue-fluorescence thin section photomicrographs showing lump-like structures; arrows indicate the same 
point in both images. Also see Figs. A3-4-14I, J. Finestrat-Sella, site T15-822. C, D) Resin casts of dissolved 
aggregate of asymmetric, type II iCR, showing arbuscular endolithic features, 20-40 µm in diameter, occurring 
predominantly in the lower parts of (dissolved) cell lumina, corresponding to the side of the root in contact 
with substrate (s). E, F) Higher magnification view of arbuscular endolithic structures, ‘emerging’ from cell 
walls. Cf. endolithic cavities on iCR cell surfaces in Figs. A3-4-14K, L. Figs. C-F: Penàguila, site T14-458.

s
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Figure 3.31. SEM photomicrographs of weathered (degraded) iCRs. A) Longitudinally split fragment of a 
type I iCR showing enlarged, probably dissolved central groove, corresponding to vascular cylinder, filled and 
coated with needle fiber calcite (NFC), forming alveolar-septal structures. Note also numerous mineralised 
fungal hyphae (arrows). B) Close-up view the area in Fig. A, marked with red arrow, showing bifurcate 
fungal hypha, fully covered by needle-shaped crystals of (originally) Ca oxalate, now probably transformed to 
calcite. Although strongly degraded, cellular structure of iCR is noticeable but covered by a film of NFC and 
calcite nanofibres. Sella, site T15-816. C) Weathered iCR cell with, probably microbially formed, dissolutional 
cavities. Penàguila, site T14-458. D) iCR fragment with cells partly ‘replaced’ by NFC crystals. E, F) Extremely 
weathered, internally probably intensively microbored calcified cells, covered by a film of NFC, nanofibres, 
mineralised bacteria and fungal hyphae. Figs. D-F: Sella, site T15-816.
All images taken on Au-coated material in HV SED mode. 
Also see Figs. A3-4.15 to A3-4.18.
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3.4.5 Mineralogy and elemental composition of iCRs and rhizosphere clays

Ten samples of isolated and powdered iCR aggregates, analysed by XRD, all showed same 

diffractogram patterns, corresponding to low-Mg calcite. Figure A3-5-01 (Appendix 3-5) 

shows spectra for five representative samples. None of the analysed iCR samples have 

shown presence of Ca oxalates. 

Fourier Transform Infrared Spectroscopy (FTIR) examination of two samples of iCRs 

has confirmed XRD results, showing IR spectra, characteristic of low Mg calcite (Appendix 

A3-5, Fig. A3-5.02).

XRD analyses of four samples of clayey fraction, collected from carbonate-depleted 

zones associated with iCR aggregates from Sella and Ibi localities, have shown similar 

diffractograms. All samples were predominantly composed of smectite clays, small amounts 

of kaolinite, and minor amounts of illite. 

Electron probe microanalysis (EPMA) of major and selected trace elements (Ca, Mg, Fe, 

Mn, Sr, P, S) of intracellularly calcified roots, corroding marine marly limestone, performed 

on polished thin sections (Appendix A3-6) confirmed low-Mg calcite composition of 

calcified cells with 0.1 to 0.6 wt% Mg and trace amounts of Fe (< 0.1 wt%), Mn (< 600 

ppm), Sr (0.1 to 0.4 wt%), P (< 250 ppm), whereas values of S were below detection limits 

(Tables A3-6.2 and A3-6.3). 

Low-vacuum backscattered electron SEM observations and EDS elemental mapping of 

uncoated thin sections and broken surfaces of iCRs with their matrix display discernible 

carbonate-depletion and Al-Si enrichment zones, respectively, in exceptional cases 

evidenced also by the extent of preserved root hairs or their tubular traces (Figs. 3.16, 

3.19C-F). 

3.4.6  δ13C and δ18O stable isotope composition of iCRs

The analysis of carbon and oxygen stable isotopes has been focused on pure iCR fragments, 

devoid of matrix, and calcified cells, separated from organic remains. The δ13C and δ18O 

results of a total of 116 measurements of iCR calcite are shown in Appendix A3-7. Four 

different groups of iCR samples were distinguished according to morphological types and 

preservation state (Table A3-7.1): iCR-I, iCR-II, morphologically unspecified iCR, and 
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apparently weathered (degraded) aggregates (iCR-D), characterised by predominantly 

opaque calcite cells. Overall δ13C values (VPDB) range from –20.3‰ to –6.3‰ with an 

average of –11.5‰ (σ ± 2.96‰), whereas δ18O values range from –10.4 to –0.1‰ and 

average at –6.1‰ (σ ± 2.11‰). Average values, excluding data for weathered iCRs, are 

–13.0‰ for δ13C, and –6.2‰ for δ18O, respectively. The δ13C and δ18O values are cross-

plotted in Figure 3.32A. The δ13C shows considerable differences between iCR types (Fig. 

3.32B); values for individual categories are: 

iCR(unspec.) : n = 41, mean: –14.3‰, σ ± 1.9‰; min: –20.3‰, max: –10.1‰; 

iCR-I: n = 18, mean: –12.8‰, σ ± 1.4‰, min: –15.3‰, max: –10.0‰; 

iCR-II: n = 22, mean: –10.4‰, σ ± 0.96‰, min: –12.7‰, max: –9.0‰; 

iCR-D: n = 35, mean: –8.2‰, σ ± 0.9‰, min: –10.9‰, max: –6.31‰.

The δ18O ranges and average values do not vary significantly except for the iCR-I 

category, which contains a subgroup of anomalously positive δ18O values (Fig. 3.32C).

Results for iCRs of pot-grown plants of Hedysarum coronarium (Appendix A3-8) are 

included in the iCR(unspec.) group (Table A3-7.1). H. coronarium calcite samples exhibit 

negative and relatively invariable δ13C values (n =10, mean: –16.2‰, σ ± 0.41‰, min: 

–16.8‰, max: –15.5‰), and consistent δ18O values (mean: –7.2‰, σ ± 0.33‰, min: 

–7.6‰, max: –6.8‰), close to an overall average for iCRs (–6.1‰, σ ± 2.1‰). 

Comparison of the δ13C and δ18O values of iCR calcite with selected published 

data is shown in Figure 3.35. The group of morphologically unspecified iCRs includes 

unpublished data of four samples of iCR from weathered flysch soil from Beka near Kozina, 

SW Slovenia. Values of iCRs are compared with isotope composition of Microcodium in 

Figures 5.27 to 5.28 (Chapter 5) and further discussed in Section 5.8.4. Data of iCRs are 

also included in a cross plot of calcite δ13C vs. δ13C of the corresponding matrix (substrate) 

in Figure 5.26. Available data does no exhibit any correlation between δ13C stable isotope 

composition of substrate and δ13C of iCRs.

Results of δ13C(organic) measurements are shown in Table 3.1. All three samples of 

organic tissues associated with iCRs yielded typical average values of C3 plants (Fig. 3.36) 

ranging between –25.5 and –26.4‰ VPDB.
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Figure 3.32. Stable isotope analysis of iCRs. A) Cross-plot of δ13C and δ18O values of intracellularly calcified 
roots, analysed in this study. Different colours represent groups based on morphological types (iCR-I, iCR-II 
and unspecified), lab-grown iCRs of Hedysarum coronarium, and weathered (degraded) iCRs (legend in upper 
left corner). B, C) Box and whisker plots for δ13C (B) and δ18O (C) for individual groups. 
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3.5 Discussion

3.5.1 Root intracellular CaCO3 biomineralisation processes and features

Fully calcified iCR aggregates, observed either in thin sections or under SEM, offer very 

limited petrographic information about the crystal growth processes forming iCRs. 

However, partly mineralised cells, particularly those in live or not significantly decayed 

roots, provide invaluable insight into the complexity of crystal forms and their evolution, as 

well as the crystallisation pathways potentially involved in intracellular mineralisation.

The most commonly reported and studied mineral precipitate in higher plants is 

calcium oxalate (Franceschi and Horner 1980; Nakata 2003; Franceschi and Nakata 2005). 

Calcium oxalate crystals typically develop in the vacuole within an organic matrix, which 

creates and controls the crystallisation microenvironment (Webb et al. 1995; Webb 1999). 

Higher plants produce Ca oxalate crystals in characteristic, species-specific morphologies, 

commonly in the shape of acicular crystals called raphides, or well-developed prismatic 

crystal shapes, crystal sand or druses (Franceschi and Nakata 2005). Calcium oxalate 

crystals are present in fruits, leaves stems and roots; their formation is generally regarded as 

a mechanism for regulating bulk-free calcium levels in tissues and organs, but also used as 

a physical protection strategy, such as defence against herbivores. Calcium oxalate typically 

form in highly specialised cells generally referred to as crystal idioblasts, in which crystal 

forms occurs exclusively inside the plant cell vacuole and is controlled by intravacuolar 

organic matrix (Webb et al. 1995; Nakata 2003). The most important in oxalate biosynthesis 

are matrix proteins, which are supposed to play a major role in nucleation and regulation 

of Ca oxalate crystal growth, and become included in the mature crystals (Franceschi and 

Nakata 2005). 

Calcium carbonate biomineralisation in terrestrial higher plants has been generally 

treated as a relatively insignificant phenomenon, mostly referring to plant cystoliths as 

an archetypal and predominant CaCO3 form (Arnott 1982; Smith 1982; Setoguchi et al. 

1989; Bauer et al. 2011; He et al 2014, 2015; Karabourniotis et al. 2020). This has been 

emphasised particularly in comparison with evolutionary and geologically important 

carbonate biomineralisation in aquatic photosynthetic organisms, such as cyanobacteria, 

benthic calcareous algae and marine phytoplankton (Leadbeater and Riding 1986; Skinner 
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and Ehrlich 2014). Furthermore, Raven and Giordano (2009) concluded that the most 

quantitatively important biogeochemical role of land plants today in biomineralisation is 

silica deposition in vascular plants, especially grasses, and that for terrestrial plants there is 

no significant fossil evidence on which to base the environment–evolution interactions of 

the production of calcium carbonate.

Although there is a general lack of micromorphological data about the intercellular 

calcium carbonate precipitation in plant roots, especially the early stages of 

biomineralisation in experimentally grown plants, calcite in iCRs does not appear to 

form specific crystal shapes, comparable to raphides and other highly-structured forms 

of plant Ca oxalate biominerals. Furthermore, completely calcified cortices of large fine 

iCR segments indicate that CaCO3 biomineralisation is not limited to specialised idioblast 

cells but unselectively involves whole fine root parenchyma. However, it is beyond 

doubt that nucleation and growth of CaCO3 in iCRs take place inside cell vacuoles and 

that crystallisation processes are critically controlled and regulated by the intravacuolar 

macromolecular organic matrix (Weiner and Dove 2003). Vacuoles are lytic compartments, 

which function as reservoirs for ions and metabolites (Marty 1999; Rea 2018; Cui et 

al. 2020). As membrane-bounded crystallisation environments, they maintain the ion 

transport and govern the resulting biomineral composition and morphology. 

Ultrastructural SEM analysis iCR calcite, presented in the previous sections (Figs. 

3.23 to 3.25 and Figs. A3-4.07 to A3-4.10), demonstrated different complex crystal forms, 

which presumably reflect progressive evolution and maturation of intracellular CaCO3 

deposits (Fig. 3.33). Crystal forms of early mineralisation stages of iCRs considerably 

differ from archetypal, coarse rhombohedral forms of calcite, which can be observed in 

dead and potentially diagenetically modified iCR cells (e.g. rhombohedral geometry of 

calcite in broken cells shown by Jaillard et al. 1991). Many calcified cells display lamellar 

crystal ultrastructure, composed of planar crystal elements (lamellae), assembled in parallel 

structures or 3D interlaced structures, similar to dendritic crystals (e.g. Turner and Jones 

2005; Imai 2007; Jones and Renaut 2008; Imai 2016) with lamellae oriented in multiple 

(three?), probably crystallographically-controlled directions (Fig. 3.23D, Fig. A3-4.07A-D). 

Other cells exhibit mesocrystalline structures, that is macroscopically structured crystal 

forms (Fig. 3.23B, Fig. A3-4.10A-C), which are ordered superstructures, composed of 

crystal elements of mesoscopic size, generally 1 nm to 1 µm (Cölfen and Antonietti 2008; 

Song and Cölfen 2010; Cölfen 2010). External layer of fully calcified cells is typically 

composed of mesostructured calcite (Figs. 3.25C, D, F, Figs. A3-4.09, A3-4.10B-F), 
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Figure 3.33. A) Diagrammatic representation of a plant cell of a fine root cortical parenchyma. B) Incipient 
precipitation of calcium carbonate within a vacuole possibly starts through non-classical crystal growth 
pathways in presence of polymers, likely in the form of amorphous CaCO3 particles or liquid precursor 
phases. C) Aggregation of amorphous nanoparticles or droplets possibly results in transient solid bodies 
of hydrated amorphous calcium carbonate (ACC). D) Lamellar mesostructured calcite forms can develop 
through transformation of ACC. E) Crystal maturation results in rhombohedral (stepped polyhedral) calcite 
morphologies. F) Extensive precipitation of CaCO3 in a vacuole can be associated with pronounced cell 
expansion and results in strongly elongate cells. G) Maturation of porous lamellar (D) and rhombohedral 
calcite forms (E) into fully calcified cells with curved surfaces by precipitation of an outer layer, replicating 
the cell shape, often showing epitaxial growth by oriented attachment of nanoparticles (see Fig. 3.25 and Figs. 
A3-4.08-4.10). The outer layer is strongly exaggerated here; commonly it represents less than 5% of the total 
calcified cell volume.
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indicating growth by aggregation and oriented assembly of metastable nano-sized, possibly 

amorphous or poorly crystalline particles (Fig. 3.25G, H, Figs. A3-4.09C, E, F, A3-4.10E, 

F). All these ultrastructural features are strongly indicative of non-classical crystal growth 

pathways in presence of polymers (Gower 2008; DeYoreo et al. 2015; Van Driessche et al. 

2017; Wolf and Gower 2017). These pathways include different crystallisation mechanisms, 

characterised by oriented attachment of solid, mostly poorly crystalline or amorphous 

particles, or liquid precursor phases (Gower 2008; De Yoreo 2015). 

There is growing evidence that biologically produced amorphous calcium carbonate 

(ACC), as a precursor of crystalline carbonate phases (Addadi et al 2003), is widely 

distributed but often overlooked in mineralised tissues. Two forms, anhydrous transient 

ACC and a hydrated ACC containing about 1 mol of water that persists for longer time 

periods, exist as biominerals. Radha et al. (2010) substantiated preference for an amorphous 

structure during the early stages of crystal growth and stated that the initial binding 

of calcium to carbonate and subsequent growth of amorphous clusters in water is not 

only energetically favourable, but also virtually free from thermodynamic barriers. The 

transformation sequence observed in biomineralisation appears be mainly energetically 

driven; the first phase deposited is hydrated ACC, which then converts to anhydrous ACC, 

and finally crystallizes to calcite (Weiner and Addadi 2011; Radha et al. 2010; Rodríguez–

Blanco et al. 2011; Gal et al. 2015). Mesostructured calcite forms can develop through 

transformation of amorphous calcium carbonate (Rodríguez–Navarro et al. 2015). 

Morphological variation in observed iCR calcite crystals, representing incipient 

intracellular calcification phase (Figs. 3.23, 3.24A-D), corresponds to a continuum of 

crystal forms in the model of morphological evolution as a function of driving force 

(supersaturation) and organic matrix (gel) density (Oaki and Imai 2003, Imai 2007, 

2016). Classical faceted single crystals reflect near-equilibrium growth in low-density 

matrix (or without matrix), largely determined by kinetic-limited increase in crystal size 

at low supersaturation. On the other side, polycrystalline forms of increasing complexity 

(disorder) form with increased supersaturation, growth rate (largely limited by diffusion) 

and density of the matrix. Resulting mesocrystalline branched, dendritic and spherulitic 

morphologies reflect growth mode far from equilibrium (Imai 2016). 

Mesostructured crystalline carbonate forms are characterised by very high surface area 

to volume ratios and are intrinsically prone to overgrowth and maturation. Maturation 

of porous lamellar forms into fully calcified cells with curved surfaces, replicating the 
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cell shape, is clearly perceivable under SEM by comparison of 3D structures with charge 

contrast images (Fig. 3.23C-F, Fig. A3-4.07A-F). Charge contrast photomicrographs suggest 

difference in composition between the early, interlaced lamellar fabric and the subsequent 

mineral precipitate, occluding the pores and ‘sintering’ the crystal into a cell-shaped body 

with curved surfaces. 

Importantly, the final stages of crystal growth in fully calcified iCR cells (Fig. 3.33G) 

are probably independent from intravacuolar calcification. As noted in Section 3.4.4, 

several µm thick external layer, rendering the cell shape, appears to form by epitaxial 

overgrowths coating the underlying coarser rhombohedral and lamellar crystal framework 

(Figs. 3.24F, 3.35, Figs. A3-4.07B, A3-4.08, 4.09). A two-stage calcite crystal growth model 

of iCR has already been elucidated by Jaillard (1983). According to his interpretation, 

the first stage comprises nucleation and growth of a calcite crystal within the vacuole; 

the biogeochemical process of ion exchange and carbonate accumulation continues and 

produces ‘endovacuolar’ mineral deposits, occupying nearly 95% of the total cell volume. 

The second stage of crystal growth supposedly occurs after the cell death (Jaillard 1983, p. 

295) and comprises massive entry of ions (high CaCO3 supersaturation), plasmolysis and 

rapid crystallisation within the remaining (~5%) cell volume. Jaillard (1983) concluded that 

calcification of the cells is completed before the lysis of the cytoplasm, which occurs less 

than a few tens of minutes after the death of the cell. Ultrastructural details of the studied 

iCR material generally comply well with Jaillard’s mechanism of two-stage intracellular 

calcification.

Another important characteristic of intracellularly calcified roots is a common 

pronouncedly elongate shape of the calcified cells, including cases of extremely expanded 

forms (Figs. 3.22A-D; 3.33F). Cell expansion in fine roots, that is the increase in cell volume 

brought about by the increase in vacuolar volume and the concomitant increase in the cell’s 

surface area (Dolan and Davies 2004), is most pronounced in the root elongation zone 

where cells expand (elongate) in one, i.e. longitudinal direction. However, in intracellularly 

calcified roots, cells appear to extend radially, giving iCR a characteristic ‘fat-root’ 

appearance (Fig 3.34). Intricate details of the internal cell wall surfaces in calcified cells 

indicate that, concomitant with cell expansion, there has been production of new wall and 

membrane along the surface of growing cells. Intravacuolar calcification, driven by ion 

transport during vacuolar growth, presumably critically mediates the increase in cell size 

and production of new cell wall and membranes. During expansion, the cell walls must 
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Figure 3.34. Diagram of a non-calcified root system (A) composed of a vertical (primary) coarse (woody) 
tap root (t0) and a lateral (secondary) fine root branch, composed of a 1st order main axis root (l1) and 2nd 
order laterals (l2). v - vascular system, rh - root hairs. B) Calcified root, corresponding to fine root in A, is 
characterised by considerably thickened, expanded cortex (cx) as a result of intracellular mineralisation, 
giving rise to a characteristic ‘fat-root’ appearance. a - non-calcified apexes of fine roots. Root hairs, not 
shown in Fig. B, can occur throughout the epidermal layer of calcified roots or are mainly limited to one side 
of flat, asymmetrically-modified roots (a.k.a. shovel roots).  
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have been strong enough to withstand the internal pressure of the growing protoplast but 

flexible enough to grow (Dolan and Davies 2004). Despite apparent formation of the outer, 

cell shape-replicating calcite layer during cell senescence or after death (Jaillard 1983), 

perfectly preserved textural details of calcified cells indicate that calcification process 

likely completes under relatively normal cell turgor and before breakdown of cell walls. 

Compelling evidence for normal cell turgor pressure during calcification is also given by 

empty, non-calcified cells, which have apparently kept their shape and have not deformed 

(shrunken) at expense of calcification in the neighbouring cells (Figs. 3.18B, 3.19C, D, Fig. 

A3-4.02A). 

3.5.2 Functional traits of iCRs

Plant functional traits comprise morphological, physiological and phenological 

characteristics of plants that represent ecological life history strategies and are hypothesised 
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to determine the response of a plant to environmental factors (Bardgett et al. 2014). As 

discussed in Chapter 1, in addition to providing anchorage, the primary function of roots is 

to acquire nutrients and water from soil. Plants have evolved a wide range of belowground 

strategies to capture soil resources, and to respond to changes in their availability in space 

and time (Lambers et al. 2008). These strategies include architectural root traits, which 

determine the spatial configuration of the root system and its components; morphological 

traits of individual roots or root size classes, such as root diameter and specific root length; 

physiological root traits, such as root respiration and nutrient uptake kinetics as well as the 

release of root exudates; and, finally, biotic root traits that involve the ability of roots to 

interact with soil biota and form symbiotic associations (mycorrhizae, rhizobial symbiosis, 

actinorhizae) which play a major role in enhanced nutrient capture from soil (Bardget et al. 

2014; Faucon et al. 2017; Freschet et al. 2021b). 

Attributes of intracellularly calcified roots, illustrated in Section 3.4, can be examined 

in a framework of fine root functional aspects, from soil exploration and exploitation 

geometries to nutrient acquisition strategies. Alleged plant functional strategies, underlying 

intracellular calcification in fine roots, include iCR architectural patterns, morphological 

modifications, and CaCO3 biomineralisation processes. 

3.5.2.1 Architecture and morphology of iCRs

Root branching architecture can display a wide range of topologies between two extreme 

growth patterns (Fitter 1996, 2002; Robinson et al. 2003). If branching is confined to 

the main axis, the root develops a herringbone structure. In the other extreme topology, 

i.e. dichotomous system, branching generation is equally probable in all exterior links. 

Dichotomous branching systems are generally considered as exploitative and develop in 

fertile soils or microsites within soil (Osmont et al. 2007; Ehrenfeld 2013). Herringbone 

branching topology is characterised by the highest exploitation efficiency (Fitter and 

Stickland 1991). Herringbone patterns are more common in roots growing in infertile soils 

as the lower amount of branching allows the root system to explore a larger volume of soil 

(Ehrenfeld 2013), which is a beneficial strategy particularly for resources such as phosphate 

that are relatively immobile in soil (Robinson et al. 2003).

Branching patterns of iCRs shown in Figures 3.10B-D and 3.11A-E illustrate almost 

paradigmatic herringbone topologies. Flattened iCRs in these examples are densely 
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arranged along the substrate surface (fissures), showing a tendency of the root system to 

maximise the area of the substrate in direct contact with (calcifying) roots (a common 

strategy of root clumping in cracks; de Willigen et al. 2017). Extremely flat asymmetrical 

iCR-II aggregates are often arranged in layers where branching topology and lateral extent 

of calcified aggregates occupy virtually total possible space/surface of the rock fissure/

substrate (Figs. 3.11A, B, E, 3.12D). Geometry of iCRs in Figure 3.14 shows highly ordered 

and coordinated pattern of iCRs, composed of series of parallel main root axes and 

lateral iCR segments, emerging from main axes and growing in aligned, fitted patterns of 

maximum exploitation topology (Fig. 3.14B).

Conformable geometrical relationships between iCRs and calcareous substrates (Figs. 

3.14E, F, 3.15A, B, C, 3.20C, E) provide an interactive link between intracellular calcification 

in the root cortex and simultaneous dissolution of the substrate in the rhizosphere. This 

phenomenon is particularly evident in flattened iCR forms with considerably increased 

surface-to-volume ratio. Assuming a regular cylindrical shape of calcified roots with a 

constant volume but variable, either circular cross section (with a diameter D) or elliptical 

cross sections (with a longest axis A), there is an increase of surface in elliptical shapes of 

~35% for A = 2D, and ~100% for even more flattened shape with A = 3D. In the studied 

material, flat iCRs forms with roughly elliptical or semi-elliptical shape in cross section and 

an aspect ratio (thickness to width) > 1:3 are common, especially in asymmetrical iCR-II 

examples (Figs. 3.11, 3.15E and 3.18).

In other words, the apparently increased root surface in flattened iCR varieties, 

potentially available for 2H+ / Ca2+ exchange between the root and the substrate (Section 

3.5.2.2 below), presumably reflects additionally increased proton extrusion area/space in 

the framework of a plant strategy to utilise nutrients of limited mobility, largely bound to/

embedded in carbonate minerals, especially phosphorous and metal micronutrients like 

iron and zinc (Raven et al. 1990; Raven 1991; Jaillard and Hinsinger 1993; Marschner 1995; 

Hinsinger 2013; Ehrenfeld 2013). 

In summary, both architectural patterns and morphological modifications of iCRs 

indicate highly controlled strategy for enhanced exploration of rock fissures and maximised 

exploitation of rock surfaces, associated with dissolution of the substrate. 
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3.5.2.2 Physiology of CaCO3 biomineralisation in plant roots

Pedogenic carbonate forms in soils when the solution becomes supersaturated with calcite 

(Cerling 1999b). Equation:

CaCO3 + CO2 + H2O = Ca2+ + 2HCO3
-      [1]

and

KCalcite = [a(Ca2+)] [a(HCO3
-)]2 / P(CO2)    [2]

(where KCalcite, a(Ca2+), a(HCO3
-)and p(CO2) are the solubility product of calcite, the 

activity of the Ca2+ ion, the activity of the HCO3
- ion, and p(CO2) partial pressure of CO2, 

respectively) shows that a calcite-saturated solution can become supersaturated in several 

ways, including a decrease in p(CO2) in the soil, or an increase in the concentrations and 

activities of dissolved calcium and bicarbonate due to water loss by (evapo)transpiration 

or by direct evaporation (Cerling and Quade 1993). With the realization that the biological 

component of CO2 in soils is much larger than the amount of detrital carbonate dissolved 

on soil-formation time-scales (CO2(biological) >> CaCO3(detrital), in the order of 102 to 103 

times), Cerling (1984) introduced a general diffusion model of soil isotopic species of CO2-

H2O-CaO system (see Section 5.8.4)

The general model of biologically induced precipitation of CaCO3 around fine roots 

(in the rhizosphere; Section 2.5) is based on an assumption that the process is mainly 

driven by plant transpiration. In Ca-rich soils, calcification may occur during the build-up 

of carbonate as a result of large amount of Ca2+ transferred towards the root surface as a 

consequence of mass flow of water and solutes (Cramer and Hawkins 2009; Hinsinger 2013; 

Kuzyakov and Razavi 2019). In simple terms, calcification in the rhizosphere may take place 

when a transpiring plant draws soil water into the roots, but excludes Ca2+ (McConnaughey 

and Whelan 1997).

However, intracellular root calcification certainly involves more than transpiration-

driven ion accumulation around a root. In their pioneering studies, Jaillard an co-authors 

(Jaillard 1987a, Jaillard et al. 1991) interpreted intracellular accumulation of carbonate in 

root cortical cells with adaptation strategies of plants to cope with excessive calcium and 

bicarbonate concentrations in the soil solutions (Jaillard et al. 1991). Plant species that 

preferentially grow on calcareous soils (calcicoles) possess adaptive mechanisms for coping 
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with constraints on growth and mineral nutrition such as low iron and zinc availability 

and often high calcium and bicarbonate concentrations (Marschner 1995). In this case, 

intracellular CaCO3 mineralisation can be largely regarded as a sequestration mechanism 

for excessive Ca, i.e. a result of root activity, which can dissolve abundant amounts of 

calcium carbonate in the rhizosphere as a consequence of respiration and proton release, 

with the Ca ultimately precipitating in the vacuoles of root cortical cells (Hinsinger 

2013). Such a mechanism may simultaneously provide protection of the shoot tissue from 

excessive calcium concentrations by precipitation of CaCO3 in the root tissue (Marschner 

1995).

Considerable proton effluxes from roots, often encountered in the rhizosphere, 

represent one of the modes of rhizosphere acidification as a profitable strategy for acquiring 

mineral nutrients (Jaillard et al. 2003). Rhizosphere acidification strategies are particularly 

evident in plants that grow preferentially on carbonate-rich alkaline soils of high acid-

neutralizing capacity (Marschner 1995; Neumann and Römheld 2012). Furthermore, 

CaCO3 mineralisation within root cortical cells, coupled with extrusion of protons, 

probably represents an effective mechanism for the nutrient acquisition (McConnaughey 

and Whelan 1997; Cohen and McConnaughey 2003; McConnaughey 2012). The model 

of McConnaughey and Whelan (1997) links calcification with enhanced production 

of protons. Root proton (acid) secretion in itself enables plants to mobilise sparingly 

soluble nutrients in the rhizosphere (Marschner 1995), whereas carbonate precipitation 

in the vacuoles of cortical cells may additionally increase production of protons, which 

are potentially useful for nutrient assimilation. In the model (Fig. 3.35), intracellular 

calcification acts as a proton generator, i.e., calcification creates two types of products, 

minerals and protons (McConnaughey and Whelan 1997):

Ca2+ + HCO3
- → CaCO3 + H+     [3]

The biomineralisation mechanism implies enhanced production of protons through 

exchange of Ca2+ and 2H+ using plant-respired CO2 (Fig. 3.35). Reaction [4] links 

calcification with photosynthesis:

Ca2+ + 2HCO3
- → CaCO3 + CH2O + O2    [4]

Calcium is an essential structural, metabolic and signalling element in plants 

(Marschner 1995; White and Broadley 2003; Broadley et al. 2012a, b; Thor 2019). The 

physiological functions of Ca2+ are controlled by its transport across cell membranes, 
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Figure 3.35. Diagrammatic longitudinal section of the apical region of a fine root, illustrating calcification 
physiology. Calcification within the vacuoles of root cortical cells act as a proton generator, allowing the plant 
to acidify the rhizosphere and thus acquire mineral nutrients from the soil. Production of protons is enhanced 
through exchange of Ca2+ and 2H+ using plant-respired CO2. (modified from Košir 2004 after McConnaughey 
and Whelan 1997).

regulated by Ca2+–permeable ion channels, Ca2+–ATPase enzymes and Ca2+/nH+ antiporters 

(exchangers; Demidchik et al. 2018). Biochemical properties of Ca2+ transporters suggest 

that Ca2+ efflux from the cytosol occurs through the action of ATPases, localised at the 

cytoplasmic membrane and the tonoplast (vacuolar membrane). Tonoplast Ca2+/H+ 

antiporters play a major role in Ca2+ sequestration in the vacuole, which act as the major 

plant calcium store (Bush 1995; Lee 1998; Garciadeblas et al. 2001). 

The Ca2+–ATPase-based mechanism is fundamental in most of biological calcification. 

The mechanism permits high CaCO3 supersaturation states and rapid mineral precipitation. 

The model of McConnaughey and Whelan (1997) integrates Ca2+–ATPase mechanism in 

calcification by directional Ca2+ pumping, which creates Ca2+-rich alkaline solution within 

a membrane-bound vesicle (vacuole). CO2 diffuses across the membrane into this fluid, 

ionises and induces precipitation of carbonate:

Ca2+ + CO2 + H2O → CaCO3 + 2H+      [5]

This model can be equally applied in extracellular biomineralisation (e.g. in corals and 

molluscs) and intracellular biomineralisation (e.g. precipitation of Ca oxalate and carbonate 

in plant cell vacuoles and specialised vesicles).
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Calcification in the fine root cells of modern plants has been shown to be a rapid 

process. Jaillard (1987a, 1992) showed in in vitro experiments under controlled conditions 

that living roots of oilseed rape plantlets were able to precipitate calcite in the cortical cells 

within only a few hours, and that fully calcified cells were developed in a few days. Tola et 

al. (2009) showed in controlled growth of Hedysarum coronarium that four week-old plants 

developed multiple shovel roots with intracellular granular carbonate deposits. 

Lambers et al. (2009) and Hinsinger (2013) emphasised the impact of intracellular 

calcification in plant roots on soil composition and properties but concluded that the 

understanding to what extent such processes feedback onto plant growth remains to be 

studied. Lambers et al (2009) summarised intracellular root calcification as processes 

“promoted by root activity, which can dissolve abundant amounts of Ca carbonates in the 

outer rhizosphere as a consequence of respiration and proton release, and alleviate Ca 

toxicity by precipitating it as calcite in the vacuoles of root cortical cells (Jaillard 1987a, b)”. 

However, the motivations for intravacuolar calcite precipitation in roots seem to be much 

stronger than merely a Ca-detox strategy. As suggested by the model of McConnaughey 

and Whelan (1997), intracellular calcification may represent a physiological fine-root trait 

with its specific nutrient uptake kinetics, biomineralisation mechanism and the concurrent 

release of exudates. Such physiological mechanism is in accord with architectural and 

morphological attributes of iCRs, described in the previous section (3.5.2.1).  

As noted above, extrusion of protons is presumably utilised for absorption of specific 

elements (Fig. 3.35). McConnaughey and Whelan (1997, p. 106) listed illustrative acid-

leaching reactions for some nutrients (P, N, K, Mg, Fe, and Mn). Among these essential 

elements of often limited availability, intracellular calcification and associated rhizosphere 

acidification maintained by H+ excretion seem to be beneficial strategy particularly for 

the acquisition of phosphorous and iron (Vance et al. 2003; Lambers et al. 2006; Hodge 

2015), especially on alkaline substrates such as calcareous soils of the Mediterranean basin 

(Hinsinger 2013).

Information about the distribution of intracellular carbonate mineralisation strategy 

among roots of different plant families is extremely limited. Except for the experimental 

calcification, performed by Jaillard (1987a) in culture solution-grown rapeseed plantlets 

(Brassica napus), natural occurrence of intracellularly CaCO3-biomineralised roots has 

observed in different species of the legume (Fabaceae or Leguminosae) family (Mottareale 

1898; Severini 1908a, b; Ross and Delaney 1977, Tola 2009; Sablok et al. 2017; and Chapter 

4). Legumes are the third largest group among the angiosperms and second only to the 
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grasses (Gramineae or Poaceae) in their importance to humans (Graham and Vance 2003). 

Ecologically, legumes owe much of their importance to their ability (confirmed in ~88% 

of species) to fix atmospheric nitrogen in symbiosis with various soil bacteria (‘rhizobia’), 

forming special root organs called nodules (Doyle1994; Hirsch et al. 2001; Oldroyd et al. 

2011). It is important to note that intracellular calcification observed in legume species does 

not occur in rhizobial nodules but has been found in anatomically ‘normal’ terminal, higher 

order fine roots of (Ross and Delaney 1977) or in specialised shovel-shaped roots (Tola et 

al. 2009; Watt and Weston 2009). In addition to rhizobium symbiosis, certain species of 

legumes thus evidently possess an additional effective physiological pathway, which enable 

them to simultaneously uptake nitrogen and phosphorous - two of the most important 

nutrients and primary constituents of proteins and nucleic acid, and iron – one of the 

essential plant micronutrients (Marschner 1995; Watt and Weston 2009). 

As noted in Section 3.2, xeric moisture regime of soils in the studied area is 

characterised by pronounced summer dryness when secondary carbonate might be 

expected to form on calcareous parent materials, and late autumn to early spring rainfall 

in excess of evapotranspiration (Fig. 3.1D), which would normally trigger carbonate 

dissolution and leaching even at relatively low rainfall intensity. Vegetation of the 

Mediterranean type ecosystems is equipped with adaptations (or exaptations) to tolerate 

low soil nutrient availability and restricted water availability (Rundel and Cowling 2013). 

Soil water availability is probably the main factor influencing fine root growth (Kramer 

et al. 1983; López et al. 1998). Consequently, seasonal patterns of fine-root growth reflect 

plant’s activity in capturing water and nutrients (Davies and Bacon 2003). This happens 

during periods when the soil moisture meets the requirements for both plant nutrient 

acquisition and favours high levels of soil microbial activity. Presumably, as evidenced by 

common occurrence of live iCRs in the study area during the months of relatively high soil 

moisture (October to March), growth of ephemeral, short-lived fine roots, which perform 

intracellular calcification, corresponds to periods with sufficient soil moisture. Nutrient 

acquisition and concomitant production of iCRs is thus most probably most intensive 

during the wet season. 
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3.5.3 Carbon and oxygen stable isotope signatures of iCRs

In the general model of precipitation of soil carbonates, root respired CO2, which 

approximates to the δ13C composition of plant organic carbon (soil organic matter SOM), 

undergoes several predictable steps of isotope fractionation, primarily involving CO2 

diffusion-controlled 13C enrichment of ~4.4‰, and a temperature dependent fractionation 

in equilibrium carbonate (calcite) precipitation resulting in an average 13C enrichment 

of ~10.5‰ (Cerling 1984; Romanek et al. 1992, Koch 1998), or, in terms of equilibrium 

carbonate-SOM pairs, characterised by Δ13Ccarb-SOM from 13.5 to 16.5‰ with a mean 

effective fractionation of ~15 ‰ (Cerling 1999; Rovira and Vallejo 2008; Montañez 2013).

The Ca2+–ATPase-based mechanism of intracellular calcification, put forward in 

the previous section (McConnaughey and Whelan 1997), implies that plant respired 

CO2 diffuses across the vacuolar membrane, ionises in the vacuolar fluid, and induces 

precipitation of carbonate from the Ca2+-rich solution (McConnaughey and Whelan 

1997; equation [5] above). Such CO2-based calcification model assumes that (vacuolar) 

membranes provide molecular filters that allow CO2 to reach the calcification site 

much faster than HCO3
- and CO3

2-, although after crossing the membrane, CO2 rapidly 

converts to HCO3
-, making it hard to tell which molecules actually crossed the membrane 

(McConnaughey 2003). 

Results of δ13C analysis of iCR calcite (Fig. 3.36) show considerably negative δ13C values 

(mean -13.0‰, σ ± 1.96‰, for iCRs of all types; Fig. 3.32), on average 12.8‰ higher 

than those of the corresponding plant organic matter (~-25.8‰; Table 3.1; Fig. 3.37). The 

average values are within the range of estimated equilibrium 13C fractionations for calcite 

relative to HCO3
- (+ 1.0) and relative to CO2 (+11.98 – 0.12 (T°C)), respectively (Romanek 

et al. 1992). Considering rapid calcification in iCR, more negative δ13C values could exhibit 

stronger kinetic disequilibrium behaviour. In contrast, more positive δ13C values may 

reflect incorporation of soil inorganic carbon (DIC) resulting from dissolution of carbonate 

substrate, predominantly marine limestone and marl with δ13C composition between ~-1.5 

and +1.0‰ (see Table A1-1). Namely, CO2-based calcification model does not preclude the 

entry of soil water containing DIC (HCO3
-) through the vacuole membrane to reach the 

calcification site (McConnaughey 2003). 

Oxygen isotopic composition of iCRs supposedly primarily reflects isotopic 
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composition of meteoric (soil) water and its fractionation, which is strongly temperature 

dependent (Cerling 1984). Furthermore, δ18O composition of soil water can be significantly 

different than (average) local meteoric water, mostly due to differential infiltration and 

modification of meteoric water by evaporation (Cerling and Quade 1993). Large part of iCR 

calcite δ18O measurements ranges between -8.0 and -6.0‰ (VPDB; Fig. 3.32A, C), what 

correlates well with the isotopic composition of meteoric water in the area (see correlation 

data in Cerling and Quade 1993), varying between -10 and -5‰ (SMOW), with more 

negative values occurring in the winter periods (IAEA 2015). 

Positively anomalous δ18O values for a group of iCR data in Figure 3.36B can be 

explained with presumably high evaporation during the precipitation of iCR calcite. 

Namely, all the data points with δ18O values between ~-3.0‰ and 0.0‰ belong to iCR 

samples from the same site (T14-461; Fig. 3.5B) on a barren marly area on the south facing 

slope with a direct solar exposure. Living iCRs and iCRs with partly preserved root tissues 

were sampled at the end of March 2014, following 6 months characterised by above average 

climatic conditions with very dry or dry and warm to extremely warm months (relative 

to long term average, based on measurements from 1951; AEMET 2015). The anomalous 
18O values are compatible with commonly observed 18O enrichment of soil carbonate by 

2–10‰ relative to calcite in equilbrium with meteoric water, owing to strong evaporative 

effects (Cerling and Quade 1993; Koch 1998). On the other side, a large dataset of published 

iCR isotope data from the Chinese Loess Plateau of Luo et al. (2020; and supplementary 

material therein) exhibit very negative 18O signatures (Fig. 3.36A). These authors have 

concluded that the climate information contained in the isotope composition of their 

analysed calcified roots is only limited to seasonality or even single event based signals, but 

have not explicated exceptionally negative δ18O signal of their calcified root material. 

Other published data of δ13C and δ18O isotope composition of iCRs mostly come from 

palaeosols (see e.g. Barta 2014 and Luo et al. 2020 and references therein) and generally fit 

within the general range of values presented in this study, however, isotope results in the 

examined papers do not provide significant insights into the root intracellular calcification 

processes. 

Due to a limited number of samples analysed in this study, the available stable isotope 

data do not allow rigorous or robust statistical testing of differences between individual 

iCR groups. Furthermore, the largest group of morphologically unspecified iCRs has 

been analysed before establishing a clear distinction between iCR-I and iCR-II types and 
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Figure 3.36. A) Cummulative cross-plot of δ13C and δ18O values of iCR analysed in this work (AK all data) 
together with data of iCR isotope analyses of Morin (1993), Luo et al. (2020) and Wang & Greenberg (2007). 
The later authors did not provide datasets, therefore their data are represented by average value points and 
range bars. B) Cross-plot of δ13C and δ18O values of iCR of this study showing the main data cloud (green-
grey circles), outlier groups and an examples of large intrasample variability in δ13C and δ18O values. See text 
for explanation. Also see comparative analysis of iCR and Microcodium isotope composition in Figs. 5.27 and 
5.28. 
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IBI-02

B
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Table 3.1. Stable isotope analyses of δ13Corg of organic tissues of calcified roots and organic matter in chalky 
calcrete associated with Pinus halepensis root systems. 

sample δ13Corg  
(‰ VPDB)

Lab material pretreatment

A_SLL-04 (T14-
463, Sella)

-26.4  
(1 measurement)

IJS, Ljubljana vascular cylinder 
fragments, extracted 
from fully calcified  
roots

CaCO3 removed with 
10% HCl, OM washed 
and dried at 60ºC 

B_SLL-A (T14-463, 
Sella)

-25.5 ± 0.04 IJS, Ljubljana coarse root fragment of 
?Hedysareae plant with 
attached lateral iCR

carbonate 
mechanically removed

C_SLL-23 (T14-
463, Sella)

-25.6 ± 0.07 IJS, Ljubljana fragments of iCR 
with well preserved 
epidermis and vascular 
parts

CaCO3 removed with 
10% HCl, OM washed 
and dried at 60ºC

T15-826-1B (Sella-
Finestrat)

-26.4 Beta Analytic 
Inc., Miami

organic matter of 
powdery calcrete 
associated with 
P. halepensis root 
systems

acid washes  
(@Beta)

Figure 3.37. Histogram of δ13Corg 
composition of modern plants. From 
Kohn & Cerling (2002) based on data 
of O’Leary (1989) and Farquhar et 
al. (1989). C3 plants have an average 
isotope composition of ~-26 to -27‰ 
(Ehrelinger and Cerling 2002a, b; 
Marshall et al. 2007).

discovery of the extreme flat morphologies of the latter group. The values of unspecified 

samples largely overlap with the two sub-groups. 

In addition to very probable strong kinetic fractionation effects and possible 

incorporation of DIC from soil solutions, highly variable δ13C and δ18O results 0f the 

isotopic composition of iCRs may be strongly influenced by carbonate crystallisation 

pathways. Morphological variability of intracellular carbonate deposits and particularly 

multiple stages of crystal growth (shown in Section 3.4.3) can potentially bring 

additional variation in stable isotope composition, deviating from biologically controlled 

biomineralisation.
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Although a special care has been taken in microsampling if iCRs material for stable 

isotope analysis, reliable interpretation of stable isotope composition of iCRs its relationship 

with calcification environments and physiological pathways would definitely require root 

calcification experiments in controlled conditions. Consistent preliminary stable isotope 

results obtained in intracellular CaCO3 calcification in pot-grown plants of H. coronarium 

(Fig. 3.32A) indicate a great potential in experimental calcification of plant roots. Plants 

were grown in a mixture of organic soil and crushed marl of known carbonate isotope 

composition (δ13C ~0.8‰, δ18O ~–2.9‰) and shown relatively invariable composition of 

their iCRs (δ13C –16.2 ± 0.6‰; δ18O –7.2 ± 0.4‰) . Assuming δ13C(organic) composition of 

H. coronarium equal to the sample of wild-grown Hedysareae (-25.5‰; Table 3.1), analysed 

iCRs show an average 13C enrichment of 9.3 with respect to plant organic carbon.

Furthermore, as any other form of soil carbonate, iCR calcite can be strongly modified 

by weathering, especially microbially driven (Section 3.4.4.2). Admixtures of microbially 

influenced microcrystalline carbonate forms such as needle fibre calcite (NFC) and calcite 

nanofibres, commonly associated with dead iCRs (Fig. 3.31), may considerably affect 

resulting ‘bulk’ δ13C and δ18O results. 

Interestingly, the subgroup of degraded iCR aggregates (type iCR-D in Fig. 3.32 and 

Table A3-7.1) apparently shows significantly higher δ13C values than unaltered iCR 

varieties, whereas δ18O of degraded iCRs does not show difference. In general, under a 

stereomicroscope inspection these degraded iCR samples did not contain visible coatings 

or traces of NFC and nanofibres but were largely modified by microbial endoliths, as 

illustrated in Figures 3.27 to 3.30, corresponding to sparmicricitisation of Kahle (1977). 

Since endolithic microborings do not seem to incorporate any secondary, newly formed 

carbonate, a possible, although purely speculative explanation can be that parts of iCR 

calcite, ‘digested’ by endolithic microorganisms, correspond to portions of calcite, relatively 

depleted in 13C. Consequently, degraded iCRs thus show enrichment in 13C relative to 

unaltered calcite. Namely, geometry of endolithic structures clearly reflects preferential 

proliferation of microendolithic organisms along particular layers in calcite, likely 

corresponding to lamellae with incorporated (occluded) organic matter (see also discussion 

in Section 5.8.3). 
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3.6 Summary and conclusions

The research, performed on original and previously unexplored material from the 

Mediterranean environments of the Alicante Province in southeastern Spain has included 

detailed petrographic and micromorphological analysis of intracellularly calcified roots, 

integrated with mineralogical, elemental and stable isotope analysis of carbon and oxygen.

The study area is dominated by xerophyte shrub and herbaceous vegetation and is 

characterized by a seasonal moisture regime. Soils, developed over marl and limestone 

bedrock, are typically associated with accumulations of secondary soil carbonate. In the 

studied profiles, aggregates of calcified fine roots may locally represent more than a half of 

the soil mass.

Architectural and morphological analysis of intracellularly calcified root (iCR) systems 

revealed two morphological groups: symmetrical iCR aggregates and asymmetrical, 

extremely flattened iCR forms with peripherally placed vascular cylinders. Such aberrant 

morphologies of calcified roots have not been previously reported in the literature.

Branching architecture of iCR growing in rock fractures have shown extremely 

ordered, densely spaced herringbone morphologies, which have been interpreted as a root 

strategy to explore as maximum as possible space and contact surface with the substrate. 

Intracellularly calcified roots have been found associated with intensively dissolved 

(corroded) limestone substrates, clearly indicating the link between intracellular carbonate 

biomineralisation and extrusion of protons (rhizosphere acidification).

Anatomy of calcified root cortex includes highly elongate crystal form, corresponding 

to radial expansion of cell during the vacuolar biomineralisation. These forms are fully 

comparable to typical elongate elements of Microcodium structures (Chapter 5). SEM 

investigation of iCR ultrastructure has shown a high diversity of intracellular crystal forms 

of calcite. It has been suggested that intracellular biomineralisation involves non-classical 

crystallisation pathways, likely influenced by intravacuolar organic polymers. Final shape 

of fully calcified cells, replicating intracellular structures to the submicron-size details, 

apparently forms in two steps, with nanocrystalline carbonate overgrowths deposited on 

primary mesocrystalline calcite aggregates, formed inside plant vacuoles. 

Petrography of apparently micritised calcified cells have confirmed intensive post-

mortem alteration of intracellular calcite by microendolithic borings. The phenomenon is 

analogous to pervasive endolithic modification of Microcodium elements (Chapter 5). 



142Chapter 3: Intracellular calcification in plant roots 

Stable isotope analysis of intracellularly calcified roots has shown relatively negative 

δ13C values, probably largely reflecting plant-respired CO2-based calcification mechanism. 

Variability of δ18O of iCR calcite most probably reflects variations in O isotopic composition 

of soil (meteoric) water, likely induced by evaporation. 

Architectural, morphological and physiological traits, inferred from iCR-substrate 

relationship and their geochemical signatures, are in agreement with hypothesis that 

intracellular CaCO3 biomineralisation, coupled with proton extrusion, represents an 

efficient nutrient-acquiring mechanism and adaptational strategy to nutrient-poor, highly 

calcareous soils. 
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Chapter 4: Identification of the calcifying plants 
using DNA barcoding

4.1 Introduction

As noted in the previous chapter, calcium carbonate formation in plants has gained 

much less interest than calcium oxalate biomineralisation, what is understandable, 

considering almost ubiquitous occurrence of Ca oxalates in more than 215 families of 

angiosperms and gymnosperms (Horner and Wagner 1995; Franceschi and Nakata 2005). 

On the other hand, almost a total lack of taxonomic information about the distribution 

of intracellular carbonate mineralisation in plant roots is highly surprising, especially 

taking into account the immense amounts of iCR produced in modern soils of France 

that have been well known for almost four decades (Jaillard et al. 1991; Hinsinger 2013). 

Research on intracellularly calcified roots (iCR) from SE Spain, presented in Chapter 3, has 

shown extremely widespread occurrence of iCRs, forming massive deposits throughout 

the study area, and confirmed the influence of intracellular calcification in plant roots 

on soil functioning and probably functioning of a Mediterranean terrestrial ecosystem 

on calcareous substrate as a whole. However, a fairly large body of literature about land 

ecosystems and soils of the Mediterranean Basin and Mediterranean coastal part of Spain 

in particular (Yaalon 1997; Vogiatzakis 2012; Doblas-Miranda et al. 2015; Ortega et al. 2016 

and references therein) does not pay any attention to a specific but apparently widespread 

and extensive soil biomineralisation activity in terrestrial ecosystems (Lambers et al. 

2009). Correspondingly, except for isolated attempts to determine the plants, associated 

with formation of iCRs from natural or cultivated habitats, there has been no systematic 

research on the taxonomy of calcifying plants. Jaillard (1983) hypothetically attributed their 

studied iCRs to grasses (Gramineae or Poaceae), but solely according to the morphology 

and cell size of the calcified cortex. In several sites in southern France, Jaillard et al. (1991) 

observed iCRs in soils planted with fruit trees (cherry, peach), which showed evidence 

of chlorosis (i.e. iron deficiency); unfortunately, the authors did not identify calcifying 

plants. Experimental root calcification work of Jaillard (1987a) was done on rapeseed 

crop plants (Brassica napus), a plant medium providing limited relevance for the natural 
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habitats. Two other known systematic studies of intracellular CaCO3 biomineralisation in 

roots were carried on forage legume species. Ross and Delaney (1977) observed massive 

accumulation of CaCO3 in roots of sainfoin (Onobrychis viciifolia), a major forage crop in 

the Rocky Mountain Region of the United States, whereas Tola et al. (2009) experimentally 

investigated shovel roots of Hedysarum coronarium, a perennial legume species, native of 

the Mediterranean basin and widely distributed from Morocco, Algeria, and Tunisia to 

mainland Spain and Balearic Islands, Corsica and central to southern Italy. Similarly to 

O. viciifolia, H. coronarium, known also as Spanish sainfoin, is widely exploited as a forage 

crop due to its pronounced drought resistance, strong tolerance to alkaline soils, and good 

agronomical yield (Tola et al. 2009). Interestingly, calcification in special shovel roots of 

H. coronarium has already been observed more than hundred years ago by Mottareale 

(1898) and Severini (1908a, b), however, these early discoveries have largely remained 

unnoticed (Tola et al. 2009). 

Plant roots growing in a mixed belowground community are usually difficult to identify 

at any taxonomic level, especially morphologically simple fine roots (Cutler 1987; Jackson 

et al. 2000; Cutler et al. 2008). Without extensive and often necessarily invasive digging 

(fascinating reconstructions of root systems based on extensive excavations are presented 

in the work of Kutschera, Lichtenegger and Sobotik (Kutschera et al. 1997, 2013)), it is 

virtually impossible to trace an individual root system from a calcified fragment, excavated 

deep in the soil or weathered rock profile, to its coarse parent root and further to the 

determinable aboveground part of a plant. 

The study area in the Alicante Region (Fig. 3.1 in the previous chapter) is largely 

situated in the areas in Serra d’Aitana under partial natural protection regime (Giménez-

Font and Marco Molina 2017, Fig. 2), preventing extensive excavations in the natural 

habitats. Given the inconspicuousness of fine roots and the fact that deep roots are generally 

indistinguishable from one another without the use of molecular tools (Jackson et al. 

1999, 2000; Linder et al. 2000; Brunner et al. 2001; Maeght et al. 2013), utilisation of DNA 

barcoding seems to provide a promising identification method for calcified roots 

The principal aim of this pilot study has been to test the applicability of methods of 

root identification based on DNA sequences to intracellularly calcified roots with relatively 

small amount of preserved organic tissues, typically existing in iCR samples. Applied DNA 

barcoding method uses a standard short genomic region that is universally present in 
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B

Figure 4.1. Field sampling of iCR material for DNA analysis. Terrain map (captured from Google Maps, april 
2021) of the area E of the Village of Sella, showing sampling locations of roots used in DNA barcoding (red 
pointers). B) Sampling in one of the excavation pits at the site T14-462. C) Dense network of intertwined 
root systems penetrating into weathered marl. Pit excavated in an old forest road-cut, approximately 1.5 m 
belowground, site T14-461.

500 m

A

C

target biological material and has sufficient sequence variation to discriminate among taxa 

(Hollingsworth et al. 2009; Fazekas et al. 2012; de Vere et al. 2015). One of the objectives 

of the study was to produce a methodological framework for a subsequent systematic 

sampling campaign(s), based on comparative DNA analysis of calcified roots and ideally 

including aboveground plant parts, identified by both classical taxonomic methods 

and DNA barcoding. Although limited in number, the first results of identification of 

calcifying plants based on successfully extracted, amplified and sequenced DNA provide 

good basis for the selection of species and genera for future experimental setup of iCR 

biomineralisation physiology and biogeochemistry.
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4.2 Material and methods

Field sampling of live iCRs was performed in March 2014 and complemented in late 

May 2015 with collecting prospective calcifying plants for morphological determination 

based on fresh leaves, flowers and seed pods. The latter material has been included in the 

herbarium collection at the Institute of Biology ZRC SAZU, for potential use in future 

comparative DNA barcoding studies.

Material was sampled at two localities along the unpaved road in the Barranc de l’Arc 

ravine, E of the Town of Sella (Figs. 4.1A, 3.1; Table A3-1). At each site, several shallow, 

approximately 0.5 m deep pits were excavated in the marly substrate exposed in roadcuts, 

corresponding to depths 1 to 1.5 m below the surface. The pits were excavated deep enough 

to encounter fresh iCR material (Fig. 4.1B, C). Hand-specimen size pieces of marl with iCR 

structures with preserved organic tissues (Figs. 4.2A, B, 4.3C-F) were carefully wrapped in 

filter paper and aluminium foil. Fresh live fine roots (Fig. 4.2E, F) and portions of thicker 

fine roots with attached iCR fragments (Figs. 4.2C, 4.3A, B) were extracted with clean 

tweezers, inserted between two sheets of filter paper and placed into paper bags together 

with an ample amount of fresh silica gel. During the field sampling campaign, samples were 

kept at room temperature and dry conditions. In the laboratory, samples were further dried 

by being kept at room temperature and low humidity for several days and finally desiccated 

in an oven at 30ºC for 48 hours. Dry samples have been kept in plastic boxes and petri 

dishes along with silica gel.

Organic root tissues were collected from samples under a stereomicroscope using sterile 

tweezers. Twenty-one samples were taken for DNA extraction, consisting of preserved 

vascular cylinders, coarse root fragments with attached fine iCR, and fully calcified iCRs 

with preserved epidermis, parts of cortex and vascular system (Fig. 4.2; also see details in 

Table 4.1). From 0.5 to 2.5 mg of dehydrated organic material was obtained per sample; 

prior to analysis, samples were stored in plastic containers filled with silica gel desiccant.

DNA isolation was performed at the Evolutionary Zoology Lab of the Institute of 

Biology ZRC SAZU in Ljubljana, following general protocols of the Plant DNA Barcode 

Project (Department of Botany NMHN, Smithsonian Institution, Washington, D.C.).  

DNA was isolated from organic parts of iCR samples using the DNeasy Plant Mini Kit 

(QIAGEN, https://www.qiagen.com/) following the protocol, and adding the pre-step of 

homogenization of dry tissue with a pestle in 1.5ml Eppendorf tube.
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Table 4.1. Samples of calcified roots with preserved organic remains, selected for DNA extraction and 
barcoding. Only samples with codes, listed in the first column (EZL = Evolutionary Zoology Lab at the 
Institute of Biology ZRC SAZU) yielded enough extracted DNA material for sequencing. Samples of above-
ground plant material, marked with *, yielded enough extracted DNA but have not been sequenced yet.
For sample locations (T14-461, -462, and -458) see map in Fig. 4.1 and Table A3-1.1 in Appendix A3-1).

EZL 
sample 
code

sample # material remarks (pre-preparation etc.) dry 
mass 
[mg]

A01 T14-461-01-01 coarse (tap) root of 
“Astragalus-ytpe” plant 
with attached, partly 
calcified fine root (iCR)

peeled, mm stripes of coarse root 
fragment (cortex/xylem/phloem); bark 
peeled away

1.3

* T14-461-02-01 same plant specimen as 
above; above ground part 
of “Astragalus-type” plant

bark peeled off, 3 mm-long stripes cut 
from cortex and phloem/xylem

>5

* T14-462-20-A S. rosmarinus - 
aboveground part: woody 
stem and leaves

peeled, mm stripes of stem; bark 
peeled off

>5

A05 T14-462-20-B supposedly same plant as 
above - coarse (woody) 
root, ~3mm diam., with 
fine roots associated with 
largely disarticulated iCRs

peels of coarser woody root, bark 
peeled off;
not clear if coarser woody root is 
related to calcified cortices

2.4

A08 T14-462-08-1 fine root vascular parts, 
extracted from a lump of 
iCR

not clearly associated/related to 
calcified root cortices/aggregates

2.0

T14-462-02-1 small iCR, shovel roots = 
type II

preserved vascular cylinder and 
fragments of epidermis

1.0

A07 T14-462-18-1 iCR with organic parts
(type II)

4 pieces of fine root tips; well 
preserved epidermis, vascular 
cylinders and root cap part; organic 
parts cleared of calcified cortex

1.3

T14-462-18-2 iCR with organic parts epidermis, vascular cylinders, clay 
(‘decalcified cylinder’) present; organic 
parts cleared of calcified cortex

0.9

A06 T14-462-16-1 iCR (type II) with organic 
parts

pieces of fine root tips; well preserved 
epidermis, root hairs, vascular 
cylinders and root cap part; organic 
parts cleared of calcified cortex

1.4

T14-462-03-1 iCR (type II) with organic 
parts

pieces of fine root tips; preserved 
epidermis, vascular cylinders and 
root cap part; organic parts cleared 
of calcified cortex; small amount of 
organic material

0.8

A03 T14-461-03-06 iCR (type I) with 
preserved wascular 
cylinder

dry vascular cylinders associated with 
calcified cortex; organic parts cleared 
of calcified cells

1.8

A04 T14-461-03-08 iCR (?type II) with 
preserved vascular 
cylinder 

dry vascular cylinders associated 
with calcified cortex; fungal spores 
abundant

1.8

T14-461-03-08/D same as above same as above 1.5
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EZL 
sample 
code

sample # material remarks (pre-preparation etc.) dry 
mass 
[mg]

T14-461-03-10 small portion of live 
(fresh) roots, fully calcified 
cortex

tips (root cap part), epidermis and 
vascular part; very small amount of 
organic material

0.8

T14-461-03-10/A same as above epidermis and vascular part; very small 
amount of organic material

0.6

T14-461-03-09A fragment of coarse 
(secondary-thickened) 
root with attached iCR 
part

redish-coloured epidermis 1.1

A02 T14-461-03-01 small portion of fresh fine 
root, fully calcified cortex 
(iCR type I)

vascular cylinder and epidermis; fungal 
spores present

1.4

T14-461-03-11 dry vascular cylinders 
associated with fully 
calcified cortices

relatively well preserved mm-size parts 
of vascular cylinders; fungal spores 
present

1.6

T14-461-03-11A same as above same as above 1.6

T14-458-31 fine root, attached to 
a coarse root of ?S. 
rosmarinus, associated 
with clusters of iCRs 
(type I) 

not clear if calcified or not 0.9

Table 4.1 (continued) 

Amplifications were performed for fragments of three plastid loci (rbcL and matK and 

trnH-psbA) and one nuclear (ITS) gene region, which have become the standard barcode of 

choice in most investigations for plant phylogenetics (Hollingsworth 2011; Hollingsworth et 

al. 2009, 2011; Fazekas et al. 2012, De Vere et al. 2015, Kress et al. 2005, 2015, 2107). 

PCR reactions had a total volume of 30 µl, consisting of 14.0 µl of dd H2O, 5.0 µl of 

PCR buffer GoTaq® Flexi (Promega Corporation), 3.0 µl of MgCl2 (25 mM, Promega), 3.0 

µl of dNTP Mix (2 µM each, Biotools B&M Labs, S.A., Madrid), 1.5 µl of each forward and 

reverse 10 µM primer, 0.6 µl of bovine serum albumin (Promega, 10 mg/ml), 0.4 µl of 5 U 

GoTaqFlexi Polimerase and 1.0 - 2.0 µl of DNA. Amplification was performed on a Veriti® 

96-Well Fast Thermal Cycler (Applied Biosystems).

For each gene fragment different protocols were used with varying annealing 

temperatures and PCR cycles. The majority of samples was processed using a touch up 

protocol or a post-PCR protocol. 

PCR products were subjected to electrophoresis on agarose gel (1%) and photographed 

under UV light, then purified using a Wizard® SV Gel and PCR Clean-Up System 
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(Promega). Products were sequenced by Macrogen Europe Inc. service (Amsterdam, 

Netherlands). Chromatograms were combined and manually edited using Geneious Pro 

5.6.6 software package (Biomatters, Auckland, NewZealand; https://www.geneious.com).

Edited sequences were compared with sequence databases using NCBI BLAST (Basic 

Local Alignment Search Tool; Altschul et al. 1990). FASTA format or bare sequences were 

copied into the query input (‘Search’ text area). Individual sequences and combined data 

from all 3 markers were determined using the BLASTN (standard nucleotide BLAST) 

sequence matching (Appendix A4-2) using different options (Agostino 2013). In the 

“Program Selection” box, ‘highly similar sequences (megablast)’ mode was chosen as a 

BLAST algorithm. 

4.3 Results and discussion

Of the 21 processed samples (Table 4.1), gene fragments were obtained for 8 samples (8 

rbcLa, 3 matK, and 4 ITS, respectively). Experiments with trnH-psbA loci have not yielded 

positive results. Edited sequences for samples A01 to A08 are presented in Appendix A4-1. 

Comparison of sequences with published sequence databases using BLAST tool was 

performed applying different search criteria. Significant BLAST alignment (matching) 

results for individual samples are presented for two gene regions (rbcLa and ITS) in 

Appendix A4-2 and A4-3, respectively. BLAST sequence identification results for individual 

samples are listed and commented below. 

Sample A01 (Fig. 4.3B)

Material of this sample consisted of clean, several mm large stripes peeled from the central 

part of a coarse tap root with clearly attached lateral fine roots with a fragment of calcified 

cortex. The sample yielded sequences for all gene loci. Sequence matching with BLAST 

showed very good match with different species of the genus Onobrychis. The best match, 

showing 99% identity with Onobrychis viciifolia, was gained for all gene regions as well as 

for using combinations, e.g. of rbcLa and matK sequences.

Sample A02 (Fig. 4.3C)

Material consisted of fully calcified iCRs with preserved epidermis, parts of cortex and 

vascular system. Sequencing results were gained for rbcLa locus only. BLAST showed best 
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Figure 4.2. Different types of sampled calcified fine-root material with preserved organic material, potentially 
suitable for DNA extraction. A) Fully calcified ‘herringbone’ branching root system from a bedding plane 
fissure with well-preserved vascular system (black arrows). Sample T14-461-3-13. B) Herringbone branching 
iCR system similar to A, with preserved thicker, non-calcified main root axis with emerging lateral branches 
of vascular tissues. Sample . C) Clusters of iCRs (white) attached to interwoven coarser roots of different 
plants. Arrow indicates dry typical, dark brown short pine roots, probably ectomycorrhizal. Sample T14-461-
3-02 (not used in DNA extraction). D) iCR with small part of preserved epidermis (arrow). E) Clusters of live 
iCRs attached to a coarse root. F) Detail of E: cluster of partly calcified roots with non-calcified root apices 
(black arrows). Water-immersed sample, image taken under stereomicroscope with combined transmitted and 
refected light. Finestrat-Sella, site T15-823. 
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Figure 4.3. Selected root material used for DNA extraction. A) Type II iCRs with calcified fragments of cortex 
(c) and preserved vascular cylinders (arrows). Sample T14-461-3-09. B) Coarse root pieces with connected 
fine roots, partly calcified. Sample T14-461-1-01 (A01). C) Fully-calcified iCRs with preserved epidermis, 
parts of cortex and vascular system. Sample T14-461-3-01 (A02). D) Type-II iCRs, fully calcified. Sample T14-
462-08. E) Type-II iCRs, fully calcified. Sample T14-462-18 (A07). F) Intertwined calcified roots with well-
preserved vascular system and epidermal tissues. Sample 14-461-3-08 (A04).
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similarity results for different genera of the IRLC legume group (inverted repeat-lacking 

clade) showing e.g. 93% identity with Melilotus sp. and 92% identity with Trifolium sp.

Sample A03 

Material included well-preserved dry vascular cylinders associated with calcified cortex. 

Sequences were obtained for all three gene regions. Sequence matching using BLAST 

showed excellent match with Onobrychis viciifolia (98% identity for rbcLa and 99% identity 

for ITS sequence, respectively). Perfect match between samples A01 and A03 is also evident 

on phylogenetic trees in Figures 4.4 and 4.5.

Sample A04 (Fig. 4.3F)

Material comprised fragments of dry vascular cylinders and epidermis. Sequencing results 

were gained for rbcLa locus only. BLAST search showed best match results for different 

groups of the IRL clade (cf. sample A02), including Hedysareae (>93% identity). 

Sample A05 

Material consisted of extracted peels of coarse (woody) root, ~3mm in diameter, with 

attached fine root branches, associated with abundant disaggregated iCRs clusters. 

However, it was impossible to confirm if organic remains of fine roots were calcified. 

Sequences were obtained for all three gene regions. BLAST search showed 100% match with 

multiple published sequences of Salvia rosmarinus. The result is ambiguous and indicates 

that the analysed material is very probably not related to iCRs.

Sample A06 

Material consisted of several pieces of fine root apical parts with well preserved epidermis, 

root hairs, vascular cylinders and root cap parts. Sequencing results were gained for rbcLa 

locus only. BLAST search showed best match results for different groups of the IRL clade 

(see sample A02), e.g. Trifolieae (>93% identity). Figure 4.4 shows close relationship with 

sample A04.

Sample A07 (Fig. 4.3E)

Material comprised several fragments of terminal portions of a partly calcified fine root 

with well-preserved epidermis, vascular cylinders and dried root caps. Sequencing results 
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were gained for rbcLa and ITS loci. BLAST search showed excellent matches with different 

species of genus Ononis, a large genus of the legume tribe Trifolieae. Identity of 98% with 

O. tridentata was shown for ITS sequence and 98% identity with O. reclinata for rbcLa 

sequence. 

Sample A08 

Material consisted of fine root vascular parts, extracted from a lump of iCRs. Organic 

material was not clearly associated/related to iCR aggregates. Sequencing results were 

obtained for rbcLa only. BLAST search returned very good match with different species 

of the genus Erica, showing 98% identity with Erica tetralix. Because of the unclear 

correspondence of organic parts with iCR aggregates, the results are considered highly 

questionable.

Phylogenetic relationship of samples, based on rbcLa gene sequences, successfully 

acquired for all samples, is shown in Figure 4.4. The neighbour-joining tree diagram in 

Figure 4.5 is based exclusively on six sequences of the members of the legume family, 

whereas the sequences of two ambiguous samples (A05 = Salvia rosmarinus (Lamiaceae), 

and A08 = Erica sp. (Ericaceae)) were excluded from the analysis. All six samples apparently 

belong to the IRLC group (inverted repeat-lacking clade, a monophyletic group of Fabaceae; 

Wojciehowski et al. 2004), which includes tribes Hedysareae (including two closely related 

genera Hedysarum and Onobrychis), Trifolieae (with important genera Medicago, Melilotus, 

Ononis and Trifolium), and Astragaleae (genus Astragalus). Representatives of the listed 

genera are extremely widespread and highly adapted to calcareous soils of the study area 

and the Western Mediterranean region in general (HVMO 2021, Crespo and Serra 1993). 

Furthermore, these genera and groups of legumes include several well-studied model 

plants, which can be particularly suitable for future experimental setup. 

Of the two genera, identified with DNA barcoding with highest similarity with 

published data (Onobrychis in samples A01 and A03, and Ononis in sample A07), 

morphological identification of plant material collected during the flowering season 

(in May 2015), including flowers and diagnostic seed pods, confirmed only presence 

of Onobrychis sp. The other species, morphologically determined on a subspecies 

level, is Hedysarum boveanum ssp. europeaum (Figs. 4.6 and 4.7; B. Surina, personal 

communication). Importantly, at the time of perfoming the BLAST matching (April 2021), 

GenBank database did not include rbcLa, matK and ITS sequence data for Hedysarum 
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Figure 4.4. Phylogenetic neighbour-joining tree diagram showing relationship of DNA barcoding samples 
A01 to A08, based on rbcLa gene sequences, obtained for all eight samples, with tentative species/genus 
identification of samples based on  queries producing significant BLASTN alignment results. 

Figure 4.5. Phylogenetic neighbour-joining  tree diagram showing relationship of 6 Leguminosae (Fabaceae) 
rbcLa sequences  (excluding data of A5 and A8). IRLC = inverted repeat-lacking clade, a monophyletic 
clade of a subfamily Faboideae. Tree constructed using PhyML software tool, Online Phlogeny Analysis 
programme (https://www.phylogeny.fr). Also see Appendix A4-5 with a phylogenetic tree of selected species 
of Mediterranean Fabaceae, based on published BLAST rbcLa sequences listed in Appendix A4-4.

boveanum. FASTA format rbcLa sequences from NCBI GenBank® (https://www.ncbi.nlm.

nih.gov/) of selected representative species of common Mediterranean legumes, listed in 

Appendix A4-4. Their relationships are shown in Appendix A4-5 in a phylogenetic tree 

constructed on the basis of listed rbcLa sequences. Sequences of Hedysarum alpinum, H. 

boreale and H. coronarium were used instead of H. boveanum. 
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A

B

C

D E F

Figure 4.6. Field appearance and herbarium-dried specimens of legume plants from Hedysareae tribe from 
the Finestrat-Sella locality, corresponding to species/genera identified by DNA barcoding. Cf. Appendix A4-2.
A and B) Small evergreen bushes (note flowers in B) collected in May 2015; C) Excavated small plant with a 
part of a long tap root. D, E) Specimens of Hedysarum boveanum ssp. europeaum; F) Specimen of Onobrychis 
sp. Herbarium material was determined by Boštjan Surina, FAMNIT, University of Primorska, Koper/
Capodistria.
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Figure 4.7. Comparison of the aboveground part 
and an extensive root system architecture of a 
representative member of perennial herbaceus 
IRLC Fabaceae. A) Root system and aboveground 
part of Astragalus onobrychis (or ?Hedysarum 
onobrychis, = Onobrychis viciifolia); scanned 
original field drawing of Erwin Lichtenegger 
(Pflanzensoziologisches Institut, 
http://wurzelforschung.at); simlified version is 
published in Kutschera et al. (1997).  
B) Small shrub (of ?Hedysarum boveanum) 
corresponding to the size of aboveground  
plant in (A). 

BA

Performed DNA barcoding of iCRs have provided highly promising results and 

indicated strength of the barcoding approach, particularly in that the methodology can be 

usefully applied for small amounts of plant tissues such as organic remains preserved in 

iCRs. Among the three DNA regions, recommended for plant barcoding (Hollingsworth et 

al. 2009) and applied in this study, rbcLa manifested the best performance. Unfortunately, 

matK, which offers high-resolution discriminating power, especially in combination with 

rbcLa, did not bring expected results. However, all three gene regions produced good 

quality sequences, therefore the further systematic genetic study of iCR and aboveground 

vegetation will likely be based on rbcL+matK as a standard 2-locus barcode, and 

supplemented by the ITS gene.

Unexpectedly, DNA barcoding results of iCRs from natural habitats are predominantly 

(or exclusively) matching with legumes. This is in agreement with (scarce) previous 
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research, which actually recognised intracellular carbonate biomineralisation only in 

roots of cultivated legume genera Onobrychis (Ross and Delaney) and Hedysarum (Tola 

2009). Watt and Weston (2009) have emphasised the importance of (calcified) shovel 

roots of H. coronarium as one of the most outstanding examples with a highly specialised 

root development and biochemical mechanism to enable acquisition of very limiting soil 

resources. However, the small sample of iCRs used in the present DNA barcoding study 

and very limited obtained results do not enable any definite generalisation about the 

intracellular calcification being specific for only one taxonomic group.

4.4 Conclusions

A test study of DNA barcoding performed on twenty-one samples of organic tissues, 

associated with iCRs, produced eight positive results. Among the three standard barcoding 

loci applied in DNA identification, rbcLa sequences showed best performance and were 

obtained in all successfully PCR-amplified samples, whereas ITS and matK sequences 

were reproduced only in 4 and 3 samples, respectively. Significantly, all three gene 

regions were successfully obtained in larger samples of root tissue, indicating the need for 

methodological improvement. 

DNA barcodes of six samples showed good to excellent similarity (identity) with 

published sequences of the IRL clade (inverted repeat-lacking clade), a monophyletic 

group of Fabaceae. Three samples were reliably identified on a genus level: two samples as 

Onobrychis sp. and one as Ononis sp. The other four legume iCR samples apparently also 

belong to different species of the tribes Hedysareae and Trifolieae. 

DNA barcodes of two samples showed perfect fit with published sequences of Salvia 

rosmarinus and Erica sp., both among the most common plants in the vegetation in the 

study area but not related to legumes. However, these results should be taken with care 

since the organic parts in these two samples were not undoubtedly related to associated iCR 

aggregates.

Results of the present study have provided a very good framework for a future 

systematic research on iCRs from natural habitats, including their DNA taxonomy and 

experimental investigation of intracellular CaCO3 mineralisation in plant roots.
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Chapter 5: The Microcodium controversy

5.1 Introduction 

Microcodium is a problematic fossil biogenic carbonate feature with a very distinctive 

cellular aggregate structure composed of individual polyhedral, elongate crystalline 

elements of calcite, typically arranged in a radial pattern. It has a long stratigraphic record 

but very discontinuous stratigraphic distribution spanning from the late Palaeozoic to 

Quaternary, with a peak occurrence in the late Cretaceous and particularly during the early 

Palaeogene.

In the original palaeontological description of material from the Tertiary (Miocene) 

marine facies of South Germany, the typical Microcodium was identified as a new 

genus of codiacean calcareous green algae and described with a type species named 

M. elegans (Glück 1912). Older literature mostly followed Glück in his nomenclature 

and interpretation of algal origin although M. elegans proved to be a junior synonym of 

Paronipora penicillata (Capeder 1904). The senior form P. penicillata was described as a 

favositid (tabulate) coral species from a Cretaceous-Eocene succession in Piedmont, Italy 

(Cherchi and Schroeder 1988). 

Based on material from various French outcrops of Cretaceous and Palaeogene 

continental successions, Marie (1957) and Lucas and Montenat (1967) rejected previous 

interpretations of the marine origin of Microcodium and claimed against its relationship 

with algae. Their crucial observations showed that (1) Microcodium was a postedepositional 

phenomenon, (2) it could penetrate deeply into the limestone substratum through cracks 

and bedding plane partings, and (3) demonstrated in thin sections the ability [of the 

organism] “to corrode the rock on which they have settled” (Lucas and Montenat 1967). 

Subsequent studies have mostly accepted that Microcodium is invariably associated with 

continental palaeoenvironments and soil formation (Bodergat 1974), and that even “when 

observed to corrode marine rock, […] it is always situated below an erosional surface 

reflecting palaeoemersion” (Freytet & Plaziat 1982). As such, in its modern conception, it 

has been considered as a specific pedological feature and a reliable diagnostic criterion for 

recognition of past vadose environments.
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Lucas and Montenat (1967) were the first authors suggesting heterotrophic life mode 

of the Microcodium organism(s), according to their interpretation probably related to 

filamentous soil bacteria, whereas Bodergat (1974), in one of the most thorough earlier 

micromorphological studies of Microcodium, suggested its link with (a consortium of) 

Actinobacteria (Actinomycetes). The hypothesis of root-related origin of Microcodium, 

put forward in the seminal work of Klappa (1978a), has been founded on extended range 

of morphologies described by Esteban (1972, 1974) and Bodergat (1974), which included 

atypical forms in the definition (diagnosis) of Microcodium (Appendix A5.2, Fig. A5-2.1). 

Re-evaluation of descriptions and original illustrations in the cited papers shows that all 

of the atypical Microcodium forms are actually (identical to) intracellularly calcified roots 

(Chapter 3) and originated in the same broad area of the Spanish Levante – in case of 

Bodergat (1974) from the Holocene (“Post-Thyrrenian”) of Jijona near Alicante, Klappa’s 

(1978a) material from Recent and Pleistocene calcrete profiles of the coastal region of 

SE Spain and the Island of Ibiza (Klappa 1987b), and Esteban’s (1974) examples from the 

Pleistocene of the Tarragona area (Catalonia, NE Spain). In their thorough study, Jaillard 

et al. (1991) highlighted significant morphological (structural) and ecological resemblance 

between modern calcified roots and the classic (fossil) Microcodium but emphasised that 

the hypothesis of their identity should be carefully re-examined. Further evidence in 

support of rhizogenic interpretation of Microcodium has been provided by Morin (1993), 

Wright et al. (1995), Alonso-Zarza et al. (1998) and Košir (2004).

Original descriptions and clear illustrations of Capeder (1904) and Glück (1912) 

undoubtedly show that both names refer to similar fossil forms with identical 

morphological characters. Despite the formal taxonomic priority of P. penicillata, 

highlighted by Cherchi and Schroeder (1988), the generic name Microcodium has 

predominantly remained in use also in the recent literature – regardless of genetic 

interpretation of the feature as a fossil or as a type of sedimentary (diagenetic) or soil fabric. 

Microcodium has served as one of the most useful micromorphological features 

of palaeosols and subaerial exposure surfaces in carbonate successions, often easily 

recognizable already in outcrops and almost unambiguously in thin sections. Massive 

accumulations of Microcodium characterise continental carbonate and clastic deposits, 

especially in the peri-Mediterranean area, such as classic Paleocene (‘Vitrollian’) fluvial, 

lacustrine and palustrine facies of southern France (Freytet and Plaziat 1982 and references 

therein) and the non-marine Garumnian deposits of the Spanish Pyrenees (e.g. Rossi 1997; 
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Baceta et al. 2011; Pujalte et al. 2014, 2022). Rock-forming Microcodium deposits are locally 

so widespread that they have been given brand names such as microcodiomite (for a type of 

Lutetian architectural stone from Provence, France; Bodergat 1974) and microcoditas – for 

a facies, forming several metres thick beds, in the Paleocene continental successions of the 

Áger Basin (Rossi 1997). 

Microcodium accumulations make important stratigraphic units and characterise 

boundaries of major depositional sequences in the eastern part of the French Pyrenees 

(Southern Corbières; Combes et al. 2004), palaeokarst cave systems in the Paleocene-

Eocene carbonate platform system the Urbasa–Andia plateau (the Pyrenees, north Spain; 

Baceta et al. 2007), superregional palaeokarst unconformities of the Adriatic-Dinaric 

Carbonate Platform in Croatia and Slovenia (Otoničar 2007, 2021; Brlek et al. 2013; Brlek 

et al. 2014; Brlek and Glumac 2014 and references therein) and the Eocene Microcodium 

Formation (Faure-Muret and Fallot 1954; Varrone and Clari 2003) in the French-Italian 

Maritime Alps and Cretaceous-Palaeogene of Sardinia (Matteuci & Murru 2002; Murru et 

al. 2007; Murru et al. 2015).

Immense amounts of reworked Microcodium calcarenites were accumulated in a marine 

hemipelagic setting of the Subbetic Zone (Betic Cordillera, southern Spain; Vera et al. 2004; 

Molina et al. 2006; Pujalte et al. 2019a, b). Here the Danian−early Selandian succession (the 

Olivares and the Majalcorón Formation) is largely composed of calcarenites, comprising 

60–90% of resedimented Microcodium grains, which are intercalated in hemipelagic marls 

rich in planktonic foraminifera (Rodríguez-Tovar et al. 2020).

An intriguing Palaeozoic example is an unusually thick Microcodium occurrence 

in Early Permian carbonates from an unnamed oil field in the Timan Pechora Basin of 

northern Russia (Lapointe et al. 2005) associated with a multi-horizon oil-bearing reservoir, 

up to 30 metres thick; Microcodium horizons, up to 10 m thick, are reservoir prone where 

they have been leached by meteoric fluids below a major unconformity.

Microcodium has received a considerable interest in sedimentology, and soil and plant 

science. Major papers dealing with its controversial origin have been frequently cited (Table 

5.1) although the largest part of citations (~66%; see pie chart in Table 5.1) is represented by 

papers merely mentioning Microcodium – commonly as an evidence for subaerial exposure 

and soil formation – without any in-depth discussion and palaeoecological or genetic 

implications of its occurrences. A strikingly large number of publications is based on 

misidentified Microcodium: this can cause considerable problems and flawed interpretations 

when, for example, a whole diagenetic sequence or a sequence stratigraphic correlation is 
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Table 5.1.  Google scholar citation scores of major papers on Microcodium, explicitly dealing with its origin; 
*updated on August 8th, 2021. Topic of references [5], [6] and [7] is broader, consequently, a considerable 
portion of citations included in the total does not relate to Microcodium. 
Right: a pie chart showing proportions of papers either 1) supporting the root-related origin (green) or 2) 
microbial origin (yellow), 3) being neutral or inconclusive in interpretation (grey), and 4) those showing clear 
misidentification of Microcodium (red). Based on a semi-objective review of papers citing (at least one of the) 
references [1]-[4] or [8]-[11]; references obtained from the Web of Science Core Collection database (see data 
in Table A5.1-1 in Appendix A5.1).

major publications on Microcodium Google Schoolar Citations*

[1] Lucas & Montenat 1967 24

66%

16%
4%

13%

pro root
pro microbial
misidentification
neutral/irrelevant*

[2] Esteban 1974 126

[3] Bodergat 1974 59

[4] Klappa 1978 241

[5] Freytet & Plaziat 1982 504

[6] Jaillard et al. 1992 132

[7] Wright et al. 1995 153

[8] Rossi 1997 15

[9] Alonso Zarza et al. 1998 86

[10] Košir 2004 177

[11] Kabanov et al. 2008 88

total: 1605

based on a supposed Microcodium as a crucial evidence for vadose environments during the 

diagenetic history; such problems are briefly discussed and summarised in Chapter 6.

This chapter is primarily aimed at (re)solving the controversy about the origin of 

Microcodium. Earlier work (Košir 2004; Appendix A5-2) documented examples of calcified 

plant roots and Microcodium from subaerial exposure profiles in a succession of Paleocene 

shallow-marine carbonates in southwestern Slovenia. Morphologies, intermediate between 

the typical Microcodium aggregates and calcified roots, observed in calcrete laminar 

horizons, provided micromorphological evidence in support of previous rhizogenic 

interpretations of Microcodium structures. Material of Košir (2004) is re-examined here and 

complemented by Cretaceous, Palaeogene and Quaternary material from Slovenia, Croatia, 

Spain, France and the Caribbean islands. The chapter is based on a detailed petrographic, 

morphological and ultrastructural study of a variety of Microcodium examples, integrated 

with a comparative carbon and oxygen stable isotope analysis. It discusses the arguments 

opposing the rhizogenic interpretations (see Chapter 1, Section 1.4), using discussion and 

conclusions of a subsequent paper of Kabanov et al. (2008) as a discourse concept. Since 

‘extant’ examples of Microcodium have not been (yet) encountered in present-day soils, a 

considerable part is devoted to one of the youngest known examples – from a Holocene 
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beachrock from Providenciales, Turks and Caicos Islands, British West Indies (Dickson 

2014). 

The comprehensive review of Kabanov et al. (2008) presented important new data 

about the earliest firmly documented occurrences of unambiguous Microcodium in 

upper Palaeozoic carbonate successions and proposed an alternative general conceptual 

model about its formation. The central narrative of their paper has been directed towards 

reinterpretation of the origin of Microcodium from a widely accepted rhizogenic (root-

related) hypothesis (see discussion by Košir 2004; Appendix A5-2) to a rather complex 

carbonate biomineralisation mechanism induced by (Actino)bacteria and/or fungi, an 

idea already advocated before – since the early studies of Lucas and Montenat (1967) and 

Bodergat (1974) to the succeeding works of Freytet and Plaziat (1982) and Verrecchia et al. 

(1995), amongst others.

Kabanov et al. (2008) have coherently confronted most of the previously published 

arguments in favour of the root origin and used their reasoning specifically to demonstrate 

an apparent morphological, physiological and (palaeo)ecological incompatibility between 

fundamental Microcodium attributes and structural traits of plant roots and intracellular 

CaCO3 mineralisation in their cortical cells. Their review has been based on well-known 

Palaeogene Microcodium occurrences from the Ebro Basin (Catalonia, NE Spain) and 

on so far mostly undocumented Upper Moscovian (Carboniferous) examples from the 

East European Craton, Russia. However, they have not provided any potential analogue 

(a micromorphological carbonate feature) from modern soils or young palaeosols, which 

would correspond to their speculative microbially induced Microcodium formation model.

The discussion section (5.8) is aimed to demonstrate that there are more apparent 

similarities between Microcodium and intracellularly calcified plant roots than substantial 

inconsistencies between the two features. Arguments proposed by Kabanov et al. (2008) 

are here used as a rough framework for a comparative analysis of architecture, morphology, 

crystal patterns and ultrastructure, and geochemical signatures of both phenomena. An 

important objective of this section is to show that the concept of functional traits* (Freschet 

et al. 2021), which proved to be a valuable and well founded approach for understanding 

intracellular CaCO3 accumulation in fine roots (Section 3.4 of Chapter 3), can be applied 

in the same manner to explain the intriguing characteristics of Microcodium. Finally, some 

conspicuous modern examples of Actinobacteria-related carbonate features from vadose 

terrestrial environments are presented and compared to the model postulated by Kabanov 

et al. (2008).
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5.2 Material and methods

In addition to material from Paleocene calcrete profiles from Slovenia (Košir 2004; 

Appendix 5-2), representative Microcodium examples were selected from published and 

unpublished material from the collection of the Institute of Palaeontology ZRC SAZU, 

Ljubljana, and supplemented by two sets of samples provided by others.

Uppermost Cretaceous, Paleocene and Eocene material from the Adriatic Carbonate 

Platform, External Dinarides (Slovenia, Italy, Croatia), has been collected at subaerial 

exposure surfaces in sections and discrete outcrops of the paralic carbonate complex of the 

Liburnian Formation, and shallow marine, foram-dominated platform successions of the 

Trstelj Formation and the Alveolina-Nummulites Limestone (localities with coordinates 

are shown in Appendix A5-3). These include sections logged along the motorway road 

cuts in the Kras Plateau between Čebulovica and Kozina (Zamagni et al. 2008; Zamagni 

et al. 2012), the Dolenja Vas locality (Drobne et al. 1988; Tewari et al. 2007), and in a road 

cut section at the Village of Padriče/Padricciano, Trieste Karst, Italy (Caffau et al. 1995; 

Brazzatti et al. 1996; Tewari et al. 2007). Microcodium-bearing calcretes have been collected 

from palaeokarst-related and paralic sediments at the Koromačno locality in Istria, 

Croatia (Santonian to lower Eocene; Otoničar & Košir 2016). Several examples come from 

cores T1-7 and T1-9 (Paleocene, Trstelj Formation), drilled for the project of geological 

assessment of construction sites for the second track of the Divača—Koper railway line 

(Celarc 2010).

Palaeosols with Microcodium have been sampled in Paleocene-Eocene “Garumnian” 

continental succession (The Tremp Group) in the Esplugafreda section, Noguera-

Ribagorzana valley (Aragón, NE Spain). In this section, in addition to its known 

occurrences in various levels of the Danian Talarn Formation and the Thanetian 

Esplugafreda Formation (Schmitz and Pujalte 2003, 2007; Baceta et al. 2011; Adatte et al. 

2014), Microcodium has also been discovered in the ‘Upper red beds’ unit of the Claret 

Formation (Ilerdian, lowermost Eocene; Figs. A5-3.4 and A5-3.4 in Appendix A5-3).

Similar palaeosol material was sampled in a road cut near the village of Fontjoncouse 

(Aude, Occitanie, southern France; Fig. A5-xX in Appendix A5-3) in Danian (lowermost 

Paleocene) continental succession, correlative to the nearby Albas site described by Wright 

et al. (1995) (also see Freytet et al. 1997). From the same continental basin system, a set 

of spectacular samples of lamellar Microcodium from Paleocene (‘Vitrollien’) breccia near 

Montpellier has been kindly provided by Michel Condomines, Université de Montpellier. 
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Studied Quaternary examples comprise material from San Salvador Island, the 

Bahamas, where individual fragmentary clusters of typical Microcodium have been 

encountered in thin sections of weakly-cemented Holocene carbonate aeolianite dunes of 

the North Point Member (Figure 2.XX, Section 2.x, Chapter 2 and Appendix A2-X; Carew 

and Mylroie 1995, 1997, their Fig. 3A-3; Mylroie and Carew 2010; Mylroie et al. 2012), and 

from a Holocene beachrock of Providenciales, Turks and Caicos Islands, British West Indies 

(Wanless et al. 1989; Dickson 2014; location in Appendix A5-3). Samples of the latter have 

been kindly provided by Tony (J.A.D.) Dickson, Cambridge University.

5.2.1. Thin section preparation and petrography

Non-porous Microcodium-bearing carbonates have been examined in more than 250 

standard uncovered and unstained thin sections (from 30 to 60 µm thick) prepared in the 

laboratory at the Institute of Palaeontology ZRC SAZU in Ljubljana. Selected thin sections 

for CL, SEM EDS and EPMA analysis were polished at the Thin Section Laboratory UCM 

(Departamento de Mineralogía y Petrología, Facultad de Ciencias Geológicas, Universidad 

Complutense Madrid, Spain). 

Highly porous Quaternary samples from coastal outcrops of the Bahamas and Caicos 

were first cut into glass-slide size slices (~1.5 x 3 cm) with parallel faces, several mm thick, 

using a precise Buehler Iso-Met low-speed diamond saw with propylene glycol as a cooling 

liquid to prevent mechanical damage of crystal ultrastructure. To remove the remains of 

sea salt from pores, slices were washed in slowly running tap water for 6 hours, followed by 

two baths (30 minutes each) in distilled water, and finally a bath of 70% ethanol for several 

minutes. Slices were air-dried at 40ºC [4-6 hours] in a drying chamber and embedded 

(impregnated) with EpoTek 301-1 low-viscosity epoxy resin in a Struers EpoVac vacuum 

chamber. For selected samples, the resin was dyed by adding 1 wt% Keystone Oil blue 

dye (in powder). Resin-embedded slices were machine lapped on one side with silicon 

carbide abrasive powder (600F/mean grit size 25 µm) and then manually polished using 

a succession of silicon carbide (SiC) pads (Kemet, UK) P1200 (15 µm grit size), P2500 (8 

µm) and P4000 (5 µm). Polished faces were mounted at room temperature on glass slides 

using EpoTek 301-1 epoxy resin and a Logitech bonding jig. Mounted slices were trimmed 

and machine lapped at slow rotation to ~20 µm thickness, followed by manual polishing 

using a succession of same SiC pads, and finally machine-polished for 10—20 minutes with 
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1 µm diamond paste (SPI Diamond Compound, Structure Probe, Inc.,West Chester, USA), 

dispersed on a polishing cloth mounted on aluminium plate, on a Logitech PM5 machine, 

producing ultra-thin sections (5—15 µm thick).

Thin sections were observed and photographed in transmitted light under conventional 

polarising microscopes and stereomicroscopes (an Olympus BX51 equipped with a digital 

camera Olympus SC180 and cellSensTM software; a Leitz Orhoplan and a Wild M420 

equipped with a Leica DFC450 and LAS (Leica Application Suite) imaging software).

Transmitted light petrography was supplemented by cathodoluminiscence (CL) imaging 

at the Institute of Karst Research ZRC SAZU, Postojna, Slovenia, using a Technosyn cold 

CL luminoscope (model CITL CL8200 MK4) with a 14-15 kV electron beam energy and an 

electron current of 350-400 μA, mounted on a Nikon Eclipse E600 petrographic microscope 

with either a Nikon DXM1200 or a Leica DFC450 digital camera and corresponding 

software suits. Most of the long-exposure CL images were digitally enhanced using Adobe 

Photoshop CS6 adjustments of exposure and brightness/contrast. 

Selected polished thin sections were examined with fluorescence microscopy in the 

Microscopy Lab (SEES, Cardiff) using a Leica DML microscope in reflected light with 

filters for blue and green wavelength fluorescent light, fitted with Leica LAS imaging 

software. 

5.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried on a JEOL JSM 330A (see Appendix 

A5-2) and a JEOL JSM IT100 LV microscope at the Microscopy Laboratory ZRC SAZU 

in Ljubljana. SEM observation was performed on freshly broken surfaces of mm-to-cm 

sized rock fragments and isolated Microcodium aggregates (see below). Fragments were 

washed in distilled water in an ultrasonic bath and mounted onto standard aluminium 

holders with double adhesive tape or carbon paste. Uncoated specimens were observed 

and photographed in low-vacuum (LV) mode (20-40 Pa) with an accelerating voltage of 

15 kV and 20 kV at a working distance from 9 to 11 mm. Photomicrographs were taken in 

topographic, compositional and shadow backscattered electron imaging (BET, BEC and 

BES) modes, whilst Au-coated samples (for 100-300 seconds using a Baltec SCD-50 Sputter 

Coater) were observed in high vacuum (HV) SED mode.

SEM images of polished thin sections were collected either in LV on uncoated surfaces 

in BEI mode or coated with carbon (for several seconds, using a JEOL JEC-530 Carbon 
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Coater) and observed in high vacuum with an accelerating voltage of 15 kV and 20 kV. 

Conventional backscattered electron imaging of uncoated thin sections was supplemented 

by Charge Contrast Images (CCI) performed in LV conditions (40-60 Pa) with a powerful 

beam (maximum accelerating voltage and high probe current) using a low-vacuum 

Secondary Electron Detector (LV SED) or a backscattered detector (see also methods in 

Chapter 3). Several impregnated double-polished thin sections were etched (decalcified) 

with diluted (5 %) HCl, washed with distilled water, air-dried and Au-coated for SEM 

analysis. 

5.2.3. Elemental analysis

Qualitative and semiquantitaive Energy Dispersive X-ray Spectroscopy elemental 

analysis (EDS) was performed on a JEOL JSM IT100 LV microscope at the same LV 

conditions as described above. Elemental spectra were obtained on uncoated thin sections 

using point or small area analysis with 100 seconds preset (live) time and automatic element 

identification mode. Elements selected from qualitative results were further analysed 

manually in (semi)quantitative (standardless) mode; results were calculated and reported in 

pure (non-oxide) form.

Elemental analyses of Microcodium were performed on polished thin sections on a JEOL 

JXA-8900 M WD/ED Electron Microprobe at the National Electronic Microscopy Centre 

(CNME) at the University Complutense Madrid. Microprobe was operating at 15 kV and 

20 nA and employing an electron beam diameter of 5 μm (for further analytical details see 

Appendix A5.4)

5.2.4. Sampling and stable isotope analysis of carbonate δ13C and δ18O

From hard limestone, samples for stable isotope analysis were obtained from slices 

remaining from thin section preparation. Portions of slices rich in Microcodium were 

cut into ~0.2—0.5 mm thick platelets using a Buehler Iso-Met low-speed saw. Individual 

platelets were collected in glass vials, washed in distilled water, air-dried and set into a clean 

watch glass. Then they were covered with several drops of 70% ethanol and gently crushed 

using a glass stirring rod. Clear, limpid clusters of Microcodium devoid of visible remains 

of matrix or cement were manually picked from the watch glass under a stereomicroscope 
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(using a combination of transmitted and reflected light) with a precise tweezers or a fine 

brush, and collected in conical bottom vials, approximately 0.5 to 1 mm3 per sample.

Soft, weakly cemented rock samples with Microcodium were processed by rough 

crushing of 100—200 g of sample into a glass beaker, soaking of material with water, and 

followed by agitation of a mixture for 5—10 minutes in an ultrasonic bath. The fines 

were washed under running water over a set of standard stainless steel sieves. Collected 

residues were air-dried. Individual well-preserved and clean Microcodium clusters without 

traces of matrix were collected from the ø > 250 µm residue on a microfossil tray under a 

stereomicroscope into glass vials, 2—5 clusters per sample, yielding approximately 1 mm3 

of material. Clusters of individual samples were gently crushed and mixed (homogenised) 

inside the vials using a clean stirring rod.

Carbon and oxygen stable isotope analyses of Microcodium were performed at the Stable 

Isotope Laboratory of the School of Earth and Environmental Sciences, Cardiff University, 

with additional analyses carried out at the University of Graz, Austria (see Appendix 

A1-1). At Cardiff, isotopic determinations were performed on powdered samples using 

a ThermoFinnigan MAT 252 mass spectrometer with a Kiel IV carbonate preparation 

device. For an individual sample, repeated measurements (typically quadruplicates) were 

done on sets of separated sub-samples, approximately 20-100 µg each. Isotope values are 

reported relative to Vienna Pee Dee Belemnite (VPDB) using the standard NBS-19. The 

average analytical precision of the standard analyses over the period of the investigation was 

±0.05‰ for 18O and ±0.03‰ for 13C (G. Bianchi, personal communication). 

At Graz, sample powders, 200-500 µg each, were reacted with 100% phosphoric acid 

at 70°C in a Kiel II automated reaction system, and the evolved carbon dioxide gas was 

analysed with a Finnigan Delta Plus mass spectrometer with analytical precision <0.05‰ 

for δ13C, <0.1‰ for δ18O. Likewise, the isotope values were corrected according to the 

NBS19 standard and reported relative to VPDB standard.
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5.3. Morphology and architecture of Microcodium

A typical Microcodium structure (Bodergat 1974; Freytet and Plaziat 1982; Morin 1993) 

consists of a millimetric cellular aggregate composed of individual polyhedral, elongate 

crystalline elements of calcite (Fig. 5.1; Appendix A5-2, Fig. A5-2.1). These elements are 

polygonal in cross section and are usually strongly elongate, measuring 50–800 μm in 

length (in rare examples > 1 mm) and 20–100 μm in width. Basic elements, simply termed 

grains by Klappa (1978) to avoid terminological confusion and genetic implications, 

are typically arranged in a distinctive radial pattern forming cylindrical and vermiform 

structures with grains arranged around a central tubular space termed axial canal (Bodergat 

1974; Fig. 5.1, Fig. A5-2.1) Diameter of the axial canal is typically between 50 and 200 µm, 

comparable to diameter of vascular cylinders of fine roots (Fig. 5.11; Appendix A5-2, Fig. 

A5-2.8; also see comparison with dimensions of iCRs in Appendix A3). Depending on 

the orientation, cylindrical Microcodium shapes have been compared to morphology of 

a corncob (in longitudinal directions; Figs. 5.1, 5.4, 5.5 and 5.7A, B) or rosettes (in cross 

section; Figs. 5.1, 5.5, 5.7A, B). This archetypal morphology has been described by Bodergat 

(1974) as Microcodium Type 1. 

Another form, named Type 2, is characterised by layered arrangement of asymmetric 

aggregates, normally composed of strongly elongate grains. Such forms have been termed 

lamellar or mono-laminar (Freytet et al. 1997) or palisadic since they resemble palisade 

tissues (in biological sense, layers of parallel, often columnar cells having their long axes 

perpendicular to a surface; OED Online) that can be observed in certain directions in 

thin sections. As illustrated by Freytet and Plaziat (1982) and Morin (1993), there is a 

morphological continuum between both basic types with intermediate asymmetrical forms 

(Fig. A5-2.1).

The fundamental morphological characteristic of Microcodium, as opposed to ‘normal’ 

plant cellular materials, is a marked elongate, slender shape of its constitutive elements 

(grains). Most papers describe these elements as prisms (Bodergat 1974; Klappa 1978; 

Kabanov et al. 2008) although Microcodium elements are generally not prismatic (prism is 

a polyhedron with two end faces that are similar, equal, and parallel rectilinear figures, and 

whose sides are parallelograms or rectangles). As shown in Figure 5.2, prisms can only form 

(constitute) a planar monolayer of cells whereas in curved (folded) cellular monolayers, 

cells adopt a shape that can be simplified as frustum (plural frusta) – a truncated pyramidal 

polyhedron (Fig. 5.2B). 
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Figure 5.1. A) Reconstruction 
of a typical cylindrical 
Microcodium aggregate 
showing corncob shape in 
longitudinal section and 
rosette form in tranversal 
section. From Freytet & 
Plaziat (1982).
B) Traced SEM image of 
a moderately contorted 
Microcodium fragment in Fig. 
5.3C. Oblique or marginally 
placed 2D sections through 
the aggregate (e.g. along the 
marked red line a-a’) would 
result in a series of apparently 
unconnected rosettes.
Digitally traced with Adobe 
Illustrator CS6.

A B a

a’

A simple growth model of a basic Microcodium architecture in Figure 5.3 assumes 

an initial ring (a single layer) of cells of similar diameter (Fig. 5.3B) around a tubular 

space (axial canal; in plant roots, that would correspond to a vascular cylinder). Non-

uniform (asymmetric) increase of volume of some cells result in their radial (centrifugal) 

expansion (increase in r) while the cell length (d) remains unchanged (Fig. 5.3C). A typical 

Microcodium rosette, composed of regular, wedge-shaped polyhedral elements (Fig. 5.3D), 

can be derived from B by uniform radial cell growth (increase in r), but, as in C, without 

cell expansion (elongation) in longitudinal direction (d). Technically, polyhedra in D are 

prisms – but with their (short) axes oriented longitudinally (parallel to d). 

Yet, a typical shape of Microcodium grains can be best simplified as a frustum (Fig. 

5.3E): such elements compose cellular structure of any curved, non-planar layer (Fig. 5.2B). 

Moreover, if cells grow (expand) radially (centrifugally) in a uniform way (in all directions), 

a resulting geometric shape is an aggregate of frusta. 

Figure 5.4 illustrates a simple 2D model of cellular growth from a tubular monolayer 

of cells. A simple cylindrical shape (a corn cob form) can only result from uniform radial 

(but not longitudinal) extension of cells (at the same rate). Alternatively, non-uniform, 

competitive outward growth of cells from discrete points/centres (and suppressed/ 

restrained growth between them) results in distorted/contorted cylindrical shapes. Such 
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Figure 5.2.  A) Scheme representing a planar monolayer of columnar cells. Cells are simplified as prisms. 
B) Scheme illustrating curved or folded cellular monolayer. Cells adopt a shape that would be geometrically 
simplified as frusta (note that walls of true biological cells are much more complex in shape and typically 
curved). Modified from Gómez-Gálvez et al. (2018) and Blanchard (2018).

a b

Prism Flat sheet Frustum Curved layerA B
a b

Prism Flat sheet Frustum Curved layer

Figure 5.3. A) An example of a simple fine root cross-section of a model plant Arabidopsis thaliana (modified 
from Peret et al. 2009). B) A single layer of (cortical) cells with similar diameter (r) and length (d) extracted 
from fig. A. Cells do not show expanded radial growth. C) Same single layer of cells showing asymmetrical 
nonuniform enlargement of cell volume resulting in radial expansion of cells (increase in r) while cell length 
(d) remains unchanged. Cf. fig. 5.20B. D) A typical Microcodium rosette composed of regular, wedge-
shaped polyhedral elements; such structure results from uniform radial cell growth (increase in r) but no 
cell expansion (elongation) in longitudinal direction (d). E) Schematic illustration of a structure, formed by 
uniform cell growth from a sphere or a folded surface, is composed of frusta - truncated pyramidal polyhedra. 
F) Scheme of a typical curved, often twisted Microcodium frustum with curved faces resulting from radial 
expansion of cellular elements at diffrent growth rates. 
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Figure 5.4.  Sketches of longitudinal sections through cylindrical (type 1) Microcodium aggregates.
A) A corncob form resulting from simple, uniform growth of cellular elements symmetrically from a central 
canal (tube). B) Moderately distorted/contorted corncob shape, and C) strongly distorted shape, composed 
of connected rosettes. Distorted morphology is due to expanded radial growth of elements at certain points/
centers along the axial canal and suppressed/restrained growth of cells between them.

A B C

a growth mode can produce irregular aggregates which, in particular longitudinal or 

oblique cross sections (illustrated in Fig. 5.1B), appear as a series of unconnected spheroids 

(rosettes; Figs. 5.8A-C) although they actually belong to a single distorted cylindrical 

aggregate (cf. SEM images in Fig. 5.5). Consequently, rosette Microcodium shapes are not 

merely corncob forms in cross sections. 

Microcodium elements typically have slightly to considerably convex, rounded distal 

termination (Figs. 5.5 to 5.8, Figs. A5-4.01-4.03), whereas individual grains terminate with 

a distinctive pit (Figs. 5E, G, Fig. A5-4.03). Bulbous terminations of strongly elongate grains 

are also visible on lamellar Microcodium forms on sides directed towards the substrate (Fig. 

5.6D, E).

Additional element of complexity, almost impossible to reconstruct in thin sections, is a 

fact that Microcodium aggregates in 3D often exhibit branching patterns (Figs. 5.5 and 5.6). 

There is a striking similarity between the lateral branches of Microcodium (Figs. 5.5D, E, G 

and Figs. 5.6A, B) and modern intracellularly calcified roots (Fig. 5.6C; see also Chapter 3) 

showing considerably lower diameter at the point of initiation of a lateral (branch). Both 

Microcodium and the calcified root in these examples exhibit an analogous topology where 
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branching is confined to the main axis whereas lamellar Microcodium examples in Figures 

5.6 D and E show a clear dichotomous branching pattern.

Thin section photomicrographs in Figures 5.7 and 5.8 show examples of Type 1 

Microcodium corncob and rosette morphologies corresponding to simplified models in 

Figure 5.4 and 3D SEM images in Figures 5.5 and 5.6. Simple aggregates generally do not 

express considerable radial elongation of grains (in longitudinal sections) and are composed 

of a relatively small number of cells in cross sections (Fig. 5.7) as compared to larger rosette 

aggregates (Fig. 5.8, Figs. A5-4.01 E, F, A5-4.02A-D). 

Although the lamellar palisade forms (Type 2) have been used as one of the key 

arguments against the root-related origin of Microcodium (Freytet et al. 1997; Kabanov et al. 

2008 and references therein), almost none of the papers following the well-illustrated book 

of Freytet and Plaziat (1982) have explicitly re-examined morphological attributes of these 

intriguing structures (a notable exception is an unpublished thesis of Morin 1993). 

Spectacular examples of lamellar Microcodium presented here are from the Palaeogene 

of southern France. They have enabled further insight into the architecture of lamellar 

forms – reasonably comparable to certain forms of modern calcified roots, and together 

with the asymmetric intracellularly calcified roots presented in Chapter 3 provided a firm 

basis to compare and explain the mode of formation of both features. Lamellar forms 

illustrated in Figures 5.9 and 5.10 (also see Appendix A5-4, Figs. A5-4.04—07), all from 

a single locality of Paleocene breccia near Montpellier, France, are only weakly cemented 

and enable to easily exfoliate, with all details preserved, mm to cm size individual lamellae 

of Microcodium (Fig. 5.9). At a closer examination under SEM, grooved surfaces visible 

in hand-specimens (Figs. 5.9B, C) show an intricate branched architecture (Figs. 5.6D, E) 

with a clear cellular patterned surface. Thin section photomicrographs in Figures 5.10 and 

A5-4.06 (Appendix A5-4) show variably oriented sections through lamellae, from palisades 

(in longitudinal direction) to series of lobate asymmetric forms (in cross section) and 

irregular folding (convolution) and branching in oblique sections (Fig. 5.10B). Importantly, 

the asymmetric Microcodium forms are apparently always oriented with the elongate side 

(= growing direction) towards the substrate (Fig. 5.10A, Figs. A5-4.07) and with the axial 

canal placed opposite the contact with the substrate (compare with illustrations of Bodergat 

(1974) and Freytet and Plaziat (1982); Appendix A5-2, Fig. A5-2.1C). Centripetal (inward) 

growth and successive corrosion of the substrate is best seen in corroded pebbles (Fig. 5.9A) 

where Microcodium aggregates in all layers (lamellae) are oriented in the same direction 

(Figs. 5.10A, D, E). Analogous geometries are characteristic of flat, shovel morphologies 
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Figure 5.5. SEM photomicrographs of Microcodium aggregates from the Esplugafreda section, NE Spain (see 
Appendix A5-3). All images taken on uncoated specimens in backscattered low-vacuum mode.  
A-C) contorted corncob aggregates; D) two Microcodium fragments with considerably different diameter, 
stuck together; E-F) aggregates with short lateral branches; G) large, strongly distorted aggregate, in the 
upper part intermediate between corncob and rosette shape. Note deflated appearance (pitted surface) of 
individual grains in E and G.
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Figure 5.6. Branching patterns in Microcodium and intracellularly calcified roots; secondary electron SEM 
images, all at same magnification. A) Higly contorted, vermiform Microcodium aggregate (a-a’) with short 
(broken) laterals (b, c, d, e), Eocene Claret Fm. B) Relatively straigth and regular cylindrical aggregate (a-
a’) with short laterals (b, c, d); note significanly lower diameter of laterals at the point where they emerge 
from the ‘parent’ branch’. Paleocene Esplugafreda Formation, Spain. C) Herringbone branching pattern of 
intracellularly calcified root segment with a parent root (vertical) and lateral branches on both sides. Note 
reduced diameter of branches at the point of emergence from the parent root cortex, analogous to Figs. 5.6B 
and 5.5E-F. Modern soil, Finestrat, Spain. D, E) Dichotomous branching pattern of lamellar Microcodium. All 
branches in D (numbered in developmental orders from 2 to 7) originate from  a single, lowest order branch 
(number 1, extrapolated out of the image). Cf. Fig. 5.9. Paleocene continental succession, Montpellier, France.
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A

Figure 5.7.  Thin section photomicrographs of cylindrical (type 1) Microcodium aggregates. A, B) Typical 
corncob (cc) and rosette sections; partly disintegrated aggregates in micrite; lower Eocene calcrete, 
Koromačno, Istria. C) A rosette section composed of a single layer of non-elongate, isodiametric polyhedral 
cells (35-45 µm in diameter). Paleocene, Sv. Martin calcrete, sample SM1-Rh3-3. D, E) PPL/XPL pair showing 
cross sections of simple rosettes, composed of moderately elongate grains. Boundary interval (Paleocene/
Eocene) between the Trstelj Formation and the Alveolina-Nummulites Limestone, Kremance locality.
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C

A

D
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Figure 5.8. Thin section photomicrographs of type 1 Microcodium aggregates.
A) Microcodium corroding a fissure in massive calcrete; rosettes (r) are partly disaggregated. PPL, Paleocene, 
Sv. Martin calcrete. B) Discrete rosettes, probably belonging to a single distorted cylindrical aggregate (cf. Fig. 
5.5.). Microcodium grows in a fissure in an earlier stage calcrete, largely composed of smaller Microcodium 
grains, embedded in dark micrite. C) detal of B. Note two-layered (vaculate) structure of in grains and 
a (sparite-filled) space between Microcodium and the substrate. PPL, Paleocene, Section Divača AC. D, 
E) PPL/CL pair of a rosette section. Strongly elongate grains display clear concentrically layered (striate) 
ultrastructure. CL image shows generally nonluminescent grains with red luminescent, thin outer layer, 
enclosing striate part. Polyhedral elements are separated by clearly distinguishable thin (several µm thick) 
nonluminescent ‘walls’. Paleocene, Čebulovica II section (Appendix A5-3). Scale bar 100 µm. Also see Figures 
A5-4.01 to A5-4.03 in Appendix A5-4.
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A

Figure 5.9. Lamellar Microcodium on a mesoscale. A) Limestone pebble intensively corroded by successive 
milimetric layers (lamellae) of Microcodium, growing centripetally. Scale bar 1 cm. B) Close up view of 
A showing intricately patterned surfaces of lamellae, corresponding to densely branched Microcodium 
structures. Detailed view under SEM is shown in Figs. 5.6 D, E. Arrow indicates red noncarbonate (insoluble) 
material concentrated between Microcodium lamellae. Scale bar 5 mm. C) Fragment of lamellar Microcodium 
(brownish colour) with white micritic interlayers. Scale bar 5 mm.

C

B

of intracellularly calcified roots with ectopic vascular cylinders (Figs. 3.17G, H, 3.20, 2.21, 

Section 3.4, and Figs. A3-4.02, 4.03, 4.04), particularly those composed of pronouncedly 

long cells. 

In general, even the most asymmetric Microcodium forms with extremely elongate 

grains, constituting the lamellar aggregates, can be geometrically described with the same 

basic principles as set up for the radial growth process. The fundamental difference is 

that the cellular growth in asymmetric forms progressed predominantly (preferentially) 

or exclusively in only one direction. In cross sections, intermediate morphologies render 

a shape of an asymmetrical oval-shaped rosette with the axial canal placed eccentrically 

(Appendix A5-4, Fig. A5-4.07A), whereas in extremely elongate forms, axial canals 

occur marginally. Marginally placed axial canal constitute a longitudinal groove along an 
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B

A

C

A

Figure 5.10. Lamellar Microcodium in thin sedctions, all in PPL. A) Cross-section through lamellar 
Microcodium in contact with corroded limestone (dark lower part). Excessively thick thin section. 
B) A section, cut slightly oblique to lamellae, showing cerebroid-like shape of aggregates. m - strongly 
micritised part. C) Transverse section through a lobate-shaped lamella, composed of several asymmetric 
aggregates; arrows indicate ‘axial’ canals placed marginally (distally to the substrate). Cf. Figs. 3.17G, H in 
Chapter 3. Scale bar 0.5 mm. D) Lamellar Microcodium with an interlayer, composed predominantly of 
micritised cylindrical (Type 1) aggregates (m). E, F) Lamellae of strongly asymmetric aggregates corroded 
by smaller, rosette-shaped Microcodium, protruding along (through) interlamellar partings. Yellow arrow: 
larger, fully developed aggregate (also note micrite-filled dissolutional void aroud the rosette); red arrow: 
an aggregate in incipient growth stage. All samples are from Paleocene breccia/conglomerate, Montpellier, 
France. Also see Figures A5-4.04 to A5-4.06 in Appendix A5-4. 
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aggregate and is visible as a pit on the edge of an elliptical cross section (Fig. 5.10C), placed 

distally (opposite) to the substrate. 

In some sections, lamellar forms are associated with cylindrical (rosette) forms of 

Microcodium growing between and corroding previously formed lamellae (Figs. 5.10E, F). 

Cathodoluminescence petrography of lamellar forms often reveals cellular structure, not 

visible in plane polarised light (PPL), showing that individual layers of strongly elongate 

grains can be actually composed of multiple smaller grains or more than a single layer of 

elongate elements (Figs. A5-4.06E, F, A5-4.07). However, such a pattern may partly be an 

artefact of overly thick thin sections where individual grains can be clearly seen in reflected 

CL light but are not discernible in transmitted light due to their overlapping. 

5.3.1 Fine root rhizoliths, incipient Microcodium and intermediate morphologies

Previous research (Košir 2004, Appendix A5-2) has shown that typical Microcodium 

morphology can be derived from anatomy of simple fine roots (Figs. A5-2.9, A5-2.10). 

Further evidence is shown in Figure 5.11 with fine root fabrics and incipient stages of 

Microcodium. Noncalcified fine roots with only partially preserved anatomical details 

(Fig. 5.11A) are associated with very fine roots, 100 to 200 µm in diameter, with preserved 

cellular structure of the cortex, characterised by cloudy brownish calcite and simple 

structure, composed of only one or two layers of small cells, 20-25 µm in diameter 

(Figs. 5.11B, C). Some sections of fine roots display individual, considerably enlarged 

(hypertrophied) outer cells which are typically lighter in colour and measure up to 100 

µm. Individual root sections exhibit preserved thin outermost cellular layer (Fig. 5.11C), 

apparently corresponding to epidermis. Well-developed Microcodium aggregates, up to 

0.5 mm in diameter with elongate, 100-250 µm long grains (Fig. 5.11D), are associated 

with incipient Microcodium, <200 µm in diameter, composed of minute grains (20-30 

µm). In spite of their small dimensions, some Microcodium rosettes in different stages 

of development, from incipient to fully developed forms (Fig. 5.11F), are composed of 

pyramidal grains with ultrastructure, characteristic of strongly elongate elements (see 

Section 5.5).
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Figure 5.11. Fine root fabric and incipient stages of Microcodium from the Sv. Martin laminar calcrete. Thin 
section images in PPL. A) Noncalcified fine roots (a, b, c) with only partially preserved anatomical details: 
a - transverse section with the central tube corresponding to a vascular cylinder, surrounded by radal septate 
micrite fabric (cortex) with several preserved cells (black arrow); b - same as [a] but in longitudinal/oblique 
section; c - oblique section with preserved cellular structure of the cortex. Yellow arrow indicates a very fine 
root in cross section, composed of a single layer of small calcified cells (?embryonic stage of Microcodium). 
B) Sections of fine roots with individual enlarged (hypertrophied) calcified cells (black arrows). C) Black 
arrows indicate thin layers of partly preserved epidermal cells of very fine roots (<100 µm diameter). Larger 
root (yellow asterisk) shows considerably enlarged cortical cells (yellow arrow), apparently merged (fused) 
with the epidermis. Cf. CL images in Figs. 5.18. D) Asymmetric Microcodium aggregates (m), micritic 
rhizoliths (r) and incipient Microcodium (yellow arrow). E) Branched rhizolith (r) with partially preserved 
anatomical details (arrow), associated with fully-developed Microcodium (m). Note similarity of diameter of 
rhizolith vascular cylinders (v) and the axial canal of Microcodium (a). F) Developed (a, b) and incipient (c, d) 
Microcodium. 
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5.4 Microcodium-substrate relationships

A controversial aspect, which is commonly seen with all morphotypes, is the ability of 

Microcodium to dissolve and intensely corrode carbonate substrates. The most spectacular 

examples of corrosive nature of Microcodium are lamellar forms, centripetally corroding 

carbonate clasts (Fig. 5.9), and cylindrical aggregates in contact with bioclasts where 

Microcodium clearly cross-cut internal structures of fossils (Fig. 5.12E, Figs. A5-4.09, A5-

4.10). Microcodium commonly grows along fractures and enlarge the voids by corroding 

the walls (Figs. 5.8A, 5.12 D, 5.13A; Fig. A5-4.01D). It often disaggregates, leaving empty 

voids which retain the corrosional outline (Fig. 5.12D). In-situ aggregates in direct contact 

with the substrate and protruding into it usually display intact structure (Fig. 5.12F) but 

apparently rapidly disintegrate to fragments and individual grains due to (soil) bioturbation 

(Figs. 5.13A, B, Fig. A5-4.09E, F).

Individual aggregates are commonly separated from the corroded substrate by a void, 

up to several 10 µm wide, subsequently filled by cement or matrix (Figs. A5-4.10A-D), and 

occasionally associated with thin films of non-carbonate mineral or organic material (Fig. 

5.12C). Dissolutional voids, considerably larger in diameter than aggregates themselves, are 

well expressed in cylindrical forms protruding through partings and corroding previously 

formed Microcodium lamellae (Fig. 5.10F). Exceptionally, in situ Microcodium aggregates 

are surrounded by tubular, spar-filled features, up to 50 µm long and 10-20 µm in diameter, 

protruding into the micritic substrate, corresponding in size and shape to root hairs (Figs. 

5.12A, B). In some cases, depending on diagenetic alteration of material, similar features 

can be better recognisable under CL (Fig. A5-4.10E, F).

Disintegrated Microcodium grains are susceptible to reworking and resedimentation. 

In situ Microcodium aggregates are often associated with reworked material (Fig. 5.13A, 

Fig. A5-4.11A), locally forming packstone and grainstone textures, composed almost 

exclusively of Microcodium grains (Fig. 5.13C, Figs. A5-4.11B, C). Reworked grains can 

be incorporated in later stages of calcrete development (Fig. 5.13D, Figs. A5-4.11D, F). 

Furthermore, because of the constructive–destructive nature of many rhizogenic calcretes, 

Microcodium colonies can often be seen corroding indurated horizons from earlier stages of 

soil development (Fig. 5.13A). 
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Figure 5.12. Microcodium-substrate relationships. Thin sections photomicrographs in PPL. A, B) 
Microcodium surrounded by tubular, spar-filled features (arrows), protruding into the micritic substrate, 
corresponding in size and shape to root hairs. Also note a void around the Microcodium rosette, possibly 
corresponding to decomposed root epidermis. C) Microcodium aggregates enclosed with a thin layer of 
brown, organic-rich material. Yellow arrows indicate possible remains of an epidermis, red arrow shows 
a thin film of non-carbonate/or organic rich material. Paleocene, Dolenja Vas section. D) Microcodium, 
corroding fine-grained palustrine limestone. In-situ aggregates are preserved in the upper part (m) whereas 
Microcodium in the lower part had disintegrated and had been removed. The corresponding void, filed 
by sparite cement (c), retained the curved shape created by Microcodium dissolution. Paleocene, Šumka 
section. E) Miliolid foram (f) corroded by Microcodium. Paleocene, Čebulovica section. F) Intensively 
corroded mudstone with asymmetric, fan shaped Microcodium aggregates protruding into the  substrate (s). 
Microcodium aggregates in contact with the mudstone substrate are intact but largely disintegrated in the 
surrounding. Liburnian Formation, Maastrichtian, Vrabče locality. Also see Fig. A5-4.11.
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A

D

Figure 5.13. Microcodium-substrate relationships and disintegrated aggregates. Thin section 
photomicrographs in PPL. A) Several mm wide vertical corrosional structure in calcrete (c) made of in-
situ asymmetric Microcodium aggregates (a) at the edge and disintegrated Microcodium in the central part 
(b). Paleocene, Divača AC locality. B) Partly disintegrated aggregate. Note early micrite cement enclosing 
the polyhedral grains. Sample SV-44, Divača, Paleocene. C) Microcodium packstone composed of separate 
elongate grains and an unbroken rosette (r). Slavnik locality, Maastrichtian. D) Individual elongate 
Microcodium grains incorporated in peloidal calcrete. Paleocene, Šumka section.
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5.5 Ultrastructure and crystal morphology of Microcodium grains

Petrographic description of the rhizogenic microfabric presented by Košir (2004) has 

mainly concentrated on transitional morphologies between calcified roots and classic 

Microcodium features in thin sections from two adjacent laminar calcrete profiles 

(Appendix A5-2). The following analysis is based on a much wider variety of material from 

different settings and is complemented by optical cathodoluminescence (CL) using high-
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sensitive digital cameras, and SEM petrography. Previous CL investigations (Appendix A5-

2, Section A5-2.6.2) did not give results with sufficient resolution and contrast due to the 

limited light-capture sensitivity of the equipment.

Compared to numerous papers aimed at reconstructing the architecture of 

Microcodium, relatively few studies comprehensively examined the crystal ultrastructure 

and growth patterns of individual elements. Amongst these studies, the most thorough 

investigations have been provided by Lucas & Montenat (1967), Bodergat (1974), Roux 

(1985), Morin (1993) and Kabanov et al. (2008). As noted in Sections 3.4 and 5.1, material 

of Klappa’s (1978) interpretation pertains mostly to Recent and Pleistocene intracellularly 

calcified roots (cf. Jaillard 1987 and Jaillard et al. 1991), whereas his petrographic analysis 

only briefly delineate the ultrastructure and crystallographic properties, intrinsic to classic 

pre-Quaternary Microcodium. An important issue in comparing both features is that 

modern calcified roots have not undergone significant diagenetic changes (but see the 

following section) whereas most Microcodium examples are from well-cemented rocks that 

were mostly subjected to multiple diagenetic phases in different realms. 

A comparative list of petrographic features of Microcodium and intracellularly 

calcified roots, illustrated in Section 3.3, is given in Table 5.2. In general, typical elongate 

Microcodium grains (elements) exhibit (some of) the following characteristics:

1) Individual grains are predominantly monocrystalline, rarely polycrystalline, generally 

showing simple, uniform extinction, rarely undulose patterns in cross-polarised light (XPL) 

(Appendix A5-4, Figs. A5-4.12 and A5-4.13). Under XPL, apparently unique Microcodium 

grains can show aggregate, usually bipartite structure, composed of two or more parts with 

different crystal orientation and extinction (Figs. 5.15B, Appendix A5-4, Figs. A5-4.12B, 

A5-4.13B), similar to common structure of calcite in calcified root cells (Figs. 3xy-3.xz; 

Jaillard 1987, Jaillard et al. 1991).

2) Calcite in Microcodium grains is typically rich in minute dark, solid or fluid 

inclusions, and/or micropores (Fig. 5.14E, F), 0.5–2 µm in diameter (Appendix A5-4, Fig. 

A5-4.16D). 

3) Elongate elements often show fibrous appearance in longitudinal section (Figs. 5.14A, 

F, Appendix A5-4, Figs. A5-4.12A, E), although prominent radial fibrous calcite fabric, 

reported by some other studies (e.g. Kabanov et al. 2008; see below) has not been observed 

by SEM examination of the studied material. In some cases, indistinctive radial fabric 



185Chapter 5: The Microcodium controversy 

Microcodium iCRs remarks

mineralogical 
composition

Low Mg calcite Low Mg calcite

grain shape Relatively regular polyhedra with 
flat sides and polygonal in cross 
section, generally simplified as 
frusta[1], pyramids or prisms;

Predominantly strongly elongate

Complex polyhedra, often with 
curved and folded sides;

Generally isodiametric to 
moderately elongate;

Elongate in special cases

[1] see Figs. 5.2 and 5.3 
and references therein

grain arrangement Generally monolayered, radially 
arranged, fitting pattern cellular 
structure

Multilayered;
Fitting pattern cellular structure; 
empty (non-calcified) cells 
common

also see Fig. 5.3

crystal structure Generally monocrystalline 
[m] but also composite 
polycrystalline structure, 
often two layered calcite 
elements, generally with darker, 
inclusion-rich outer part and 
more limpid centre, either with 
difuse boundary [d] or central 
part of vacuolar/cisternate 
shape[c], or with indistinctive 
radial fibrous structure [f] [2];
Common radial striate  
features [s] [3]

Mono- to polycrystalline 

Lamellar, mesocrystalline and 
oriented-growth nanocrystalline 
structures observable under 
SEM

In thin sections clear calcite 
without (organic) inclusions

[2] Kabanov et al. 
(2008) distinguish 
“prismatic” and 
“radiaxial-fibrous” 
ultrastructure

[3] Figs. 5.21 and 5.22; 
see also discussion in 
Morin (1993)

Table 5.2. Comparative petrography of classic fossil Microcodium and modern intracellularly calcified roots 
(iCRs). Note that most petrographic information of Microcodium has been obtained by observation in thin 
sections whereas investigation of iCRs is typically performed on fragmental samples under SEM.
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Microcodium iCRs remarks
 
structure of laminar 
aggregates

Typically composed of strongly 
asymmetrical aggregates [4]; 
layers/laminae composed 
of structures exhibiting 
dichotomous branching  
patterns[5]; 
Aggregates oriented towards the 
corroded substrate with their 
thicker (ventral) side.

Layers/laminae composed 
of asymmetrical, fully 
calcified roots showing dense 
herringbone branching [6].
Aggregates oriented towards the 
corroded substrate with their 
thicker (ventral) side.

[4] see Fig. 5.6D, E;
[5] Figs. 5.9, 5.10; 
[6] Figs. 5.6C, 3.9, 

relationships with 
substrate

Clear corrosive (replacive) 
contacts

Clear corrosive (replacive) 
contacts

see Figs. 3.9, 3.11, 
3.15A-D and  
Figs. 5.12-5.13

optical properties

XPL extinction Within a single grain (element) 
generally uniform, reported 
also sweeping[7] to aggregate[8] 
extinction patterns,  

Fully calcified cells commonly 
composed of two or more parts 
with different crystal orientation 
and uniform or undulose 
extinction patterns

[7] Freytet and Plaziat 
1982;  
[8] Klappa 1978b

cathodoluminescence 
and charge contrast 
imaging patterns

Internal structure often 
emphasised under CL with 
distinguishable layers / 
generations of calcite (e.g. folded, 
cisternoid vacuoles)

CL patterns of Microcodium 
(enlarged calcified cells) 
differ from nonluminescent 
permineralised root cells [9]

Internal structure not 
discernable under CL

SEM CCI may exhibit internal 
crystalline features (e.g. primary 
microlamellar structure)

[9] See Figs. 5.18, 5.19

fluorescence 
patterns

Non-fluorescent to weakly 
fluorescent; fluorescence filters 
may enhance the contrast 
between diffrent calcite forms 
within a sinle grain 

Weak fluorescence in individual 
grains probably related to 
secondary incorporated organic 
matter in microendolith borings

see Figs. 3.30A, B; A3-
4.14I, J; A5-4.13.
 

calcite crystal 
inclusions

Common dark calcite, yellowish 
to pale brown in colour with 
cloudy appearance;
Apparent inclusions of 
organic matter and fluids in 
submicrometric pores[10]

Generally limpid calcite without 
incorporated solid organic 
matter, rarely calcite with fluid 
inclusions 

[10] see Appendix A5-
4.16

weathering patterns Common intensively micritised 
calcite by microendolith borings

Common intensively micritised 
calcite by microendolith borings

see Figs. 3.27-3.30, 
Figs. 5.20-5.22 and 
Figs. A5-4.19-4..21

diagenetic alteration Affected by diagenetic history 
from early (meteoric) to late 
stages (deep burial)

Generally devoid of considerable 
diagenetic change

Table 5.2. (continued)
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appears to be enhanced by vesicular inclusions (pores) in calcite, often slightly elongated 

and preferentially aligned in series in radial direction (Fig. 5.14F).

4) Microcodium calcite grains are commonly yellowish to pale brown in colour (in 

standard, ~30 µm thick thin sections) and have cloudy appearance.

5) Brown calcite usually constitutes the outer layer of an individual grain whereas the 

central part is typically more limpid. Transition between the coloured and limpid calcite 

can be diffuse (Figs. 5.8B, C, 5.14C, E) or sharp, delineating a central lumen (vacuole) (Fig. 

5.15A-C; Appendix A5-4, Fig. A5-4.13E, F). 

6) In two-layered, vacuolar grains, the outer calcite layer is characterised by inclusion-

rich, porous calcite, analogous to grains with radial fibrous appearance. In cross section, 

vacuoles exhibit circular shape (Figs. 5.15A-C) whereas in longitudinal sections through 

Microcodium elements, the vacuolar, central part displays conspicuously folded, convoluted 

to costate morphology (Figs. 5.15D-G). Complex vacuolar bodies display intricately folded 

shapes, which morphologically resemble (but are not genetically related to!) convoluted cell 

organelles such as endoplasmic reticulum and Golgi apparatus (Sparkes 2021, Evert 2006; 

these organelles are composed of a system of flattened, membrane-bounded vesicles, called 

cisternae). Similar cisternoid morphology can be deduced from well-oriented longitudinal 

sections through Microcodium grains in transmitted light in ultra-thin sections (diameter 

of vacuole is typically ~20 µm, i.e. smaller than a thickness of a standard thin section) as 

well as in backscattered electron (BEI) SEM images of polished thin sections (Figs. 5.15D, 

E). Cisternoid vacuolar features are often very clearly expressed in CL photomicrographs 

(Figs. 5.16 and 5.17) with non-luminescent outer layer and bright to dull orange or red 

luminescent internal vacuole. Equivalent ultrastructure, best seen in CL photomicrographs, 

can be observed in incipient Microcodium (Fig. 5.16C, D) and transitional forms, i.e. fine 

roots with individual, hypertrophied cortical cells (Fig. 5.18-5.19) which are invariably 

non-luminescent and occasionally exhibit complex (cisternoid) vacuolar structure. Such 

enlarged cortical cells have apparently formed by the same biomineralisation mechanism 

whereas larger fine roots, in spite of their well-preserved (permineralised) cellular tissues 

but lacking enlarged (calcified) cells, exhibit very different, indistinctive CL patterns (Fig. 

5.19E, F, Figs. A5-4.17, A5-4.18).

7) Microcodium grains exhibit significant difference in chemical composition of calcite 

layers. Electron probe microanalysis (EPMA) of major and selected trace elements (Ca, Mg, 

Fe, Mn, Sr, P, S) of vacuolar Microcodium indicate presence (increased amount) of sulphur 

(0.14—0.43 wt% S) and magnesium (0.8—1.7 wt% Mg) in the outer, porous/inclusion-rich 
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Figure 5.14. Ultrastructure and crystal morphology of Microcodium grains in thin sections.  A) PPL 
photomicrograph of disaggregated, separated Microcodium grains in longitudinal section with indistinctive 
radial fibrous appearance, accentuated by minute, dark inclusions (micropores). B) XPL image of (A). Sv. 
Martin calcrete. C, D) PPL/XPL pair of a transverse section of an aggregate, composed of cloudy brownish, 
inclusion-rich calcite. E) Transverse section of an aggregate composed of grains with distinctive brownish 
outer layer and colourless internal part. Both layers contain inclusions/micropores, contact between the layers 
is diffuse. F) Longitudinal section  of an aggregate; grains display indistinctive radial-fibrous texture, marked 
by slightly elongate, aligned inclusions (pores). Figs C-F: Paleocene, Šumka section.
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Figure 5.15. Please see caption on the following page.
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Figure 5.15. (previous page) 
Ultrastructure and crystal morphology of Microcodium grains: two-layered grains with vacuolar features. 
A, B, C) PPL, XPL and BES SEM photomicrographs of transverse section of an aggregate, composed of grains 
with a central vacuole (clear calcite) and an outer layer, rich in inclusions (pores). Boundaries between the 
layers are well discernable. Vacuoles exhibit rounded shape in cross section. Note polycrystalline structure 
visible in some grains under XPL (Fig. B), and crystal boundaries cross-cuting the vacuole/outer layer 
(asterisk). Sv Martin calcrete, Paleocene. Double-polished very thin section (~15 µm). D) BES SEM image 
of elongate grains in longitudinal section showing clearly-bounded contorted (folded) central vacuoles and 
the outer layer with micropores/inclusions (black). Also see higher magnificaton SEM image of the outer 
layer in Fig. A5-4.16D. Polished thin section. E, F, G) PPL photomicrgraphs of complex vacuolar grains in 
longitudinal section. Concentric layers of clear calcite correspond to vacuoles, enclosed in porous calcite. 
Individual sections along the axial part of grains (arrows) indicate that all the layers are interconnected in the 
median part, forming a cisternoid-like vacuole. Double-polished very thin section (~15 µm), Šumka section, 
Paleocene. Also see SEM images in Fig. A5-4.15 and PPL/fluorescence images in Fig. A5-4.13 E, F.

layer (Appendix A5-5) compared to 0.0—0.1 wt% S and 0.36—0.75 wt% Mg, respectively, 

in the inner layer. Backscattered electron SEM observations and EDS analysis of the same 

sample (Appendix A5-4, Fig. A5-4.15) correspond to EPMA results and indicate that the 

presence of sulphur is probably related to organic matter in vesicular pores (µm-size black 

spots in BES SEM images; Figs. 5.15C, D, Fig. A5-4.15C, D, Fig. A5-4.16D). Contents and 

ratio between Mn and Fe , which could provide explanation for contrasting CL response 

of calcite layers in vacuolar grains (e.g. Machel 2000; Barbin 2000), are close or below 

detection limit in all EPMA point measurements (Appendix A5-5).

8) Particularly strongly elongate Microcodium elements often show fine, 5-10 µm 

thick, concentric striations (Fig. 5.8D, E, Appendix A5-4, Figs. A5-4.02A-D, A5-4.10C). 

In the studied material, examples of Microcodium characterised by striate ultrastructure 

are relatively poorly preserved and have not provided further insight into this intriguing 

feature, interpreted by some previous researchers as an accretionary layering or successive 

growth lines (Roux 1995; Morin 1993 and references therein). However, exquisite 

microstructural details of concentric striae in calcite are preserved in Quaternary 

Microcodium material, described in Section 5.6 and further discussed in Section 5.8.3.

9) Many earlier works on Microcodium reported filamentous fabric occurring within 

the calcite crystals, composed of fine ‘filaments’ (i.e. tubular pores), 0.5-2 µm in diameter, 

organised in branching and fan-like patterns. Filamentous features have been one of the 

major matters in question in the Microcodium controversy and are, therefore, discussed 

separately in the following section (5.6) and compared to identical features observed in 

modern calcified root cells (Chapter 3, Section 3.4).
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Figure 5.16. Ultrastructure and crystal morphology of Microcodium grains in different stages of development.
A, C) PPL and B, D) CL images of a small rosette sections, composed of triangular (in 3D pyramidal) grains 
with concentrically layered structure. Cisternoid vacuoles are clearly visible in CL (luminescent central parts 
of grains), distinguishable from nonluminescent (black) outer layer. Cisternate structure is noticeable also in 
small grains of incipient Microcodium (m) in Figs. C and D.  Scale bars 50 µm. 
Sample SM1_Rh-R, Paleocene, Sv. Martin calcrete. 

B

C

mm



192Chapter 5: The Microcodium controversy 
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Figure 5.17. Ultrastructure and crystal morphology of Microcodium grains with complex vacuolar structures. 
A, C) PPL photomicrographs of excessively thick thin section (~50 µm) of tranferse section of Microcodium 
showing concentric layered ultrastructure of grains. In transmitted light, layers within a grain appear to be 
cseparate whereas in CL photomicrographs (B, D), some sections through central (median) parts of grains 
show that the layers are joined in a single cisternoid vacuole (white arrows) within nonluminescent (black) 
calcite.
Sample SM1-Rh6-B, Paleocene, Sv. Martin calcrete. Scale bar 100 µm.

5.6 Internal filamentous microfabric of Microcodium grains

As noted in previous sections, the original interpretation of Microcodium as a product 

of calcite precipitation within plant cells in association with mycorrhizal fungi (Klappa 

1978) was primarily based on Quaternary calcified roots, not Microcodium sensu stricto. 

However, well-preserved examples of Palaeogene and Holocene Microcodium have revealed 

micromorphology of intracrystalline filaments (tubular fabric) identical to features in 

modern intracellularly calcified roots, revealed by SEM analysis of resin-embedded 

samples, described in Chapter 3 (Section 3.3.5), apparently related to microbial (fungal) 

endoliths).
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Figure 5.18. Permineralised fine roots and incipient Microcodium grains. PPL (A) and CL (B) 
photomicrographs of longitudinal section of a partly calcified fine root. Fabric, corresponding to cellular 
tissues of the vascular cylinder (xylem), is indistinctly visible in the central part (v) and in the fine root 
rhizolith in transverse section (c); cellular fabric is better seen under CL. Fine root has apparently a single 
layer of cortex, composed of large, hypertrophied calcified cells (yellow arrows); compare with size of 
noncalcified cells in c (white arrow). Internal structure of calcified cortical cells (= incipient Microcodium) is 
analogous to ultrastructure of well-developed, elongate Microcodium grains (Figs. 5.15, 5.16). Paleocene, Sv. 
Martin calcrete. Scale bar 100 µm.

Figure 5.19. (next page)
Permineralised fine roots and incipient Microcodium. Thin sections photomicrographs in PPL and CL. 
A, B) Fine roots in trasverese sections (a, b) with individual calcified (hypetrophied) cortical cells appearing 
more limpid in PPL and nonluminescent in CL. Blue and yellow arrows locate the same calcified cells in 
PPL and CL. Microcodium (m) with indistinctive cisternoid vacuolar grains. C, D) As in A, B: several fine 
roots (a, b, c) with enlarged calcified cortical cells (black under CL). Arrow (d) indicates a non-calcified but 
permineralised fine root without enlarged cells. E, F) Yellow arrows: strongly enlarged “fat” (hypertrophied) 
calcified cortical cells in cross section and in longitudinal section (blue arrow). White arrow: small cell with 
cisternate vacuolar structure. R: oblique section of fine root lacking calcified cells but exhibiting relatively well 
discernible cellular structure in PPL (brown cells) and dull luminescence under CL. Paleocene, Sv. Martin 
calcrete. Scale bars: 100 µm.
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Calcite of Microcodium aggregates is often opaque and appears to be intensively 

micritised. It is apparent from fabric, observed in ultrathin sections (Figs. 5.20 and 

5.22), that the opaque micritic aspect, as seen in standard thin sections, results from 

dense, intertwined networks of microtubular features, typically approximately 1 µm in 

diameter (Figs. 5.20F-H; Fig. A5-4.19F). Grains in a single aggregate can exhibit very 

variable proportions of filamentous fabric, occurring in calcite – from individual straight, 

dichotomously branched and coiled filaments or a sparse veneer of tubules, centripetally 

protruding into the grain (Figs. 5.20C, 5.21C, D), to layered networks (Fig. 5.20 B), 

concentric striate structures (Figs. 5.21E, F, 5.22A, B) and radial swarms of filaments, 

following the axis of elongation of individual grains (Figs. 5.20E, F). Similar to the patterns 

observed in intracellularly calcified roots (Sections 3.4.4 and 3.5.4), the tubular networks 

appear to protrude into Microcodium grains from the external, intergranular space (Figs. 

5.20A, C) and preferentially proliferate in particular, determined intracrystalline layers. 

Peculiar striate fabric of Microcodium appears to be a consequence of such growth strategy, 

i.e. selective infestation of parts (concentric layers) in Microcodium grains (Figs. 5.21E, 

F, 5.22A), seemingly advantageous to endolithic microorganisms by particular mineral 

properties, most probably due to higher amount of incorporated organic matter (Golubic 

et al. 2005). In addition to apparent similarity with the classic micritisation mechanism, 

creating micrite envelopes (Bathurst 1966, 1975), Microcodium grains can also exhibit 

opposite patterns, characterised by selectively micritised internal parts and less altered and 

better preserved thin outer layer (Fig. 5.21C). Such patterns appear to be associated with 

Microcodium grains with double-layered, vacuolar ultrastructure (Section 5.5).

Figure 5.20. (next page) 
Filamentous features (microborings) in Microcodium calcite, all samples from Paleocene breccia, Montpellier. 
A) PPL photomicrograph of lamellar Microcodium. The outer layer of grains of an aggregate (yellow asterisk) 
shows dark filaments limited to the lower (internal) side of grains. 
B) Transverse section of Microcodium agregate showing different degree of calcite alteration in individual 
grains. Red arrow indicates a grain only slightly infested with microborings, yellow arrovs indicate grains with 
curved filamentous structures, corresponding to intracrystalline irregularities/layers. C) Close up showing 
proliferation of endolithic microborings into calcite grains from the intergranular (intercellular) space. 
D) High magnification PPL photomicrograph of microborings. E) PPL pfotomicrograph of radial 
microborings, concentrated on a distal side of a Microcodium grain. F) SEM photomicrograph of strongly 
acid-etched surface of vacuum-embedded thin section showing resin-filled casts of microborings (f).  
G) Detail of F., scale bar 50 µm. H) Resin-embeded microborings with measurements. 
Also see Figure A5-4.19 in Appendix A5-4.
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Figure 5.20. Please see caption on the previous page.
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Figure 5.21. Microcodium from a Holocene beachrock of Providenciales, Turks and Caicos Islands. Blue resin-
embedded ultrathin section photomicrographs in PPL. A) Intensively micritised (‘endolithised’) Microcodium 
aggregate, partly resulting in totally opaque grains, whereas most grains exhibit distinctive concentric layering 
(striation) in longitudinal sections, clearly enhanced by microborings. B) Strongly altered grains in transverse 
section. Some grains show apparently less affected internal parts (vacuoles), marked with white arrows. 
C) Transverse section of Microcodium agregate showing different degree of endolithic alteration in individual 
calcite grains. Cf. Eocene example in Fig. 5.20B. D) Same as C at higher magnification.  
E) Microcodium grains in oblique/longitudinal section showing clear evidence of enhancement of striate 
ultrastructural patterns by preferential proliferation of endolithic borings (red arrow) in individual concentric 
layers within the calcite. F) Microborings in a radial/concentric pattern, probably following ultrastructural 
‘template’ of calcite crystals (e.g. following lamellae of certain structure or composition).
Also see Figs. A5-4.21 and A5-4.22.
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Figure 5.22. Microcodium from a Holocene beachrock of Providenciales, Turks and Caicos Islands. Blue resin-
embedded ultrathin section. A) An aggregate with pronounced striate ultrastructure of elongate grains. White 
arrows indicate acicular aragonite cement post-dading formation of Microcodium. Dissolved outer margin 
of Microcodium elements (red arrow). B) detail of A. C, D) PPL and XPL photomicrographs of an aggregate 
composed of strongly elongate grains which exhibit different degrees of alteration by endolithic borings but no 
indication of striate (concentric) fabric. Also see Figs. A5-4.21 and A5-4.22.
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Figure 5.23. A cross plot of δ13C and δ18O values of Microcodium from this study. Extreme values correspond 
to (1) two samples of Paleocene material (also see Appendix A5-6, Table A5-6.1) and (2) Holocene 
Microcodium from beachrock from Caicos. Relatively positive values of the latter are most probably due to 
incorporation of marine cements within the aggregates. 
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5.7 Stable isotope analysis of δ13C and δ18O

The analysis of carbon and oxygen stable isotopes has been focused on and limited to 

well-preserved Microcodium samples, visibly devoid of traces of matrix and/or cement 

(see methods in Section 5.2). The δ13C and δ18O results of a total of 51 measurements are 

shown in Appendix A5-6, Table A5-6.1. Values of δ13C range from –18.9‰ to –4.7‰ with 

an average of –11.0‰ (σ ± 2.97‰), whereas δ18O values range from –8.0 to –3.1‰ and 

average at –5.8‰ (σ ± 1.26‰). The δ13C and δ18O values are cross-plotted in Fig. 5.23. 

Two groups of extreme values correspond to two samples of Paleocene Microcodium from 

the Esplugafreda Formation, Spain (δ13C  = –18.7 ± 0.2‰, δ18O = –7.8 ± 0.2‰), and of the 

Holocene Microcodium from beachrock from Caicos (δ13C  = –4.8 ± 0.15‰, δ18O = –3.4 

± 0.3‰). Relatively positive values of the latter are most probably due to incorporation of 

marine cements in pores within the aggregates (see Fig. 5.22A, Fig. A5-4.20E). 

Comparison of the δ13C and δ18O values of Microcodium with results of intracellularly 

calcified roots (Chapter 3, Figs. 3.33 and 3.34) and selected published data is shown in 

Figures 5.25 to 5.28 and discussed in Section 5.8.4.
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5.8 Discussion: Ancient Microcodium and modern intracellularly calcified roots:

similarities and differences

5.8.1 Architectural and morphological traits 

As noted in Section 5.3, the atypical forms of Microcodium, i.e. Type 3 of Bodergat (1974) 

or form (b) of Esteban (1974), as well as the material used by Klappa (1978) are simply 

identical to modern intracellularly calcified roots and, in their original description, 

do not share fundamental attributes of Microcodium described in the previous section 

(Section 5.3). Kabanov et al. (2008) excluded these atypical varieties from the definition 

of Microcodium (sensu stricto): the evidence from this study concurs with that view, 

particularly since many of the published pre-Quaternary examples are highly ambiguous 

(e.g. Goldstein 1988). The early Eocene example of the Form (b) of Esteban (1972) appears 

to be merely a typical Microcodium in incipient stages of growth. 

In terms of the morphological evidence against the root origin of Microcodium, the 

broad argument of Kabanov et al. (2008) can be summarised in several major points 

(directly quoted): 

(1) “The aggregate shape is extremely variable” (pp. 86, 96);

(2) “[Microcodium] structures grew at expense of direct corrosion of the host substrate, 

whereas cortical root cells are separated by the epidermis and the root hair layer”;

(3) “Microcodium is [usually] not associated with larger root remains”, and [its] “relation 

to small rootlet voids is facultative”;

(4) Some “aggregates initiated their growth from some tiny, apparently non-root voids 

or even form a microcrystalline substrate”;

(5) Individual “solitary grains and clusters of Microcodium grains are not always the 

products of aggregate breakdown and resedimentation, but often represent rudimentary 

stages of in situ Microcodium”;

(6) “Microcodium concentrations sometimes occur without root structures at all; the 

most spectacular example being the thick laminar Microcodium in deep karst-associated 

penetrations”, and “the root-cell affiliation [sic] cannot explain the laminar Microcodium 

masses corroding hard substrates”.

(7) “Morphology, corrosive contacts with substrates, and isotope signatures of 

Microcodium argue against its affiliation with root cells and/or mycorrhizae and encourages 

seeking its origin in the saprotrophic fungi or actinobacteria.”
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Concerning their statement (1), it could be argued just the opposite: the external shape 

and the internal arrangement of elements in various Microcodium aggregates is relatively 

constant and uniform. The variability of aggregates, illustrated in figures above (Figs. 

5.5-5.10; Fig. A5-4.7), can be elegantly explained with a few geometric principles and a 

common ‘bauplan’ equally applicable to all the different forms.

Regarding item (2), the corrosive nature of Microcodium [‘at expense of the host 

substrate’] is indeed one of its basic attributes. This is exceptionally well expressed when it 

corrodes individual (bio)clasts or surfaces (examples in Fig. 5.12). However, regarding their 

contact with the substrate, there seems to be no difference between intracellularly calcified 

roots (Figs. 3.xy in Section 3.5x) and Microcodium. In both cases, there can be a prominent 

void, up to several 10 µm wide, between the calcified body and the substrate (Figs. 5.8B, 

C, 5.10F, 5.12C, Appendix A5-4, Fig. A5-4.10). Rarely, the substrate around Microcodium 

can show tubular structures, corresponding in their size and shape to (non-calcified) root 

hairs (Figs. 5.12A, Fig. A5-4.10E-F). Importantly, as has been shown in Section 3.4, clusters 

of modern intracellularly calcified roots are rarely preserved with (organic) epidermis and 

root hairs. Following precipitation of CaCO3 in the cortex, calcified roots undergo rapid 

senescence associated with degradation of organic cell walls and final decay of cortex, 

epidermis and root hairs. Decomposition of non-lignified thin-walled tissues of fine roots 

is a rapid process (FitzPatrick 1990; Stolt and Lindbo 2010; Ismail-Meyer et al. 2018; Stoops 

2021), particularly in normally oxic, biologically active soils. 

When corroding substrates of mixed carbonate-siliciclastic lithologies, both 

Microcodium and intracellularly calcified roots often produce a thin ‘decalcified’ layer of 

insoluble material at the contact with the substrate. Such clayey layers are conspicuous in 

some lamellar Microcodium forms (Fig. 5.9B) and are often associated with intracellularly 

calcified roots growing in fractures of marl (Figs. 3.9, 3.12, 3.16), which appear embedded 

in an envelope of highly porous clayey-organic material, up to several 10’s µm thick. 

Through complete decomposition of organic matter and soil compaction, such clayey 

envelopes are typically reduced to very thin, several µm thick films (Fig. 3.8D; Fig. A4-4.1). 

A question of association of Microcodium with plant roots (3) is of little value if 

Microcodium is considered a form of calcified plant roots. But even if not, it has been 

repeatedly emphasised in the previous chapters that there is a fundamental functional and 

morphological difference between coarse roots and fine roots systems. Supposedly similar 
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mineralisation mechanisms observed in modern fine roots and ancient Microcodium do 

not require any direct involvement of higher order roots and are not related to preservation 

of coarse roots as “larger root remains” (rhizoliths; see Chapter 2). However, although 

not obligate (as contrasted with “facultative”), it has been shown that Microcodium often 

is associated with fine rhizoliths, particularly in laminar rhizolite calcretes (Fig. 5.11, Fig. 

A5-4.08). Furthermore, Microcodium structures themselves can exhibit branching patterns 

– a fundamental characteristic of roots, also considered as one of the principal diagnostic 

criteria for the recognition of rhizoliths (Appendix A5-3, Fig. A5-3.6). 

On a microscale, a clear relationship between Microcodium and fine roots has been 

presented in earlier work (Košir 2004; Appendix A5-2, Figs. A5-2.9, A5-2.10). Further 

evidence of incipient growth forms of Microcodium, associated with roots, is shown 

in Figures 5.11A-C, where very fine roots with partly preserved, yet clearly visible 

cellular tissues, include distinct hypertrophied outer cortical cells identical in shape and 

ultrastructure to archetypal Microcodium grains (Fig. 5.16). Analogy between the typical 

Microcodium ultrastructure and the ultrastructure of hypertrophied cells is additionally 

displayed by distinguishing non-luminescent appearance and structural details seen under 

CL (Figs. 5.18-5.19), common to both forms.

Arguments (4) and (5) relate to a concept put forward by Kabanov et al. (2008) which 

considers an individual Microcodium grain as a discrete, independent item, not necessarily 

resulting from disintegration of an aggregate. Intense reworking of Microcodium grains 

often result in structureless deposits (Fig. 5.13, Appendix A5-4, Fig. A5-4.11) although, 

commonly, preserved fragments of aggregates can still be recognised (Fig. 5.13C). In the 

studied material, no individual Microcodium grains have been encountered, which could 

not be explained by reworking and incorporation in later stages of calcrete formation (Figs. 

5.13D, A5-4.11). Moreover, the studied material has not given any indication of textural 

relationships of separate Microcodium grains, clasts, matrix and cement that would indicate 

replacive or displacive habit of an individual grain. Eventually, a perception of “solitary” 

grains and a mycelium-related growth model (Fig. 17 in Kabanov et al. 2008) can hardly 

provide any reasonable explanation of the polyhedral shape of Microcodium grains – if 

they would have grown in isolation – while on the contrary, a simple model of interactive 

mineral growth of adjacent cellular elements or compartments (Fig. 5.3) logically results in 

regular, polygonal aggregate structures.
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Conclusions (6) of Kabanov et al. (2008) can similarly be disputed since individual 

layers of lamellar Microcodium forms can evidently show ramose (dendroid) layout 

(Figs. 5.6D, E), similar to dense ramifying patterns of root systems with high exploitation 

efficiency, e.g. roots spreading and filling-up planar fissures in soil (Figs. 3.8C, D, 3.10C, 

D, 3.14A, B, ). Dichotomous appearance of cylindrical and lamellar forms in suitable 

surfaces have already been noticed by Bodergat (1974; see also Freytet and Plaziat 1982), 

whereas Morin (1993, p. 51 - 53) illustrated impressive herringbone branching examples 

of Eocene Microcodium, morphologically virtually analogous (and more than functionally 

homologous?) to modern calcified root systems shown in Figures. 3.10-3.12, and 3.14). 

Furthermore, a close similarity between asymmetric Microcodium aggregates and the 

unusual extremely flat (shovel) varieties of intracellularly calcified roots (Sections 3.3 and 

3.4) demonstrates a need to perceive (fine) plant roots in a much broader manner than as 

simple tubular features. Soil horizons, composed entirely of laminae of flat calcified root 

aggregates (illustrated in Figures. 3.4E, F, 3.6E, F, 3.17) and strikingly resembling thick 

masses of lamellar Microcodium (e.g., Bodergat 1974 Freytet and Plaziat 1982), are hard to 

explain within the context of a ‘common’ root system architecture, yet it is beyond doubt 

that they form through CaCO3 mineralisation in an extraordinary type of plant roots, likely 

representing a specific morphological and physiological strategy to capture resources in 

calcareous soils (Košir 2004, Appendix A2, section A5-2.7.2; also see Section 3.4).

As quoted in the final point (7), Kabanov et al. (2008) have repeated the fundamental 

assertion of Freytet and Plaziat (1982) who found the corrosive nature of Microcodium 

incompatible with the activity of roots and proposed that Microcodium formed through 

symbiotic association of several microorganisms (probably fungi and bacteria), in which 

some might attack calcite and others might synthesize it. Both groups of authors interpreted 

Microcodium as “a soil or subsoil biogenic calcification”, a “corrosive agent” (Freytet et al. 

1997), or, as expressed by Freytet and Plaziat (1982), an “iso-volumetric reorganization of 

calcite under the influence of microorganisms”. However, as it has been shown in Chapter 

3, physiology of intracellular calcification in plant roots involves dissolution of carbonate 

substrate through extrusion of protons and intensive acidification of the rhizosphere. 

Corrosive activity of plant roots have been known and even experimentally demonstrated 

already in the nineteenth century (Hinsinger et al. 2003; Hinsinger 2013). Root-induced 

pH changes in the rhizosphere, associated carbonate rock weathering phenomena, and the 
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redistribution (reprecipitation) of Ca carbonate inside the root cells are driven by complex 

interactions, where several chemical processes co-occur (Lucas 2001, Hinsinger et al. 2005), 

however, they can be entirely explained by physiology of plant nutrient uptake mechanisms, 

without microbial involvement, e.g. in the form of microbially-induced carbonate 

mineralisation (Lambers et al. 2009). 

The sub-point of (7) on Microcodium stable isotope signatures, supposedly inconsistent 

with intracellularly calcified roots, is discussed in Section 5.8.4 below. 

5.8.2 Ultrastructure and crystal growth

As discussed in detail in Chapter 3 (Section 3.4), intracellular calcite mineralisation in 

plant roots consists of a rather complex array of processes – from possible precipitation of 

amorphous calcium carbonate precursor phases in presence of organic polymer matrices in 

confined vacuolar spaces, to complex mesocrystal formation and crystal (over)growth by 

nanoscale particle attachment. Likewise, we can assume that Microcodium formed through 

biomineralisation processes that shared similar physicochemical controls. However, despite 

of a broad comparability, certain ultrastructural attributes of Microcodium grains have not 

been observed in modern calcified roots cells. Some of these attributes are even mutually 

incompatible; hence, they can hardly be used for a general (bio)mineralisation model of 

Microcodium.

Radial fibrous ultrastructure, equivalent to fibrous appearance in elongate Microcodium 

grains, has not been encountered in modern CaCO3 mineralised root cells. Apparent 

prevalence of fibrous structures in their material led Kabanov et al. (2008) to establish a 

general formation model of a basic Microcodium grain as composed of “slender, radiating 

prisms”, 1.5—4 µm wide, interlaced with “internal microvoids, represented by numerous 

microvugs, radial fissures and occasional canals of less than 1 µm, rarely up to 1.5 µm in 

diameter”. Their interpretation is predominantly based on SEM observation of acid-etched 

broken surfaces of Microcodium aggregates.

Kabanov et al. (2008) described their fibrous ultrastructural patterns as ‘prismatic’ 

and ‘radiaxial’ and noted that “the radiaxial growth [is] evident from concentric striations 

within some Microcodium grains”. Such terminology is inexact and can even contradict 

their interpretations. The term ‘prismatic’ [calcite], largely relating to biomineralisation, 
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has been used for highly organised microstructure patterns typical of, for example, 

ultrastructure of CaCO3 in molluscan skeletons (e.g. Mann 2001). Illustrations of 

Kabanov et al. (2008) and analysis of Microcodium ultrastructure herein do not show any 

resemblance with prismatic ultrastructure described in the literature. Similarly, the term 

‘radiaxial’ has a very specific meaning in carbonate petrography, denoting fibrous cements 

with distinctive morphology and optical orientation of subcrystals (e.g. Bathurst 1975), 

whereas fibrous structures presented by Kabanov et al. (2008) do not show such features.

Microcodium grains with large central voids have commonly been reported since the 

early works of Lucas and Montenat (1967), Esteban (1972) and Bodergat (1974) who 

named these voids vacuoles. These vacuoles within the calcite grains have been interpreted 

as secondary, dissolutional features (Freytet and Plaziat 1982), subsequently filled by 

spar cements.  Kabanov et al. (2008) interpreted vacuoles as “areas [of the substrate] that 

have not been replaced by Microcodium” and are “filled with the remnants of the host 

sediment, commonly micrite or clear spar cement” (quoted from Kabanov et al. 2008, p. 

86). Two-layer structure, composed of darker, inclusion-rich outer part and a limpid centre, 

illustrated in Figures 5.14 and 5.15A-C, has been mentioned in previous studies as a very 

common feature of Microcodium grains (Freytet and Plaziat 1982). Roux (1985) described 

tortuous series of vacuoles, arranged along the central part of Microcodium elements, 

but unfortunately did not provide any illustration of such features. Photomicrographs of 

Microcodium elements in ultra-thin sections, taken in transmitted light (Figs 5.15E-G) and 

under SEM in backscattered electron imaging (BEI) mode (Figs. 5.15c, D and A5-4.15), 

show relatively sharply separated internal lumina (vacuoles) and the outer layers. Cisternoid 

vacuolar bodies with intricately folded, convoluted shapes, most probably correspond to a 

membrane-bounded vesicle within a cell. 

Whereas apparently structureless and finely striate grains of Microcodium are generally 

non-luminescent (Figs. 5.8E-F) under CL, complex vacuolar grains display distinctive non-

luminescent outer part and red to orange luminescent cisternoid internal vacuole (Figs. 

5.16 and 5.17). As noted in section 5.3, the same CL pattern can be discerned even in early 

(incipient) stages of Microcodium growth and in transitional forms, i.e. fine roots displaying 

sporadic individual hypertrophied (inflated) cells (Figs. 5.18 and 5.19). 

Large striate Microcodium elements partially resemble elongate grains with complex 

vacuolar features. Individual layers in cisternoid vacuoles are typically ~20 µm thick (Figs. 
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5.15E-G, 5.17), whereas concentric layers in striate forms are 10-15 µm thick. The main 

problem with striate forms is that they are strongly altered with endolithic borings (Section 

5.6, Figs. 5.20-5.22) obliterating original ultrastructure, which might have been identical to 

the cisternoid vacuolar fabric observed in well-preserved Microcodium grains. In fact, acid 

etching experiments performed by Morin (1993) have shown that, in certain cases, internal 

part of striate Microcodium grains consisted of seemingly interconnected concentric layers, 

similar in structure to cisternoid vacuoles described herein. However, due to their small 

dimensions, these ultrastructural features are mostly below resolution in standard (30 µm 

thick) thin sections, therefore, a more comprehensive study would require petrographic 

analysis of precise, possibly double-polished ultrathin sections of well-preserved 

Microcodium material. 

The biomineralisation model of Microcodium growth of Kabanov et al. (2008, Fig. 17) 

ecplained as “driven by fungal or actinobacterial substrate mycelium” has been primarily 

based on SEM observation of fine structures in acid-etched Moscovian samples (their Fig. 

13). In SEM photomicrographs of grains in transverse sections, the authors have discerned 

radial fibrous crystalline fabric (termed ‘calcite prisms and threads’) associated with “fine 

internal voids […], mostly represented by microvugs and radial fissures, with rare canal-

like appearances”. Their model implies growth of fibrous crystal elements, several microns 

wide, along mycelia of “densely spaced hyphae that grew in one direction”. Such a model can 

hardly provide reasonable explanation of the common, if not prevailing, vacuolar structure 

of Microcodium grains. However, since the fibrous-filamentous structures illustrated by 

Kabanov et al. (2008) appear to be broadly consistent with material presented in earlier 

studies (Lucas and Montenat 1967; Bodergat 1974; Morin 1993), it can be presumed that, 

analogously, correspond to secondary processes, related to microbial endoliths, discussed 

below. 

5.8.3 Filamentous features: Evidence of mycorrhizae or nothing but microendolithic 

borings?

Arbuscular mycorrhizal fungi (AMF) and vesicular-arbuscular mycorrhizal (VAM) 

associations with plant roots are extremely rarely preserved in fossil form. Arbuscular 

mycorrhizal fungi have not been found associated with CaCO3 biomineralised roots or 

fine roots preserved in palaeosol carbonates. An exception is the report of Sanz-Montero 
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and Rodriguez-Aranda (2012) on putative endomycorrhizal structures preserved in 

Miocene palaeosols through intracellular accumulation of dolomite in plant roots. 

However, the evidence for fossilised mycorrhizae and a mechanism of their preservation 

through supposedly intracellularly precipitated dolomite is difficult to derive from material 

presented in their study. Furthermore, the resemblance of their photomicrographs with 

micromorphology of extant or fossil plant root-VAM associations (e.g. Walker et al. 2018) is 

very speculative. 

Almost all fossil examples of VAM are preserved by exceptional silica permineralisation 

and are known from classic Lagerstaetten (e.g. the Devonian Rhynie Chert and the Eocene 

Princeton Chert; Strullu-Derrien and Strullu 2007; Kenrick and Strullu-Derrien 2014; 

Strullu-Derrien et al. 2014; Taylor et al. 2015; Brundrett and Tedersoo 2018; Brundrett et 

al 2018). Rarely, VAM structures occur in carbonate-permineralised peat in coal balls (e.g. 

Krings et al. 2011).

Preservation potential of VAM structures (arbuscules and hyphal coils) is extremely low 

because of the short lifespan of vesicular-arbuscular structures (days to weeks; Smith and 

Read 2008; Walker et al. 2018). Jaillard et al. (1991) have emphasised that mycorrhizal status 

has never been confirmed in modern intracellularly calcified roots. Moreover, occurrence 

and preservation of fungal structures, enclosed within the intracellular carbonate deposits, 

is highly improbable since mineralisation largely takes place inside cortical root cell 

vacuoles, which are not permeated by mycorrhizal fungi (Vierheilig et al. 2005). On the 

contrary, in a cell of the root cortex, occupied by a mycorrhizal fungus, there is a many-

fold increase in cytoplasm volume while the vacuolar space is strongly reduced (Brundrett 

2002).

As shown in Chapter 3, calcite in intracellularly calcified roots from Recent soils 

is strongly affected by soil microbial processes. Early modification of intracellular 

calcite include intensive microbial weathering of calcified cells, which appears to occur 

immediately after or during decomposition of organic parts of calcified roots. An analogy 

can be drawn between endolithic microborings in modern calcified roots (Sections 3.3 

and 3.4, Figs. 3.27-3.30; Fig. A3-4.12) and the fabric observed in exceptionally well-

preserved examples of Microcodium (Figs. 5.20-5.22). In both cases, tubular microstructures 

correspond to endolithic microborings that post-date precipitation of calcite. Filamentous 

fabrics commonly display preferential proliferation of microendolithic organisms in 

certain portions of crystals. In calcified cells, these seem to be intracrystalline lamellae with 
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incorporated (occluded) organic matter (fluorescence microscopy image in Figure A3-

4.12E). 

The filamentous fabric commonly observed in Microcodium and intracellularly 

calcified roots is evidently of microbial origin, however, in modern calcified roots and 

well-preserved Microcodium examples, there is no indication of microbial involvement 

in carbonate mineralisation processes. On the contrary, all the evidence shows that 

filamentous fabric formed post-mortem by endolithic boring of calcite grains – both in 

calcified cells and grains of Microcodium – most probably produced by fungi which possess 

enzymes capable of digesting organic matter, incorporated in calcite (Glaub et al. 2007; 

Golubic et al. 2005; McLouglin et al. 2007; Wisshak 2012; Taylor et al. 2015). This also 

accords with earlier observations of Roux (1985) and Jaillard et al. (1991), which showed 

that the tubular, filamentous fabric, considered by Klappa (1978) as a key evidence for 

mycorrhizae, resulted from a secondary biotic weathering of Microcodium and calcified 

roots.

5.8.4 The δ13C and δ18O stable isotope signatures

There is a general lack of published data on the δ13C and δ18O composition of Microcodium. 

With the exception of the comprehensive study of Morin (1993), which included stable 

isotope analysis data of Bodergat (1974), and the review of Kabanov et al. (2008), there 

has been no systematic research focused on the stable isotope signatures of Microcodium, 

although some studies have included δ13C and δ18O of Microcodium in a broader context of 

assessing geochemical proxies of pedogenic carbonates, particularly biogenic calcretes (e.g. 

Brlek and Glumac 2014). 

In addition to stable isotope analysis of Microcodium and its substrate, Morin (1993) 

analysed δ13C and δ18O composition of a larger number of Recent intracellularly calcified 

roots, whereas Kabanov et al. (2008) presented isotope analyses of Palaeozoic Microcodium 

samples and Palaeogene material. 

Due to a relatively small number of stable isotope measurements of Microcodium 

performed in the framework of this study (Table A5-6), data of Morin (1993) and Kabanov 

et al. (2008) have been used to undertake a more comprehensive analysis. Comparison with 

stable isotope data for intracellularly calcified roots of this study (Chapter 3; Appendix A3-

7, Table A3-7.1) has also been supplemented by selected data of Morin (1993) and Luo et al. 

(2020). Several other recent papers deal with δ13C and δ18O of calcified roots (Sections 3.3 



209Chapter 5: The Microcodium controversy 

and 3.4 and references therein) but do not provide datasets; therefore they have not been 

taken into account in this comparative analysis.

Figure 5.24 shows a cross-plot of δ13C and δ18O values of Microcodium and a box-

and-whisker chart of δ13C, comparing ranges of values of different studies. Except for the 

anomalously positive values for Moscovian Microcodium, there is a strong overlap of ranges 

of values for individual data subsets (this study, Morin 1993, and Kabanov et al. 2008, 

respectively). 

As shown in Figure 5.25, data of Morin (1993) exhibit strong correlation between δ13C 

and δ18O, whereas data obtained in this study show only weak positive covariation, by 

excluding extreme values, or moderate to strong correlation for the whole data set.

Figure 5.26 shows a cross-plot of δ13C of Microcodium and intracellularly calcified roots 

(vertical axis) vs. δ13C of the corresponding matrix (substrate). Data of the present study, 

which include Holocene Microcodium from Caicos (Appendix A5-6), selected examples 

of recent intracellularly calcified roots (iCRs) from the Alicante region (Sella-Finestrat), 

calcified roots of Hedysarum coronarium experimentally grown on a marl substrate 

(Appendix A3-X), are supplemented by data of Morin (1993) for both Microcodium and 

calcified roots (Appendix A5-7, Table A5-7.1) and their corresponding substrate.  Available 

data does no exhibit any correlation between δ13C stable isotope composition of substrate 

and δ13C of Microcodium and/or calcified roots.

Comparison of δ13C composition of Microcodium and modern intracellularly calcified 

roots is presented in Figure 5.27 and on a cumulative δ13C and δ18O cross-plot (Fig. 

5.28). Both plots of δ13C and of δ18O (Fig. 5.27A) show fully overlapping data sets with 

similar range of values and insignificant difference in central values (mean). Although the 

difference of the two groups has not been statistically evaluated, graphic presentation of 

datasets indicate strong similarity of variability and average values of Microcodium and 

intracellularly calcified roots.

The δ13C and δ18O values in Figure 5.28 indicate four groups of outliers (marked 1 to 4), 

significantly different from the main data cloud. The group Number 1 represents samples 

of Microcodium from Holocene beachrock that appear to be contaminated with remains of 

(aragonite) cements, characterised by very positive δ13C and δ18O values (from +4 to +5‰ 

and from -4 to +2.0‰, respectively) (Dickson 2014). Anomalously positive δ13C values 

of Palaeozoic Microcodium (Number 2) have been interpreted by Kabanov et al. (2008) 

as calcite predominantly precipitated from “carbon derived non-selectively from adjacent 
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marked with green arrows. R2 (~0.24) indicates a weak positive correlation between δ13C and δ18O whereas 
cumulative data of Morin (1993) reveal very strong linear relationship (R2 = 0.75).  

δ13C Mcod/iCR vs δ13C matrix/substrate

δ1
3 C

 M
ic

ro
co

di
um

/iC
R

 (‰
 V

PD
B)

-20

-16

-12

-8

-4

0

δ13C matrix/substrate (‰ VPDB)
-10 -8 -6 -4 -2 0 2 4

Mcod Morin
Mcod Recent Caicos
iCR AK Sella/Finestrat
iCR Hedysarum/marl
iCR Morin

Figure 5.26. A cross plot of δ13C of Microcodium and intracellularly calcified roots (vertical axis) vs. δ13C 
of the corresponding matrix (substrate). Data of this study include Holocene Microcodium from Caicos 
(Appendix A5-6), recent intracellularly calcified roots (iCRs) from the Alicante region (Sella-Finestrat) and 
Hedysarum coronarium experimentally grown on marl substrate (Appendix A3-X), and data of Morin (1993) 
for both Microcodium and calcified roots (Appendix A5-7, Table A5-7.1) Available data does no exhibit any 
correlation between δ13C stable isotope composition of substrate and δ13C of Microcodium and/or calcified 
roots.



212Chapter 5: The Microcodium controversy 

−25

−20

−15

−10

−5

0
δ1

3 C
 (‰

 V
PD

B)

δ13C Mcod − all data δ13C iCR − all data
δ18O Mcod − all data δ18O iCR − all data

−10

−5

0

δ1
8 O

 (‰
 V

PD
B)

Figure 5.27. Comparison of 
stable isotope composition of 
Microcodium (Mcod) and modern 
intracellularly calcified roots 
(iCR).
A) Box & whisker plot of 
cummulative datasets of 
Microcodium (data of this 
study, and of Morin 1993, and 
Palaeogene data of Kabanov et al. 
2008) and intracellularly calcified 
roots (data of this study (Appendix 
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for Microcodium (green) and 
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(yellow) showing strong overlap 
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range of values and central values 
(mean). A bimodal distribution of 
Microcodium δ13C is a consequence 
of a large subsample of Morin 
(1993) with strongly negative 
values (of lamellar forms). 
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marine limestone and possibly with minor incorporation of soil CO2”. However, except 

for this outlier, their range of δ13C and δ18O values for Palaeogene Microcodium entirely 

complies with the compiled dataset from this study and of Morin (1993), yet the authors 

have not presented explanation for such discrepancy.

Positive and negative δ18O outlier groups for intracellularly calcified roots in Figure 

5.28 (3 and 4) have been attributed to climatic factors (Luo et al. 2020) and are discussed in 

Section 3.5.
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intracellularly calcified roots (circles, ‘iCRs’), used in previous figures, with addition of data of Luo et al. 
(2020). Separated from the central data cloud are four major groups of outliers, marked with numbers: 1 - 
anomalously positive (both δ13C and δ18O) values of Recent Microcodium from Caicos; 2 - group of outlier 
values corresponding to Palaeozoic Microcodium of Kabanov et al. (2008); 3 - strongly positive δ18O of iCRs 
(Chapter 3, this study), and 4 - anomalously negative δ18O of iCRs of Luo et al. (2020; supplementary data 
https://doi.org/10.1016/j.jseaes.2020.104515.). See text for discussion.
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A likely explanation is that the similarity between stable isotope signatures 

of Microcodium and intracellularly calcified roots is a result of similar (identical) 

biomineralisation physiology. Intracellular CaCO3 accumulation in plant roots presumably 

enhances production of protons (McConnaughey and Whelan 1997) through exchange of 

Ca2+ and 2H+ using plant-respired CO2 (Appendix A5-2, Fig. A5-2.11). 

A general diffusion-production (or diffusion-reaction) model of carbon stable isotope 

composition of modern soil and palaeosol carbonates (Cerling 1984, 1991) is based on 

specific predictions assuming that in precipitation of pedogenic carbonates isotopic 

equilibrium between the oxidized carbon species (CO2, H2CO3, HCO3
-, CO3

2-, CaCO3) 

prevails and that complete isotopic exchange occurs during calcite dissolution-precipitation 
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in soils. Carbon pathways and isotopic fractionation of root-respired CO2 in formation of 

soil carbonates include: (1) diffusional 13C enrichment resulting in an end-member 4.4‰ 

fractionation for soil CO2 compared to soil-respired CO2, and (2) temperature-dependent 

differentiation between soil-respired CO2 (ø) and soil carbonate (D(CaCO3 – respired CO2) 

= δ13CCaCO3 – δ13Cø) resulting in 13C enrichment of 13 to 16.5‰ (Cerling 1999).

Pedogenic carbonate forms in soils when the solution becomes supersaturated 

with calcite (Cerling 1999; Cerling and Quade 1993) and are supposed to precipitate 

predominantly by physico-chemical mechanisms (evaporation and degassing) and 

evapotranspiration. Inheritance of carbon from the parent carbonate material of soils 

during dissolution/precipitation was considered a significant factor resulting in systematic 

enrichment of δ13C soil carbonates (Salomons and Mook 1986), however, mass balance 

models (Cerling 1984) have shown that that typical CO2 fluxes in soils are several orders 

of magnitude higher than the rates of soil carbonate formation (Cerling and Quade 1993). 

According to diffusion-production model, the rates of carbonate precipitation are low 

whereas the rates of exchange of carbon-bearing dissolved species (CO2, H2CO3, HCO3
-, 

CO3
2-) are high, therefore, it is expected that there is an isotopic equilibrium between the 

carbon-bearing species. This implies that the isotopic composition of dissolved inorganic 

carbon is controlled by the soil respired CO2 without significant inheritance of carbon from 

dissolution of soil carbonate (Cerling 1999). 

However, as emphasised by Wright and Vanstone (1991), if more direct biologically 

influenced carbonate precipitation was involved, significantly impoverishment in δ13C 

could result. The δ13C values of Microcodium and intracellularly calcified roots (Fig. 

5.28) are to a large extent considerably lower than the theoretical lower limit for soil 

carbonates (~ -11.5‰), precipitated in equilibrium with soil respired CO2 resulting from 

C3 plant metabolism or organic matter corresponding to C3 plant biomass (Appendix A5-

8). Biologically induced CaCO3 mineralisation processes occur rapidly and are typically 

associated with pronounced kinetic disequilibrium behavior in both photosynthetic and 

non-photosynthetic organisms (McConnaughey 1989b). Correlations of δ13C and δ18O 

values of Microcodium (Fig. 5.25) suggest strong non-equilibrium isotope partitioning and 

probable predominance of kinetic fractionation effects (McConnaughey 1989a, b). Kabanov 

et al. (2008) interpreted low values and remarkable dispersal of δ13C in their material as 

consistent with carbon sources from bacterial metabolism. However, as indicated in Figure 

5.27B, there is a significant agreement in δ13C values of Microcodium and intracellularly 
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calcified roots, therefore, principles of carbon isotope fractionation (discrimination) 

mechanisms in plants (O’Leary 1981, Farquhar et al. 1989) discussed in Section 3.X may 

equally apply for interpretation of δ13C composition and variability of Microcodium calcite.

As noted in Chapter 3, the physiology and metabolic pathways involved in intracellular 

CaCO3 precipitation in plant roots remains largely unknown. Most of the studies dealing 

with calcified roots have interpreted intracellular accumulation of carbonate in root cortical 

cells with adaptation strategies of plants to cope with excessive calcium and bicarbonate 

concentrations in the soil solutions (Jaillard et al. 1991; Marschner 1995). In this case, 

intracellular CaCO3 mineralisation can be largely regarded as a sequestration mechanism 

for excessive Ca concentrations whereas the model of McConnaughey and Whelan 

(1997) links calcification with increased production of protons as an enhanced strategy 

of acquiring mineral nutrients, such as phosphorous and iron (Tola et al. 2009), through 

rhizosphere acidification and, consequentially, dissolution of calcareous substrate.

In comparison with slow precipitation of soil carbonates as predicted in the diffusion-

reaction model of Cerling (1984, 1999), which disables significant incorporation of 

carbon from carbonate substrate (i.e. inheritance of 13C from dissolution of host-

rock carbonate), intracellular CaCO3 precipitation is a very rapid process and occur 

simultaneously with rhizosphere mineral dissolution, however, the extent and mechanisms 

of possible incorporation of carbon from dissolved carbonate substrate have not been 

evaluated. However, it can be suggested, in analogy with presumed physiology of 

CaCO3 mineralisation in plant roots (Section 3.4), that δ13C of Microcodium carbonate 

predominantly reflects δ13C of plant respired CO2. Presumably, rapid crystal growth 

of calcite in cell vacuoles, involving possible amorphous calcium carbonate precursors 

and phase changes, is primarily controlled by cell metabolism and secondary vacuolar 

metabolites and is likely associated with strong and variable kinetic disequilibria. 

Furthermore, multiple phases of crystal growth clearly observed in intracellularly calcified 

roots (Section 3.3, Figs. 3.23-3.25; Appendix A3-4, Figs. A3-4.06-4.08), probably also 

occurred in formation of Microcodium, as it can be deduced from its complex vacuolar 

forms, composed of calcite of different petrographic appearance and composition. It 

may be the case therefore that variability of Microcodium δ13C values reflects different 

ultrastructural varieties, however, available data do not permit any firm conclusions. 

Another, possibly even the most important factor in variability of δ13C  and δ18O 

composition of Microcodium, is diagenetic change of primary carbonate. As illustrated in 
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Sections 5.6 and 5.8.3, pervasive micritisation of grains is caused by microbial endoliths: 

carbonate sediments and cements, precipitated in endolithic pores, can substantial change 

the isotopic composition of primary calcite. Moreover, published stable isotope analyses 

appear to be largely based on bulk samples (which invariably include non-Microcodium 

carbonate) or do not provide any details about the sampling procedures. 

5.8.5 Can Microcodium be related to special root organs?

Researchers who found morphology, anatomy and supposed calcification physiology of 

Microcodium incompatible with plant roots, have been apparently comparing it with the 

anatomy of archetypal, simple roots (Freytet et al. 1997; Kabanov et al. 2008). However, 

as clearly documented in Chapter 3, modern calcified roots and ancient Microcodium 

share many morphological and structural characteristics, which can be regarded as 

common functional traits. Moreover, it has been shown that intracellular calcification in 

modern roots often occur in specialised fine roots with characteristic, non-archetypal 

and substantially modified anatomy. Interestingly, as evidenced in several published 

reports and the pilot DNA identification study, presented in Chapter 4, intracellular 

CaCO3 mineralisation appears to be closely related with the Legume plant family, a large 

group, which is known for production of nodules (involved in N-fixation processes 

with symbiotic rhizobia), a specialised root organ with its specific internal structure, 

Similarly, flat asymmetrical (shovel; see Figs. A3-4.03 and 4.04 in Appendix A3-4) roots 

of calcifying legumes differ considerably from their parent ‘normal’ roots, which are not 

involved in biomineralisation. Another type on N-fixing mechanism, the actinorhizal 

symbiosis, involves association of roots of about 200 species of eight different angiosperm 

families with filamentous actinobacteria of the genus Frankia (Wall 2000; Pawlowski et al. 

2012). Both legume-rhizobia and actinorhizal nodules are composed of cells, infected by 

bacterial threads, often showing considerably expanded infected cells in the nodule cortex 

(Pawlowski and Sprent 2008). Photomicrographs in Figure A5-4.16 (Appendix A5-4) show 

striking similarity between infection threads of rhizobia in cells of wild legume Hedysarum 

glomeratum nodules (reproduced from Muresu et al. 2008 and Marchetti et al. 2010) and 

transverse sections of vacuolar type of Microcodium elements with limpid central part 

and inclusion-rich outer layer. The resemblance includes size and shape of the cells, their 

internal structure, and also the size of inclusions in Microcodium calcite comparable with 

the size of bacteroid vesicles in nodule cells (Figs. A5-4.16D, E, F).
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It is important to note that this comparison is not intended to imply any kind of genetic 

relationship between the two phenomena, nevertheless it demonstrates that Microcodium 

could be related to specific, yet unknown root forms and potentially involved symbiotic 

systems.

5.9 Summary and conclusions

The aim of this chapter was to show arguments for and against the opposing hypotheses 

on the origin of Microcodium using comparative analysis of Microcodium aggregates 

and intracellularly calcified roots, based on their architecture, morphology, crystal 

ultrastructure and δ13C and δ18O stable isotope signatures. Results support early studies, 

which interpreted Microcodium as a product of root calcification.

Microcodium and calcified roots share many architectural and morphological traits, such 

as the spatial configuration, branching patterns, size of aggregates and relationships with 

the substrate. Calcification in plant roots, associated with extrusion of protons and intensive 

corrosion of carbonate substrate, provides a strategy and a mechanism that can analogously 

explain formation of Microcodium and its corrosive aspect. Supposed incompatibility of 

the asymmetric forms of Microcodium with plant roots has been disproved by discovery of 

similar forms of modern calcified roots (Chapter 3). 

This study has provided further examples of transitional forms, intermediate 

between non-calcified fine roots and typical Microcodium aggregates, supplemented by 

ultrastructural details observed under cathodoluminescence.

Although Microcodium grains and calcified cells share basic morphological and 

ultrastructural characteristics, particular fabric does not occur in both forms. Exclusive to 

Microcodium is an extraordinary, double-layered vacuolar structure, unknown in modern 

calcified roots, and often dark, inclusion-rich and microporous calcite, forming its grains. 

Microcodium grains often also exhibit concentric internal fabric (or similar vacuolar 

structure), which has not been encountered in calcified roots.

Calcite in both Microcodium and calcified root cells is often altered by endolithic 

microborings. This study has shown that the filamentous fabric, reported and differently 

interpreted in previous studies as involved in precipitation of calcite, post-dates 

biomineralisation and corresponds to microbial alteration of calcite.

Comparative analysis of δ13C and δ18O stable isotope signatures has not shown 
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significant difference between Microcodium and intracellularly calcified roots: on the 

contrary, analysed datasets indicate strong similarity of variability and average values. 

Archetypal forms, found in Holocene beachrock deposits of Caicos, shows that future 

field research could reveal ‘extant’ Microcodium. Atypical asymmetric forms of modern 

calcified roots indicate that Microcodium could similarly correspond to specific, yet 

unknown root forms.
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Chapter 6: General conclusions and prospects

One of the primary aims of the thesis is to emphasise that current concepts of rhizosphere 

and fine plant roots hold important implications for the interpretation of biogeochemical 

processes in calcretes and rhizoliths. The classical works, mostly published during the last 

decades of the pervious century, have provided a strong conceptual framework for the 

use of root-related calcretes for the reconstruction of past ecosystems and environments, 

interpretation of sedimentary successions, including their tectonic, climatic and 

stratigraphic evolution. An updated review of rhizoliths and root-related calcretes should 

re-focus from morphology, facies, classification and petrographic recognition criteria, 

which have been central to the classic sedimentological and palaeontological approach, 

on metabolism and biomineralisation pathways in accumulation of soil carbonates in root 

systems, that is towards inherent subjects of geobiology. As stressed in many parts of the 

thesis, biogeochemical processes driven by plant roots and associated rhizosphere microbial 

communities are limited to fine root systems, which should form a central point of a revised 

conceptual re-evaluation of biomineralisation in modern soils and related phenomena in 

the sedimentary record. 

A case study on laminar rhizolites from the Bahamas has shown that archetypal laminar 

rhizolite calcretes and finely laminated calcrete crusts may contain exceptionally preserved 

remains of fine root tissues. The presence of unambiguous anatomic details of fine roots 

is a very good indicator of plant roots as a major (f)actor in soil carbonate accumulation, 

however, petrographic analysis has also demonstrated that precipitated carbonate cannot 

be unequivocally attributed to root-induced mineralisation or is not necessarily connected 

with the rhizosphere processes, but most probably largely results from microbial decay-

related accumulation of fibrous microcrystalline carbonate forms. The study has been 

based on ‘fossil’ material from outcrops where calcretes do not accumulate any more. 

However, a further research could focus on recognition of modern soil microenvironments, 

for example karstic soil pockets with growing plants and their root systems, presumably 

associated with accumulation of calcium carbonate within the fine root mats. The 



220Chapter 6: General conclusions and prospects 

Bahamian archipelago and other Caribbean island may provide an ideal regional setting 

because of a pronounced climatic gradient from a relatively humid climatic regime on the 

northern islands to the arid climate in the southern islands. Other prospective areas include 

the Mediterranean part of Spain with its thoroughly studied classical calcrete localities, as 

well as young carbonates in other parts of the Mediterranean basin. 

The research, performed on original and previously unexplored material from the 

Mediterranean environments of the Alicante Province in southeastern Spain has revealed 

immense amounts of intracellularly calcified roots (iCRs) in modern calcareous soils as well 

as in Quaternary palaeosols. Architectural and morphological analysis of intracellularly 

calcified root systems revealed two morphological groups: symmetrical aggregates and 

asymmetrical, extremely flattened intracellularly calcified root forms with peripherally 

placed vascular cylinders. Such aberrant morphologies of calcified roots have not been 

previously reported in the literature. Detailed petrographic and micromorphological 

analysis of intracellularly calcified roots, integrated with mineralogical, elemental and stable 

isotope analysis of carbon and oxygen, has provided further evidence for close similarity of 

calcified roots with classical Microcodium. Architectural, morphological and physiological 

traits of intracellularly calcified roots and their stable isotope geochemical signatures are 

in agreement with the hypothesis that intracellular CaCO3 biomineralisation, coupled with 

proton extrusion, represents an efficient nutrient-acquiring mechanism and an adaptational 

strategy to nutrient-poor, highly calcareous soils.

A test study of DNA barcoding performed on twenty-one samples of organic tissues, 

associated with iCRs, produced eight positive results. Most of the obtained sequences 

showed very good similarity (identity) with published sequences of the IRL clade 

(inverted repeat-lacking clade), a monophyletic group of Fabaceae (legumes). Three 

samples were reliably identified on a genus level: two samples as Onobrychis sp. and one 

as Ononis sp. Results of the study have provided a very good framework for a future 

systematic research on iCRs from natural habitats, including their DNA taxonomy and 

experimental investigation of intracellular CaCO3 mineralisation in plant roots. Anticipated 

future research will be focused on systematic comparative DNA barcoding analysis of 

aboveground plants and their matching with DNA extracted from organic remains of 

calcified roots from the corresponding substrates. Another project should focus on 

experimental growth and biomineralisation in controlled, pot-grown plants of different 
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representatives of the Hedysareae tribe, which have been confirmed to produce intracellular 

calcium carbonate, growing in different substrates. A pilot experiment has already been 

set up using Hedysarum coronarium plants, growing in a natural marly limestone substrate 

and mixtures of organic soil with different Ca minerals, including calcite, portlandite 

(Ca(OH)2), gypsum (CaSO4.2H2O), and wollastonite (CaSiO3), to estimate the potential of 

intracellular calcification processes in carbon sequestration.

The aim of the final chapter has been to show evidence for and against the arguments 

of the contrasting hypotheses about the origin of Microcodium, using comparative analysis 

of fossil Microcodium aggregates and modern intracellularly calcified roots, based on 

their architecture, morphology, crystal ultrastructure and δ13C and δ18O stable isotope 

signatures. Results support early studies, which interpreted Microcodium as a product 

of root CaCO3 biomineralisation. Microcodium and intracellularly calcified roots share 

many architectural and morphological traits, such as the spatial configuration, branching 

patterns, size of aggregates and relationships with the substrate. Calcification in plant roots, 

supposedly associated with extrusion of protons and intensive corrosion of carbonate 

substrate, provides a strategy and a mechanism that can analogously explain formation of 

Microcodium and its corrosive aspect. Supposed incompatibility of the asymmetric forms of 

Microcodium with plant roots has been disproved by discovery of similar forms of modern 

calcified roots. This study has provided further examples of transitional forms, intermediate 

between non-calcified fine roots and typical Microcodium aggregates, supplemented by 

ultrastructural details observed under cathodoluminescence. 

Archetypal Microcodium forms, found in Holocene beachrock deposits of Caicos and 

in Holocene aeolianites of San Salvador, indicate that future, systematic field research of 

modern soils on young carbonates could potentially reveal ‘extant’ Microcodium forms. 

Atypical asymmetric forms of modern calcified roots have been reported only in several 

papers dealing with specific group of legume plants, whereas such forms of fine roots are 

virtually unknown in other groups of modern plants and in the fossil record. Symilarly, 

asymmetric ancient Microcodium could correspond to a specific, yet unknown form of 

roots or special root organs, with architectural, morphological and physiological traits 

comparable to ‘aberant’ modern intracellularly calcified roots.
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Appendix A1-1 Carbonate δ13C and δ18O 
stable isotope analysis data

Laboratories and analytical details

Stable Isotope Laboratory, School of Earth & Environmental Sciences, Cardiff University 

(lab code Cf)

Isotopic determinations were performed on powdered samples using a ThermoFinnigan 

MAT 252 mass spectrometer with a Kiel IV carbonate preparation device. For an 

individual sample, repeated measurements (typically quadruplicates) were done on sets of 

separated sub-samples, approximately 20-100 µg each. Isotope values are reported relative 

to Vienna Pee Dee Belemnite (VPDB) using the standard NBS-19. The average analytical 

precision of the standard analyses over the period of the investigation was ±0.05‰ for δ18O 

and ±0.03‰ for δ13C (G. Bianchi, personal communication 2005).

GFZ. - GeoForschungsZentrum (GFZ) in Potsdam, Germany (lab code GFZ)

Samples were analyzed by a ThermoFisher DELTA plus XL Finnigan GasBench II mass 

spectrometer. Stable isotope values were calculated with respect to the Vienna Peedee 

belemnite (VPDB) scale. Replicate analysis of standards (NBS19, CO1, CO8) indicated a 

precision of ±0.1‰. 

Preparation: 100 % H3PO4, 75°C, 60 min, reference: NBS19, CO1, CO8 (VPDB);  

Analytical precision: δ13C and δ18O: <0.1 ‰ 

Graz University, Austria (lab code Graz)

Methods : Sample powders were reacted with 100% phosphoric acid at 70°C in a Kiel 

II automated reaction system, and the evolved carbon dioxide gas was analysed with a 

Finnigan Delta Plus mass spectrometer at the University of Graz (analytical precision < 

0.05 ‰ for δ13C, < 0.1 ‰ for δ18O). The δ13C and δ18O values are corrected according to 

the NBS19 standard and reported in per mill (‰) relative to the Vienna-PeeDee Belemnite 

(V-PDB) standard.
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Table A1-1.1. Cumulative table of all stable isotope analysis results. 
Material types: CC - chalky calcrete (bulk, pisoids); iCR - intracellularly calcified roots, unspecified and 
iCR-I - type I, iCR-II - type II, suffix-D - micritised/degraded iCRs; lam RhC - laminar calcrete (rhizolite); 
Mcod - Microcodium; NFC - pure needle fibre calcite;  nod - calcrete nodule; rhizolith - individual rhizoliths 
(unspecified); 

Laboratorio de Isótopos Estables, Instituto de Geociencias (CSIC, UCM), Madrid

(lab code UCM)

Instrument: Kiel IV Carbonate Device, ThermoScientific MAT253 Isotope Ratio Mass 

Spectrometer. Mass of the analysed sample: 45 to 60 µg of powdered sample reacted with 3 

drops of 105% H3PO4, at 70º during 7 minutes. The result of each sample is an average of 

eight readings. δ13C and δ18O were calibrated to the IAEA standards NBS-19 and NBS-18 

and Carrara marble as internal standard. Standard deviation is 0.04 for δ13C and 0.08 for 

δ18O for NBS-19 and Carrara marble and 0.04 for δ13C and 0.1 for δ18O, for NBS-18.

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Cf AK-03-003 Sella, modern soil SLL-01 iCR -13.15 -5.19

Cf AK-03-004 Ibi, calcrete, ?Holocene IBI-02 iCR -13.94 -9.70

Cf AK-03-006 Fontjouncouse, palaeosol, 
Paleocene

Fontjoncouse 01 Mcod -8.27 -6.94

Cf AK-03-007 Sella, modern soil SLL-x bulk CC -6.29 -3.52

Cf AK-03-008 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-81 Vrabče Mcod -9.38 -5.21

Cf AK-03-009 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-81 Vrabče Mcod -9.16 -5.38

Cf AK-03-010 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-81 Vrabče Mcod -9.59 -5.55

Cf AK-03-010R Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-81 Vrabče Mcod -9.23 -4.20

Cf AK-03-011 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-82 Vrabče Mcod -8.47 -4.63

Cf AK-03-012 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-82 Vrabče Mcod -8.86 -4.65

Cf AK-03-012R Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-82 Vrabče Mcod -8.96 -3.46

Cf AK-03-013 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

SV-84 Div-X-1 Mcod -11.88 -5.21

Cf AK-03-014 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

SV-84 Div-X-1 Mcod -12.07 -5.35
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Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Cf AK-03-014R Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

SV-84 Div-X-1 Mcod -11.89 -4.22

Cf AK-03-015 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

SV-84 Div-X-1 Mcod -12.05 -5.36

Cf AK-03-016 Fontjoncouse, palaeosol, 
Paleocene

Fontjoncouse 01 Mcod -8.49 -6.03

Cf AK-03-017 Fontjoncouse, palaeosol, 
Paleocene

Fontjoncouse 01 Mcod -8.33 -7.08

Cf AK-03-018 Ibi, calcrete, ?Holocene IBI-02 iCR-D -7.50 -7.48

Cf AK-03-018R Ibi, calcrete, ?Holocene IBI-02 iCR-D -7.67 -7.57

Cf AK-03-019 Ibi, calcrete, ?Holocene IBI-02 iCR -13.58 -9.15

Cf AK-03-020 Ibi, calcrete, ?Holocene IBI-02 iCR -13.57 -7.54

Cf AK-03-021 Ibi, calcrete, ?Holocene IBI-02 iCR -14.99 -6.98

Cf AK-03-021R Ibi, calcrete, ?Holocene IBI-02 iCR -13.89 -5.99

Cf AK-03-022 Ibi, calcrete, ?Holocene IBI-02 iCR -14.34 -6.93

Cf AK-03-023 Sella, modern soil SLL-3 iCR- D -9.43 -6.36

Cf AK-03-024 Sella, modern soil SLL-y iCR -13.67 -4.81

Cf AK-03-024R Sella, modern soil SLL-y iCR -13.59 -4.63

Cf AK-03-025 Sella, modern soil SLL-2 iCR -11.50 -3.72

Cf AK-03-026 Sella, modern soil SLL-X iCR -11.77 -4.35

Cf AK-03-027 Benimantel, modern soil BNM-01 iCR- D -10.91 -7.44

Cf AK-03-028 Benimantel, modern soil BNM-01 iCR- D -9.95 -6.95

Cf AK-03-029 Polop, modern soil PLP-01 iCR- D -8.19 -3.58

Cf AK-03-029R Polop, modern soil PLP-01 iCR- D -8.10 -4.11

Cf AK-03-030 Polop, modern soil PLP-01 iCR- D -7.78 -4.06

Cf AK-03-030R Polop, modern soil PLP-01 iCR- D -7.43 -3.82

Cf AK-03-031 Sella, modern soil SLL-x iCR -11.90 -5.73

Cf AK-03-032 Ibi, calcrete, ?Holocene IBI-04 iCR-D -9.21 -6.46

Cf AK-03-033 Ibi, calcrete, ?Holocene IBI-06 iCR -10.12 -7.28

Cf AK-03-034 Ibi, calcrete, ?Holocene IBI-06 iCR -14.50 -6.02

Cf AK-03-035 Ibi, calcrete, ?Holocene IBI-06 iCR -10.54 -6.38

Cf AK-03-036 Ibi, calcrete, ?Holocene IBI-05 nod -7.99 -5.24

Cf AK-03-037 Ibi, calcrete, ?Holocene IBI-05 nod -7.68 -5.31

Cf AK-03-038 Sella, modern soil SLL-09 NFC -8.28 -5.36

Cf AK-03-039 Sella, modern soil SLL-09 NFC -6.96 -5.01

Cf AK-03-040 Sella, modern soil SLL-09 bulk CC -8.06 -4.96

Cf AK-03-041 Sella, modern soil SLL-09 bulk CC -8.03 -5.32

Cf AK-03-042 Sella, modern soil SLL-09 NFC -8.36 -5.44

Table A1-1.1. (continued)
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Cf AK-03-043 Sella, modern soil SLL-09 NFC -7.56 -5.14

Cf AK-03-044 Ibi, calcrete, ?Holocene IBI-06 nod -7.64 -5.31

Cf AK-03-045 Ibi, calcrete, ?Holocene IBI-06 nod -7.84 -5.44

Cf AK-03-046 Ibi, calcrete, ?Holocene IBI-02 nod -7.84 -5.41

Cf AK-03-047 Ibi, calcrete, ?Holocene IBI-02 nod -7.88 -5.36

Cf AK-03-048 Ibi, calcrete, ?Holocene IBI-02 nod -7.94 -5.47

Cf AK-03-049 Ibi, calcrete, ?Holocene IBI-04 bulk CC -8.31 -6.12

Cf AK-03-050 Ibi, calcrete, ?Holocene IBI-04 bulk CC -8.32 -6.21

Cf AK-05-061 Dekani, modern soil on flysch 
marl

ACKS-Dekani iCR -17.22 -9.70

Cf AK-05-062 Dekani, modern soil on flysch 
marl

ACKS-Dekani iCR -16.79 -9.59

Cf AK-05-063 Dekani, modern soil on flysch 
marl

ACKS-Dekani iCR -13.95 -9.05

Cf AK-05-064 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -8.01 -6.65

Cf AK-05-065 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -8.45 -8.03

Cf AK-05-066 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -8.72 -7.90

Cf AK-05-067 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -8.43 -6.15

Cf AK-05-068 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -8.61 -7.12

Cf AK-05-069 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -8.55 -7.88

Cf AK-05-070 Penàguila, calcrete, ?Holocene PEN-01 iCR-II-D -9.23 -7.52

Cf AK-05-071 Relleu, modern soil REL-AK-71 iCR-II-D -7.46 -4.30

Cf AK-05-072 Sella, modern soil SLL-20/2 iCR -15.00 -5.93

Cf AK-05-073 Sella, modern soil SLL-20/2 iCR -14.85 -5.57

Cf AK-05-074 Sella, modern soil SLL-20/2 iCR -13.76 -5.26

Cf AK-05-075 Sella, modern soil SLL-20/2 iCR -14.36 -5.81

Cf AK-05-076 Sella, modern soil SLL-06 iCR -14.50 -2.96

Cf AK-05-078 Relleu, modern soil REL- Relleu iCR-II-D -7.59 -5.25

Cf AK-05-079 Relleu, modern soil REL- Relleu iCR-II-D -6.31 -5.96

Cf AK-05-080 Relleu, modern soil REL-02 iCR-II-D -7.64 -6.43

Cf AK-05-081 Relleu, modern soil REL-01 iCR-D -7.55 -6.58

Cf AK-05-082 Relleu, modern soil REL-SICf-AK82 iCR-II-D -7.03 -4.74

Cf AK-05-083 Relleu, modern soil REL-08 iCR-II-D -7.54 -6.16

Cf AK-05-084 Penàguila, calcrete, ?Holocene PEN-01/02 iCR-II -9.08 -6.89

GFZ AK-06-227 Relleu, modern soil Relleu iCR-D -7.06 -7.83

GFZ AK-06-228 Dekani, modern soil on flysch 
marl

ACKS Dekani = 
AK-05-061, -62, 
-63 (Cf)

iCR -20.32 -10.44

GFZ AK-06-229 Sv. Martin calcrete, Trstelj Fm., 
Paleocene

SM1-Rh6-A lam RhC -5.04 -3.61
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

GFZ AK-06-230 Ibi, calcrete, ?Holocene IBI-04 iCR-D -9.12 -6.01

GFZ AK-06-231 Ibi, calcrete, ?Holocene IBI-04 iCR-D -7.27 -5.70

GFZ AK-06-232 Ibi, calcrete, ?Holocene IBI-04 CC -6.99 -5.92

GFZ AK-06-233 Ibi, calcrete, ?Holocene IBI-04 iCR-D -8.15 -5.59

GFZ AK-06-234 La Mora/Tarragona, recent soil La Mora CC/pisoids -7.46 -4.13

GFZ AK-06-235 La Mora/Tarragona, 
Pleistocene calcrete

La Mora CC/lam RhC -10.19 -4.84

GFZ AK-06-236 La Mora/Tarragona, 
Pleistocene calcrete

La Mora CC/lam RhC -10.33 -4.79

GFZ AK-06-237 La Mora/Tarragona, recent soil La Mora CC/pisoids -9.72 -4.42

GFZ AK-06-238 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-30 lam RhC -5.84 -3.07

GFZ AK-06-239 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-30 lam RhC -5.52 -3.63

GFZ AK-06-240 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-30 lam RhC -6.79 -4.21

GFZ AK-06-241 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-30 lam RhC -6.70 -4.82

GFZ AK-06-243 Sv. Martin calcrete, Trstelj Fm., 
Paleocene

SM1-Rh4 lam RhC -6.65 -4.01

GFZ AK-06-244 Sv. Martin calcrete, Trstelj Fm., 
Paleocene

SM1-Rh4 lam RhC -5.45 -3.62

GFZ AK-06-245 Sv. Martin calcrete, Trstelj Fm., 
Paleocene

SM1-Rh4 lam RhC -5.67 -3.79

GFZ AK-06-246 Sv. Martin calcrete, Trstelj Fm., 
Paleocene

SM1-Rh4 lam RhC -6.11 -3.70

GFZ AK-06-247 Trstelj calcrete, Trstelj Fm/
Alveolina-nummulites 
limestone, Paleocene/Eocene

TRS - Trstelj 
calcrete

lam RhC -2.16 -2.75

GFZ AK-06-248 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

N Andros, NTW lam RhC -9.45 -2.26

GFZ AK-06-249 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

N Andros, NTW lam RhC -9.83 -2.35

GFZ AK-06-250 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

N Andros, NTW lam RhC -9.53 -3.17

GFZ AK-06-251 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

N Andros, NTW lam RhC -9.76 -2.71

GFZ AK-06-256 Ibi, calcrete, ?Holocene IBI-02 (=AK-03-
005????)

iCR -12.55 -8.83
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

GFZ AK-06-257 Ibi, calcrete, ?Holocene IBI-02 (=AK-03-
019)

iCR -13.46 -9.34

GFZ AK-06-258 Ibi, calcrete, ?Holocene IBI-02 (=AK-03-
020)

iCR -12.33 -8.71

GFZ AK-06-259 Ibi, calcrete, ?Holocene IBI-02 (=AK-03-
021)

iCR -13.57 -6.23

GFZ AK-06-260 Ibi, calcrete, ?Holocene IBI-02 (=AK-03-
022)

iCR -12.77 -6.31

GFZ AK-06-261 Sella, modern soil SLL- (=AK-03-24) iCR -13.76 -5.13

GFZ AK-06-262 Ibi, calcrete, ?Holocene IBI-05 (=AK-03-
034)

iCR -12.79 -7.33

Graz AK-07-300 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-81 bulk mcod mcod -13.77 -5.90

Graz AK-07-301 Vrabče, palustrine limestone, 
Liburnian Fm. Maastrichtian

SV-82 bulk mcod mcod -8.74 -4.56

Graz AK-07-302 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 dark 
laminae, bulk

lam RhC -6.69 -4.47

Graz AK-07-303 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 dark 
laminae, bulk

lam RhC -6.68 -4.46

Graz AK-07-304 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 dark 
laminae, bulk

lam RhC -6.77 -5.23

Graz AK-07-306 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 host rock, 
base of clcrete, 
bulk

hostrock -8.14 -5.05

Graz AK-07-307 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 host rock, 
base of clcrete, 
bulk

hostrock -7.91 -5.27

Graz AK-07-308 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 host rock, 
= duplicate .-307

hostrock -7.96 -5.15

Graz AK-07-309 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 Rh 
stromatol. dark 
laminae, bulk

lam RhC -6.96 -4.30

Graz AK-07-310 Divača, calcrete in paralic 
limestone, Trstelj Fm, 
Paleocene

DIV-33 Rh 
stromatol. dark 
laminae, bulk

lam RhC -6.32 -4.56

Graz AK-07-322 Slavnik, Liburnian Fm, 
?Maastrichtian/Danian

lam cc Slavnik lam RhC -7.32 -3.57

Graz AK-07-323 Slavnik, Liburnian Fm, 
?Maastrichtian/Danian

lam cc Slavnik lam RhC -7.03 -3.17

Graz AK-14-400 Sella-Finestrat, modern soil T461-3-01 Sella/
Finestrat

iCR-I -14.13 -7.22

Graz AK-14-401 Sella-Finestrat, modern soil T461-3-01 iCR-I -10.03 -5.27

Graz AK-14-402 Sella-Finestrat, modern soil T461-3-01 iCR-I -13.10 -6.61

Graz AK-14-403 Sella-Finestrat, modern soil T461-3-01 host, bulk -3.02 -3.22
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Graz AK-14-404 Sella-Finestrat, modern soil T461-3-01 iCR-I -15.34 -0.50

Graz AK-14-405 Sella-Finestrat, modern soil T461-3-02 iCR-I -13.98 -5.27

Graz AK-14-406 Sella-Finestrat, modern soil T461-3-02 iCR-I -15.01 -6.01

Graz AK-14-407 Sella-Finestrat, modern soil T461-3-03 iCR-I -13.06 -6.96

Graz AK-14-408 Sella-Finestrat, modern soil T461-3-03 iCR-I -12.35 -6.50

Graz AK-14-409 Sella-Finestrat, modern soil T461-3-03 host, bulk -1.74 -2.85

Graz AK-14-410 Sella-Finestrat, modern soil T461-3-06 iCR-I -12.30 -1.91

Graz AK-14-410-2 Sella-Finestrat, modern soil T461-3-07 iCR-I -12.75 -2.44

Graz AK-14-411 Sella-Finestrat, modern soil T461-3-06 iCR-I-D -8.90 -3.85

Graz AK-14-412 Sella-Finestrat, modern soil T461-3-08 iCR-I -11.64 -0.88

Graz AK-14-413 Sella-Finestrat, modern soil T461-3-09 iCR-I -11.54 -2.04

Graz AK-14-414 Sella-Finestrat, modern soil T461-3-10 iCR-I -14.31 -0.08

Graz AK-14-414-2 Sella-Finestrat, modern soil T461-3-10 iCR-I -14.19 -0.61

Graz AK-14-415 Sella-Finestrat, modern soil T461-3-11 iCR-I -12.39 -2.04

Graz AK-14-415-2 Sella-Finestrat, modern soil T461-3-11 iCR-I -12.65 -2.79

Graz AK-14-416 Sella-Finestrat, modern soil T461-3-11 iCR-I -11.37 -2.06

Graz AK-14-416-2 Sella-Finestrat, modern soil T461-3-11 iCR-I -11.22 -2.04

Graz AK-14-417 Sella-Finestrat, modern soil T462-02 Sella/
Finestrat

iCR-II -12.12 -4.91

Graz AK-14-418 Sella-Finestrat, modern soil T462-02 iCR-II -12.07 -5.30

Graz AK-14-418-2 Sella-Finestrat, modern soil T462-02 iCR-II -12.69 -5.42

Graz AK-14-419 Sella-Finestrat, modern soil T462-03 iCR-II -10.23 -7.84

Graz AK-14-419-2 Sella-Finestrat, modern soil T462-03 iCR-II -10.18 -7.56

Graz AK-14-419-3 Sella-Finestrat, modern soil T462-03 iCR-II -10.53 -7.96

Graz AK-14-420 Sella-Finestrat, modern soil T462-03 host/matrix 
(marl)

-1.32 -2.44

Graz AK-14-421 Sella-Finestrat, modern soil T462-08 iCR-II -9.03 -6.66

Graz AK-14-421-2 Sella-Finestrat, modern soil T462-08 iCR-II -9.98 -6.97

Graz AK-14-422 Sella-Finestrat, modern soil T462-16 iCR-II -10.97 -4.68

Graz AK-14-423 Sella-Finestrat, modern soil T462-16 host, bulk -1.15 -2.29

Graz AK-14-424 Sella-Finestrat, modern soil T462-18 iCR-II -10.08 -8.02

Graz AK-14-425 Sella-Finestrat, modern soil T462-18 iCR-II -11.23 -5.86

Graz AK-14-425-2 Sella-Finestrat, modern soil T462-18 iCR-II -9.96 -6.20

Graz AK-14-426 Sella-Finestrat, modern soil T462-18 iCR-II -10.47 -4.14

Graz AK-14-426-2 Sella-Finestrat, modern soil T462-18 iCR-II -10.38 -4.64

Graz AK-14-427 Sella-Finestrat, modern soil T462-10 iCR-II -10.19 -8.95

Graz AK-14-427-2 Sella-Finestrat, modern soil T462-10 iCR-II -9.92 -8.90

Graz AK-14-427-3 Sella-Finestrat, modern soil T462-10 iCR-II -10.85 -8.90

Graz AK-14-427-4 Sella-Finestrat, modern soil T462-10 iCR-II -10.30 -8.55
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Graz AK-14-427-5 Sella-Finestrat, modern soil T462-10 iCR-II -10.88 -8.80

Graz AK-14-428 Sella-Finestrat, modern soil T462-10 iCR-II -9.04 -8.73

Graz AK-14-428-2 Sella-Finestrat, modern soil T462-10 iCR-II -9.66 -8.64

Graz AK-14-429 Sella-Finestrat, modern soil T462-10 host, bulk -6.16 -4.19

Graz AK-14-430 Penàguila, calcrete, ?Holocene T458-01 
Penaguila

iCR-II-D -8.28 -6.01

Graz AK-14-431 Penàguila, calcrete, ?Holocene T458-17 
Penaguila

iCR-D -8.36 -6.07

Graz AK-14-432 Penàguila, calcrete, ?Holocene T458-05 
Penaguila

iCR-D -9.09 -6.44

Graz AK-14-433 Penàguila, calcrete, ?Holocene T458-26 
Penaguila

iCR-D -8.66 -6.22

Graz AK-14-434 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -12.16 -7.75

Graz AK-14-435 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -12.53 -7.22

Graz AK-14-435-2 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -12.35 -7.28

Graz AK-14-435-3 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -11.89 -7.07

Graz AK-14-435-4 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -12.63 -6.90

Graz AK-14-435-5 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -12.24 -7.18

Graz AK-14-435-6 Montpellier, ‘Vitrollien’, 
unknown conglomerate unit, 
Eocene 

M-7 
M.Condomines/
lam. mcod

mcod -11.25 -6.71

Graz AK-14-436 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -14.13 -7.03

Graz AK-14-436-2 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -13.95 -6.79

Graz AK-14-436-3 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -14.20 -7.20

Graz AK-14-436-4 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -13.64 -6.72

Graz AK-14-436-5 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -14.17 -6.90

Graz AK-14-437 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -12.56 -6.59

Graz AK-14-437-2 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -12.55 -6.68



285Appendices
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Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Graz AK-14-437-3 Esplugafreda Section, Claret 
Fm, lowermost Eocene

T449; Claret Fm mcod -12.91 -6.83

Graz AK-14-438 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T441 
Espulgafreda

mcod -9.72 -6.15

Graz AK-14-439 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T441 
Espulgafreda

mcod -8.45 -5.75

Graz AK-14-440 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T441 
Espulgafreda

mcod -10.35 -6.17

Graz AK-14-440-2 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T441 
Espulgafreda

mcod -9.99 -5.80

Graz AK-14-441 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T436 
Espulgafreda

mcod -8.37 -4.74

Graz AK-14-441-2 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T436 
Espulgafreda

mcod -8.21 -4.57

Graz AK-14-441-3 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T436 
Espulgafreda

mcod -8.23 -4.94

Graz AK-14-442 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T422 (!) Fontllonga mcod -7.73 -4.35

Graz AK-14-443 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T430 
Espulgafreda

mcod -18.54 -7.58

Graz AK-14-443-2 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T430 
Espulgafreda

mcod -18.89 -8.02

Graz AK-14-444 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T430 
Espulgafreda

mcod -13.00 -4.94

Graz AK-14-444-2 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T430 
Espulgafreda

mcod -12.99 -5.39

Graz AK-14-444-3 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T430 
Espulgafreda

mcod -12.26 -5.09

Graz AK-14-444-4 Esplugafreda Section, 
Esplugafreda Fm, Paleocene

T430 
Espulgafreda

mcod -12.44 -5.35

Graz AK-14-445 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

marl/host 
rock

0.78 -3.04

Graz AK-14-445-2 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

marl/host 
rock

0.92 -2.95

Graz AK-14-446 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

marl/host 
rock

0.92 -2.88

Graz AK-14-446-2 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

marl/host 
rock

0.87 -2.95

Graz AK-14-447 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.29 -7.59

Graz AK-14-447-2 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.26 -7.63

Graz AK-14-447-3 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.40 -7.64

Graz AK-14-447-4 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.29 -7.47

Graz AK-14-448 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.77 -6.87
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Graz AK-14-448-2 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.70 -6.77

Graz AK-14-449 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -15.60 -7.27

Graz AK-14-449-2 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -15.47 -7.19

Graz AK-14-450 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -15.97 -6.92

Graz AK-14-450-2 Lab-grown Hedysarum 
coronarium

Hedysarum 
coronarium PkT5

iCR -16.24 -7.01

Graz AK-15-502 Caicos, beachrock, ?Holocene Caicos 
Beachrock, pure 
mcod

mcod -5.02 -3.10

Graz AK-15-502-2 Caicos, beachrock, ?Holocene Caicos 
Beachrock, pure 
mcod

mcod -4.70 -3.48

Graz AK-15-503 Caicos, beachrock, ?Holocene Caicos 
Beachrock, 50-
75% mcod

mcod &host -4.15 -3.07

Graz AK-15-503-2 Caicos, beachrock, ?Holocene Caicos 
Beachrock, 50-
75% mcod

mcod &host -1.23 -2.39

Graz AK-15-503-3 Caicos, beachrock, ?Holocene Caicos 
Beachrock, 50-
75% mcod

mcod &host -1.97 -2.31

Graz AK-15-503-4 Caicos, beachrock, ?Holocene Caicos 
Beachrock, 50-
75% mcod

mcod &host -2.63 -2.50

Graz AK-15-504 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk + 
mcod

mcod &host -1.98 -2.59

Graz AK-15-504-2 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk + 
mcod

mcod &host -5.04 -3.74

Graz AK-15-504-3 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk + 
mcod

mcod &host -1.63 -2.25

Graz AK-15-504-4 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk + 
mcod

mcod &host -3.17 -3.14

Graz AK-15-504-5 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk + 
mcod

mcod &host -4.64 -3.35

Graz AK-15-505 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk, 
+/- no mcod

hostrock 3.24 -0.89

Graz AK-15-505-2 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk, 
+/- no mcod

hostrock 2.88 -0.40
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Graz AK-15-505-3 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk, 
+/- no mcod

hostrock 1.89 -1.61

Graz AK-15-505-4 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk, 
+/- no mcod

hostrock 1.92 -1.44

Graz AK-15-505-5 Caicos, beachrock, ?Holocene Caicos 
Beachrock, bulk, 
+/- no mcod

hostrock 2.44 -1.05

Graz AK-15-506 Caicos, beachrock, ?Holocene Caicos 
Beachrock, mcod 
~90%

mcod &host -2.32 -2.65

Graz AK-15-507 Caicos, beachrock, ?Holocene Caicos 
Beachrock, mcod 
~90%

mcod -4.85 -3.49

Graz AK-15-510 Sella-Finestrat, modern soil Sella-Finestrat, 
at Dutchs; T823, 
small

iCR-D -7.7 -7.0

Graz AK-15-510-2 Sella-Finestrat, modern soil Sella-Finestrat, 
at Dutchs; T823, 
small

iCR-D -7.6 -7.1

Graz AK-15-511 Sella-Finestrat, modern soil Sella-Finestrat, 
T829, chalky nod.

NFC/CC -6.5 -6.1

Graz AK-15-511-2 Sella-Finestrat, modern soil Sella-Finestrat, 
T829, chalky nod.

NFC/CC -6.5 -6.1

Graz AK-15-512 Sella-Finestrat, modern soil Sella-Finestrat, 
T826-1; pisoids, 
NFC

NFC/CC/
pisoids

-6.0 -4.1

Graz AK-15-512-2 Sella-Finestrat, modern soil Sella-Finestrat, 
T826-1; pisoids, 
NFC

NFC/CC/
pisoids

-7.1 -4.6

Graz AK-15-512-3 Sella-Finestrat, modern soil Sella-Finestrat, 
T826-1; pisoids, 
NFC

NFC/CC/
pisoids

-4.9 -3.7

Graz AK-15-512-4 Sella-Finestrat, modern soil Sella-Finestrat, 
T826-1; pisoids, 
NFC

NFC/CC/
pisoids

-5.6 -3.8

Graz AK-15-512-5 Sella-Finestrat, modern soil Sella-Finestrat, 
T826-1; pisoids, 
NFC

NFC/CC/
pisoids

-5.7 -4.1

Graz AK-15-512-6 Sella-Finestrat, modern soil Sella-Finestrat, 
T826-1; pisoids, 
NFC

NFC/CC/
pisoids

-5.2 -3.9

Graz AK-15-513 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-01; pine 
roots & carbonate

NFC/CC/
pisoids

-7.4 -5.0

Graz AK-15-513-2 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-01; pine 
roots & carbonate

NFC/CC/
pisoids

-7.0 -4.9

Graz AK-15-513-3 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-01; pine 
roots & carbonate

NFC/CC/
pisoids

-7.2 -4.9

Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)
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Table A1-1.1. (continued)

Lab Sample ID locality, material/
stratigraphic unit, age

sample name material 
type

δ13C 
(VPDB)

δ18O 
(VPDB)

Graz AK-15-513-4 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-01; pine 
roots & carbonate

NFC/CC/
pisoids

-6.2 -4.6

Graz AK-15-513-5 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-01; pine 
roots & carbonate

NFC/CC/
pisoids

-7.3 -5.0

Graz AK-15-513-6 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-01; pine 
roots & carbonate

NFC/CC/
pisoids

-7.3 -5.0

Graz AK-15-514 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-03; as --513

NFC/CC/
pisoids

-6.7 -5.1

Graz AK-15-514-2 Sella-Finestrat, modern soil Sella-Finestrat, 
T819-03; as --514

NFC/CC/
pisoids

-6.6 -5.0

UCM AK-17-601 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

NTW-E lam CC lam RhC -9.77 -3.44

UCM AK-17-602 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

NTW-E lam CC lam RhC -9.54 -3.58

UCM AK-17-603 Nicholls Town, N Andros, 
calcrete on Pleistocene 
Cockburn Town Member

NTW-E lam CC lam RhC -9.97 -2.83

UCM AK-17-604 Doukkala, Morocco, recent 
aeolianite

Doukkala rhizolith 
T16-127B

rhizolith -7.6 -3.38

UCM AK-17-605 Doukkala, Morocco, recent 
aeolianite

Doukkala rhizolith 
T16-127B

rhizolith -8.4 -3.62

UCM AK-17-606 Doukkala, Morocco, recent 
aeolianite

Doukkala rhizolith 
T16-126

rhizolith -7.91 -3.69

UCM AK-17-607 Doukkala, Morocco, recent 
aeolianite

Doukkala rhizolite 
T16-117 hard

lam RhC -9.24 -4.04

UCM AK-17-608 Doukkala, Morocco, recent 
aeolianite

Doukkala rhizolite 
T16-117 porous

lam RhC -9.1 -3.83

UCM AK-17-609 San Salvador, Pleostocene-
Holocene

SanSal SSAL-08 
- lam cc/rhizolite, 
hard layer

lam RhC -5.91 -2.62

UCM AK-17-610 San Salvador, Pleostocene-
Holocene

SanSal SSAL-08 
- lam cc/rhizolite, 
porous

lam RhC -7.03 -2.94

UCM AK-17-611 San Salvador, Pleostocene-
Holocene

SanSal SSAL-04, 
rhizolith, internal 
part

rhizolith -2.68 -2.75
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Appendix A2-1 Rhizolites of the Bahamas: 
Climatic setting, location maps and 
complementary field photographs

Fig. A2-1.01. Map of the 
Bahamian archipelago 
showing regional 
variation in mean annual 
rainfall (lines every 250 
mm/y) and potential 
evapotranspiration data 
(P.E.T.). From Whitaker 
and Smart (1997)  
after Sealey (1994).Bahamas for Chpt 2 Appendix

Untitled layer

Clifton Pier

Lyford Cay

Point 3

Fig. A2-1.02. Map of North Andros and New Providence Island with studied localities. 
Base map copied from GoogleMaps.

North 
Andros

New Providence

20 km 

Clifton Pier

Lyford Cay

Nicholls Town
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Copy of Bahamas 2012 copy

Untitled layer
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Fig. A2-1.03. A) Map of San Salvador Island with 
marked studied localities. Base map copied from 
GoogleMaps. B) Simplified stratigraphic column for 
the Bahamas (from Carew and Mylroie 1995)

A B



291Appendices 291

H
G

A B

C D

FE

Fig. A2-1.04. San Salvador Island, the Bahamas. A, B) Outcrops of aeolianite of the Rice Bay Formation 
at the North Point. A: cross-bedded aeolianite with plant roots penetrating along and enlarging bedding 
plane partings and joints, cross-cutting the bedding. B: exposed boxwork-like brecciation of aeolianite beds, 
produced by root growth. C) Palaeosol bed, composed of displaced, subparallel flat clasts of aeolianite in 
beige matrix. Pleistocene ?Cockburn Town Member, French Bay. D) Coarse and fine roots penetrating weakly 
cemented holocene aeolianite, French Bay. E) Rhizoliths from a weathered bedding plane in aeolianite, 
corresponding to a part of a root system. French Bay. F) Laminar rhizolite coating coral rubble. Nortwest 
Point, New Providence Island. G)Calcrete-lined solution pipe from eroded, weakly-cemented aeolian sand. 
Coast E of French Bay. H) Finely laminar red-brown calcrete, coating bioclastic limestone, Grotto Beach 
Formation, Pleistocene.
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Appendix A2-2 Holocene/Recent composite rhizoliths from 
Doukkala, Morocco

C

1 cm

1 cm

1 cm

Fig. A2-2.01. (continued on next page)
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H

K L

J

G

I

Fig. A2-2.01. Composite rhizoliths from Holocene/Recent aeolian dunes near Oualidia (Doukkala region, 
Morocco).  A-B) Vertical rhizoliths, several cm in diameter, forming in a void of former coarse tap root. C, D) 
Cross section of large rhizolith showing centripetal growth and progressive filling-up the void by carbonate 
precipitated around fine roots. E, F) Cut pieces of composite rhizoliths.  G-L) PPL and XPL thin section 
photomicrograph pairs of a composite rhizolith.
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A B

C D

FE

Figure A2-3.01. Dry, relatively well-preserved organic remains of fine roots from calcareous soil near Sella 
(see localities in Appendix 3-1). A, B) Fine root with thin and discontinuous coating of micrite, possibly not 
brecipitated but attached to the root surface. C, D) Short root hairs. E, F) Parttly collapsed root with degraded 
cortex but well-preserved vascular cylinder.

Appendix A2-3 Potential analogues of fine root mineralisation 
and taphonomy from modern soils of the 
Province of Alicante, Spain, and modern 
aeolianites of the Doukkala region, Morocco
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A B

C D

Figure A2-3.02. Photomicrographs of of remains of short pine roots and associated carbonate accumulations. 
A-H: Finestrat-Sella; H - S’Estanyol. A-D) PPL/XPL pairs. E, F) Low vacuum BES photomicrographs of 
alveolar septal structure, composed of needle fibre calcite (NFC), calcite nanofibres, and calcified bacterial 
nest-like features. G) Higher magnification SED detail of Fig. F. H) Sand grains, cemented by alveolar septal 
structure, composed of NFC. Arrow indicates a tubule, left after decayed very fine root.

E F

G H
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A B

C D

E F

G H

Figure A2-3.03.  A-F) Fine roots from incipient sub-mm diamterer rhizoliths in modern aeolianite, 
Doukkala, Morocco. Well-preserved epidermis and root hairs with NFC. G, H) Fine root rhizolith almost 
exclusively composed of NFC. H) Internal part of a rhizolith showing abundant mineralised fungal hyphae 
and open structure of NFC.
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Figure A2-4.01. A, B) Small bush of Salvia rosmarinus with part of the root system growing in cracks in 
limestone and a thin root mat spreading over the surface (Cala Pi, Mallorca). Hammer for scale. C) Fine root 
mat of unknown plant(s), proliferating through a fissure in pedogenically altered aeolianite. Colònia de Sant 
Pere, Mallorca. Roots are 0.5-1 mm in diameter. D, E) Roots from a brown soil-filled karstic dissolution void, 
preferentially aligned along the rock surface, probably for efficent water capture. Črni kal, Slovenia. F) Fibrous 
fine root system of a pot-grown Ocimum basilicum - a model for root mats in natural settings such as soil 
pockets? Home herb garden.

C

DA
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F

E

Appendix A2-4 Examples of live or non-decayed fine root 
mats in present-day soils
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Lab Sample ID sample/material type δ13C 
(VPDB)

δ18O 
(VPDB)

GFZ AK-06-248 Andros, NTW, lam CC lam RhC -9.45 -2.26

GFZ AK-06-249 Andros, NTW, lam CC lam RhC -9.83 -2.35

GFZ AK-06-250 Andros, NTW, lam CC lam RhC -9.53 -3.17

GFZ AK-06-251 Andros, NTW, lam CC lam RhC -9.76 -2.71

UCM AK-17-601 Andros, NTW-E lam CC lam RhC -9.77 -3.44

UCM AK-17-602 Andros, NTW-E lam CC lam RhC -9.54 -3.58

UCM AK-17-603 Andros, NTW-E lam CC lam RhC -9.97 -2.83

UCM AK-17-609 SanSal SSAL-08 - lam cc/
rhizolite, hard layer

lam RhC -5.91 -2.62

UCM AK-17-610 SanSal SSAL-08 - lam cc/
rhizolite, porous

lam RhC -7.03 -2.94

UCM AK-17-604 Doukkala rhizolith T16-127B rhizolith -7.6 -3.38

UCM AK-17-605 Doukkala rhizolith T16-127B rhizolith -8.4 -3.62

UCM AK-17-606 Doukkala rhizolith T16-126 rhizolith -7.91 -3.69

UCM AK-17-607 Doukkala rhizolite T16-117 hard lam RhC -9.24 -4.04

UCM AK-17-608 Doukkala rhizolite T16-117 porous lam RhC -9.1 -3.83

GFZ AK-06-232 IBI-04 chalky/lam RhC -6.99 -5.92

GFZ AK-06-234 La Mora pisolitic calcrete -7.46 -4.13

GFZ AK-06-235 La Mora chalky/lam RhC -10.19 -4.84

GFZ AK-06-236 La Mora chalky/lam RhC -10.33 -4.79

GFZ AK-06-237 La Mora pisolitic calcrete -9.72 -4.42

Graz AK-15-511 Sella-Finestrat, T829, chalky nod. NFC/chalky -6.5 -6.1

Graz AK-15-511-2 Sella-Finestrat, T829, chalky nod. NFC/chalky -6.5 -6.1

Graz AK-15-512 Sella-Finestrat, T826-1; pisoids, 
NFC

NFC/chalky/piso -6.0 -4.1

Graz AK-15-512-2 Sella-Finestrat, T826-1; pisoids, 
NFC

NFC/chalky/piso -7.1 -4.6

Graz AK-15-512-3 Sella-Finestrat, T826-1; pisoids, 
NFC

NFC/chalky/piso -4.9 -3.7

Graz AK-15-512-4 Sella-Finestrat, T826-1; pisoids, 
NFC

NFC/chalky/piso -5.6 -3.8

Appendix A2-5 δ13C and δ18O stable isotope analysis data 
of the Bahamian laminar rhizolites and 
comparative material 

Table A2-5.1. δ13C and δ18O data for laminar rhizolites from the Bahamas and comparative Quaternary root-
related calcretes from Spain, Morocco and selected samples of Palaeogene laminar calcretes from Slovenia.  
Also see sample details in Appendix A1-1, Table A1-1.1.
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Lab Sample ID sample/material type δ13C 
(VPDB)

δ18O  
(VPDB)

Graz AK-15-512-5 Sella-Finestrat, T826-1; pisoids, 
NFC

NFC/chalky/piso -5.7 -4.1

Graz AK-15-512-6 Sella-Finestrat, T826-1; pisoids, 
NFC

NFC/chalky/piso -5.2 -3.9

Graz AK-15-513 Sella-Finestrat, T819-01; pine 
roots & carbonate

NFC/chalky/piso -7.4 -5.0

Graz AK-15-513-2 Sella-Finestrat, T819-01; pine 
roots & carbonate

NFC/chalky/piso -7.0 -4.9

Graz AK-15-513-3 Sella-Finestrat, T819-01; pine 
roots & carbonate

NFC/chalky/piso -7.2 -4.9

Graz AK-15-513-4 Sella-Finestrat, T819-01; pine 
roots & carbonate

NFC/chalky/piso -6.2 -4.6

Graz AK-15-513-5 Sella-Finestrat, T819-01; pine 
roots & carbonate

NFC/chalky/piso -7.3 -5.0

Graz AK-15-513-6 Sella-Finestrat, T819-01; pine 
roots & carbonate

NFC/chalky/piso -7.3 -5.0

Graz AK-15-514 Sella-Finestrat, T819-03; as --513 NFC/chalky/piso -6.7 -5.1

Graz AK-15-514-2 Sella-Finestrat, T819-03; as --514 NFC/chalky/piso -6.6 -5.0

GFZ AK-06-229 SM1-Rh6-A lam RhC -5.04 -3.61

GFZ AK-06-238 DIV-30 lam RhC -5.84 -3.07

GFZ AK-06-239 DIV-30 lam RhC -5.52 -3.63

GFZ AK-06-240 DIV-30 lam RhC -6.79 -4.21

GFZ AK-06-241 DIV-30 lam RhC -6.70 -4.82

GFZ AK-06-243 SM1-Rh4 lam RhC -6.65 -4.01

GFZ AK-06-244 SM1-Rh4 lam RhC -5.45 -3.62

GFZ AK-06-245 SM1-Rh4 lam RhC -5.67 -3.79

GFZ AK-06-246 SM1-Rh4 lam RhC -6.11 -3.70

GFZ AK-06-247 TRS CC lam RhC -2.16 -2.75

Graz AK-07-302 DIV-33 dark laminae, bulk lam RhC -6.69 -4.47

Graz AK-07-303 DIV-33 dark laminae, bulk lam RhC -6.68 -4.46

Graz AK-07-304 DIV-33 dark laminae, bulk lam RhC -6.77 -5.23

Graz AK-07-309 DIV-33 Rh stromatol. dark 
laminae, bulk

lam RhC -6.96 -4.30

Graz AK-07-310 DIV-33 Rh stromatol. dark 
laminae, bulk

lam RhC -6.32 -4.56

Graz AK-07-322 lam cc Slavnik lam RhC -7.32 -3.57

Graz AK-07-323 lam cc Slavnik lam RhC -7.03 -3.17

Table A2-5.1. (continued)
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Appendix A3-1 Localities in the Alicante Region

Site # Locality Position (GPS) Elevation (GPS)

T14-454 Relleu; Road CV-755 Relleu - 
Aïgues

N38° 31' 48.8 W0° 20' 40.7"" 455 m

T14-455 Relleu; Road CV-755 Relleu - 
Aïgues

N38° 31' 49.2 W0° 20' 39.8"" 473 m

T14-456 Relleu; Road CV-755 Relleu - 
Aïgues

N38° 31' 48.4 W0° 20' 37.3"" 477 m

T14-457 Penàguila; Road CV-770, Barranc 
del Seguró

N38° 37' 37.3 W0° 18' 44.4"" 702 m

T14-458 Penàguila; Road CV-770, Barranc 
del Seguró

N38° 37' 37.8 W0° 18' 43.0"" 708 m

T14-459 Penàguila; Road CV-770, Barranc 
del Seguró

N38° 37' 37.0 W0° 18' 45.7"" 722 m

T14-460 Torre de Arriba; Road CV-70  
Benimantel- Benidorm

N38° 38' 33.4 W0° 09' 48.4"" 409 m

T14-461 Finestrat-Sella; unpaved forest 
road, N of Puig Campana

N38° 36' 46.8 W0° 12' 33.2"" 671 m

T14-462 Finestrat-Sella; unpaved forest 
road, N of Puig Campana

N38° 37' 01.9 W0° 12' 25.4"" 687 m

T14-463 Sella, The Site; unpaved road 
along Barranc de l’Arc

N38° 37' 34.6 W0° 13' 33.5"" 559 m

T14-464 Ibi; Road CV-806 N38° 37' 37.7" W0° 33' 03.0" 806 m

T14-464-1 Ibi; side road SE of A-7 Motorway N38° 37' 29.7" W0° 32' 56.2" 810 m

T15-816 Sella, The Site; unpaved road 
along Barranc de l’Arc

N38° 37' 34.9 W0° 13' 33.1"" 567 m

T15-817 Pas del Comptador,unpaved road 
Sella-Guadalest

N38° 38' 18.5 W0° 11' 17.3"" 863 m

T15-818 Guadalest; forest road N38° 39' 10.7” W0° 11' 37.9” 818 m

T15-819 Guadalest; forest road N38° 39' 10.5” W0° 11' 33.9” 814 m

T15-820 Finestrat; E of Puig Capana N38° 34' 54.3” W0° 12' 44.0” 416 m

T15-821 Finestrat; E of Puig Capana N38° 36' 19.5” W0° 13' 09.8” 505 m

T15-822 Finestrat; E of Puig Capana N38° 34' 54.8” W0° 12' 42.4” 351 m

T15-823 Finestrat-Sella; unpaved forest 
road, N of Puig Campana

N38° 36’ 50.9” W0° 12’ 43.6” 701 m

Table A3-1.1. List of sampling localities in the Alicante Region (2014-2015) with coordinates.  



301Appendices

Figure A3-1.01
Topographic and road map (Google Maps) showing main localities, named after the nearby towns (Finestrat, 
Sella, Guadalest, Relleu, Penàguila, Ibi). Coordinates of the sampling points are listed in Table A3-1.1.

Ibi * * **
*

*

*Relleu

Penàguila
Sella

Finestrat

Guadalest

*Pas del Comptador

Figure A3-1.02. Topographic map showing drainage basins of three of the four major river in the main study 
area (Riu Amadorio, Riu Guadalest (a major tributary of Riu Algar), and Riu Frainos. From Giménez-Font 
and Marco Molina (2017). Riu Montnegre (Riu Verde) of the Ibi locality (SW of Alcoi) is not shown on the 
map.
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Figure A3-2.01.  Geological maps with marked main sampling areas; extracted from Geological Map of Spain 
(Mapa geologico de España, 1: 50.000, 2ª Serie). A) Excerpt from the sheet Castalla (Hoja 846; Martínez del 
Olmo et al. 1978). http://info.igme.es/cartografiadigital/datos/magna50/pdfs/d8_G50/Magna50_846.pdf
B) Excerpt from the sheet Villajoyosa (Hoja 847; Calodron et al. 1981) of the area between the Villajoyosa 
coast and Serra d’Aitana mountains. http://info.igme.es/cartografiadigital/datos/magna50/pdfs/d8_G50/
Magna50_847.pdf

B

Appendix A3-2 Geological and climatic setting of the 
studied localities
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A

Appendix A3-3 Sample prepration methods for intracellularly 
calcified roots

A = 75 mm

C = 10 mm

B = 51 mm

D = 6 mm
E = 6 mm

Adapter  iz PTFE 
varianta 1 - 
premer 75 mm
(1 kos)

varianta 2 - premer 50 mm
(1 kos)

A = 50 mm
B = 30 mm
C = 10 mm
D, E = 6 mm

A = 75 mm

C = 10 mm

B = 51 mm

D = 6 mm
E = 6 mm

Adapter  iz PTFE 
varianta 1 - 
premer 75 mm
(1 kos)

varianta 2 - premer 50 mm
(1 kos)

A = 50 mm
B = 30 mm
C = 10 mm
D, E = 6 mm

B

Figure A3-3.1. 
A) Sketch of an adapter made of polytetrafluoroethylene (PTFE) to hold a standard SEM aluminium disc 
(stub) sample holder (diameter 51 mm, thickness 10 mm); above: top view, below: side view with dimensions. 
B) SEM holder with PTFE adapter (a) holding a pre-cooled aluminium disc (d) with a fragment of fine root 
(arrow), frozen in liquid nitrogen. 

a
d

Freeze drying and SEM observation of fresh root samples

Procedure:

1) Aluminium sample holder (30 or 51 mm diameter, thickness 10 mm; Fig. A3-3.1B) were 

immersed in a polystyrene bath, filled with liquid N2.

2) The holder was let cool to N2 temperature and set onto PTFE holder, fixed into the SEM 

sample holder (Fig. A3-3.1A).

3) A fragment of fresh root was separately immersed in liquid N2 and rapidly placed onto 

the cooled holder (Fig. A3-3.1B).

4) Sample holder was placed in the SEM chamber, closed as rapidly as possible to prevent 

ice formation fron the air moisture, and evacuated to 20 to 40 Pa low vacuum conditions.

5) Samples were observed during freeze drying process and after complete ice sublimation 

(10-30 minutes) and kept at low vacuum for several hours to complete the drying process.
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A B

DC

Figure A3-3.3. A-E) LV BES SEM photomicrographs of liquid-nitrogen frozen fragment of partly calcified 
root, observed during freeze-drying (ice sublimation) in the SEM chamber. F) An example of partly calcified 
roots of the same sample, collapsed after letting dry at room temerature and pressure. Stereomicroscope 
photomicrograph. 

FE
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Appendix A3-4 Intracellularly calcified roots: 
complementary figures

C
D

FE

Figure A3-4.01. (continued on next page)

BA
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J

H
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K

Figure A3-4.01. Type I and Type II iCR root systems in hand-specimens (supplement to Figs. 3.2-3.7 and 
3.10-3.12). A and B) Type I clusters of mostly disintegrated iCRs. Ibi (A) and Sella (B) localities. C) Corroded 
surface of a marly limestone pebble with in situ preserved iCRs. Finestrat-Sella. D) Fragments of flat, Type 
2 iCRs, embedded wiyh clayey matrix. Finestrat-Sella. E-K) Well-preserved iCR systems showing relatively 
open or dense (fitted) herringbone branching patterns. E, F: Penaguila, G-K: Sella locality.

G
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A B

C D

E F

Figure A3-4.02. SEM photomicrographs of asymmetrical type II iCRs. A) BES SEM photomicrograph 
of a thin section of a resin-embedd iCR fragment. Arrows indicate empty, non-calcified (resin-filled) 
epidermal cells. B) Same as in Fig A. Arrow indicates partly preserved organic remain of a vascular 
cylinder. C) Fragment of iCR with preserved vascular cylinder (arrow). BES photomicrograph. D-F) SED 
photomicrographs of root-hair side of a flat, shovel-type iCR. Note dimensions of root hairs in D and ectopic 
(marginally placed) vascular cylinder in F (arrow). All samples from Finestrat-Sella locality.
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Figure A3-4.03. Asymmetric, Type II (shovel) live roots of pot-grown Hedysarum coronarium, partly 
calcified. A, B) Note the difference in diameter between non-calcified, lower-order root branches and flat, 
terminal branches with calcified dells.  C and D) Short shovel root showing calcified cortex, seen through the 
epidermis (C) and opposite side covered with root hairs and clayey material. E-G) Longer shovels, showing 
typical curved (bent) shape due to asymmetric expansion of cells on one side of the root.  
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Figure A3-4.04.  Type II (shovel) partly calcified live roots of pot-grown Hedysarum coronarium. Same 
material as in Fig. A3-4.03. Parts of root systems with noncalcified lower-order root branches and terminal, 
shovel-shaped noncalcified (N) od partly calcified roots (C).

N

N

N

N

N
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Figure A3-4.05.  A-E) Morphological details of isolated calcified cells, showing curved polyhedral shapes, 
often with folded surface, corresponding to the folded surface of a cell wall.  F, G) Smooth surface of a fully-
calcified cell with hollows and protuberances and irregularities in the basal crystal (arrow), not (yet) overlain 
by the external, nanocrystalline layer. 
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A B

DC

FE

Figure A3-4.06. Low vacuum BES photomicrographs of partly calcified live root showing morphology and 
ultrastructure of partly calcified cells. Note transparent appearance of cell walls under BES SEM conditions in 
Figs. A-D. See captions in Figs. 3.23 and 3.24 for details. 
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Figure A3-4.07. See caption on the next page.
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Figure A3-4.08. Ultrastructure of calcified cells under SEM. Ultrastructural details of external layer. See 
section 3.4.4 and caption in Fig. 3.25. 
 

Figure A3-4.07. (previous page) Ultrastructure of calcified cells under SEM. Calcified cells exhibiting parallel 
microlamellar and crossed (interlaced) lamellar ultrastructure. A, C, E, F) Charge contrast images (CCI) of 
polished thin sections. Ultrastructure of fully-calcified cells characterised by cross-lamellar microstructure, 
analogous to cells in Figs. B and D. G, H) SED and CCI BES photomicrographs of porous, incompletely 
calcified cell composed of microlamellar calcite . Sella, site T14-463. Also see caption in Fig. 3.23.
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C D
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Figure A3-4.09. A-D) SEM pfotomicrographs of the external calcite layer formed by aggregation of globular 
(possibly amorphous of poorly crystalline) nanosized particles. E) High-magnification detail of the surface 
layer of iCR showing dimensions of the nanoparticles. See section 3.4.4. and caption in Fig. 3.25.
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Figure A3-4.10. Vacuolar crystal maturation and microstructure of external layer of iCR cells.
All images taken in HV SED mode of Au-coated samples. A-C) Calcified cell composed of mesocrystalline 
calcite, incompletely covered by a layer of nanocrystalline calcite (arrow in A). D-F) Calcified cell composed 
of lammelar calcite with external layer made of irregular, nanocrystalline aggregates. See caption in Fig. 3.25.
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Figure A3-4.11. SEM photomicrographs of non-vacuolar, small-scale crystal forms. Also see caption in Fig. 
3.26. A) Acicular crystal clusters growing perpendicular to cell walls, probably formed in an empty, non-
calcified cell. B-D) Cell interiors with disc-shaped crystal bodies, 5-10 µm in diameter, formed on the surface 
of the cell wall. Sella, site T14-463. Cf. forms illustrated by Jaillard (1987), their Figs. 5-11c-f.  E, F) Several 
micrometres thick calcite crust, coating the cell wall, probably formed by coalescence of clusters illustrated in 
Figs. C and D.

E F

C D

A B
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Figure A3-4.12.  SEM photomicrographs of non-vacuolar, small-scale crystal forms. A) Disc-shaped i crystal 
bodies, 5-10 µm in diameter, formed on the surface of the cell wall, seen from the lower side (cf. Figs. 3.26D 
and A3-4.11D. B) Surface of a calcified cell showing lower (outer) side of acicular clusters illustrated in Fig. 
A3-4.11A. C, D) Mine mineral preciptates in hollows in the cell wall. E, F) Sub-micron size hollows in cell 
walls (?plasmodesmata) without associated mineral precipitates. Also see caption in Fig. 3.26.
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Figure A3-4.13. Small-scale Ca carbonate (and ?oxalate) precipitated externaly on the epidermal cells, 
including some root hairs, of incompletely calcified iCRs. Lov vacuum BES photomicrographs. Finestrat-Sella. 
A) Thin crust (c); x - calcified cortex cells; yellow arrows: remains of cell walls. B) Detail of A showing arched 
epidermis cells coated by thin, ~1 µm thick mineral layer (c). C-F) Detailed views showing the calcified layer 
(c), epidermis (e),  vascular cylinder (y), and ?calcified root hair (red arrow in F). 
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Figure A3-4.14. See continuation and caption on the next page.
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Figure A3-4.14. Endolithic microborings in iCR calcite. Also see captions in Figs. 3.27 to 3.30.
A) Polished slab remaining from thin section preparation showing limpid calcified cells with white dots 
(arrow) corresponding to arbuscular structures in iCR calcite produced by endolithic microorganisms (cf. Fig. 
3.30). B-H) Acid-etched polished, resin-embedded sample of iCRs with endolithic microborings.
I, J) PPL and blue fluorescence pair of a thin section showing small clusters (?arbuscular structures) of 
endolith borings. K, L) SEM photomicrographs of iCR material similar to Figs I and J: K: surface of iCR 
showing hollows in calcified cells; L: analogous features seen in resin casts. 

JI

K L
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Figure A3-4.15. Thin section photomicrographs of partly weathered (degraded) iCRs. A-D) iCRs with partly 
micritised cells (altered by microendolithic borings). E) Peloids (faecal pellets), detail of Fig. C. F) Cavity wit 
alveolar septal structure (NFC) in calcareous soil material largely composed of micritised iCR cells.
A
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Figure A3-4.16. SEM photomicrographs of weathered (degraded) iCRs. A, B) A fragment of a type I iCR, 
etched and coated with needle fiber calcite (NFC), and numerous Ca-oxalate mineralised fungal hyphae. Sella, 
site T15-816. C, D) Weathered iCR cells, partly ‘replaced’ by NFC crystals. Penàguila, site T14-458. 
E, F) Extremely weathered calcified cells, covered by a film of NFC, nanofibres, mineralised bacteria and 
fungal hyphae. Sella, site T15-816. All images taken on Au-coated material in HV SED mode. 
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Figure A3-4.17. SEM photomicrographs of weathered (degraded) iCRs. A) BES SEM photomicrograph 
of a polished thin section showing Type I iCR in cross section. Arrows indicate cells strongly affected by 
microendolithic borings. C-F) SED photomicrographs of stongly weathered (etched) iCR cells with, probably 
microbially formed, dissolutional cavities, associated with secondary NFC (in Fig. F).  
Also see caption in Fig. 3.31.
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Figure A3-4.18. SEM (BES and SED) photomicrographs of weathered (degraded) iCRs. A-D) Disintegrated 
iCRs; individual calcified cells are incorporated in microsparite nodules. Penàguila locality. E, F) Etched 
(partly and selectively dissoved) iCR clusters. Ibi locality.
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Appendix A3-5 XRD and FTIR analysis of iCRs

Figure A3-5.01. XRD diffractograms of representative samples of intracellularly calcified roots. SLL-
04, SLL-23: Sella, REL-05: Relleu, IBI-06: Ibi, PEN-01: Penàguila.
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IBI-06

Figure A3-5.01. (continued).
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Figure A3-5.02. FTIR spectra of two samples of iCR (A - IBI-06; B - SL-04), showing typical calcite 
patterns, and a spectrum (C) of a comparative sample of oxalate deposits on lichens (Lanzarote), 
showing a spectrum comparable to weddelite (Ca oxalate).
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Appendix A3-6 Results of EPMA analysis of iCRs

thin
section

material pt 
#

CaO MgO FeO MnO SrO P2O5 SO3 SiO2 Al2O3

A04 iCR 16 47.287 0.633 0.125 0.033 0.317 0.045 1.645 0.054 0.104

A04 iCR 17 52.206 1.097 0.046 0 0.554 0.022 0.018 0.012 0

A04 iCR 18 53.983 0.376 0 0.033 0.438 0.055 0.046 0.004 0.007

A04 hst_rck 19 31.288 1.085 1.372 0 0 0.139 0.083 17.925 7.279

A04 hst_rck 20 41.119 0.529 0.618 0 0 0.054 0.022 8.289 4.001

A04 hst_rck 21 0.492 0.907 4.109 0.027 0 0.023 0.019 20.435 4.812

A04 hst_rck 22 50.228 0.193 0.213 0.093 0.056 0.029 0.055 2.169 1.185

A04 iCR 23 55.661 0.75 0 0.033 0.266 0.009 0 0 0

A04 iCR/resin 24 35.272 0.134 0.046 0.016 0.172 0.062 0.047 0.021 0.088

A03 iCR 1 54.817 0.285 0.003 0.008 0.196 0.029 0.007 0 0.165

A03 iCR 2 53.201 0.493 0 0.026 0.263 0.055 0 0.005 0.005

A03 iCR 3 55.82 0.302 0.01 0 0.181 0.004 0 0.007 0

A03 iCR 4 52.953 0.415 0 0.049 0.339 0 0.044 0.056 0

A03 iCR 5 53.814 0.371 0.035 0 0.287 0.015 0 0 0

A03 iCR 6 54.98 0.388 0 0.083 0.371 0.049 0.045 0.034 0

Table A3-6.1. Microprobe results, thinsections A03 and A04 in oxides form; iCR - intracellularly 
calcified roots, hst_rck - hostrock.

Elemental analyses were performed on polished thin sections on a JEOL JXA-8900 M WD/

ED Electron Microprobe (CNME, University Complutense Madrid) operating at 15 kV and 

20 nA and employing an electron beam diameter of 5 μm. The limits of detection for the 

analysed elements/oxides were: Ca 145 ppm, Mg 125 ppm, Fe 295 ppm, Mn 240 ppm, Sr 

175 ppm, P, S 330 ppm, SiO2 400 ppm, Al2O3 170 ppm.
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17
18

19 20

21 22

A04 A04 

A04 A04 

thin section 
- point #

material Ca Mg Fe Mn Sr P S Si Al

A04 - 16 iCR 33.796 0.382 0.097 0.026 0.268 0.020 0.659 0.025 0.055

A04 - 17 iCR 37.311 0.662 0.036 0.000 0.468 0.010 0.007 0.006 0.000

A04 - 18 iCR 38.581 0.227 0.000 0.026 0.370 0.024 0.018 0.002 0.004

A04 - 19 hst_rck 22.361 0.654 1.066 0.000 0.000 0.061 0.033 8.379 3.852

A04 - 20 hst_rck 29.387 0.319 0.480 0.000 0.000 0.024 0.009 3.875 2.117

A04 - 21 hst_rck 0.352 0.547 3.194 0.021 0.000 0.010 0.008 9.553 2.547

A04 - 22 hst_rck 35.898 0.116 0.166 0.072 0.047 0.013 0.022 1.014 0.627

A04 - 23 iCR 39.781 0.452 0.000 0.026 0.225 0.004 0.000 0.000 0.000

Table A3-6.2. Microprobe results of thin section A04; elements in wt%. BES images show positions of 
the measurement points.

23
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3

A03 

4 5
6 1

2

thin section 
- point #

material Ca Mg Fe Mn Sr P S

A03 - 1 iCR 39.177 0.172 0.002 0.006 0.166 0.013 0.003

A03 - 2 iCR 38.022 0.297 0.000 0.020 0.222 0.024 0.000

A03 - 3 iCR 39.894 0.182 0.008 0.000 0.153 0.002 0.000

A03 - 4 iCR 37.845 0.250 0.000 0.038 0.287 0.000 0.018

A03 - 5 iCR 38.461 0.224 0.027 0.000 0.243 0.007 0.000

A03 - 6 iCR 39.294 0.234 0.000 0.064 0.314 0.021 0.018

Table A3-6.3. Microprobe results of thin section A03. Elements in wt%. BES image shows positions of 
the measurement points.
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Sample # type
δ13C  
(‰ VPDB)

δ18O  
(‰ VPDB)

AK-03-003 iCR -13.1 -5.2
AK-03-004 iCR -13.9 -9.7
AK-03-018 iCR-D -7.5 -7.5
AK-03-018R iCR-D -7.7 -7.6
AK-03-019 iCR -13.6 -9.1
AK-03-020 iCR -13.6 -7.5
AK-03-021 iCR -15.0 -7.0
AK-03-021R iCR -13.9 -6.0
AK-03-022 iCR -14.3 -6.9
AK-03-023 iCR-D -9.4 -6.4
AK-03-024 iCR -13.7 -4.8
AK-03-024R iCR -13.6 -4.6
AK-03-025 iCR -11.5 -3.7
AK-03-026 iCR -11.8 -4.3
AK-03-027 iCR -10.9 -7.4
AK-03-028 iCR-D -10.0 -6.9
AK-03-029 iCR-D -8.2 -3.6
AK-03-029R iCR-D -8.1 -4.1
AK-03-030 iCR-D -7.8 -4.1
AK-03-030R iCR-D -7.4 -3.8
AK-03-031 iCR -11.9 -5.7
AK-03-032 iCR-D -9.2 -6.5
AK-03-033 iCR -10.1 -7.3
AK-03-034 iCR -14.5 -6.0
AK-03-035 iCR -10.5 -6.4
AK-05-061 iCR -17.2 -9.7
AK-05-062 iCR -16.8 -9.6
AK-05-063 iCR -13.9 -9.0
AK-05-064 iCR-II-D -8.0 -6.7
AK-05-065 iCR-II-D -8.4 -8.0
AK-05-066 iCR-II-D -8.7 -7.9
AK-05-067 iCR-II-D -8.4 -6.2
AK-05-068 iCR-II-D -8.6 -7.1
AK-05-069 iCR-II-D -8.6 -7.9
AK-05-070 iCR-II-D -9.2 -7.5
AK-05-071 iCR-II-D -7.5 -4.3

AK-05-072 iCR -15.0 -5.9
AK-05-073 iCR -14.8 -5.6
AK-05-074 iCR -13.8 -5.3
AK-05-075 iCR -14.4 -5.8
AK-05-076 iCR -14.5 -3.0
AK-05-078 iCR-II-D -7.6 -5.3
AK-05-079 iCR-II-D -6.3 -6.0
AK-05-080 iCR-II-D -7.6 -6.4
AK-05-081 iCR-D -7.5 -6.6
AK-05-082 iCR-II-D -7.0 -4.7
AK-05-083 iCR-II-D -7.5 -6.2
AK-05-084 iCR-II -9.1 -6.9
AK-06-227 iCR-D -7.1 -7.8
AK-06-228 iCR -20.3 -10.4
AK-06-230 iCR-D -9.1 -6.0
AK-06-231 iCR-D -7.3 -5.7
AK-06-233 iCR-D -8.2 -5.6
AK-06-256 iCR -12.5 -8.8
AK-06-257 iCR -13.5 -9.3
AK-06-258 iCR -12.3 -8.7
AK-06-259 iCR -13.6 -6.2
AK-06-260 iCR -12.8 -6.3
AK-06-261 iCR -13.8 -5.1
AK-06-262 iCR -12.8 -7.3
AK-14-400 iCR-I -14.1 -7.2
AK-14-401 iCR-I -10.0 -5.3
AK-14-402 iCR-I -13.1 -6.6
AK-14-404 iCR-I -15.3 -0.5
AK-14-405 iCR-I -14.0 -5.3
AK-14-406 iCR-I -15.0 -6.0
AK-14-407 iCR-I -13.1 -7.0
AK-14-408 iCR-I -12.3 -6.5
AK-14-410 iCR-I -12.3 -1.9
AK-14-410-2 iCR-I -12.8 -2.4
AK-14-411 iCR-D -8.9 -3.9
AK-14-412 iCR-I -11.6 -0.9

Appendix A3-7 δ13C and δ18O stable isotope analysis of iCRs

(cont.) type δ13C δ18O 

Table A3-7.1. Data of δ13C and δ18O stable isotope results expressed in ‰ VPDB of pure iCRs. 
Sample types: iCR: unspecified morphological type. iCR-I, iCR-II: type I and type II iCRS; iCR-D: weathered 
(degraded) iCRs. Morphologically unspecified samples, marked iCR*, are from pot-grown calcified roots of 
H. coronarium.For sample and analytical procedure details see Appendix A1-1, Table A1-1.1.
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AK-14-413 iCR-I -11.5 -2.0
AK-14-414 iCR-I -14.3 -0.1
AK-14-414-2 iCR-I -14.2 -0.6
AK-14-415 iCR-I -12.4 -2.0
AK-14-415-2 iCR-I -12.7 -2.8
AK-14-416 iCR-I -11.4 -2.1
AK-14-416-2 iCR-I -11.2 -2.0
AK-14-417 iCR-II -12.1 -4.9
AK-14-418 iCR-II -12.1 -5.3
AK-14-418-2 iCR-II -12.7 -5.4
AK-14-419 iCR-II -10.2 -7.8
AK-14-419-2 iCR-II -10.2 -7.6
AK-14-419-3 iCR-II -10.5 -8.0
AK-14-421 iCR-II -9.0 -6.7
AK-14-421-2 iCR-II -10.0 -7.0
AK-14-422 iCR-II -11.0 -4.7
AK-14-424 iCR-II -10.1 -8.0
AK-14-425 iCR-II -11.2 -5.9
AK-14-425-2 iCR-II -10.0 -6.2
AK-14-426 iCR-II -10.5 -4.1
AK-14-426-2 iCR-II -10.4 -4.6
AK-14-427 iCR-II -10.2 -9.0
AK-14-427-2 iCR-II -9.9 -8.9
AK-14-427-3 iCR-II -10.9 -8.9
AK-14-427-4 iCR-II -10.3 -8.6
AK-14-427-5 iCR-II -10.9 -8.8
AK-14-428 iCR-II -9.0 -8.7
AK-14-428-2 iCR-II -9.7 -8.6
AK-14-430 iCR-II-D -8.3 -6.0
AK-14-431 iCR-D -8.4 -6.1
AK-14-432 iCR-D -9.1 -6.4
AK-14-433 iCR-D -8.7 -6.2
AK-14-447 iCR* -16.3 -7.6
AK-14-447-2 iCR* -16.3 -7.6
AK-14-447-3 iCR* -16.4 -7.6
AK-14-447-4 iCR* -16.3 -7.5
AK-14-448 iCR* -16.8 -6.9
AK-14-448-2 iCR* -16.7 -6.8
AK-14-449 iCR* -15.6 -7.3
AK-14-449-2 iCR* -15.5 -7.2
AK-14-450 iCR* -16.0 -6.9
AK-14-450-2 iCR* -16.2 -7.0
AK-15-510 iCR-D -7.7 -7.0
AK-15-510-2 iCR-D -7.6 -7.1

 (cont.)  type  ∂13C  ∂18O 

Table A3-7.1 (continued)
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Appendix A4-1 DNA Barcoding results
Bare sequences of obtained gene fragments 
for 8 samples

(8 rbcLa, 3 matK, and 4 ITS, respectively). See sample codes in Table 4.1.

***A01	–rbcLa,	matK,	ITS		
	
>A01_rbcLa	
AACAGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGAAT
ATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCAACCAGGAGTTCCTCCTGAAGAAGCC
GGTGCTGCGGTAGCTGCCGAATCTTCCACTGGGACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTG
ATCGTTATAAAGGACGATGCTACCACATTGAACCCGTTGCTGGAGAAGAAAGTCAATTTATTGCTTATGTAGCT
TATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATTTGGGTTCA
AGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCGTTGCTTATGTTAAAACTTTCCAAGGTCCTCCTC
ACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAA
TTGGGATTATCCGCTAAGAATTACGGTCGAGCAGTTTATGAATGTCTTCGCGGT	
	
>A01_matK	
TTTACATATTTAAATTATGTGTCAGATATACGAATACCCTATCCGATCCATCTGGAAATCTTAATTCAAATCCTTC
GATACTGGGTAAAAGATGCCCCTTTTTTTCATTTATTACGGTTGTTTCTTTATAATTTTTGTAATTGGAATAGTTT
GATTACTCCAAAATCTACTTTTTCAAAAAGTAATCCGAGATTATTCTTGTTCCTCTATAATTGTTATGTATGTGAA
TATGAATCTATCTTCCTTTTTCTACGTAAAAAATCCTCTCATTTACGATTCAAATCTTTTAGCGTTTTTTTTGAGCG
AATCTTTTTTTATGCAAAAAGAGAACATCTTGTAGAAGTCCTTGATAAGGATTTTTCGTCTACCTTAACATTCTTC
AAGGATCCTCTCATTCATTATGTTAGATATCAAGGAAAATCCATTCTGGCTTCAAAGAATGCGCCTCTTTTGATG
AATAAATGGAAACACTATTTTATCCATTTATGGCAATGTTTTTTTGATATTTGGTCTGAACCAGGAACGGTTCAT
ATAAACCAATTATCCGAACATTCATTTCACCTTTTAGGCTATTTTTCAAATGTTCGGATAAATCCTTCAGTAGTAC
GGAGTCAAATGTTACAAAATACATTCCTAATCGAAATTGGTAGCAAAAAACTGGATATAATAGTTCCAATTATTC
CTTTAATTAGATCATTGGCTAAAGAGAAATTTTGTAATGTCTTAGGTCATCCTATTAGTAAGCCGGTCTGGGCCG
ATTCATCCGATTTGGATATTATTGACCGATTTTTGCGAATATCCAGAAATCTTTCTCATTATTATAATGGATCCTC
AAAAAAAAA	
	
>A01_ITS	
GCTTATTGATGCTTAAATTCAGCGGGTAGCCCCGCCTGACCTGGGGTCTCGTCATGAGCATCCAAGGACGCTAG
TGGGTCATAGAGGCCAAATCTGGTAAGAGCTGGCGCATGATCGGTCTCGTGGGTCACACAACCACCATCTATC
ATGGCACACACCCTACCAAGGACTCAGTTTTCAGCCAACCATGAGACAACWATTCTCACGGGAAGCCACCATTC
GCCCTACACAGCCTATCAATAGGCATTGGGCAACGATATGTGACGCCCAGGCAGACGTGCCCTCAACCTAATG
GCTTCGGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATTCTGCAATTCACACCAAGTATCGCATTTC
GCTACGTTCTTCATCGATGCAAGAGCCTAGATATCCGTTGCCGAGAGTCGTTTATATATACCATGCATCAAAACA
CTCCCGCAAGGGCACCGTCTCCGGTCCCAAGAGGGGCGCACTGAACCAATTTTAGTTCCTTGGCACACTCAGTG
CCGGGGTTTGGGTTTGGTTGGGAGGGGAGCGCACAACGTGGCTGCCCCTGCCAACCCAAGGGTGGACGAGGA
GTTGAACACCAAGAGCCATCCCAACGTATTCAAACAGATTCACGAGTTGATCTACATGTAAGGCATCGACAATG
ATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGACT	
	
	
Sample	*A02	–	rbcLa	
	
>A02_rbcLa	
AACAGAGACTAAAGCAAGTGTTGGATTCAAAGCTGGTGTTAAAGAGTACAAATTGACTTATTATACTCCTGAaT
ATCAAACCAAGGATACTGATATATTGGCAGCATTCCGAGTCACTCCTCAACCWGGAGTTCCTCCTGAAGAAGCC
GGTGCTGCGGTAGCTGCCGAATCTTCTACTGGKACATGGACCACTGTGTGGACCGATGGACTTACCAGTCTTGA
TCGTTACAAAGGGCGATGCTACCGCATTGAGCGTGTTGTTGGAGAAAAAGATCAATATATTGCTTATGTAGCTT
ACCCTTTAGACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAATGTATTTGGGTTCAA
AGCCCTGCGCGCTCTACGTCTGGAAGATTTGCGAATCCCTGTTGCTTATATTAAAACTTTCCAAGGTCCTCCTCA
TGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTACGGTCGTCCCCTGTTGGGATGTAC	
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Sample	***A03	-	rbcLa,	matK,	ITS	
	
	
>A03_rbcLa	
AACAGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGAAT
ATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCAACCAGGAGTTCCTCCTGAAGAAGCC
GGTGCTGCGGTAGCTGCCGAATCTTCCACTGGGACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTG
ATCGTTATAAAGGACGATGCTACCACATTGAACCCGTTGCTGGAGAAGAAAGTCAATTTATTGCTTATGTAGCT
TATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATTTGGGTTCA
AGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCGTTGCTTATGTTAAAACTTTCCAAGGTCCTCCTC
ACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAA
TTGGGATTATCCGCTAAGAATTACGGTCGAGCAGTTTATGAATGTCTTCGCGGT	
	
>A03_matK	
TATTTAAATTATGTGTCAGATATACGAATACCCTATCCGATCCATCTGGAAATCTTAATTCAAATCCTTCGATACT
GGGTAAAAGATGCCCCTTTTTTTCATTTATTACGGTTGTTTCTTTATAATTTTTGTAATTGGAATAGTTTGATTACT
CCAAAATCTACTTTTTCAAAAAGTAATCCGAGATTATTCTTGTTCCTCTATAATTGTTATGTATGTGAATATGAAT
CTATCTTCCTTTTTCTACGTAAAAAATCCTCTCATTTACGATTCAAATCTTTTAGCGTTTTTTTTGAGCGAATCTTTT
TTTATGCAAAAAGAGAACATCTTGTAGAAGTCCTTGATAAGGATTTTTCGTCTACCTTAACATTCTTCAAGGATC
CTCTCATTCATTATGTTAGATATCAAGGAAAATCCATTCTGGCTTCAAAGAATGCGCCTCTTTTGATGAATAAAT
GGAAACACTATTTTATCCATTTATGGCAATGTTTTTTTGATATTTGGTCTGAACCAGGAACGGTTCATATAAACC
AATTATCCGAACATTCATTTCACCTTTTAGGCTATTTTTCAAATGTTCGGATAAATCCTTCAGTAGTACGGAGTCA
AATGTTACAAAATACATTCCTAATCGAAATTGGTAGCAAAAAACTGGATATAATAGTTCCAATTATTCCTTTAAT
TAGATCATTGGCTAAAGAGAAATTTTGTAATGTCTTAGGTCATCCTATTAGTAAGCCGGTCTGGGCCGATTCATC
CGATTTGGATATTATTGACCGATTTTTGCGAATATCCAGAAATCTTTCTCATTATTATAATGGATCCTCAAAAAAA
AAAA	
	
	
>A03_ITS	
	
TCCGCTTATTGATGCTTAAATTCAGCGGGTAGCCCCGCCTGACCTGGGGTCTCGTCATGAGCATCCAAGGACGC
TAGTGGGTCATAGAGGCCAAATCTGGTAAGAGCTGGCGCATGATCGGTCTCGTGGGTCACACAACCACCATCT
ATCATGGCACACACCCTACCAAGGACTCAGTTTTCAGCCAACCATGAGACAACAATTCTCACGGGAAGCCACCA
TTCGCCCTACACAGCCTATCAATAGGCATTGGGCAACGATATGTGACGCCCAGGCAGACGTGCCCTCAACCTAA
TGGCTTCGGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATTCTGCAATTCACACCAAGTATCGCATT
TCGCTACGTTCTTCATCGATGCAAGAGCCTAGATATCCGTTGCCGAGAGTCGTTTATATATACCATGCATCAAAA
CACTCCCGCAAGGGCACCGTCTCCGGTCCCAAGAGGGGCGCACTGAACCAATTTTAGTTCCTTGGCACACTCAG
TGCCGGGGTTTGGGTTTGGTTGGGAGGGGAGCGCACAACGTGGCTGCCCCTGCCAACCCAAGGGTGGACGAG
GAGTTGAACACCAAGAGCCATCCCAACGTATTCAAACAGATTCACGAGTTGATCTACATGTAAGGCATCGACAA
TGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGACTTCTCCT	
	
	
Sample	*A04	-	rbcLa	
	
>A04_rbcLa	
	
AGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTACAAATTGACTTATTATACTCCTGAATACG
AAATCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCAACCAGGAGTTCCTCCCGAAGAAGCCGGG
GCTGCGGTAGCTGCCGAATCTTCCACTGGKACATGGACCACTGTGTGGACCGATGGACTTACCAGTCTTGATCG
TTACAAAGGGCGATGCTACCACATTGAGGCCGTTGTTGGAGAAGAAAATCAATTTATTGCTTATGTAGCTTATC
CYTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAARGC
CTTACGMGCTCTACGTCTGGAGGATTTGCGAATTCCCACTTCTTATTCCAAAACTTTCCAAGGTCCTCCTCACGG
CATTCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTATTGGGATGCACTATTAAACCAAAATTGG
GATTATCTGCAAAAAAATTACGGTAGAGCGGTTTATGAATGTCT	
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Sample	***A05	-	rbcLa,	matK,	ITS	
	
>A05_rbcLa	
	
AACAGAGACTAAAGCAAGTGTTGGATTCAAAGCGGGTGTTAAAGAGTACAAATTGACTTATTATACTCCTGAAT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCACCTGAAGAAGCA
GGGGCCGCGGTAGCTGCCGAATCTTCTACTGGTACATGGACAACTGTGTGGACCGATGGACTTACCAGCCTTG
ATCGTTACAAAGGGCGATGCTACCACATTGAGCCCGTTCCTGGAGAAAAAGATCAATATATCTGTTATGTAGCT
TACCCTTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTAGGAAATGTATTTGGATTCA
AAGCCCTACGTGCTCTACGTCTGGAAGATCTGCGAATTCCTGTTGCTTATGTTAAAACTTTCCAAGGCCCGCCTC
ATGGGATCCAAGTTGAGAGAGATAAATTGAACAAGTACGGTCGTCCTCTGCTGGGATGTACTATTAAACCTAAA
TTGGGGTTATCTGCTAAAAACTATGGTAGAGCGGTTTATGAATGTCTTCGCGGT	
	
>A05_matk	
	
AATTCATTCAATATTTCCATTTTTAGAGGACAATTTTTCACATTTAAATTTTGTGTTAGATATACTAATATCTCGCT
CTGTCCATGTGGAAATCTTGATTCAAACTCTTCGCCTTTGGGTAAAAGATGTTTCTTCTTTGCATTTATTACGAGT
CTTTCTCAACGAATATTGGAATAGTGTTCTTACTCGAAAGAAAGTAAGCTTCTCTTTGTCAAAAAGAAATCAAAG
GTTATTTTTTTTCTTATATAATTCTCATGTATGTGAATACGAATCTATTTTCGTCTTTCTACGTAACCAATTTTTTCA
TTTACGATCAACATCTTCTGGAGTTCTTCTTGAACGAATTTATTTCTCTATAAAAATAGAACGTCTTATGAACGGC
TTTGTTAAGGATTTTCGGACCAACCTAGGGTTGGTTGAGGAACCCTGCATGCATTATATCAGGTATCAAAGAAA
ATCCATTCTGGCTTCCAAAGGGACATCCCTTTTCATGAATAAATGGAAATTTTACCTTGTCACTTTTTGGCAATGG
CATTTTTCGGTGTGGTTTCATCCAAGAAGGATTTCGATAAACCAATTTTCCAAGCATTCCCTTGAAATTTTGGGCT
ATCTTTCAAACGTGCAAATGAACCCTTCCGTGGTACGGAGTCAAATTCTAGAAAATGCATTTCTAATCAATAATG
CTATTAAGAAGCTCGATACCCTTGTTCCAATTATTCCTCTGATTGCGGAATTGGCTAAAGCGAAATTTTGTAACG
TATTGGGGCATCCCATTAGTAAGCCGATTCGGGCTGATTTATCAGATTCTAATATTATTGACCGGTTTGCGCGTA
TATGCAGAAATATTTCTCATTATCATAGCGGATCTGCAAAAAAA	
	
>A05_ITS	
	
TTATTGATGCTTAAACTCAGCGGGTAATCCCGCCTGACCTGGGGTCGCGGTCGAAGGTAGAGCGCCCTAAGGC
ACCATACCATTGGGTCATTGATGGATGCCCATGCGGACGACGCAGTGGCACGACGGCGCGCGAGATTGAGTTG
TTCAACCACCACTTATCGTGACACGAGTCGCCGAGGGATCGCATTTGGGCCAACCGCGCATCGAGACGCACGG
GAGGCCAATATCCGCCCCACAACCGCTGCTTTACGCTGGGATGGGGGGCGACGCGATGCGTGACGCCCAGGC
AGACGTGCCCTCGGCCTAATGGCTTCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCACGGGATTCTGCAAT
TCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCGAGAGCCGAGATATCCGTTGCCGAGAGTCGTTTT
GACATTTGACAGACATCCGATCCCCACGCACGTTCCGCGAACGGGGTGCGGGAGGCGGACGCTTCGTTTAGTT
TTCCTTGGCGCATTCCGCGCCGGGGTTCGTTAGCCCGCACGACATGGCCCGAGGGAACATGCCGGGCGGGGG
GCCGGTGGCACGATGGGGGTTGCCCCCACGTCGTGCCCCCGATGGCGTTAAACACGTGTTCGCGGTCTGCTTT
GCAGGTTNCGACAATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTA	
	
	
Sample	*A06	-	rbcLa	
	
>A06_rbcLa	
	
AACAGAGACTAAAGCAAAGGTTGGGTTTAAAGCTGGTGTTAAAGATTACAAATTGACTTATTATACTCCTGACT
ATCAAATCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTTCCGCCCGAAGAAGCA
GGGGCTGCGGTAGCTGCCGAATCTTCTACTGGGACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTG
ATCGTTACAAAGGRCGATGCTACCACATCGAGGCCGTTGTTGGaGAAGAAAATCAATWTATTGCTTATGTAGCT
TATCCTTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTGGGTAATGTATTTGGTTTCA
AAGCCTTGCGCGCTCTACGTCTGGAAGATTTGCGAATTCCCAATTCTTATTTCAAAACTTTCCAAGGYCCTCCTCA
CGGCATTCAAGTTGAAAGAGATAAATTGAACAAGTATGGACGTCCCCTATTGGGATGCACTATTAAACCAAAAT
TGGGATTATCCGCTAAAAATAATGGTAGAGCGGTTTATGAATGTCTCCGCGG	
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Sample	**A07	–	rbcLa,	ITS		
	
>A07_rbcLa	
	
AACAGAGACTAAAGCAAAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACTTATTATACTCCTGACT
ATCAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAAGTCCTCAACCTGGAGTTCCGCCTGAAGAAGCA
GGTGCAGCGGTAGCTGCCGAATCTTCTACTGGGACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTG
ATCGTTATAAAGGACGCTGCTACCACATCGAGCCTGTTGCTGGAGAAGATAGTCAATTTATTGCTTATGTAGCTT
ATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACGAACATGTTTACCTCCATCGTAGGTAATGTATTTGGGTTCA
AGGCCTTGCGCGCTCTACGTCTGGAAGATTTGCGAATCCCTAATGCTTATGTTAAAACTTTCCAAGGTCCTCCTC
ACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGACGTCCCCTATTGGGATGTACTATTAAACCAAA
ATTGGGTTTATCCGCTAAGAATTATGGTAGAGCAGTTTATGAATGTCTCCGCGGT	
	
>A07_ITS	
	
TCCGCTTATTGATGCTTAAATTCAGCGGGTAGCCCCGCCTGACCTGAGGTCTCATCACGAGCGTTAAGAAACGC
AAAATGGGTAAGAGAGGCCACATTCAGCAGAGTAGTGTATGATTTTCAAGTCTCGTGGGTCACACAACCACCA
TCTATCATGGCACACCCTACCAAGGTCTCAATTTTCAACCAACCGTGAGCCAAAAGAGTTCACGGGAGGCCAAC
ATTCGCCATGCTCAATACCTATGAATAGGATATTGGCAAGAGGCTTCGATATGTGACACCCAGGCAGACGTGCC
CTCAACCTAAATGGCATCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCACGGGATTCTGCAATTCACACCA
AGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTAGATATCCGTTGCCGAGAGTCATTCTAATATCAT
GTGTCCAAACACAACCCACACGAAAACCGTCTCCAGTGCCATGTGGGTGCGCTAAGAGCAAAATTTAAATTCCT
TGACGCATTCAGCGCCGGGGTTTGAGTTTTTGGCACGAAGGAGAACGCACTAAGTCGCCCACCTTCAAACCAG
AGGTAAGCCTGAGGTGTGGAACAACTCAAGCAAAACCCAGTATGTTGAAACTGATTCACGTGTTGTTTAGCATG
TAAGGCATCGACAATGATCCTTCCGCAGGTTCACCTACGGAAACCTTGTTACGACTTCCTCCT	
	
	
Sample	*A08	
	
>A08_rbcLa	
	
AACAGAGACTAAAGCAAGTGTTGGATTCAAAGCTGGTGTTAAAGATTACAAATTGACTTATTATACTCCTAACT
ATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACCCCTCAACCGGGAGTTCCACCTGAAGAAGCA
GGGGCCGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACTAGCCTTG
ATCGTTACAAAGGGCGATGCTACCACATCGAGCCTGTTGCTGGAGACGAAAATCAATATATTGCTTATGTAGCT
TATCCTTTAGACCTTTTTGAAGAGGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGATTCA
AAGCCCTGCGCGCTCTACGTCTGGAAGATCTAAGAATCCCTACAGCGTATGTTAAAACGTTCCAAGGACCGCCT
CATGGTATCCAAGTTGAAAGAGATAAATTGAACAAATACGGCCGTCCCCTGTTGGGATGTACAATTAAACCTAA
ATTGGGGTTATCTGCTAAAAACTATGGGAGAGCTGTTTATGAATGTCTACGCGGT	
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Appendix A4-2 DNA Barcoding results
Significant BLASTN alignment results 
for rbcLa sequences 
(samples A01-A08)

RID: CZ5PPE5J013 
Job Title: A01 rbcLa + matK    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_1863 Length: 1416

>Onobrychis viciifolia voucher L.Duan 2018014 (IBSC) chloroplast, complete genome
Sequence ID: NC_053934.1 Length: 121932 >Onobrychis viciifolia voucher L.Duan 2018014 
(IBSC) chloroplast, complete genome
Sequence ID: MW007721.1 Length: 121932  Range 1: 2076 to 2917
Score:1511 bits(818), Expect:0.0, 
Identities:834/842(99%),  Gaps:0/842(0%), Strand: Plus/Minus

Query  575   TTTACATATTTAAATTATGTGTCAGATATACGAATACCCTATCCGATCCATCTGGAAATC  634
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2917  TTTACATATTTAAATTATGTGTCAGATATACGAATACCCTATCCGATCCATCTGGAAATC  2858

Query  635   TTAATTCAAATCCTTCGATACTGGGTAAAAGATGCCCCtttttttCATTTATTACGGTTG  694
             |||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||
Sbjct  2857  TTAATTCAAATCCTTCGATACTGGGTAAAAGATGTCCCTTTTTTTCATTTATTACGGTTG  2798

Query  695   TTTCTTTATAATTTTTGTAATTGGAATAGTTTGATTACTCCAAAATCTACTTTTTCAAAA  754
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2797  TTTCTTTATAATTTTTGTAATTGGAATAGTTTGATTACTCCAAAATCTACTTTTTCAAAA  2738

Query  755   AGTAATCCGAGATTATTCTTGTTCCTCTATAATTGTTATGTATGTGAATATGAATCTATC  814
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2737  AGTAATCCGAGATTATTCTTGTTCCTCTATAATTGTTATGTATGTGAATATGAATCTATC  2678

Query  815   TTCCTTTTTCTACGTAAAAAATCCTCTCATTTACGATTCAAATCTTTTAGCGtttttttt  874
             ||||||||||||||||||||||||||  ||||||||||||||||||||||||||||||||
Sbjct  2677  TTCCTTTTTCTACGTAAAAAATCCTCCTATTTACGATTCAAATCTTTTAGCGTTTTTTTT  2618

Query  875   GAGCGAATCtttttttATGCAAAAAGAGAACATCTTGTAGAAGTCCTTGATAAGGATTTT  934
             ||||||||||||||||||||||||||||||||||||||||||||  ||||||||||||||
Sbjct  2617  GAGCGAATCTTTTTTTATGCAAAAAGAGAACATCTTGTAGAAGTTTTTGATAAGGATTTT  2558

Query  935   TCGTCTACCTTAACATTCTTCAAGGATCCTCTCATTCATTATGTTAGATATCAAGGAAAA  994
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||| |||
Sbjct  2557  TCGTCTACCTTAACATTCTTCAAGGATCCTCTCATTCATTATGTTAGATATCAAGGGAAA  2498

Query  995   TCCATTCTGGCTTCAAAGAATGCGCCTCTTTTGATGAATAAATGGAAACACTATTTTATC  1054
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2497  TCCATTCTGGCTTCAAAGAATGCGCCTCTTTTGATGAATAAATGGAAACACTATTTTATC  2438

Query  1055  CATTTATGGCAATGtttttttGATATTTGGTCTGAACCAGGAACGGTTCATATAAACCAA  1114
             ||||||||||||||||||||||||||||||||||||||||||||||| ||||||||||||
Sbjct  2437  CATTTATGGCAATGTTTTTTTGATATTTGGTCTGAACCAGGAACGGTCCATATAAACCAA  2378

Query  1115  TTATCCGAACATTCATTTCACCTTTTAGGCTATTTTTCAAATGTTCGGATAAATCCTTCA  1174
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2377  TTATCCGAACATTCATTTCACCTTTTAGGCTATTTTTCAAATGTTCGGATAAATCCTTCA  2318

Query  1175  GTAGTACGGAGTCAAATGTTACAAAATACATTCCTAATCGAAATTGGTAGCAAAAAACTG  1234
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2317  GTAGTACGGAGTCAAATGTTACAAAATACATTCCTAATCGAAATTGGTAGCAAAAAACTG  2258

Query  1235  GATATAATAGTTCCAATTATTCCTTTAATTAGATCATTGGCTAAAGAGAAATTTTGTAAT  1294
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2257  GATATAATAGTTCCAATTATTCCTTTAATTAGATCATTGGCTAAAGAGAAATTTTGTAAT  2198
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Query  1295  GTCTTAGGTCATCCTATTAGTAAGCCGGTCTGGGCCGATTCATCCGATTTGGATATTATT  1354
             |||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||
Sbjct  2197  GTCTTAGGTCATCCTATTAGTAAGCCGGTCTGGGCCAATTCATCCGATTTGGATATTATT  2138

Query  1355  GACCGATTTTTGCGAATATCCAGAAATCTTTCTCATTATTATAATGGATCCTCaaaaaaa  1414
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  2137  GACCGATTTTTGCGAATATCCAGAAATCTTTCTCATTATTATAATGGATCCTCAAAAAAA  2078

Query  1415  aa  1416
             ||
Sbjct  2077  AA  2076

-----

RID: DKENNFAC016 
Job Title: A02_Sp_A_rbcLa(Fabaceae_IRLC)    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1: A02_Sp_A_(Fabaceae_IRLC_clade) Query ID: lcl|Query_56465 Length: 507

>Melilotus sp. MP 711 ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) 
gene, partial cds; chloroplast
Sequence ID: MN216789.1 Length: 561 
Range 1: 1 to 503
Score:734 bits(397), Expect:0.0, 
Identities:467/503(93%),  Gaps:0/503(0%), Strand: Plus/Plus

Query  5    GAGACTAAAGCAAGTGTTGGATTCAAAGCTGGTGTTAAAGAGTACAAATTGACTTATTAT  64
            ||||||||||||||||||||||||||||||||||||||||| || |||||||||||||||
Sbjct  1    GAGACTAAAGCAAGTGTTGGATTCAAAGCTGGTGTTAAAGATTATAAATTGACTTATTAT  60

Query  65   ACTCCTGAATATCAAACCAAGGATACTGATATATTGGCAGCATTCCGAGTCACTCCTCAA  124
            |||||||| ||| ||||||| ||||||||||| ||||||||||||||||| |||||||||
Sbjct  61   ACTCCTGACTATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAA  120

Query  125  CCWGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGCTGCCGAATCTTCTACTGGKACA  184
            || ||||||||| |||||||||| || || |||||||||||||||||||||||||| |||
Sbjct  121  CCTGGAGTTCCTGCTGAAGAAGCAGGGGCAGCGGTAGCTGCCGAATCTTCTACTGGTACA  180

Query  185  TGGACCACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTACAAAGGGCGATGCTAC  244
            ||||| |||||||||||||||||||||||||||||||||||||| ||||| |||||||||
Sbjct  181  TGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGATGCTAC  240

Query  245  CGCATTGAGCGTGTTGTTGGAGAAAAAGATCAATATATTGCTTATGTAGCTTACCCTTTA  304
            | ||| |||| ||||| ||||||| || ||||||||||||||||||||||||| ||||||
Sbjct  241  CACATCGAGCCTGTTGCTGGAGAAGAAAATCAATATATTGCTTATGTAGCTTATCCTTTA  300

Query  305  GACCTTTTTGAAGAAGGTTCCGTTACCAACATGTTTACTTCCATTGTAGGTAATGTATTT  364
            |||||||||||||||||||| ||||| |||||||||||||||||||| ||||||||||||
Sbjct  301  GACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTGGGTAATGTATTT  360

Query  365  GGGTTCAAAGCCCTGCGCGCTCTACGTCTGGAAGATTTGCGAATCCCTGTTGCTTATATT  424
            |||||||||||| |||||||||||||||||||||||||||||||||| ||||||||| ||
Sbjct  361  GGGTTCAAAGCCTTGCGCGCTCTACGTCTGGAAGATTTGCGAATCCCAGTTGCTTATGTT  420

Query  425  AAAACTTTCCAAGGTCCTCCTCATGGGATCCAAGTTGAAAGAGATAAATTGAACAAGTAC  484
            |||||||||||||| |||||||| || ||||||||||| |||||||||||||||||||| 
Sbjct  421  AAAACTTTCCAAGGACCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTAT  480

Query  485  GGTCGTCCCCTGTTGGGATGTAC  507
            || |||||||| |||||||||||
Sbjct  481  GGACGTCCCCTATTGGGATGTAC  503

-----
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RID: CZ5X235T013 
Job Title: A03 rbcLa    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_9863 Length: 574

Sequences producing significant alignments:

>Onobrychis ptolemaica voucher EDNA15-0042803 ribulose-1,5-bisphosphate carboxylase/
oxygenase large subunit (rbcL) gene, partial cds; chloroplast
Sequence ID: KX282909.1 Length: 580 
Range 1: 3 to 576
Score:1011 bits(547), Expect:0.0, 
Identities:565/574(98%),  Gaps:0/574(0%), Strand: Plus/Plus

Query  1    AACAGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTA  60
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  3    AACAGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTA  62

Query  61   TTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCC  120
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  63   TTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCC  122

Query  121  TCAACCAGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGCTGCCGAATCTTCCACTGG  180
            ||||||||||||||||||||||||||| ||||||||||||||||| ||||||||||||||
Sbjct  123  TCAACCAGGAGTTCCTCCTGAAGAAGCTGGTGCTGCGGTAGCTGCTGAATCTTCCACTGG  182

Query  181  GACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATG  240
            ||||||||||||||||||||||||||| ||||||||||||||||||||||||||||||||
Sbjct  183  GACATGGACCACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGATG  242

Query  241  CTACCACATTGAACCCGTTGCTGGAGAAGAAAGTCAATTTATTGCTTATGTAGCTTATCC  300
            |||||||||||| ||||||||||||||||||| |||||||||||||||||||||||||||
Sbjct  243  CTACCACATTGAGCCCGTTGCTGGAGAAGAAACTCAATTTATTGCTTATGTAGCTTATCC  302

Query  301  CTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGT  360
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  303  CTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGT  362

Query  361  ATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCGTTGCTTA  420
            ||||||||||||||||||||||||||||||||||||||||||||||||||||  ||||||
Sbjct  363  ATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCACTGCTTA  422

Query  421  TGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  480
            |  |||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  423  TACTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  482

Query  481  GTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAATTGGGATTATCCGCTAAGAA  540
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  483  GTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAATTGGGATTATCCGCTAAGAA  542

Query  541  TTACGGTCGAGCAGTTTATGAATGTCTTCGCGGT  574
            ||||||||||||||||||||||||||||||||||
Sbjct  543  TTACGGTCGAGCAGTTTATGAATGTCTTCGCGGT  576

>Onobrychis viciifolia ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) 
gene, partial cds; chloroplast
Sequence ID: KX942280.1 Length: 1419 
Range 1: 3 to 576
Score:1000 bits(541), Expect:0.0, 
Identities:563/574(98%),  Gaps:0/574(0%), Strand: Plus/Plus

Query  1    AACAGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTA  60
            |||||| |||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  3    AACAGAAACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTA  62

Query  61   TTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCC  120
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  63   TTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCC  122

Query  121  TCAACCAGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGCTGCCGAATCTTCCACTGG  180
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  123  TCAACCAGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGCTGCCGAATCTTCCACTGG  182



340Appendices

Query  181  GACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATG  240
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  183  GACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATG  242

Query  241  CTACCACATTGAACCCGTTGCTGGAGAAGAAAGTCAATTTATTGCTTATGTAGCTTATCC  300
            |||||||||||| |||||||||||||||||||||||||| ||||||||||||||||||||
Sbjct  243  CTACCACATTGAGCCCGTTGCTGGAGAAGAAAGTCAATTCATTGCTTATGTAGCTTATCC  302

Query  301  CTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGT  360
            |||||| |||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  303  CTTAGATCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGT  362

Query  361  ATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCGTTGCTTA  420
            ||||||||||||||||||||||||||||||||||||||||||| ||||||||  ||||||
Sbjct  363  ATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGAGAATCCCCCCTGCTTA  422

Query  421  TGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  480
            |  |||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  423  TACTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  482

Query  481  GTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAATTGGGATTATCCGCTAAGAA  540
            |||||||||||||||||||||||||||||||||||||||||||||| |||||||||||||
Sbjct  483  GTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAATTGGGACTATCCGCTAAGAA  542

Query  541  TTACGGTCGAGCAGTTTATGAATGTCTTCGCGGT  574
            |||||||||||||||||||||||||||||| |||
Sbjct  543  TTACGGTCGAGCAGTTTATGAATGTCTTCGTGGT  576

-----

RID: DKBP1CPA01R 
Job Title:A04_Sp._B_rbcLa_(Fabaceae_IRLC)
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1: A04_Sp._B_(Fabaceae_IRLC_Clade_Wojciechowski_et_al_2004) Query ID: 
lcl|Query_109467 Length: 565

Your search is limited to records that include: Fabaceae (taxid:3803)

Sequences producing significant alignments:

>Onobrychis ptolemaica voucher EDNA15-0042982 ribulose-1,5-bisphosphate carboxylase/
oxygenase large subunit (rbcL) gene, partial cds; chloroplast
Sequence ID: KX282911.1 Length: 566 
Range 1: 1 to 564
Score:850 bits(460), Expect:0.0, 
Identities:529/565(94%),  Gaps:1/565(0%), Strand: Plus/Plus

Query  1    AGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTACAAATTGACTTATTA  60
            ||||||||||||||||||||||||||||||||||||||||||||| | ||||||||||||
Sbjct  1    AGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTA  60

Query  61   TACTCCTGAATACGAAATCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCA  120
            |||||||||||| |||| ||||||||||||||||||||||||||||||||||||||||||
Sbjct  61   TACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCA  120

Query  121  ACCAGGAGTTCCTCCCGAAGAAGCCGGGGCTGCGGTAGCTGCCGAATCTTCCACTGGKAC  180
            ||||||||||||||| |||||||| || |||||||||||||| |||||||||||||| ||
Sbjct  121  ACCAGGAGTTCCTCCTGAAGAAGCTGGTGCTGCGGTAGCTGCTGAATCTTCCACTGGGAC  180

Query  181  ATGGACCACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTACAAAGGGCGATGCTA  240
            ||||||||||||||||||||||||||||||||||||||||||||| ||||| ||||||||
Sbjct  181  ATGGACCACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGATGCTA  240

Query  241  CCACATTGAGGCCGTTGTTGGAGAAGAAAATCAATTTATTGCTTATGTAGCTTATCCYTT  300
            |||||||||| |||||| ||||||||||| ||||||||||||||||||||||||||| ||
Sbjct  241  CCACATTGAGCCCGTTGCTGGAGAAGAAACTCAATTTATTGCTTATGTAGCTTATCCCTT  300

Query  301  AGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTGGGTAATGTATT  360
            ||||||||||||||||||||||||||||||||||||||| |||||||| |||||||||||
Sbjct  301  AGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATT  360
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Query  361  TGGTTTCAARGCCTTACGMGCTCTACGTCTGGAGGATTTGCGAATTCCCACTTCTTATTC  420
            ||| ||||| |||||||| |||||||||||||||||||||||||| |||||| ||||| |
Sbjct  361  TGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCACTGCTTATAC  420

Query  421  CAAAACTTTCCAAGGTCCTCCTCACGGCATTCAAGTTGAAAGAGATAAATTGAACAAGTA  480
             |||||||||||||||||||||||||| || |||||||| ||||||||||||||||||||
Sbjct  421  TAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTA  480

Query  481  TGGTCGTCCCCTATTGGGATGCACTATTAAACCAAAATTGGGATTATCTGCaaaaaaaTT  540
            ||||||||| ||||||||||| ||||||||||| |||||||||||||| || ||  ||||
Sbjct  481  TGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAATTGGGATTATCCGCTAAG-AATT  539

Query  541  ACGGTAGAGCGGTTTATGAATGTCT  565
            ||||| |||| ||||||||||||||
Sbjct  540  ACGGTCGAGCAGTTTATGAATGTCT  564

-----

RID: CZ6MWR97016 
Job Title:A05 rbcLa    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_56557 Length: 574

Alignments:
>Salvia rosmarinus chloroplast, complete genome
Sequence ID: KR232566.1 Length: 152462 
Range 1: 55384 to 55957
Score:1061 bits(574), Expect:0.0, 
Identities:574/574(100%),  Gaps:0/574(0%), Strand: Plus/Plus

Query  1      AACAGAGACTAAAGCAAGTGTTGGATTCAAAGCGGGTGTTAAAGAGTACAAATTGACTTA  60
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55384  AACAGAGACTAAAGCAAGTGTTGGATTCAAAGCGGGTGTTAAAGAGTACAAATTGACTTA  55443

Query  61     TTATACTCCTGAATACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCC  120
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55444  TTATACTCCTGAATACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCC  55503

Query  121    TCAACCCGGAGTTCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGG  180
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55504  TCAACCCGGAGTTCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCCGAATCTTCTACTGG  55563

Query  181    TACATGGACAACTGTGTGGACCGATGGACTTACCAGCCTTGATCGTTACAAAGGGCGATG  240
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55564  TACATGGACAACTGTGTGGACCGATGGACTTACCAGCCTTGATCGTTACAAAGGGCGATG  55623

Query  241    CTACCACATTGAGCCCGTTCCTGGAGAAAAAGATCAATATATCTGTTATGTAGCTTACCC  300
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55624  CTACCACATTGAGCCCGTTCCTGGAGAAAAAGATCAATATATCTGTTATGTAGCTTACCC  55683

Query  301    TTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTAGGAAATGT  360
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55684  TTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTAGGAAATGT  55743

Query  361    ATTTGGATTCAAAGCCCTACGTGCTCTACGTCTGGAAGATCTGCGAATTCCTGTTGCTTA  420
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55744  ATTTGGATTCAAAGCCCTACGTGCTCTACGTCTGGAAGATCTGCGAATTCCTGTTGCTTA  55803

Query  421    TGTTAAAACTTTCCAAGGCCCGCCTCATGGGATCCAAGTTGAGAGAGATAAATTGAACAA  480
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55804  TGTTAAAACTTTCCAAGGCCCGCCTCATGGGATCCAAGTTGAGAGAGATAAATTGAACAA  55863

Query  481    GTACGGTCGTCCTCTGCTGGGATGTACTATTAAACCTAAATTGGGGTTATCTGCTAAAAA  540
              ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  55864  GTACGGTCGTCCTCTGCTGGGATGTACTATTAAACCTAAATTGGGGTTATCTGCTAAAAA  55923

Query  541    CTATGGTAGAGCGGTTTATGAATGTCTTCGCGGT  574
              ||||||||||||||||||||||||||||||||||
Sbjct  55924  CTATGGTAGAGCGGTTTATGAATGTCTTCGCGGT  55957
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-----

RID: DKB8M50301R 
Job Title:A06_rbcLa rptd    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_139325 Length: 573
Your search is limited to records that include: Fabaceae (taxid:3803)

>Ononis reclinata voucher EDNA15-0042385 ribulose-1,5-bisphosphate carboxylase/oxygenase 
large subunit (rbcL) gene, partial cds; chloroplast
Sequence ID: KX282912.1 Length: 577 
Range 1: 3 to 575
Score:848 bits(459), Expect:0.0, 
Identities:534/573(93%),  Gaps:0/573(0%), Strand: Plus/Plus

Query  1    AACAGAGACTAAAGCAAAGGTTGGGTTTAAAGCTGGTGTTAAAGATTACAAATTGACTTA  60
            ||||||||||||||| ||||||||||| |||||||||||||||||||| |||||||||||
Sbjct  3    AACAGAGACTAAAGCGAAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACTTA  62

Query  61   TTATACTCCTGACTATCAAATCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCC  120
            |||||||||||||||| ||| ||||||||||||||||||||||||||||||||||| |||
Sbjct  63   TTATACTCCTGACTATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAAGTCC  122

Query  121  TCAACCTGGAGTTCCGCCCGAAGAAGCAGGGGCTGCGGTAGCTGCCGAATCTTCTACTGG  180
            |||||||||||||||||| ||||||||||| || |||||||||||||||||||| |||||
Sbjct  123  TCAACCTGGAGTTCCGCCTGAAGAAGCAGGTGCAGCGGTAGCTGCCGAATCTTCCACTGG  182

Query  181  GACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTACAAAGGRCGATG  240
            |||||||||||||||||||||||||||||||||||||||||||||||| ||||| || ||
Sbjct  183  GACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGCTG  242

Query  241  CTACCACATCGAGGCCGTTGTTGGAGAAGAAAATCAATWTATTGCTTATGTAGCTTATCC  300
            ||||||||||||| | |||| ||||||||| ||||||| |||||||||||||||||||||
Sbjct  243  CTACCACATCGAGCCTGTTGCTGGAGAAGATAATCAATTTATTGCTTATGTAGCTTATCC  302

Query  301  TTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTGGGTAATGT  360
             |||||||||||||||||||||||||||||||||||||||||||||||||| ||||||||
Sbjct  303  CTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTAGGTAATGT  362

Query  361  ATTTGGTTTCAAAGCCTTGCGCGCTCTACGTCTGGAAGATTTGCGAATTCCCAATTCTTA  420
            |||||| ||||| |||||||| |||||||||||||||||||||||||| || ||| ||||
Sbjct  363  ATTTGGGTTCAAGGCCTTGCGTGCTCTACGTCTGGAAGATTTGCGAATCCCTAATGCTTA  422

Query  421  TTTCAAAACTTTCCAAGGYCCTCCTCACGGCATTCAAGTTGAAAGAGATAAATTGAACAA  480
            | | |||||||||||||| ||||||||||| || |||||||| |||||||||||||||||
Sbjct  423  TGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  482

Query  481  GTATGGACGTCCCCTATTGGGATGCACTATTAAACCAAAATTGGGATTATCCGCTAAAAA  540
            |||||||||||||||||||||||| |||||||||||||||||||| ||||||||||| ||
Sbjct  483  GTATGGACGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGTTTATCCGCTAAGAA  542

Query  541  TAATGGTAGAGCGGTTTATGAATGTCTCCGCGG  573
            | ||||| |||| |||||||||||||| |||||
Sbjct  543  TTATGGTCGAGCAGTTTATGAATGTCTACGCGG  575

-----
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RID: CZ7X1RY9013 
Job Title:A07 rbcLa    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_63453 Length: 574

>Ononis reclinata voucher EDNA15-0042385 ribulose-1,5-bisphosphate carboxylase/oxygenase 
large subunit (rbcL) gene, partial cds; chloroplast
Sequence ID: KX282912.1 Length: 577 
Range 1: 3 to 576
Score:1011 bits(547), Expect:0.0, 
Identities:565/574(98%),  Gaps:0/574(0%), Strand: Plus/Plus

Query  1    AACAGAGACTAAAGCAAAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACTTA  60
            ||||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||
Sbjct  3    AACAGAGACTAAAGCGAAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACTTA  62

Query  61   TTATACTCCTGACTATCAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAAGTCC  120
            |||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||
Sbjct  63   TTATACTCCTGACTATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAAGTCC  122

Query  121  TCAACCTGGAGTTCCGCCTGAAGAAGCAGGTGCAGCGGTAGCTGCCGAATCTTCTACTGG  180
            |||||||||||||||||||||||||||||||||||||||||||||||||||||| |||||
Sbjct  123  TCAACCTGGAGTTCCGCCTGAAGAAGCAGGTGCAGCGGTAGCTGCCGAATCTTCCACTGG  182

Query  181  GACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGCTG  240
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  183  GACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGCTG  242

Query  241  CTACCACATCGAGCCTGTTGCTGGAGAAGATAGTCAATTTATTGCTTATGTAGCTTATCC  300
            |||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||
Sbjct  243  CTACCACATCGAGCCTGTTGCTGGAGAAGATAATCAATTTATTGCTTATGTAGCTTATCC  302

Query  301  CTTAGACCTTTTTGAAGAAGGTTCTGTTACGAACATGTTTACCTCCATCGTAGGTAATGT  360
            |||||||||||||||||||||||||||||| ||||||||||||||||| |||||||||||
Sbjct  303  CTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTAGGTAATGT  362

Query  361  ATTTGGGTTCAAGGCCTTGCGCGCTCTACGTCTGGAAGATTTGCGAATCCCTAATGCTTA  420
            ||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||
Sbjct  363  ATTTGGGTTCAAGGCCTTGCGTGCTCTACGTCTGGAAGATTTGCGAATCCCTAATGCTTA  422

Query  421  TGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  480
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  423  TGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA  482

Query  481  GTATGGACGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGTTTATCCGCTAAGAA  540
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  483  GTATGGACGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGTTTATCCGCTAAGAA  542

Query  541  TTATGGTAGAGCAGTTTATGAATGTCTCCGCGGT  574
            ||||||| ||||||||||||||||||| ||||||
Sbjct  543  TTATGGTCGAGCAGTTTATGAATGTCTACGCGGT  576

-----
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RID: CZ3C3RY7013 
Job Title: A08 rbcLa    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_52587 Length: 574

>Erica tetralix ribulose-1,5-biphosphate carboxylase/oxygenase large subunit gene, partial 
cds; chloroplast
Sequence ID: KP737718.1 Length: 1493 
Range 1: 3 to 576
Score:1044 bits(565), Expect:0.0, 
Identities:571/574(99%),  Gaps:0/574(0%), Strand: Plus/Plus

Query  1    AACAGAGACTAAAGCAAGTGTTGGATTCAAAGCTGGTGTTAAAGATTACAAATTGACTTA  60
            |||||| |||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  3    AACAGAAACTAAAGCAAGTGTTGGATTCAAAGCTGGTGTTAAAGATTACAAATTGACTTA  62

Query  61   TTATACTCCTAACTATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACCCC  120
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  63   TTATACTCCTAACTATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACCCC  122

Query  121  TCAACCGGGAGTTCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCGGAATCTTCTACTGG  180
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  123  TCAACCGGGAGTTCCACCTGAAGAAGCAGGGGCCGCGGTAGCTGCGGAATCTTCTACTGG  182

Query  181  TACATGGACAACAGTGTGGACTGATGGACTTACTAGCCTTGATCGTTACAAAGGGCGATG  240
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  183  TACATGGACAACAGTGTGGACTGATGGACTTACTAGCCTTGATCGTTACAAAGGGCGATG  242

Query  241  CTACCACATCGAGCCTGTTGCTGGAGACGAAAATCAATATATTGCTTATGTAGCTTATCC  300
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  243  CTACCACATCGAGCCTGTTGCTGGAGACGAAAATCAATATATTGCTTATGTAGCTTATCC  302

Query  301  TTTAGACCTTTTTGAAGAGGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGT  360
            ||||||||||||||||||||| ||||||||||||||||||||||||||||||||||||||
Sbjct  303  TTTAGACCTTTTTGAAGAGGGCTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGT  362

Query  361  ATTTGGATTCAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTAAGAATCCCTACAGCGTA  420
            ||||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||
Sbjct  363  ATTTGGATTCAAAGCCCTGCGCGCTCTACGTCTGGAAGATCTACGAATCCCTACAGCGTA  422

Query  421  TGTTAAAACGTTCCAAGGACCGCCTCATGGTATCCAAGTTGAAAGAGATAAATTGAACAA  480
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  423  TGTTAAAACGTTCCAAGGACCGCCTCATGGTATCCAAGTTGAAAGAGATAAATTGAACAA  482

Query  481  ATACGGCCGTCCCCTGTTGGGATGTACAATTAAACCTAAATTGGGGTTATCTGCTAAAAA  540
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  483  ATACGGCCGTCCCCTGTTGGGATGTACAATTAAACCTAAATTGGGGTTATCTGCTAAAAA  542

Query  541  CTATGGGAGAGCTGTTTATGAATGTCTACGCGGT  574
            ||||||||||||||||||||||||||||||||||
Sbjct  543  CTATGGGAGAGCTGTTTATGAATGTCTACGCGGT  576
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Appendix A4-3 DNA Barcoding results
Significant BLASTN alignment results 
for ITS sequences 
(samples A01, A03, A07)

RID: CZ30AD3U013 
Job Title:A01 ITS    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_52201 Length: 703

>Onobrychis viciifolia isolate c1208 18S ribosomal RNA gene, partial sequence; internal 
transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed spacer 2, complete 
sequence; and 28S ribosomal RNA gene, partial sequence
GeSequence ID: HM542570.1 Length: 645 
Range 1: 1 to 645
Score:1155 bits(625), Expect:0.0, 
Identities:638/645(99%),  Gaps:0/645(0%), Strand: Plus/Minus

Query  41   CTGGGGTCTCGTCATGAGCATCCAAGGACGCTAGTGGGTCATAGAGGCCAAATCTGGTAA  100
            ||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||
Sbjct  645  CTGGGGTCTCGTCATGAGCATCCAAGGACGCTAGTGGGTCACAGAGGCCAAATCTGGTAA  586

Query  101  GAGCTGGCGCATGATCGGTCTCGTGGGTCACACAACCACCATCTATCATGGCACACACCC  160
            |||||||| ||||||||||||||||||||||||| |||||||||||||||||||||||||
Sbjct  585  GAGCTGGCACATGATCGGTCTCGTGGGTCACACAGCCACCATCTATCATGGCACACACCC  526

Query  161  TACCAAGGACTCAGTTTTCAGCCAACCATGAGACAACWATTCTCACGGGAAGCCACCATT  220
            ||||||||||||||||||||||||||||||||||||| || |||||||||||||||||||
Sbjct  525  TACCAAGGACTCAGTTTTCAGCCAACCATGAGACAACAATGCTCACGGGAAGCCACCATT  466

Query  221  CGCCCTACACAGCCTATCAATAGGCATTGGGCAACGATATGTGACGCCCAGGCAGACGTG  280
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  465  CGCCCTACACAGCCTATCAATAGGCATTGGGCAACGATATGTGACGCCCAGGCAGACGTG  406

Query  281  CCCTCAACCTAATGGCTTCGGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATT  340
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  405  CCCTCAACCTAATGGCTTCGGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATT  346

Query  341  CTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTAGAT  400
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  345  CTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTAGAT  286

Query  401  ATCCGTTGCCGAGAGTCGTTTATATATACCATGCATCAAAACACTCCCGCAAGGGCACCG  460
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  285  ATCCGTTGCCGAGAGTCGTTTATATATACCATGCATCAAAACACTCCCGCAAGGGCACCG  226

Query  461  TCTCCGGTCCCAAGAGGGGCGCACTGAACCAATTTTAGTTCCTTGGCACACTCAGTGCCG  520
            |||||||||||||||||||||||||||||||||||||||||||||||||| |||||||||
Sbjct  225  TCTCCGGTCCCAAGAGGGGCGCACTGAACCAATTTTAGTTCCTTGGCACATTCAGTGCCG  166

Query  521  GGGTTTGGGTTTGGTTGGGAGGGGAGCGCACAACGTGGCTGCCCCTGCCAACCCAAGGGT  580
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  165  GGGTTTGGGTTTGGTTGGGAGGGGAGCGCACAACGTGGCTGCCCCTGCCAACCCAAGGGT  106

Query  581  GGACGAGGAGTTGAACACCAAGAGCCATCCCAACGTATTCAAACAGATTCACGAGTTGAT  640
            |||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||
Sbjct  105  GGACGAGGAGTTGAACCCCAAGAGCCATCCCAACGTATTCAAACAGATTCACGAGTTGAT  46

Query  641  CTACATGTAAGGCATCGACAATGATCCTTCCGCAGGTTCACCTAC  685
            |||||||||||||||||||||||||||||||||||||||||||||
Sbjct  45   CTACATGTAAGGCATCGACAATGATCCTTCCGCAGGTTCACCTAC  1
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RID: CZ67WSPG013 
Job Title: A03_ITS    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_36029 Length: 712

>Onobrychis viciifolia isolate c1208 18S ribosomal RNA gene, partial sequence; 
internal transcribed spacer 1, 5.8S ribosomal RNA gene, and internal transcribed 
spacer 2, complete sequence; and 28S ribosomal RNA gene, partial sequence
Sequence ID: HM542570.1 Length: 645 
Range 1: 1 to 645

Score:1158 bits(627), Expect:0.0, 
Identities:639/645(99%),  Gaps:0/645(0%), Strand: Plus/Minus

Query  44   CTGGGGTCTCGTCATGAGCATCCAAGGACGCTAGTGGGTCATAGAGGCCAAATCTGGTAA  103
            ||||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||
Sbjct  645  CTGGGGTCTCGTCATGAGCATCCAAGGACGCTAGTGGGTCACAGAGGCCAAATCTGGTAA  586

Query  104  GAGCTGGCGCATGATCGGTCTCGTGGGTCACACAACCACCATCTATCATGGCACACACCC  163
            |||||||| ||||||||||||||||||||||||| |||||||||||||||||||||||||
Sbjct  585  GAGCTGGCACATGATCGGTCTCGTGGGTCACACAGCCACCATCTATCATGGCACACACCC  526

Query  164  TACCAAGGACTCAGTTTTCAGCCAACCATGAGACAACAATTCTCACGGGAAGCCACCATT  223
            |||||||||||||||||||||||||||||||||||||||| |||||||||||||||||||
Sbjct  525  TACCAAGGACTCAGTTTTCAGCCAACCATGAGACAACAATGCTCACGGGAAGCCACCATT  466

Query  224  CGCCCTACACAGCCTATCAATAGGCATTGGGCAACGATATGTGACGCCCAGGCAGACGTG  283
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  465  CGCCCTACACAGCCTATCAATAGGCATTGGGCAACGATATGTGACGCCCAGGCAGACGTG  406

Query  284  CCCTCAACCTAATGGCTTCGGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATT  343
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  405  CCCTCAACCTAATGGCTTCGGGCGCAACTTGCGTTCAAAAACTCGATGGTTCACGGGATT  346

Query  344  CTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTAGAT  403
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  345  CTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTAGAT  286

Query  404  ATCCGTTGCCGAGAGTCGTTTATATATACCATGCATCAAAACACTCCCGCAAGGGCACCG  463
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  285  ATCCGTTGCCGAGAGTCGTTTATATATACCATGCATCAAAACACTCCCGCAAGGGCACCG  226

Query  464  TCTCCGGTCCCAAGAGGGGCGCACTGAACCAATTTTAGTTCCTTGGCACACTCAGTGCCG  523
            |||||||||||||||||||||||||||||||||||||||||||||||||| |||||||||
Sbjct  225  TCTCCGGTCCCAAGAGGGGCGCACTGAACCAATTTTAGTTCCTTGGCACATTCAGTGCCG  166

Query  524  GGGTTTGGGTTTGGTTGGGAGGGGAGCGCACAACGTGGCTGCCCCTGCCAACCCAAGGGT  583
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  165  GGGTTTGGGTTTGGTTGGGAGGGGAGCGCACAACGTGGCTGCCCCTGCCAACCCAAGGGT  106

Query  584  GGACGAGGAGTTGAACACCAAGAGCCATCCCAACGTATTCAAACAGATTCACGAGTTGAT  643
            |||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||
Sbjct  105  GGACGAGGAGTTGAACCCCAAGAGCCATCCCAACGTATTCAAACAGATTCACGAGTTGAT  46

Query  644  CTACATGTAAGGCATCGACAATGATCCTTCCGCAGGTTCACCTAC  688
            |||||||||||||||||||||||||||||||||||||||||||||
Sbjct  45   CTACATGTAAGGCATCGACAATGATCCTTCCGCAGGTTCACCTAC  1
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RID: KPDH4KHC013 
Job Title:A07 ITS    
Program: BLASTN 
Database: nt Nucleotide collection (nt)
Query #1:  Query ID: lcl|Query_1925 Length: 728

>Ononis tridentata subsp. tridentata internal transcribed spacer 1, partial sequence; 5.8S 
ribosomal RNA gene and internal transcribed spacer 2, complete sequence; and 26S ribosomal 
RNA gene, partial sequence
Sequence ID: GQ488530.1 Length: 588
Range 1: 1 to 588
Score:1033 bits(559), Expect:0.0, 
Identities:580/590(98%),  Gaps:2/590(0%), Strand: Plus/Minus

Query  52   TCATCACGAGCGTTAAGAAACGCAAAATGGGTAAGAGAGGCCACATTCAGCAGAGTAGTG  111
            ||||||||||||| ||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  588  TCATCACGAGCGTCAAGAAACGCAAAATGGGTAAGAGAGGCCACATTCAGCAGAGTAGTG  529

Query  112  TATGATTTTCAAGTCTCGTGGGTCACACAACCACCATCTATCATGGCACACCCTACCAAG  171
            ||||||||| ||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  528  TATGATTTT-AAGTCTCGTGGGTCACACAACCACCATCTATCATGGCACACCCTACCAAG  470

Query  172  GTCTCAATTTTCAACCAACCGTGAGCCAAAAGAGTTCACGGGAGGCCAACATTCGCCATG  231
            ||||| ||||||||||||||||||||| ||||||||||||||||||||||||||||||||
Sbjct  469  GTCTCGATTTTCAACCAACCGTGAGCCGAAAGAGTTCACGGGAGGCCAACATTCGCCATG  410

Query  232  CTCAATACCTATGAATAGGATATTGGCAAGAGGCTTCGATATGTGACACCCAGGCAGACG  291
            | ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  409  CACAATACCTATGAATAGGATATTGGCAAGAGGCTTCGATATGTGACACCCAGGCAGACG  350

Query  292  TGCCCTCAACCTAAATGGCATCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCACGGG  351
            |||||||||||||| |||||||||||||||||||||||||||||||||||||||||||||
Sbjct  349  TGCCCTCAACCTAA-TGGCATCGGGCGCAACTTGCGTTCAAAGACTCGATGGTTCACGGG  291

Query  352  ATTCTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTA  411
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  290  ATTCTGCAATTCACACCAAGTATCGCATTTCGCTACGTTCTTCATCGATGCAAGAGCCTA  231

Query  412  GATATCCGTTGCCGAGAGTCATTCTAATATCATGTGTCCAAACACAACCCACACGAAAAC  471
            ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  230  GATATCCGTTGCCGAGAGTCATTCTAATATCATGTGTCCAAACACAACCCACACGAAAAC  171

Query  472  CGTCTCCAGTGCCATGTGGGTGCGCTAAGAGCAAAATTTAAATTCCTTGACGCATTCAGC  531
            |||||||||||||||| ||||||||||||||||||||| |||||||||||||||||||||
Sbjct  170  CGTCTCCAGTGCCATGCGGGTGCGCTAAGAGCAAAATTGAAATTCCTTGACGCATTCAGC  111

Query  532  GCCGGGGTTTGAGTTTTTGGCACGAAGGAGAACGCACTAAGTCGCCCACCTTCAAACCAG  591
            |||||||||||||||||||||||| ||||||||||||||||||||||||||||| |||||
Sbjct  110  GCCGGGGTTTGAGTTTTTGGCACGGAGGAGAACGCACTAAGTCGCCCACCTTCATACCAG  51

Query  592  AGGTAAGCCTGAGGTGTGGAACAACTCAAGCAAAACCCAGTATGTTGAAA  641
            ||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct  50   AGGTAAGCCTGAGGTGTGGAACAACTCAAGCAAAACCCAGTATGTTGAAA  1
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Appendix A4-4 rbcLa sequences (in FASTA format) of selected 
species of Mediterranean Fabaceae

FASTA rbcLa sequences from NCBI GenBank® (https://www.ncbi.nlm.nih.gov/) of selected 

(representative) species of common Mediterranean legumes. GenBank does not contain 

data for Hedysarum boveanum, therefore sequences of H. alpinum, H. boreale and  

H. coronarium are used.

>MK925491.1_Onobrychis_viciifolia_NMW7573
AAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGAATATGAAACCAAGGATACTGATA
TCTTGGCAGCATTCCGAGTCACTCCTCAACCAGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGCTGCCGAATCTTCC
ACTGGGACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATGCTACCACATTGAGCC
CGTTGCTGGAGAAGAAAGTCAATTCATTGCTTATGTAGCTTATCCCTTAGATCTTTTTGAAGAAGGTTCTGTTACTAACA
TGTTTACCTCCATTGTTGGTAATGTATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGAGAATCCCCCCT
GCTTATACTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCTCT
ATTGGGATGTACTATTAAACCGAAATTGGGACTATCCGCTAAGAATTACGGTCGAGCAGTTT

>KJ746267.1_Onobrychis_viciifolia_2
AAGATTATAGATTGACTTATTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCT
CAACCAGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGCTGCCGAATCTTCCACTGGGACATGGACCACTGTGTGGAC
CGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATGCTACCACATTGAGCCCGTTGCTGGAGAAGAAAGTCAATTCA
TTGCTTATGTAGCTTATCCCTTAGATCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTA
TTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGAGAATCCCCCCTGCTTATACTAAAACTTTCCAAGGTCC
TCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAAT
TGGGACTATCCGCTAAGAATTACGGTCGAGCAGTTTATGAATGTCTTCGTGGTGGACTTGATTTTACCAAAGATGATGAA
AATGTGAACTCCCAGCCATTTATGCGTTGGAGAGATCGTTTCTTATTTTGTGCCGAAGCAATTTATAAAGCACAGGCGGA
AACAGGTGAAATCAAAGG

>MF158773.1_Onobrychis_arenaria
CAGAGACTAAAGCAAGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGAATATGAAACC
AAGGATACTGATATCTTGGCAGCATTCCGAGTCACTCCTCAACCAGGAGTTCCTCCTGAAGAAGCCGGTGCTGCGGTAGC
TGCCGAATCTTCCACTGGGACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATGCT
ACCACATTGAGCCCGTTGCTGGAGAAGAAAGTCAATTCATTGCTTATGTAGCTTATCCCTTAGATCTTTTTGAAGAAGGT
TCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTT
GAGAATCCCCCCTGCTTATACTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGT
ATGGTCGTCCTCTATTGGGATGTACTATTAAACCGAAATTGGGACTATCCGCTAAGAATTACGGTCGAGCAGTTTATGAA
TGTCTTCG

>KX942279.1_Onobrychis_caput-galli
TTACCAGTCTTGATCGTTATAAAGGACGATGCTACCACATTGAGCCCGTTGCTGGAGAAGAAAGTCAATT
TATTGCTTATGTAGCTTATCCCTTAGATCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATT
GTTGGTAATGTATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGAGAATCCCCCCTGCTT
ATATTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCG
TCCTCTATTGGGATGTACTATTAAACCGAAATTGGGACTATCCGCTAAGAATTACGGTCGAGCAGTTTAT
GAATGTCTTCGTGGTGGACTTGATTTTACCAAAGATGATGAAAATGTGAACTCCCAGCCATTTATGCGTT
GGAGAGATCGTTTCTTATTTTGTGCCGAAGCAATTTATAAAGCACAGGCGGAAACAGGTGAAATCAAAGG
ACATTATTTGAATGCTACTGCGGCTACATGTGAAGAAATGATAAAAAGAGCTGTATTTGCTAGAGAATTG
GGTGTTCCTATCGTCATGCATGACTACTTAACAGGGGGATTCACTGCAAATACTAGTTTGGCTCATTATT
GCCGTGATAATGGCCTACTTCTTCATATCCACCGTGCAATGCATGCAGTTATCGATAGACAGAAAAACCA
TGGTATGCACTTTCGTGTATTAGCTAAAGCATTACGTTTGTCTGGTGGAGATCATATTCACGCTGGGACT
GTAGTAGGTAAACTTGAAGGAGAAAGGGAAATTACTTTAGGTTTTGTTGATTTACTACGTGATGATTTTG
TTGAAAAAGATAGAAGCCGAGGTATTTATTTCACTCAGGATTGGGTTTCTTTACCAGGTGTTTTACCCGT
TGCTTCGGGGGGTATTCACGTTTGGCATATGCCCGCTCTGACCGAGATCTTTGGAGATGATTCCGTACTT
CAATTCGGTGGAGGAACTTTAGGACACCCTTGGGGGAATGCACCAGGTGCCGTAGCTAATCGAGTAGCTC
TTGAAGCATGTGTACAAGCTCGAAATGAGGGACGTGATCTTGCTCGTGAGGGTAATGACATTATCCGTGA
AGCTTGCAAATGGAGTCCTGAATTAGCTGCTGCTTGTGAAGTATGGAAGGAAATCAAATTTGAATTCCAA
GCAATGGATACTTTGTAA
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>MG249537.1_Hedysarum_alpinum
AGTGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGAATATGAAACCAAGGATACTGATAT
CTTGGCAGCATTCCGAGTAACTCCTCAACCAGGAGTTCCTCCTGAAGAAGCAGGTGCTGCGGTAGCTGCCGAATCTTCCA
CTGGGACATGGACCACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATGCTACCACATTGAGCCC
GTTGCTGGAGAAGAAAATCAATTTATTGCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACAT
GTTTACCTCCATTGTTGGTAATGTATTTGGGTTCAAGGCCTTACGCGCTCTACGTCTGGAGGATTTGCGAATCCCCCCTG
CTTATACTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCTCTA
TTGGGATGTACTATTAAACCAAAATTGGGATTATCCGCTAAGAATTACGGTCGAGCAGTTTATGAATGTCTT

>MG246751.1_Hedysarum_boreale
AGTGTTGGCTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGAATATGAAACCAAGG
ATACTGATATCTTGGCAGCATTCCGAGTTACTCCTCAACCAGGAGTTCCTGCTGAAGAAGCAGGTGCTGC
GGTAGCTGCCGAATCTTCCACTGGGACATGGACTACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGT
TATAAAGGACGATGCTACCACATTGAGCCCGTTCCTGGAGAAGAAAGTCAATTTATTGCTTATGTAGCTT
ATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATTTGG
GTTCAAGGCCTTACGCGCTCTACGTTTGGAGGATTTGCGAATCCCCGTTGCCTATACTAAAACTTTCCAA
GGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCTCTATTGGGATGTA
CTATTAAACCAAAATTGGGATTATCCGCTAAGAATTATGGTCGAGCAGTTTATGAATGTCTT

>KC700659.1_Hedysarum_coronarium
GATTATAGATTGACTTATTATACTCCTGAATATGAAACCAAGGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCA
ACCAGGAGTTCCTGCTGAGGAAGCAGGTGCTGCGGTAGCTGCCGAATCTTCCACCGGGACATGGACCACTGTGTGGACCG
ATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATGCTACCACATTGAGCCTGTTCCTGGAGAAGAAAGTCAATTTATT
GCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATT
TGGGTTCAAAGCCTTACGCGCTCTACGTCTGGAGGATTTACGAATCCCCCCTGCTTATGTTAAAACTTTCCAAGGTCCTC
CTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAATATGGTCGTCCTCTATTGGGATGTACTATTAAACCAAAATTG
GGGTTATCCGCTAAGAATTACGGTAGAGCAGTTTATGAATGTCTTCGCGGTGC

>KX282912.1_Ononis_reclinata
CCAACAGAGACTAAAGCGAAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACTTATTATACTCCTGACTATGA
AACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAAGTCCTCAACCTGGAGTTCCGCCTGAAGAAGCAGGTGCAGCGG
TAGCTGCCGAATCTTCCACTGGGACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGC
TGCTACCACATCGAGCCTGTTGCTGGAGAAGATAATCAATTTATTGCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGA
AGGTTCTGTTACTAACATGTTTACCTCCATTGTAGGTAATGTATTTGGGTTCAAGGCCTTGCGTGCTCTACGTCTGGAAG
ATTTGCGAATCCCTAATGCTTATGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAAC
AAGTATGGACGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGTTTATCCGCTAAGAATTATGGTCGAGCAGTTTA
TGAATGTCTACGCGGTG

>JN890828.1_Ononis_spinosa
GAAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACTTATTATACTCCTGACTATGAAACCAAAGATACTGATA
TCTTGGCAGCATTCCGAGTAAGTCCTCAACCTGGAGTTCCACCTGAAGAAGCAGGTGCAGCGGTAGCTGCCGAATCTTCC
ACTGGGACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGCTGCTACCACATCGAGCC
TGTTGCTGGAGAAGATAATCAATTTATTGCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACA
TGTTTACCTCCATTGTAGGTAATGTATTTGGGTTCAAGGCCTTGCGCGCTCTACGTCTGGAAGATTTGCGAATCCCCGTT
GCTTATGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGACGTCCCCT
ATTGGGATGTACTATTAAACCAAAATTGGGTTTATCCGCTAAGAATTATGGTCGAGCAGTTT

>MF572164.1_Astragalus_onobrychis
ACAGAGACTAAAGCGACTGTGGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACGTATTATACTCCTG
AGTACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCTGGGGTTCCTGCTGA
AGAAGCTGGTGCTGCGGTAGCTGCCGAATCTTCCACTGGGACATGGACAACTGTTTGGACCGATGGTCTT
ACCAGTCTTGATCGTTATAAAGGACGATGCTACCACATCGAGCCCGTTCCTGGAGAAGAAAGTCAATTTA
TTGCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGT
TGGTAATGTATTTGGATTCAAGGCTTTGCGCGCTCTACGTTTGGAGGATTTGCGAATCCCTACTGCTTAT
GTTAAAACTTTCCAAGGTCCGCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGACGTC
CCCTATTGGGATGTACCATTAAACCTAAATTGGGGTTATCCGCTAAGAATTACGGTAGAGCAGTTTATGA
ATGTCTTCGCGGT 

>Z95550.1:12-581_Astragalus_sparsus
AACAGAGACGAAAGCAAGTGCGGGGTTCAAAGCTGGTGTTAAAGATTATAAATTGACGTATTATACTCCTGATTATGAAA
CCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTTCCACCAGAAGAAGCAGGTGCTGCGGTA
GCTGCCGAATCTTCCACTGGGACATGGACAACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATG
CTACCACATCGAGCCCGTTCCTGGAGAAGAAAGTCAATTTATTGCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGAAG
GTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATTTGGATTCAAGGCTTTGCGCGCTCTACGTTTGGAGGAT
TTGCGAATCCCTACTGCTTATGTTAAAACTTTCCAAGGTCCGCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAA
GTATGGACGTCCCCTATTGGGATGTACCATTAAACCTAAATTGGGCTTATCCGCTAAGAATTACGGTAGAGCAGTTTATG
AATGTCTCCG
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>KC700631.1_Medicago_truncatula
GATTATAGATTGACTTATTATACTCCTGACTATGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAG
TAAGTCCTCAACCTGGAGTTCCGGCTGAAGAAGCAGGTGCAGCGGTAGCTGCCGAATCTTCCACTGGGAC
ATGGACAACCGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATAAAGGACGCTGCTACCACATCGAA
CCTGTTGCTGGAGAAGAGAGTCAATTTATTGCTTATGTAGCTTATCCCTTAGACCTTTTTGAAGAAGGTT
CTGTTACTAACATGTTTACCTCCATTGTAGGTAATGTATTTGGGTTCAAGGCCTTGCGTGCTCTACGTCT
GGAAGATTTGCGAATCCCCGTTGCTTATGTTAAAACTTTCCAAGGTCCTCCTCACGGAATCCAAGTTGAG
AGAGATAAATTGAACAAATATGGACGTCCCCTATTGGGATGTACTATTAAACCTAAATTGGGTTTATCCG
CTAAAAATTACGGTAGAGCAGTTTATGAATGTCTACGCGGTGG

>KJ204375.1_Medicago_sativa
TTGGGTTCAAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTGACTATGAAACCAAAGATAC
TGATATCTTGGCAGCATTCCGAGTAAGTCCGCAACCTGGAGTTCCGGCTGAAGAAGCAGGTGCAGCGGTA
GCTGCCGAATCTTCCACTGGGACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGTTATA
AAGGACGCTGCTACCACATCGAACCTGTTGCTGGAGAAGAGACTCAATTTATTGCTTATGTAGCTTATCC
CTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTAGGTAATGTATTTGGGTTC
AAGGCCTTGCGTGCTCTACGTCTGGAAGATTTGCGAATCCCCGTTGCTTATGTTAAAACTTTCCAAGGTC
CTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAATATGGACGTCCCCTATTGGGATGTACTAT
TAAACCTAAATTGGGTTTATCCGCTAAAAATTACGGTAGAGCAGTTTATGAATGTCTA

>MG249858.1_Trifolium_subterraneum
AAGGTTGGGTTCAAAGCTGGTGTTAAAGATTATAGGTTGACTTATTATACTCCTGACTATGAAACCAAAG
ATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCGCCCGAAGAAGCAGGTGCAGC
GGTAGCTGCCGAATCTTCCACTGGGACATGGACAACTGTGTGGACCGATGGACTTACCAGTCTTGATCGT
TATAAAGGACGCTGCTATCACATCGAGCCTGTTGCTGGAGAAGATACTCAATTTATTGCTTATGTAGCTT
ATCCCTTAGACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCTATTGTAGGTAATGTATTTGG
ATTCAAAGCCTTGCGTGCTCTACGTCTGGAAGATTTGCGAATCCCCGTTGCTTATGTTAAAACTTTCCAA
GGTCCTCCTCACGGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGACGTCCCCTATTGGGATGTA
CTATTAAACCTAAATTGGGTTTATCCGCTAAGAATTATGGTAGAGCTGTTTACGAATGTCTA

>KX282521.1_Alhagi_graecorum
AAAGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTCAATATGAAACCAAGGATACTGATATCT
TGGCAGCATTCCGAGTAACTCCTCAACCTGGAGTTCCGCCTGAGGAAGCAGGTGCTGCGGTAGCTGCCGA
ATCTTCCACTGGGACATGGACAACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGA
TGCTACCACATCGAGCCCGTTGCTGGAGAAGAAAATCAATATATTGCTTATGTAGCTTATCCCTTAGACC
TTTTTGAAGAAGGTTCTGTTACTAACATGTTTACCTCCATTGTTGGTAATGTATTTGGGTTCAAGGCCTT
GCGCGCTCTACGTTTGGAGGATTTGCGAATCCCTACTTCTTATATTAAAACTTTCCAAGGTCCGCCTCAC
GGAATCCAAGTTGAGAGAGATAAATTGAACAAGTATGGTCGTCCACTATTGGGATGTACTATTAAACCAA
AATTAGGGTTATCCGCTAAGAATTACGGTAGAGCAG

>MT680904.1_Alhagi_maurorum 
AGCTGGTGTTAAAGATTATAGATTGACTTATTATACTCCTCAATATGAAACCAAAGATACTGATATCTTG
GCAGCATTCCGAGTAACTCCTCAACCTGGAGTTCCGCCTGAGGAAGCAGGTGCTGCGGTAGCTGCCGAAT
CTTCCACTGGGACATGGACAACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTATAAAGGACGATG
CTACCACATCGAGCCCGTTGCTGGAGAAGAAAATCAATATATTGCTTATGTAGCTTATCCCTTAGACCTT
TTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTTGGTAATGTATTTGGGTTCAAGGCCTTGC
GCGCTCTACGTTTGGAGGATTTGCGAATCCCTACTTCTTATATTAAAACTTTCCAAGGTCCGCCTCACGG
AATCCAAGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCACTATTGGGATGTACTATTAAACCAAAA
TTAGGGTTATCCGCTAAGAATTACGGTAGAGCAGTTTATGAATGTCTCCGCGGTGGACTTG 
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KC700631.1_Medicago_truncatula
KJ204375.1_Medicago_sativa
MG249858.1_Trifolium_subterraneum

KX282912.1_Ononis_reclinata
JN890828.1_Ononis_spinosa

Z95550.1_12-581_Astragalus_sparsus
MF572164.1_Astragalus_onobrychis

KX282521.1_Alhagi_graecorum
MT680904.1_Alhagi_maurorum

KC700659.1_Hedysarum_coronarium
MG246751.1_Hedysarum_boreale

MG249537.1_Hedysarum_alpinum
KX942279.1_Onobrychis_caput-galli
KJ746267.1_Onobrychis_viciifolia_2
MF158773.1_Onobrychis_arenaria
MK925491.1_Onobrychis_viciifolia_NMW7573

0.98

0.29

0.88

0.93

0.98

0.74

0.94

0.93

0.6

0.15

0

0.97

0.77

0

0.01

The calculation and tree construction is based on BLAST rbcLa sequences listed in Appendix A4-4 and 
produced by Online Phlogeny Analysis programme (http://www.phylogeny.fr/). 

Appendix A4-5 Phylogenetic tree of selected species of 
Mediterranean Fabaceae 
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Sun et al. 2021 ✕

Ryan et al. 2021 ✕

Mircescu et al. 2021 ✕

Li et al. 2021 ✕

Esperante et al. 2021 ✕

Adler et al. 2021 ✕

Ryan et al. 2020 ✕

Rodriguez-Tovar et al. 2020 ✕

Oordt et al. 2020 ✕

Moraetis et al. 2020 ✕

Martin-Martin et al. 2020 ✕

Luo et al. 2020 ✕

Li et al. 2020 ✕

Aratman et al. 2020 ✕

Anderson & George 2020 ✕

Zacarias et al. 2019 ✕

Syah et al. 2019

Sun et al. 2019 ✕

Sun et al. 2019 ✕

Salih et al. 2019 ✕

Rodrigues et al. 2019 ✕

Rivers et al. 2019 ✕

Pujalte et al. 2019 ✕

Milliere et al. 2019 ✕

Menezes et al. 2019 ✕

Kaygili et al. 2019 ✕

da Silva et al. 2019 ✕

Batezelli et al. 2019 ✕

Salas-Saavedra et al. 2018 ✕

Mojon et al. 2018 ✕

Eren et al. 2018 ✕

Alonso-Zarza 2018 ✕

Zenkner & Kozlowski 2017 ✕

Tazaki et al. 2017 ✕

Spanicek et al. 2017 ✕

Sorrel et al. 2017 ✕

Schilt et al. 2017 ✕

Pons et al. 2017 ✕

Novakova et al. 2017 ✕

Letsch & Kiefer 2017 ✕

Grosjean et al. 2017 ✕

da Silva et al. 2017 ✕

da Silva et al. 2017 ✕

Bover-Arnal et al. 2017 ✕

cont. R M 0 ≠

Appendix A5-1 Papers citing Microcodium 

Table A5-1.1 Data obtained from WoS (Clarivate TM, webofscience.com) on April 15, 2021, include 
all papers citing (at least one of the) references [1]-[4] or [8]-[11] listed in Table 5.1 (main text). 
References are sorted from newest to oldest.
Categories: R (plant roots) - Microcodium interpreted as a product of plant root calcification; M 
(microbial) - papers supporting microbial origin of Microcodium; N - inconclusive or neutral 
interpretation about the origin; ≠- obvious misidentification of other microfeatures as Microcodium.
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Wang et al. 2016 ✕

Pujalte et al. 2016 ✕

Monferran et al. 2016 ✕

Khokhlova et al. 2016 ✕

Khalaf & Al-Zamel 2016 ✕

Jurkovsek et al. 2016 ✕

Itkin et al. 2016 ✕

Hamon et al. 2016 ✕

Chen et al. 2016 ✕

Robins et al. 2015 ✕

Pons et al. 2015 ✕

Murru et al. 2015 ✕

Lintern 2015 ✕

Liang & Jones 2015 ✕

Li et al. 2015 ✕

Li et al. 2015 ✕

Krklec et al. 2015 ✕

Azeredo et al. 2015 ✕

Ahlborn & StemmenkA 2015 ✕

Woody et al. 2014 ✕

Pujalte et al. 2014 ✕

Li & Li 2014 ✕

Gocke et al. 2014 ✕

Casado et al. 2014 ✕

Brlek et al. 2014 ✕

Brlek & Glumac 2014 ✕

Antoshkina 2014 ✕

Riera et al. 2013 ✕

Miller et al. 2013 ✕

Landing et al. 2013 ✕

Grosjean & Pittet 2013 ✕

Cabaleri et al. 2013 ✕

Cabaleri & Benavente 2013 ✕

Bustillo et al. 2013 ✕

Brlek et al. 2013 ✕

Zhou & Chafetz 2012 ✕

Zamagni et al. 2012 ✕

Wanas 2012 ✕

Tovar et al. 2012 ✕

cont. R M 0 ≠
Sanz-Montero & Rodriguez-
Aranda 2012

✕

Retallack 2012 ✕

Miller et al. 2012 ✕

Kuznetsov & Olenova 2012 ✕

Javid et al. 2012 ✕

Huguet et al. 2012 ✕

Grosjean et al. 2012 ✕

Dart et al. 2012 ✕

Buggisch et al. 2012 ✕

Brock-Hon et al. 2012 ✕

Alonso-Zarza et al. 2012 ✕

Thomas et al. 2011 ✕

Sooltanian et al. 2011 ✕

Semeniuk 2011 ✕

Mandic et al. 2011 ✕

Labourdette 2011 ✕

Gocke et al. 2011 ✕

Brasier 2011 ✕

Blomeier et al. 2011 ✕

Barta 2011 ✕

Akkiraz et al. 2011 ✕

Kabanov et al. 2010 ✕

Cantarero et al. 2010 ✕

Caja et al. 2010 ✕

Zhou & Chafetz 2009 ✕

Singh et al. 2009 ✕

Riera et al. 2009 ✕

Lambers et al. 2009 ✕

Candy & Black 2009 ✕

Brock & Buck 2009 ✕

Blomeier et al. 2009 ✕

Zamagni et al. 2008 ✕

Todisco & Bhiry 2008 ✕

Pomoni-Papaioannou & 
Kostopoulou 2008

✕

Patacca et al. 2008 ✕

Owen et al. 2008 ✕

Kabanov et al. 2008 ✕

cont. R M 0 ≠
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Hofmann et al. 2008 ✕

Eren et al. 2008 ✕

Alonso-Zarza et al. 2008 ✕

Wang & Greenberg 2007 ✕

Tewari et al. 2007 ✕

Singh et al. 2007 ✕

Otonicar 2007 ✕

Ogorelec et al. 2007 ✕

Labourdette & Jones 2007 ✕

Baceta et al. 2007 ✕

Arribas & Arribas 2007 ✕

Alonso-Zarza & Jones 2007 ✕

Yilmaz & Altiner 2006 ✕

Verboom & Pate 2006 ✕

Sinha et al. 2006 ✕

Sano 2006 ✕

Mallol 2006 ✕

El Kadiri et al. 2006 ✕

Antoshkina 2006 ✕

Turner & Makhlouf 2005 ✕

Kabanov 2005 ✕

Westphal et al. 2004 ✕

Sano et al. 2004 ✕

Sandulli 2004 ✕

McLaren 2004 ✕

Kosir 2004 ✕

Alonso-Zarza & Arenas 2004 ✕

Varrone & Clari 2003 ✕

Retallack et al. 2003 ✕

Kabanov 2003 ✕

Igawa 2003 ✕

Artieda & Herrero 2003 ✕

Alonso-Zarza 2003 ✕

Ehrenberg et al. 2002 ✕

Buonocunto et al. 2002 ✕

Bowen & Bloch 2002 ✕

Landrein et al. 2001 ✕

Huneke et al. 2001 ✕

Benison & Goldstein 2001 ✕

Baceta et al. 2001 ✕

Felton et al. 2000 ✕

Samuelsberg & Pickard 1999 ✕

Rossi & Canaveras 1999 ✕

Nyambe 1999 ✕

Immenhauser et al. 1999 ✕ ✕

Buonocunto et al. 1999 ✕

Lekach et al. 1998 ✕

Bao et al. 1998 ✕

Alonso-Zarza et al. 1998 ✕

RosalesDominguez et al. 
1997

✕

Freytet et al. 1997 ✕

Goudie 1996 ✕

Canaveras et al. 1996 ✕

Wright et al. 1995 ✕

Verrecchia et al. 1995 ✕

McLaren 1995 ✕

Lonoy 1995 ✕

Arp 1995 ✕

Wright 1994 ✕

Pipujol & Buurman 1994 ✕

Turner 1993 ✕

Driese & Mora 1993 ✕

Martinchivelet & Gimenez 
1992

✕

Mack & James 1992 ✕

Kenny & Krinsley 1992 ✕

Wright & Vanstone 1991 ✕

Verrecchia et al. 1991 ✕

Pomonipapaioannou & 
Solakius 1991

✕

Pelechaty & James 1991 ✕

Monger et al. 1991 ✕

Jaillard et al. 1991 ✕

Saller & Koepnick 1990 ✕

Rao 1990 ✕

Jones 1990 ✕

Pirozynski & Dalpe 1989 ✕

Lehman 1989 ✕

cont. R M 0 ≠ cont. R M 0 ≠
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Casanova & Nury 1989 ✕

Stubblefield & Taylor 1988 ✕

Sarkar 1988 ✕

Goldstein 1988 ✕

Roulin 1987 ✕

Phillips & Self 1987 ✕

Phillips et al. 1987 ✕

Wright 1986 ✕

Saller 1986 ✕

Mamet & Preat 1985 ✕

Viles 1984 ✕

James & Choquette 1984 ✕

Legall & Poncet 1983 ✕

Freytet & Moissenet 1983 ✕

Wright 1982 ✕

Nickel 1982 ✕

Mamet & Roux 1982 ✕

Freeman et al. 1982 ✕

Chafetz & Butler 1982 ✕

Semeniuk & Meagher 1981 ✕

Krumbein & Jens 1981 ✕

Nahon et al. 1980 ✕

Klappa 1980 ✕

Chafetz & Butler 1980 ✕

Laurain & Meyer 1979 ✕

Klappa 1979 ✕

Benjamini 1979 ✕

Klappa 1978 ✕

 count 30 10 148 36

cont. R M 0 ≠ cont. R M 0 ≠
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A5-2.1 Introduction

Plant roots and associated microorganisms in the rhizosphere produce important 

accumulations of calcium carbonate in near-surface terrestrial settings. Root calcification 

structures are among the most prominent features in many soils and palaeosols and may 

actually constitute the dominant fabrics in some forms of calcrete (Wright et al. 1995).

Criteria for the recognition of root calcification macrofeatures in the rock record are 

relatively well established (Klappa 1980b; Esteban and Klappa 1983; Retallack 1988; Wright 

and Tucker 1991) and are based on well-documented Quaternary examples. However, some 

biogenic microstructures found commonly in palaeosols and at palaeo-exposure surfaces 

lack reliable modern analogues, and consequently, their origin is highly controversial 

(e.g. Verrecchia et al. 1995, 1996; Freytet et al. 1997; Wright et al. 1996; Wright et al. 1997; 

Wright et al. 1998; Alonso-Zarza et al. 1998).

Microcodium is one such problematic feature, especially in early Palaeogene and 

Miocene continental and marine successions (see, e.g., Klappa 1978; Wright and Tucker 

1991, and references therein). Microcodium structures consist of cellular aggregates 

composed of of individual crystals of calcite. A root origin for Microcodium was proposed 

by Klappa (1978), who interpreted it as a calcification product of a mycorrhizal (fungal and 

plant root) association. Support for this rhizogenic interpretation has been presented by 

Jaillard (1987a, 1992) and Jaillard et al. (1991), who described intracellularly calcified root 

cells from present-day soils that closely resemble Microcodium structures. 

Freytet and Plaziat (1982) disagreed with the interpretation of Klappa (1978) because 

they found the root origin unable to explain laminar forms of Microcodium. Furthermore, 

Freytet et al. (1997) have argued that in spite of their obvious morphological similarity, the 

multilayer cell arrangement in modern calcified roots described by Jaillard and co-workers 

(e.g., Jaillard 1983, 1987a; Jaillard and Callot 1987; Jaillard et al. 1991) differs significantly 

from that of the typical ancient Microcodium aggregates, which are composed of a single 

layer of elongate crystals.

Appendix A5-2 Microcodium revisited: root calcification 
products of terrestrial plants on carbonate-rich 
substrates
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This paper documents examples of calcified plant roots and Microcodium from 

subaerial exposure profiles in a succession of Palaeocene shallow-marine carbonates in 

southwestern Slovenia. A crudely laminar horizon in one of the studied profiles contains 

abundant calcite aggregates which exhibit exquisitely preserved structural details of plant 

root tissues, and thus provide direct and unambiguous evidence for their rhizogenic 

origin. Moreover, morphologies intermediate between the typical Microcodium aggregates 

and calcified roots were observed in this laminar horizon and this observation supports 

previous rhizogenic interpretations of Microcodium structures. The aim of this paper is to 

present the morphological evidence for the root origin of Microcodium, as well as to discuss 

its palaeoecologic significance and the processes and causative factors for precipitation of 

calcium carbonate in the root cells of terrestrial plants inhabiting carbonate-rich substrates. 

A5-2.2 Calcification products of plant roots and the problem of Microcodium

Root calcification structures (rhizoliths, rhizocretions, rhizomorphs; see review of 

terminology by Klappa 1980b) exhibit various degrees of biological activity responsible for 

their formation. Except for their gross morphology, some forms may show no biologically 

influenced fabrics (for example, simple root molds left after roots have decayed and 

subsequently filled with a cement), whereas others are characterized by biologically 

controlled precipitation of calcium carbonate in, on, or around roots (Klappa 1980b; Jones 

and Ng 1988; Jones 1994; Wright et al. 1995; Alonso-Zarza 1999). With regard to location, 

two styles of calcification processes can be distinguished: (1) rhizosphere calcification 

(extracellular calcification of Wright et al. 1995), i.e. accumulation of calcium carbonate 

in the area immediately surrounding and influenced by plant roots; and (2) intracellular 

calcification. The former process is mediated mainly by the root-associated microorganisms 

in the soil (Jones 1994), but the latter is controlled directly by plants through the 

precipitation of calcium carbonate within their cortical root cells (Jaillard 1987a, 1992; 

see below). The term calcification, as used throughout this paper, denotes deposition of 

calcium salts (carbonate) in living tissue. 

Intracellular calcification of roots appears to be a common phenomenon in modern 

soils. Products of intracelullar root calcification are widespread in some present-day 

calcareous soils and may represent up to a quarter of the soil mass (Jaillard 1984, 1992; 

Jaillard et al. 1991). Active calcification in the living cortical root cells has also been 

reported in experimental work performed by Jaillard (1987a, 1987b, 1992) and Ross and 
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Delaney (1977). Calcified root cells may constitute significant quantities of secondary 

carbonate in Quaternary loess, loess palaeosols (Becze-Deák et al. 1997 and references 

therein), and chernozems (Khokhlova et al. 2001a; Khokhlova et al. 2001b), whereas 

pre-Quaternary unambiguous examples of intracellularly calcified plant roots are rare 

(Goldstein 1988; Alonso-Zarza et al. 1998; Alonso-Zarza 1999; Bowen and Bloch 2002).

Intracellular calcification of roots has also been considered as a mechanism creating 

Microcodium structures (Klappa 1978; Wright et al. 1995). Microcodium does not appear 

to exist today, although it has been reported from Quaternary carbonate eolianites on Isla 

Contoy, off the Yucatan Peninsula (Ward 1975; McKee and Ward 1983), the Mediterranean 

island of Mallorca (Calvet et al. 1975), and from calcrete crusts on San Salvador, Bahamas 

(Bain and Foos 1993; Foos and Bain 1995). Accumulations of Microcodium are abundant 

in Cretaceous, Palaeogene, and Miocene continental and marine carbonate successions, 

especially in the peri-Mediterranean area. These accumulations can form stratigraphic 

levels, several meters in thickness, composed almost entirely of in situ Microcodium 

aggregates (Freytet and Plaziat 1982; Wright et al. 1995; Rossi and Cañaveras 1999). 

Microcodium can be the dominant component in palaeo-calcretes (Esteban 1974; Wright 

et al. 1995) and is also common in palaeosols and palaeokarstic horizons, as well as within 

floodplain and palustrine deposits (Bodergat 1974; Freytet and Plaziat 1982; Wright et al. 

1995; Alonso Zarza 2003).

Typical Microcodium structures (Bodergat 1974; Freytet and Plaziat 1982; Morin 1993) 

consist of millimetric aggregates composed of a single layer of individual cell-like crystals of 

calcite (Figs. A5-2.1A, B, C, A5-2.2B). These pyramidal or prismatic crystals are polygonal 

in cross section and are usually strongly elongate, measuring 100–800 μm in length and 

20–70 μm in width (Freytet and Plaziat 1982). Microcodium aggregates occur in two basic 

forms (Bodergat 1974; Freytet and Plaziat 1982): (1) in root-like growths composed of 

cylindrical (“corn-cob”) aggregates (Fig. 5.1A) or connected or unconnected spheroids 

(rosettes; Fig. 5.1B), both with the polyhedral elements arranged in a radiating pattern 

around a hollow central channel, and as (2) laminar (lamellar) structures composed of 

layers of asymmetrical aggregates (Fig. 5.1C). 

Bodergat (1974) and Esteban (1972, 1974) extended the definition of Microcodium to 

include atypical forms (Fig. A5-2.1D), called “Microcodium type 3” by Bodergat (1974), and 

“Microcodium (b)” by Esteban (1972, 1974), which consist of several layers of isodiametric 

crystals. The structure of these atypical forms resembles the morphology of modern plant 

roots (Fig. A5-2.1E; Klappa 1978; Jaillard et al. 1991; Alonso-Zarza et al. 1998) but differs 
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considerably from the shape of “cells” and their organization in “classical” Microcodium 

aggregates (Freytet and Plaziat 1982; Freytet et al. 1997). The original rhizogenic interpre-

tation of Microcodium (Klappa 1978) was derived from Holocene material which appears 

to be identical to the calcified roots described by Jaillard (1987a) and Jaillard et al. (1991) 

(their figs. 3-5; compare with figs. 2-4 in Klappa 1978). This fundamental morphological 

difference between the cell architecture in calcified roots and Microcodium aggregates (Fig. 

A5-2.1A-E) appears to be the main issue in the controversy about the rhizogenic origin of 

Microcodium (Freytet et al. 1997; Wright et al. 1997). Comparison of the two morphologies 

is also shown in Figure A5-2.2.

Another problematic feature which is commonly seen with all morphotypes is the 

ability of Microcodium to dissolve and intensely corrode carbonate substrates. Freytet and 

Plaziat (1982) found the corrosive nature of Microcodium incompatible with the activity 

of roots and proposed that Microcodium formed through symbiotic association of several 

microorganisms (probably fungi and bacteria), in which some might attack calcite and 

others might synthesize it. 

Figure A5-2.1 Morphotypes of Microcodium and the structure of plant roots. Typical Microcodium structure 
is composed of a single layer of elongate calcite prisms forming root-like growths composed of A) cylindrical 
“corn-cob” aggregates, or B) spheroidal (rosette) aggregates. C) Morphological continuum between ‘corn-
cob’ and laminar Microcodium morphologies (from Freytet and Plaziat 1982). D) Sketch of multilayer cell 
arrangement in Microcodium type 3 of Bodergat (1974) (= Microcodium (b) of Esteban 1974; from Bodergat 
1974). E) Cross section of a root (Fahn 1982) and F) diagrammatic longitudinal section of a primary root, 
showing major structural elements of the root tissue (Tais and Zaiger 1998). 
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Figure A5-2.2 
Scanning electron microscope 
photographs, showing a fundamental 
difference in cell organization between 
modern calcified roots and ancient 
Microcodium. 
A) Longitudinal section through the 
calcified root from a Quaternary calcrete 
at Sella, SE Spain. Note the multilayer 
architecture of calcified cortical cells. 
Darker part in the middle of the root 
(arrow) corresponds to noncalcified 
vascular cylinder. Scale bar 100 µm. 
B) Broken Microcodium aggregate 
(“rosette”) from the Palaeocene fluvial 
deposits at Fontjoncouse, southern 
France, composed of a radiating pattern 
of elongate calcite pyramids. Axial 
channel is filled with microsparite. Scale 
bar 100 µm. 

In situ aggregates or disaggregated elements have been found in a great variety of 

facies (Klappa 1978; Freytet and Plaziat 1982; Wright and Tucker 1991; Wright 1994), 

making palaeoecological interpretation of Microcodium extremely difficult. To add to the 

controversy, some spheroidal carbonate microfeatures and forms of diagenetic calcite have 

been confused with Microcodium although they are obviously different in microstructure, 

morphology, and size (e.g., Chafetz and Butler 1980; Esteban 1982; Chafetz and Butler 1982; 

Monger et al. 1991; see discussion in Verrecchia et al. 1995 and Rossi and Cañaveras 1999).

A5-2.3 Geological setting

The material studied in this paper occurs within a succession of Upper Palaeocene 

(Thanetian) shallow-marine limestones of the Trstelj Formation, which represent the 

middle part of the Kras Group (Košir and Otoničar 2001). The Kras Group is a widespread 

carbonate unit throughout the northeastern Adriatic coastal region, particularly in 
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southwestern Slovenia (Fig. A5-2.3A). It corresponds to the terminal megasequence of the 

Adriatic-Dinaric Carbonate Platform and overlies a major regional unconformity expressed 

by a palaeokarst and bauxite deposits. This megasequence was deposited during major 

tectonic events in the Late Cretaceous and Early Palaeogene when the carbonate platform 

was subaerially exposed, subsequently reestablished, and finally buried by prograding deep-

water clastics (flysch) (Cousin 1981; Drobne 1977; Košir and Otoničar 2001).

A generalized stratigraphic column of the Upper Cretaceous, Palaeocene, and Eocene 

deposits in southwestern Slovenia is shown in Figure 5.3B (for more detailed stratigraphy 

and facies characteristics of these formations see Pavlovec 1963; Bignot 1972; Drobne 

1977; Jurkovšek et al. 1996; and Ogorelec et al. 2001). The lower part of the Kras Group 

Figure A5-2.3 
A) Geographical position and simplified 
geological map of SW Slovenia showing major 
structural elements (modified from Placer 1981). 
B) Generalized stratigraphic column of upper 
Cretaceous − Eocene succession in the Kras 
(Karst) region, SW Slovenia, showing major 
lithostratigraphic units.
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(i.e., The Liburnian Formation of Maastrichtian and early Palaeocene age) is characterized 

by restricted, marginal marine and palustrine carbonates, which show pedogenic 

modifications, including root-related laminar calcrete horizons and massive accumulations 

of Microcodium (Otoničar and Košir 1998). Prominent subaerial exposure surfaces, 

including calcretes, occur also in a succession of Upper Palaeocene and Lower Eocene 

bioclastic limestones of the Trstelj Formation and Alveolina-Nummulites Limestone. The 

calcrete profiles described herein occur in a succession of miliolid-dominated packstone 

and grainstone facies, typical of inner-ramp depositional settings (Luterbacher et al. 1991; 

Davaud and Septfontaine 1995; Košir 1997), which were deposited in a relatively high-

energy, barrier-related depositional environment on a foram-dominated carbonate ramp.

A5-2.4 Material and methods

Subaerial exposure profiles were studied in well-exposed outcrops of the Trstelj Formation, 

situated along forest roads on the northern margin of the Kras Plateau (Figs. 5.3A and 

5.4; Appendix A5-1). Two calcrete profiles were sampled in detail. Calcrete macrofabric 

was studied in outcrops and in polished slabs. Calcrete microfabric was analyzed in 

more than 150 thin sections, using standard transmitted light microscope. Standard 

thin-section petrography was supplemented with cathodoluminescence (CL) and UV 

fluorescence petrography. Nine selected thin sections were polished and examined under 

cathodoluminescence on CITL cold cathode luminoscope (model CL8200 Mk4) at the 

Karst Research Institute ZRC SAZU, Postojna, Slovenia, operating at approximately 15 

kV beam energy and 400 mA beam current. Three polished thin sections were studied 

in reflected light under Opton-Axiophot (Zeiss) microscope, linked to a fluorescence-

inducing blue light source. The chemical composition of four uncoated polished thin 

sections was obtained from electron microprobe analyses performed at the National 

Building and Civil Engineering Institute, Ljubljana, using an energy dispersive spectrometer 

(EDS), linked to a JEOL 5500 LV low-vacuum SEM. Elemental spectra were acuqired at 20 

kV and pressure of approximately 12 Pa. Scanning electron observation of broken surfaces 

and polished and etched slabs was caried on a JEOL JSM 330A microscope at the Institute 

of Palaeontology ZRC SAZU, Ljubljana.
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A5-2.5 Calcrete profiles

Most subaerial exposure surfaces from the studied succession of the Trstelj Formation are 

characterized by root-influenced fabric but differ in form and stage of development. The 

following profiles provide two examples of well developed calcretes with distinctive laminar 

horizons, composed almost entirely of root-calcification structures.

A5-2.5.1 Trstelj calcrete

The Trstelj calcrete was studied in several small outcrops along a forest road, NW of Trstelj 

Hill (Fig. A5-2.4). The calcrete caps the Trstelj Formation and corresponds to the boundary 

with the overlying Alveolina-Nummulites Limestone. The calcrete is developed on gray 

bioclastic grainstones and packstones, which are composed mostly of miliolid and small 

rotaliid forams, echinoderm fragments, and peloids. Thickness of the calcrete ranges from 

10 to 30 cm. A schematic section of the calcrete profile, composed of three layers, is shown 

in Figure A5-2.5A. The lower unit is represented by distinctive dark mottles which occur in 

a layer, 10-15 cm thick, of grainstones and packstones below the massive calcrete horizon. 

Thin sections of the mottled limestone exhibit distinctive dark micritic coatings on the 

bioclasts and abundant alveolar septal structure in the intergranular spaces. The mottled 

horizon gradually passes upwards into the beige to dark gray colored massive/brecciated 

horizon. Thin sections of the massive horizon show dense microfabric of intensively 

micritized bioclasts, micrite cements, and pores with alveolar septal structure. Brecciation 

Figure A5-2.4 Geological map of the studied area (modified from Buser 1968). Position of the area is 
indicated on the map in Figure 5.3A. Asterisks indicate position of Trstelj calcrete (1), Sv. Martin calcrete 
profile (2) and the Šumka section (3). Key to stratigraphic units: LFm, Lipica Formation; Lib, Liburnian 
Formation; Trs, Trstelj Formation; ANA, Alveolina-Nummulites Limestone; TB, Transitional Beds 
(Globigerina Marl); Fl, Flysch. For the stratigraphic range of the lithostratigraphic units see Figure A5-2.3B.
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Figure A5-2.5 
Schematic diagram showing stratigraphy 
and major macrofeatures of the studied 
calcrete profiles. A) Trstelj calcrete profile. 
B) Sv. Martin profile.

is mostly restricted to the upper part of the horizon but can also constitute almost the entire 

horizon. Highly irregular to subrounded clasts in the brecciated part differ in color but 

exhibit microfabric characteristics similar to the matrix and the non-brecciated, massive 

part. Composite clasts (Fig. A5-2.6A) indicate that the horizon formed through multiple 

phases of brecciation and subsequent cementation by micrite. Root traces within the 

brecciated horizon indicate that the brecciation probably resulted from penetrative growth 

of roots (Klappa 1980a). Root-induced brecciation is further evidenced by root tubules, 

observed in cracks which penetrate into clasts. 

The brecciated horizon is capped by a discontinuous, laminar horizon up to 4 cm 

thick (Fig. A5-2.6A). The laminar fabric also fills cavities several centimeters deep in the 

brecciated horizon. The lamination pattern results from the alternation of millimetric 

gray peloidal layers and dark brown to black layers, composed of intertwined tubules 

with micritic walls (Fig. A5-2.7A). Some micritic tubules exhibit indistinctive cellular 

structure, composed of thin arcuate septa (alveolar septal structure), which rarely show 

the well-preserved structure of root tissues (Fig. A5-2.7B). In parts of the laminar horizon, 

distinctive layers containing abundant isolated polygonal or slightly elongate calcite 

elements (Fig. A5-2.7C) occur within the peloidal and tubular laminae. These calcite 
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Figure A5-2.6 A) Polished slab of the upper part of the Trstelj calcrete. Distinctive laminar horizon overlying 
the brecciated horizon. Scale bars in all figures 1 cm. B) Weathered surface of the crudely laminar horizon 
of the Sv. Martin calcrete, showing anastomosing pattern of subhorizontal to subvertical laminae, composed 
mostly of calcified roots (see photomicrograph in Fig. A5-2.7D, C) Subcircular void (dark) on the upper 
bedding surface of the massive horizon of the Sv. Martin calcrete, representing a mold of a large subvertical 
root that penetrates through the massive carbonate. The cavity is filled by dark micrite containing abundant 
disaggregated Microcodium elements and small calcrete clasts.

elements are rarely joined in small radial aggregates forming incomplete Microcodium 

rosettes (Fig. A5-2.7C) or are arranged in seriate structures that resemble laminar (lamellar) 

Microcodium colonies (Freytet and Plaziat 1982). The calcrete profile is directly overlain by 

bioclastic grainstone, composed of alveolinids and coral fragments and, in the basal part, 

with a transgressive lag of centimeter-size clasts of calcrete. 

The Trstelj calcrete profile exhibits characteristic structure of well developed calcretes 

(Wright and Tucker 1991). The tubular microfabric of the laminar layer, capping the 

massive and brecciated horizon, is typical of root-mat calcretes (Wright et al. 1988). The 

micromorphology of the laminar crust is dominated by features that can be interpreted as 

products of calcification in the rhizosphere (Wright et al. 1995). The unique feature is the 

occurrence of Microcodium aggregates within the laminar calcrete fabric (see below).

B

C

A
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Figure A5-2.7 A) Photomicrograph of the laminar horizon of the Trstelj calcrete (see Fig. A5-2.6A). Porous 
laminar microfabric is composed of spar-filled tubules within dark, microlaminar matrix. Plane-polarized 
light, scale bar 3 mm. B) Calcified micritic tubules with preserved root structure (arrows) in the Trstelj 
laminar crust. Plane-polarized light, scale bar 200 µm.C) Layer of isolated calcified root cells within the 
peloidal-laminar horizon of the Trstelj calcrete and an incomplete Microcodium aggregate (arrow). Plane-
polarized light, scale bar 0.5 mm. D) Photomicrograph of the laminar horizon of the Sv. Martin calcrete 
showing abundant intracellularly calcified roots (mainly in cross sections; arrows) in intertwined, irregular 
root laminae in a subhorizontal root mat. Thin section in plane-polarized light. Scale bar 4 mm. 

A5-2.5.2 Sv. Martin calcrete

The second studied calcrete profile is exposed in a section along a forest road-cut below 

Sv. Martin Hill, about 2.5 km SW of Branik Village (Fig. A5-2.4). The calcrete appears as a 

bed, 60-80 cm thick, of dark brown limestone within gray bioclastic (skeletal) grainstones 

and packstones, which are composed mainly of miliolid and small rotaliid forams, 

dasycladacean algae, coral fragments, and peloids. Two distinctive calcrete horizons can be 

recognized in the profile (Fig. A5-2.5B): (1) the lower, crudely laminar horizon (Fig. A5-

2.6B) which is overlain by (2) massive and partly brecciated horizon.

The crudely laminar horizon is 5-25 cm thick. Its lateral extent cannot be determined 

because of the small extent of the outcrop, but it appears to pinch out laterally. The crudely 

laminar fabric consists of intertwined and anastomosing millimeter-thick subhorizontal 

to subvertical sheets and stringers. The laminar horizon is dark, almost black, and the 

A

C

↓↓↓↓↓
↓↓↓↓↓

↓↓↓↓↓

↓↓↓↓↓
↓↓↓↓↓

B
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laminae can be seen only on strongly weathered rock surfaces (Fig. A5-2.6B). Thin sections 

exhibit dense networks of millimeter- and submillimeter-size tubiform cylinders with dark 

micritic (laminar) walls (Fig. A5-2.7D). These tubular structures are filled with a drusy 

cement and are commonly associated with the alveolar septal structure which occurs within 

and between the tubules (Fig. A5-2.8A). However, the most characteristic and abundant 

microfeatures of the laminar horizon are: 1) calcitic cylinders which display exceptionally 

well-preserved details of root cellular structure (Fig. A5-2.8B-F); 2) typical Microcodium 

aggregates (Fig. A5-2.9); and 3) intermediate forms between the former two features (Fig. 

A5-2.10). 

The massive horizon consists of a dark brown limestone which shows no distinctive 

macrostructures in the outcrop. Thin sections show that it is composed of a dense and 

partly microbrecciated micrite. The micrite includes rare, almost completely micritized, 

but still recognizable bioclasts, mostly miliolid and rotaliid forams, fragmented gastropod 

shells, and scattered, disaggregated Microcodium prisms. The massive horizon is cut by 

irregular subvertical fissures, several centimeters to decimeters wide, filled by brecciated 

limestone (Fig. A5-2.5B), and more regular cylindrical voids (Fig. A5-2.6C). The later 

most probably represent infilled molds of large subvertical roots. The brecciated parts are 

composed of centimeter-size angular to subangular clasts of massive micrite, and a complex 

matrix of Microcodium fragments, micritic coatings, internal sediments, drusy sparite 

cement, and subordinate clayey material. 

Most of the macrofeatures and microfeatures observed in the Sv. Martin calcrete profile 

can be interpreted as due to the activity of plants. Well-preserved calcified roots provide 

obvious and unambiguous evidence for the rhizogenic origin of the laminar horizon. Its 

occurrence below the massive calcrete horizon suggests that it represents a penetrative 

calcified root mat, whereas the brecciation of the massive horizon was most probably 

caused by the penetrative growth of roots (cf. Klappa 1980a). Similar calcrete profiles 

that have been interpreted as a result of constructive and destructive processes in the 

rhizosphere have been described from the Quaternary soils of the Turks and Caicos islands 

(Rossinsky and Wanless 1992; Rossinsky et al. 1992). 
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Figure A5-2.8 
Photomicrographs of calcified roots 
from the Sv. Martin calcrete, all 
in plane-polarized light. A) Cross 
section of a root tubule, formed 
through precipitation of dark micrite 
around a root. The tubular void 
which mark the position of a decayed 
root is filled with sparry calcite 
cement and shows no evidence 
of intracellular calcification. Note 
prominent alveolar septal structure 
in and around the root tubule. 
Scale bar 200 µm. B) Completely 
intracellularly calcified root in cross 
section. Almost the entire volume 
of this root is composed of calcified 
cortical cells. Small central part of the 
root, corresponding to the vascular 
cylinder, is filled by sparry calcite 
cement. The root is coated by a layer 
of dark micrite. Scale bar 200 µm. 
C) Two incompletely calcified roots 
in cross section. Central part of (1) 
is filled by micrite. Indistinctive 
cellular microstructure can be seen 
in the central cylinder of the other 
root (2), probably representing 
calcified xylem vessels. Scale bar 
200 µm. D) Longitudinal section 
of a root, showing longitudinally 
elongate calcified cortical cells (c), 
and noncalcified central cylinder (v); 
compare with schematic root section 
in Fig. 5.1F. Scale bar 200 µm.
(continued on next page) 
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Figure A5-2.8 (continued)
E) Longitudinal section of a 
calcified root cortex. Scale bar 200 
µm. F) detail of part E showing 
intercellular spaces in the cortex 
(i), filled by sparite cement. Scale 
bar 100 µm. G) Individual calcified 
root cells, representing several 
roots in longitudinal section with 
incompletely calcified root cortex. 
Scale bar 500 µm. H) Permineralised 
root in cross section. Although the 
cellular structure is well preserved, 
this root differs essentially from the 
calcified roots in parts B-G in that it 
exhibits no evidence of active, plant-
controlled intracellular calcification 
but only impregnation of lignified 
cellular tissue by sparite cement. 
Scale bar 200 µm. 
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A5-2.6 Rhizogenic microfabric

A5-2.6.1 Intracellularly calcified roots

Calcified roots from the laminar horizon of the Sv. Martin calcrete exhibit high variability 

in size, shape, and structure (Fig. A5-2.8). The diameter of roots, as seen in cross sections, 

varies from 150 μm to more than 1 mm. The length of calcified roots ranges from several 

millimeters to more than 1 cm. The maximum observed length of a longitudinal root 

section was more than 2 cm. The shape of the roots can be straight or curved, rarely 

showing branching and development of lateral roots. In plane-polarized light, the 

calcified root cells are most commonly light pale brown or yellow in color owing to dark 

inclusions in the calcite. Under crossed polars, the calcite in the root cells typically shows 

monocrystalline structure with uniform or sweeping extinction, or an aggregate pattern, 

composed of several calcite crystals.

Many of the calcified roots in thin sections exhibit perfectly preserved original cellular 

structure of the root cortex (Fig. A5-2.8B-F). The arrangement of cortical cells in individual 

roots is highly variable. The cortex can be composed of two to more than ten layers of cells. 

As seen in many longitudinal and cross sections, all the cells of the cortex are completely 

calcified (Fig. A5-2.8B, D, E, F), whereas some root sections are calcified incompletely (Fig. 

A5-2.8B) or only show few individual calcified cortical cells (Fig. A5-2.8G) without any 

other distinguishable elements of the root structure. 

Except the cortex, other parts of the root exhibit almost no evidence of calcification. 

The central part of the root, corresponding to the vascular cylinder (stele; see Fig. A5-2.1E, 

F), is not calcified. This area is usually subsequently filled by dark brown micrite (Fig. 

A5-2.8C, D) or sparry calcite cement (Fig. A5-2.8B). In some cases, indistinctive cellular 

structures can be seen in the central cylinder; these may represent relicts of xylem vessels 

(Fig. 5.8C). Thin outermost cells, observable only in few sections of roots (Fig. A5-2.8D), 

probably represent calcified epidermis (cf. Fig. A5-2.1E, F). Significantly, calcified roots 

from the Sv. Martin calcrete exhibit no evidence of secondary growth (development of root 

tissues resulting from secondary thickening), indicating that the calcification was limited to 

the young parts of the fine roots.
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A5-2.6.2 Microcodium, calcified roots and intermediate morphologies

The typical architectural elements of Microcodium structures, as defined above (Fig. 

A5-2.1A, B, C), are elongate polyhedrons (pyramids or prisms) of calcite. Calcified 

cortical root cells described and illustrated in the previous section (Fig. A5-2.8B-G) are 

generally isodiametric in shape in transverse cross sections but can be distinctly elongate 

in longitudinal sections (Fig. A5-2.8D, G; compare with Fig. A5-2.1F). However, many 

examples of calcified roots from the crudely laminar horizon of the Sv. Martin calcrete 

exhibit strong radial elongation of outer cortical cells, thus creating features which 

appear to be identical to “classical” Microcodium aggregates. Actually, a complete range of 

intermediate morphologies can be observed (Figs. A5-2.9, A5-2.10). 

Some of the root cross sections exhibit only slightly increased size of individual cells in 

the outer layer of the cortex (Fig. A5-2.10A, B) but still display recognizable root cellular 

structure. Other examples show significantly enlarged single cortical cells which have 

isodiametric or polygonal morphology in cross section. The root in Figure A5-2.10B 

exhibits a completely modified single cortical layer consisting of strongly enlarged cells of 

quadrangular shape. 

Outer cortical cells in some root sections show only an accentuated elongate shape 

(Fig. A5-2.10C). Many examples, however, consist of strongly radially elongate pyramidal 

(Fig. A5-2.9A, B) or prismatic cells (Fig. A5-2.9C) characteristic of Microcodium. Relicts 

of the root structure can be seen in some of these sections (Fig. A5-2.9A, B), whereas most 

of the sections exhibit no evidence of multilayer cellular structure (Fig. A5-2.9C) as seen 

in nonmodified roots. Aggregates composed of elongate polyhedral cells can be radially 

symmetrical, forming “rosette” structures with a noncalcified axial canal (Fig. A5-2.10B, 

C), or of strongly asymmetrical shapes, exhibiting subparallel orientation of cells typical of 

laminar forms of Microcodium (Freytet and Plaziat (1982). 

Petrographically, the modified cells and prisms do not differ significantly from non-

modified calcified root cells except that they can be clearer and of lighter color, and contain 

fewer dark inclusions in the calcite. Strongly elongate polyhedral cells from the Sv. Martin 

calcrete (Fig. A5-2.9) have the typical microstructure of Microcodium (Klappa 1978; Freytet 

and Plaziat 1982). The monocrystalline pyramids or prisms frequently exhibit a distinctive 

central part, composed of more limpid or fine-grained calcite (Fig. A5-2.9A, B). Rare lon-

gitudinal sections through the internal part of the pyramids show indistinctive filamentous 

structure similar to filaments (striae) documented by Lucas and Montenat (1967), Freytet 
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and Plaziat (1982), and Morin (1993).

Different phases of calcite precipitation are most clearly seen in plane-polarized light. 

Both isodiametric calcified root cells and elongate morphologies are composed of light 

brown or yellowish calcite with cloudy appearance which differs significantly from clear 

white spar mosaics that fill individual pores and vascular cylinders and surround individual 

calcified roots (Fig. A5-2.8A, B). Under cathodoluminescence both the cell-filling calcite 

and clear spar are either nonluminescent or exhibit hardly distinguishable variations of dull 

red luminescence. Under UV fluorescence calcified cells and Microcodium prisms rarely 

show very weak brown fluorescence. Weak yellow fluorescence was observed in thin layers 

Figure A5-2.9 
Photomicrographs of modified roots, 
all in plane-polarized light. Scale bar 
in all figures 100 µm. A, B) Calcified 
root structures composed of elongate 
prismatic cells, creating typical 
Microcodium structure. Relicts of a 
multilayer root structure can be seen 
in some sections (arrow). C) Cross 
sections of three roots, exhibiting 
different degree of calcification and 
cell elongation; (a) is composed of a 
single layer of isodiametric to slightly 
elongated cells; (b) noncalcified 
root tubule; (c) typical Microcodium 
(“rosette”) structure.

A

!!!!!
a

c
b

C

B
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surrounding the roots, which are dark brown in transmitted light and probably correspond 

to the remnants of organic matter of the root epidermis.

Electron microprobe and SEM EDS microanalyses revealed that all calcite generations 

consist of low-Mg calcite with 0.2–0.8 mol % MgCO3 (see also Appendix A5-5). No 

significant variation was observed between different forms of calcite except minor amounts 

of sulfur (less than 0.3 wt % SO3) which have been detected in several calcified root cells 

and Microcodium prisms. The presence of sulfur indicates that dark inclusions in calcite of 

the calcified roots consist of sulfur-rich organic matter. 

Figure A5-2.10 
Photomicrographs of modified roots 
from the Sv. Martin calcrete, all in 
plane-polarized light. Sections of 
calcified roots show different degrees 
of cell elongation and increase in size. 
A) Single enlarged cell in the outer 
cortical layer (arrow). Scale bar 100 
µm. 
B) Strongly enlarged quadrangular 
cells (m) and smaller, normal-sized 
cells (R). Scale bar 100 µm. 
C) Several cross sections of calcified 
roots with enlarged and elongated 
cortical cells. 
Scale bar 150 µm.

R

m

A

C

B
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A5-2.7 Discussion

A5-2.7.1 Calcification and morphological modification of cortical root cells: Development 

of Microcodium

Abundant calcite aggregates in the crudely laminar horizon of the Sv. Martin calcrete 

(Fig. A5-2.8) and calcified tubules in the Trstelj laminar crust (Fig. A5-2.7) exhibit 

perfectly preserved structural details of plant root tissues. In both cases, the root textures 

provide direct proof for the rhizogenic origin of these laminar horizons. Importantly, 

the exceptional preservation of root structural details in the Sv. Martin laminar horizon 

is not just a consequence of favorable physicochemical conditions in the soil, leading to 

permineralization of plant tissues (Fig. A5-2.8H; Scott 1992; Martin 1999; Retallack 1997, 

2001) but results from biologically controlled precipitation of calcite in living cortical cells 

of plant roots. 

Active calcification (biomineralization) in living roots is indicated by selective 

(incomplete) calcification seen in some sections, in which only some of the cortical cells are 

calcified (Fig. A5-2.8C, G). This is particularly true of noncalcified intercellular spaces in 

the root cortex (Fig. A5-2.8F) that are filled by clear sparite, identical to sparite cements in 

larger pores and between the individual calcified roots. 

The most important features of the Sv. Martin laminar calcrete are morphologies 

intermediate between the typical Microcodium aggregates and intracellularly calcified 

roots. These forms provide unambiguous evidence for the root origin of Microcodium and 

thus support previous rhizogenic interpretations (Klappa 1978; Morin 1993; Wright et al. 

1995; Alonso-Zarza et al. 1998). However, most of the previous studies which considered 

Microcodium as a product of calcification of plant roots are based on atypical material, 

which either closely resembles the structure of plant roots (Alonso-Zarza et al. 1998) or is 

identical to the recent calcified roots (Klappa 1978) but does not exhibit the single-layered 

structure of strongly elongate cells, which are the main characteristics of Microcodium. 

The morphological continuum of calcification structures described herein provides a 

missing link between modern calcified roots (e.g., Jaillard et al. 1991) and atypical forms of 

Microcodium (Bodergat 1974; Esteban 1972, 1974; Klappa 1978; Goldstein 1988; Alonso-

Zarza et al. 1998) on one side, and the typical ancient Microcodium structures on the other. 

The intermediate forms show that the typical Microcodium aggregates formed through the 

morphological transformation of the root cortical cells. These transitional forms actually 
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show calcified roots in different stages of Microcodium development. Characteristically, 

the process of morphological modification starts with the increase in size of the cells in 

the outermost cortical layer, producing large cells of relatively isodiametric shape (Fig. 

A5-2.10C). With the continuation of growth in radial direction, the cortical cells develop 

elongate pyramidal (polyhedral) shape. The polygonal arrangement of elements, similar 

to honeycomb structures, appears to be a consequence of a densely packed structure 

formed through the increased radial growth of cells. This kind of morphology, size, and 

arrangement of root cells has not been observed in modern plants, but there is a large body 

of evidence for the morphological transformation of the root structure and production of 

special forms of roots due to the adaptation of plants to specific ecological conditions (e.g., 

Fahn 1982; Vartanian 1996). Although the shape and structure of Microcodium may reflect 

distortion of the normal root cells prior to calcification, it is more likely that it developed 

by growth of the calcite within the cells, which distorted the cell shape, creating strongly 

elongate polyhedral forms. Similar but less pronounced radial distortion (elongation) of the 

cortical cells has also been documented in modern calcified roots (Jaillard 1987a).

A5-2.7.2 Physiology of root calcification

Calcification of roots presumably enhances production of protons (McConnaughey and 

Whelan 1997) through exchange of Ca2+ and 2H+ using plant-respired CO2 (Fig. A5-2.11). 

Considerable proton effluxes from roots, often encountered in the rhizosphere, represent 

one of the modes of rhizosphere acidification as a profitable strategy for acquiring mineral 

nutrients. Rhizosphere acidification strategies are particularly evident in plants that grow 

preferentially on carbonate-rich alkaline soils of high acid-neutralizing capacity (Marschner 

1995; Hinsinger 1998).

Significantly, modern calcified roots and virtually all occurrences of Microcodium are 

typically, although not exclusively (e.g., Alonso-Zarza et al. 1998), associated with nutrient-

poor calcareous soils and carbonate substrates (Jaillard 1987a; Jaillard et al. 1991; Freytet 

and Plaziat 1982; Wright 1994; Wright et al. 1995). Calcification within the vacuoles of 

root cortical cells, coupled with extrusion of protons (Fig. 5.11B), thus most probably 

represents an effective mechanism for the nutrient acquisition (Jaillard and Hinsinger 1993; 

McConnaughey and Whelan 1997; McConnaughey 1998; Hinsinger 1998). Proton (acid) 

secretion in itself enables plants to mobilize sparingly soluble nutrients in the rhizosphere 

and to cope with constraints on mineral nutrition, such as low iron and zinc availability 
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Figure A5-2.11 
A) Roots penetrate into fissures and dissolve 
carbonate substrate through acid secretion into the 
rhizosphere and simultaneous calcification of root 
cells, creating Microcodium structures. 
B) Diagrammatic longitudinal section of the apical 
region of a root. Calcification within the vacuoles 
of root cortical cells act as a proton generator, 
allowing the plant to acidify the rhizosphere 
and thus acquire mineral nutrients from the 
soil. Production of protons is enhanced through 
exchange of Ca2+ and 2H+ using plant-respired CO2. 
(from McConnaughey and Whelan 1997). 

(Marschner 1995). Carbonate precipitation in the vacuoles of cortical cells may additionally 

increase production of protons, which are potentially useful for nutrient assimilation 

(McConnaughey and Whelan 1997). Simultaneously, accumulation of CaCO3 in the 

root tissue might reflect protection of the plant from excessive calcium and bicarbonate 

concentrations in the soil solutions (Marschner 1995).

This nutrient-acquiring mechanism can explain both the motivations for carbonate 

precipitation in living root cells of terrestrial plants and the ability of Microcodium to 

dissolve and corrode carbonate substrate (Fig. A5-2.12A, B). The latter effect has actually 

been observed in modern calcified plant roots as well. In concert with rhizosphere 

acidification, calcified roots in calcareous soils are often surrounded by a decalcified 

rhizocylinder of aluminosilicate clayey matrix (Jaillard 1985, 1992; Jaillard and Callot 1987; 

Jaillard and Hinsinger 1993). Subsequent disintegration of the calcified roots can create 

distinctive channels on the surface of corroded hard carbonate substrate (Fig. A5-2.12C), 

analogous to corrosive features typical of Microcodium (e.g., Freytet and Plaziat 1982; Morin 

1993).

Calcification in the root cells of modern plants appears to be a rapid process. Jaillard 

(1987a) showed in in vitro experiments under controlled conditions that living roots of 

oilseed rape were able to precipitate calcite in the cortical cells within only a few hours, and 
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that fully calcified cells were developed in a few days. Presumably, Microcodium structures 

also formed relatively rapidly under favorable conditions.

Most higher plant species facilitate the acquisition of mineral nutrients by the 

association of mycorrhizal fungi with the root system (Marschner 1995, Wilcox 1996). 

Klappa (1978) interpreted Microcodium as a calcification product of a mycorrhizal 

association. Indication of mycorrhizal symbiotic association has also been noted by Alonso-

Zarza (1999), who recognized the common occurrence of fungal filaments in the external 

parts of calcified roots in Miocene laminar calcretes from central Spain. However, Jaillard 

(1987a, 1992) and Jaillard et al. (1991) found no evidence of mycorrhizae in calcified cells 

from present-day calcareous soils but only traces of post-mortem taphonomic alteration 

of calcite crystals by endolithic microorganisms. Likewise, there is no clear evidence of 

mycorrhizae in Microcodium structures. Calcification products of fungi (e.g., needle-fiber 

calcite forming alveolar septal structure; Wright 1986; Verrecchia and Verrecchia 1994; 

Verrecchia 2000) are one of the most prominent biogenic constituents of calcretes and are 

often associated with Microcodium and calcified roots, but there is no direct proof for the 

role of fungi in precipitation of calcium carbonate within the root cells and formation of 

Microcodium.

A5-2.7.3 Environmental significance of calcified roots and Microcodium

Recent calcified roots almost invariably occur in calcareous soils in semiarid regions with 

pronounced seasonal moisture regime (Jaillard et al. 1991). Similarly, Microcodium is most 

abundant in calcic palaeosols and calcretes that have been interpreted as a product of 

seasonal semiarid climate (Wright 1994; Wright et al. 1998). In general, calcite precipitates 

in extracellularly calcified roots (rhizocretions) are formed through evapotranspiration 

and calcification mediated by root-associated microorganisms in the rhizosphere during 

relatively dry periods with a net moisture deficit (Jones and Ng 1988; Wright 1994). In 

contrast, calcified root cells and Microcodium, as supposed products of a nutrient-acquiring 

mechanism, most probably formed through increased metabolic activity of plant roots 

during times when the soil was adequately moist and, correspondingtly, when the soil 

environmental conditions became favorable for growth and proliferation of fine roots (e.g., 

North and Nobel 2000). 

Palaeoenvironmental distribution of Microcodium is characterized by two important 

attributes. First, as noted above, occurrence of Microcodium is almost invariably associated 
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Figure A5-2.12 
A) Microcodium corroding miliolid 
foram in a relatively unaltered 
bioclastic packstone. Thin section in 
plane-polarized light. Scale bar 0.5 
mm. 
B) Typical Microcodium corrosion 
fissure in the massive calcrete of the 
Sv. Martin profile. Thin section in 
plane-polarized light, scale bar 1 mm. 
C) Surface of a clast of marly 
limestone from the Quaternary 
calcrete at Sella, SE Spain, showing 
distinctive corrosive channels left 
after disintegration of calcified roots. 
Remnants of calcified roots are still 
preserved in some channels (arrows). 
Scale bar 3 mm. 

with carbonate rocks and calcareous soils. Second, most of the accumulations of 

Microcodium occur within continental depositional settings that are affected by pedogenesis 

and/or calcrete formation within palustrine, fluvial, and, rarely, karstic settings (Freytet and 

Plaziat 1982; Wright and Tucker 1991; Wright 1994; Alonso-Zarza 2003). The presence of 

disaggregated Microcodium in shallow marine deposits (Appendix A5-3, Fig. A5-3.3) may 
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result from erosion of a subaerial exposure surface during transgression and subsequent 

incorporation of eroded material into the overlying marine sediments, whereas in situ 

occurence of Microcodium aggregates in shallow marine facies always indicates subaerial 

exposure and pedogenic modification of the sediment. 

Examples of the Microcodium occurrences in almost unaltered shallow-marine 

limestones (Fig. A5-2.5.12A; Košir 1998) indicate that its formation took place during early 

stages of calcrete development. Similar association of Microcodium with early stages of 

soil development in the Upper Cretaceous peritidal carbonates has been noted by Martin-

Chivelet and Gimenez (1992). However, aggregates of Microcodium can be reworked and 

included in more developed calcretes. Furthermore, because of the constructive-destructive 

nature of many rhizogenic calcretes, Microcodium colonies can often be seen corroding 

indurated horizons from earlier stages of soil development (Figs. A5-2.12B, A5-3.01). 

Accumulations of Microcodium probably reflect a specific type of vascular plants 

of a pioneer community (i.e., initial stage of a primary plant succession; Barbour et al. 

1999) which were able to colonize carbonate substrates during early phases of subaerial 

exposure. Calvet et al. (1991) suggested that Microcodium represents the product of 

garrigue (scrub) vegetation, whereas Wright et al. (1995) mentioned that it was likely 

associated with riparian vegetation. Jaillard (1984, 1992), Becze-Deák et al. (1997), and 

Alonso-Zarza (1999) noted a possible relationship of modern and fossil calcified roots with 

Graminae. However, there is no conclusive evidence for the relationship of Microcodium 

and even modern calcified roots with any specific group of plants. It is likely that the root 

calcification is and was used by plant species of different, and probably not even closely 

related, taxonomic groups. 

Similarly, Microcodium may reflect a specific vegetation type and possibly mycorrhizal 

or non-mycorrhizal symbiotic association that appeared by the Mesozoic. The fossil record 

of Microcodium is unusual, with its peak occurrence in the early Palaeogene (especially the 

Palaeocene and early Eocene), and later in the Miocene (Wright and Tucker 1991; see also 

review of geographical and stratigraphical distribution in Klappa 1978). Smit (1979) and 

Bignot (1994, 1995) stated that Microcodium did not appear before the early Palaeocene, 

arguing that its appearance in Cretaceous rocks resulted from a deep penetration of 

Microcodium into the older rocks from the overlying Tertiary formations. However, there 

are numerous unambiguous and well-documented reports on Microcodium from the 

Upper Cretaceous carbonate successions of the peri-Tethyan region (Martin-Chivelet and 

Gimenez 1992; Gušić and Jelaska 1990; Landrein et al. 2001; amongst others), whereas most 
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of the older records are not reliable and/or are based on material that neither resembles 

typical Microcodium aggregates (e.g., Goldstein 1988; Immenhauser et al. 2000) nor exhibits 

the structure of non-modified calcified roots. 

A5-2.8 Summary and conclusions

The crudely laminar calcrete horizon from the succession of Paleocene shallow-marine 

carbonates of the Trstelj Formation contains calcite aggregates which exhibit perfectly 

preserved structural details of plant root tissues. Morphology and structure of these 

aggregates indicate that they formed through biologically controlled precipitation of 

calcium carbonate within the root cortical cells. Furthermore, morphologies intermediate 

between the typical Microcodium aggregates and intracellularly calcified roots provide 

unambiguous evidence for the root origin of Microcodium and thus support previous 

rhizogenic interpretations. These transitional forms show that Microcodium aggregates 

formed as a consequence of morphological transformation of root cortical cells due to 

growth of the calcite within the cells, which distorted the cell shape in the radial direction. 

The morphological continuum of observed calcification structures provides a missing 

link between the cellular structure of fine roots in modern plants, typically composed of 

several layers of isodiametric cells, and the architecture of classical Microcodium, which is 

characterized by a single layer of elongate pyramidal or prismatic crystals of calcite.

Calcification of cortical cells and creation of Microcodium structures can be explained 

as an effective mechanism used for nutrient absorption by certain type(s) of vascular plants. 

Formation of Microcodium and intracellular calcification of roots in general most probably 

represent a special adaptational strategy of plants that enhance mobilization of elements 

on nutrient-poor calcareous substrates through proton secretion into the rhizosphere. This 

mechanism explains both the motivations for carbonate precipitation in living root cells of 

terrestrial plants and the ability of Microcodium to corrode carbonate substrate. 

The widespread occurrence of Microcodium in almost unaltered shallow-marine 

limestones indicates that its formation took place during early stages of calcrete 

development. Accumulations of Microcodium probably reflect specific types of vascular 

plants of a pioneer community which had the capacity to colonize carbonate substrates 

during early phases of subaerial exposure.
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Table A5-3.1. Microcodium localities. *SI - Slovenia 

locality* setting lithostratigraphic 
unit

Age coordinates/
remarks

Trstelj (Kras, SI) calcrete Trstelj Fomation/
Alveolina-Nummulite 
Limestone (ANL)

Paleocene/Eocene 45°51´54˝N  
13°42´12˝E

Sv. Martin (Kras, SI) calcrete Trstelj Fm Paleocene 45°50´56˝N  
13°45´42˝E

Šumka section (SI) subaerial exposure 
surfaces in shallow 
marine limestone

Trstelj Fm Upper Paleocene 45°51´05˝N  
13°45´15˝E

Kremance (Kras, SI) calcrete/
disconformity

Trstelj Fm/ANL Paleocene/Eocene N45.872490, 
E13.659269

Vrabče (Kras, SI) palustrine limestone Liburnian Fm ?Maastrichtian N45.664592
E13.966706

Dolenja Vas (Kras, 
SI)

palustrine limestone Liburnian Fm Maastrichtian/
Paleocene

N45.664592
E13.966706

Pusto brdo Section, 
Trstelj (Kras, SI)

calcrete Trstelj Fomation/
Alveolina-Nummulite 
Limestone (ANL)

N45.664592
E13.966706

Slavnik (Kras, SI) laminar calcrete 
(rhizolite)

Liburnian Fm ?Upper 
Maastrichtian

N45.562779, 
E13.973458

Gabrk AC section 
(SI)

laminar calcrete 
(rhizolite) in paralic 
carbonate succession

Liburnian Fm Paleocene N45.689771
E13.977170

Divača AC section 
(SI)

laminar calcrete 
(rhizolite) in paralic 
carbonate succession

Liburnian Fm Paleocene N45.664592
E13.966706

Čebulovica section
(SI)

subaerial exposure 
surfaces in paralic 
and shallow marine 
limestone

Liburnian Fm,
Trstelj Fm

Paleocene Figs. A5-3.02B 
and A5-3.03

Kozina section (SI) subaerial exposure 
surfaces in shallow 
marine limestone

Trstelj Fm Paleocene Figs. A5-3.02C 
and A5-3.03

2TDK T1-7 core (SI) subaerial exposure 
surfaces in shallow 
marine limestone

Trstelj Fm Paleocene See map in 
Figs. A5-3.02A

Appendix A5-3 Localities of Microcodium material described 
and illustrated in Chapter 5
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2TDK T1-9 core (SI) subaerial exposure 
surfaces in shallow 
marine limestone

Liburnian Fm,
Trstelj Fm

Paleocene 
(Thanetian)

See map in 
Figs. A5-3.02A

Koromačno, Istria 
(Croatia)

palaeokarst / Lower Eocene N44.965916, 
E14.099531

Padriče (Kras, Italy) subaerial exposure 
surfaces, paralic 
carbonates

Liburnian Fm Cretaceous 
(Maastrichtian),
Paleocene (Danian, 
Thanetian)

N45.656927, 
E13.830718

Fontjoncouse, 
France

palaeosol “Garumnian” Paleocene (Danian) N43.04, 
E2.82

Esplugafreda, Spain palaeosols Talarn Fm
Esplugafreda Fm
Claret Fm

Paleocene, 
Eocene

GPS points 
T14-425 to 
T14-446 (Fig. 
A5-3.04)

Montpellier, France breccia in a 
continental 
succession

‘Vitrollien’ Paleocene 43°39’00” N; 
3°51’46” E

San Salvador, 
The Bahamas

aeolianite North Point Member Holocene see Appendix 
A2-01.

Providenciales, 
Turks & Caicos

beach rock/calcrete / ?Holocene see Dickson 
(2014) 

Table A5-3.1. (continued)

locality setting lithostratigraphic 
unit

Age coordinates/
remarks
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Figure A5-3.01 Part of the Šumka section (see position in Fig. A5-2.4 and coordinates in Table A5.3-1) 
showing several subaerial exposure horizons within the succession of shallow-marine foram-dominated 
facies. B) Composite diagram showing major subaerial exposure features at different stages of development. 
Microcodium structures are the most common feature in all subaerial exposure profiles. Microcodium 
aggregates and disaggregated polyhedral elements may represent the only evidence for subaerial exposure 
(2) within relatively unaltered bioclastic packstone and grainstone (1). In some profiles, Microcodium forms 
massive accumulations which are almost completely composed of whole aggregates, corroding the cemented 
or uncemented substrate (3), and ‘in-situ reworked’ mass of disaggregated elements (4). The most developed 
horizons exhibit typical biogenic (beta) calcrete fabrics dominated by micrite coatings and cements, alveolar 
septal fabric, strongly micritized grains, and Microcodium which commonly occurs in two generations. 
Isolated Microcodium elements, which were formed during early stages of soil development, are embedded 
in dense micrite which form massive calcrete horizons. These massive horizons are cut through by a second 
generation of Microcodium (5), which formed in later stages of profile development.
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Figure A5-3.04  A) Google Maps satellite image 
of southern slopes of the Esplugafreda valley.
Yellow points mark sampling locations of 
Microcodium for stable isotope analysis (see 
Section 5.7) 
B) Sraigraphic column for the Danian-Ilredian 
successions in the Esplugafreda location with 
marked Microcodium isotope samples. , 
From Baceta et al. (2011).

T14-430 

T14-436 

T14-441 

T14-449 



387Appendices

C

B

D

Figure A5-3.05. 
A) Esplugafreda section (see Fig. A5-3.4B): Esplugafreda Formation (E) and Claret Formation (Claret 
conglomerate (white arrow), Upper red beds (black arrow). B-D) Anastomosing and branching Microcodium 
structures. E) Mottled palaeosol (GPS point T14-426) and F) dark red paleosol, both rich in partly 
disintegrated Microcodium aggregates. Cf. aggregates of Recent intracellularly calcified roots in Figs. 3.7D, 
3.8A. All photos Paleocene, Esplugafreda Fm., Barranc d’Esplugafreda. 
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Figure A5-4.01. Morphology, architecture and crystal ultrastructure of Microcodium. A, B) PPL 
photomicrographs of Microcodium corn-cob aggregate with grains in cross section (upper part) and in 
longitudinal section with indistinctive radial two-layered ultrastructure, accentuated by minute, dark 
inclusions (micropores) in the darker, outer layer. Note rounded shape of cells! C) XPL of B. Divača AC 
Section, Lower part of the Trstelj Formation. D) Microcodium corroding a fissure in massive calcrete; PPL, 
Paleocene, Šumka. E, F) Pure microcodium limestone. Liburnian Formation, Vrabče locality. 

Appendix A5-4 Petrography of Microcodium:
Complementary material
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Figure A5-4.02. Morphology, ultrastructure and crystal morphology of Microcodium grains in thin sections. 
A-D) PPL/CL pairs of Microcodium rosettes composed of pyramidal elements, showing concentric striate 
ultrastructure. E, F) PPL photomicrographs of  asymmetric Microcodium rosettes with inclusion-rich cloudy 
calcite. See sections 5.3 - 5.5 and captions in Figs. 5.13-5.19.

B
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Figure A5-4.03. Morphology and ultrastructure of Microcodium grains, PPL photomicrographs. A) Rosette 
section, composed of pyramidal elements with indistinctive fibrous structure and B) rosette with elements 
with cisternoid vacuolar structure (see Fig. 5.15), both having individual grains showing pitted terminations. 
A: Liburnian Formation, Čebulovica section; B: Trstelj Formation, Šumka locality.C) Strongly elongate 
elements with pronounced rounded terminations (arrow). Sv. Martin calcrete. D) Transverse section through 
polyhedral (pyramidal) grains composed of inclusion-rich calcite. Note outer brown layer and hollows 
(terminal pits?) in the internal part. Trstelj Formation, Divača section.
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A B
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1 cm

CBA

Figure A5-4.04.  Morphology and architecture of lamellar (type 2) Microcodium. Thin sections scanned with 
a flatbed scanner. A and B) cross sections, C) section parallel to oblique to lamellae. All samples from breccia 
in Paleocene (‘Vitrollian’) continental succession near Montpellier, France.

A B

Figure A5-4.05.  Lamellar Microcodium, thin section in PPL.
A and B) Aggregates composed of limpid, strongly elongate prismatic elements, some of them containing 
dark internal structures (red arrow in B), analogous to vacuoles shown in Figs. 5.15-5.18. Breccia in Paleocene 
(‘Vitrollian’) continental succession near Montpellier, France.
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m

m

Figure A5-4.06. Morphology and architecture of lamellar Microcodium forms. 
A) PPL image of lamellar Microcodium structure in cross section. Note mostly clearly distinguishable 
(separated) asymmetric aggregates organised in divisible layers. B) Cross section of dense lamellar ctructure 
composed of strongl elongate aggregates. Arrows indicate some of the aggregates with marginal grooves, 
corresponding to (ectopic) central/axial canals. C and D) sections parallel to slightly oblique to lamellae 
exhibiting cerebroid-like, folded and branched patterns. Label m marks opaque, more or less strongly 
micritised parts. E and F) PPL and CL image pair of densely packed lamellar structures. Note cellular fabric in 
some aggregates, clearly visible under CL (fig. F) but not discernible in PPL (fig. E). 
All samples from Paleocene breccia near Montpellier, France.
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Figure A5-4.07. PPL and CL image pairs of stongly asymmetrical Microcodium aggregates.  
A, B) Arrows indicate axial canals located close to the margin of asymmetric aggregates (numbered 1-3).  
C-F) Labels c indicate aggregates apparently composed of elongate, prismatic elements under PPL (figs. C and 
E) while showing an obvious cellular texture in CL counterparts (figs. D and F), indicating that individual 
elongate prismatic grains are composed of multiple elements. 
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Figure A5-4.08. Association of fine root rhizoliths (Rh) and Microcodium (m) in laminar calcretes (rhizolites) 
from Paleocene Liburnian Formation (A, B) and Trstelj Formation (C-F). See explanation in captions of 
Figs. 5.19-5.20.
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Rh Rh

Rh
m

m

Rh
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Figure A5-4.09. Microcodium-substrate relationships. See captions in Figs. 5.12 and 5.13. Microcodium 
corroding a coral clast (A) and lithified (?calcretised) bioclastic sediment (B). A: Šumka section. B: T1-9 
core (see table in Appx. A5-3. C, D) Subaerial exposure surface, overlain by marine bioclastic grainstone/
packstone, showing voids/borings corresponding to Microcodium (partly preserved in the lower part of fig. C).  
Šumka section. E, F) In situ partial disintegration of Microcodium aggregates in massive calcrete. Sv. Martin 
calcrete.

E F

coroding calcrete, disintegrating 

in situ)
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Figure A5-4.10. Microcodium-substrate relationships. A-D) Rosette cross-sections of Microcodium aggregates 
showin more or less pronounced void around the rosette, possibly corresponding to decomposed (root) 
epidermal layer. E, F) PPL/CL pair of (thick) thin section. Note features in CL image, but not visible in PPL, 
possibly corresponding to root hairs (cf. Fig. 5.12A, B). A: Šumka section; B, D, E, F: Sv. Martin calcrete; C: 
Čebulovica section.
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Figure A5-4.11. Disintegrated and resedimented Microcodium. All thin section photomicrographs in PPL. 
A) Whole and partly disintegrated corn-cob aggregates. Sample SV-44, Divača. B) Microcodium ‘packstone’ 
composed of almost of lightly elongate grains. Note preserved aggregate (rosette) marked with arrow. 
Čebulovica section. C) Microcodium packstone composed of separate elongate grains and an almost unbroken 
rosette. Liburnian Formation, Slavnik locality, Maastrichtian. D) Massive to peloidal calcrete with ‘floating’ 
Microcodium grains. E) Isodiametric Microcodium grains surrounding weathered miliolid foram. Trstelj 
calcrete. F) Strongly elongate pyramidal grains embedded in micrite. Padriče locality (see Table A5-3.1).
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Figure A5-4.12. Ultrastructure and crystal morphology of Microcodium grains. PPL/XPL photomicrograph 
pairs of thin sections. See captions in Fig. 5.14.
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Figure A5-4.13. Ultrastructure and crystal morphology of Microcodium grains, thin section 
photomicrographs A, B and C, D) PPL/XPL pairs. E, F) PPL and fluorescence (blue light filter) 
photomicrographs of ‘striate’ Microcodium. 

FE



400Appendices

C D

A B

Figure A5-4.14. Ultrastructure and crystal morphology of Microcodium grains. Rare external (radial)
overgrowths of pyramidal grains distinguished by their microstructure (arrow in SEM image in figure A) and 
(brownish) colour in PPL images (figures B and C). D) XPL pair of C showin apparent optical continuity of 
the the overgrowth. Sample in A: Esplugafreda section; C-D) Čebulovica section.
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Figure A5-4.15. BES SEM photomicrographs and EDS elemental analysis of vacuolar Microcodium.
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Figure A5-4.16.  Remarkable similarity between the 
ultrastructure of Microcodium grains and rhizobia 
infection threads in root nodules of legume plants. 
A) PPL photomicrograph of Microcodium grains in 
cross section composed of large, limpid central parts 
(‘vacuoles’) and inclusion-rich outer layers. See also 
Figs. 5.50 and 5.51. 
B, C) Stained thin sections of Hedysarum 
glomeratum nodule showing cells with thick layers 

E

F

of rhizobia (stained blue in B and red in C) between cell walls and vacuoles (large unstained central cell 
lumina); scale bars 10 µm. Images copied from Muresu et al. (2008). 
D, E) Close up BES SEM images of the outer layer of a Microcodium grain showing sphaerical voids/organic 
inclusions with diameter from 0.2 to 1.5 µm, equivalent in size to bacterioid vesicles in fig. F. Sample (thin 
section) TS A-01_UCM. 
F) Cells of a root nodule, massively invaded by bacteria (bacteroids); few bacteria were found in intercellular 
spaces (arrow). Bacteroids are surrounded by a peribacteroid membranes; vesicles often contain osmophile 
material. TEM photomicrograph, taken from Marchetti et al. (2010). Scale bar 2 µm.

D
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Figure A5-4.17. Permineralised (noncalcified) fine roots. A, D) PPL, B, E) original CL, and C, F) false-colour 
enhanced CL photomicrographs. See captions in Figs. 5.18 and 5.19.
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Figure A5-4.18. Permineralised (noncalcified) fine roots. A, D) PPL, B, E) original CL, and C, F) false-colour 
enhanced CL photomicrographs. See captions in Figs. 5.18 and 5.19.
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Figure A5-4.19. Filamentous fabric (endolithic microborings) in Microcodium, Paleocene breccia, 
Montpellier. A-E) PPL thin section photomicrographs. Longitudinal section of a lamellar form 
showing unaltered aggregates (a) and intesively micritised part (m)altered by microendoliths. F) SEM 
photomicrograph of a resin-implegnated cast of endolithic microborings in a Microcodium grain. Also see 
captions in Figs. 5.20 and 5.21.
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Figure A5-4.20.  Microcodium from a Holocene beachrock of Providenciales, Turks an Caicos Islands. Blue 
resin-embedded ultrathin section. A) A rosette aggregate in corrosive contact with grains. Arrows indicate 
voids between Microcodium and grains, filled by cement. Note aragonite cement in the axial canal. 
B) Corrosive contact of Microcodium with porcellaneous foram, arrows indicate a void, filled by cement.  
Concentric striate features in some grains are emphasised by intensive endolithic infestation. C) Oblique 
section through an aggregate, corroding porcellaneous (miliolid) foram and other clasts. Microcodium 
grains appear strongly micritised (affected by endolithic borings). D) Altered Microcodium aggregate, arrows 
indicate unaltered central parts of some grains. E, F) PPL and XPL photomicrographs of a strongly micritised 
(microbored) Microcodium rosette. 



407Appendices 407

Figure A5-4.21.  Microcodium from a Holocene beachrock of Providenciales, Turks an Caicos Islands. Blue 
resin-embedded ultrathin section. Patterns of microendolithic borings. See captions in Figs. 5.21 and 5.22.
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Figure A5-4.22. Quaternary (Holocene) Microcodium material. A) Fragment of a beachrock with 
Microcodium aggregates before embedding in resin. Green spots (yellow arrov) are cyanonacterial remains 
on a weathered surface. B) Surface of a resin-embedded slab. Reflected light photos. C, D) PPL thin section 
photomicrographs of strongly micritised (endolithised) Microcodium aggregates (m) from calretised 
aeolianite. E, F) PPL and fluorescence (blue-light filter) photomicrographs of intensively microendolithised 
Microcodium. Stongest fluorescence corresponds to the most porous (resin-embeded) areas (red arrows), 
whereas original, mostly unaltered calcite is dark, nonluminescent (yellow arrows). A, B, E, F) Holocene 
beachrock, Providenciales, Turks an Caicos Islands. C, D) Holocene aeolianite, San Salvador, the Bahamas.

m
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thin
section

material pt 
#

CaO MgO FeO MnO SrO P2O5 SO3 SiO2 Al2O3

A02 mcod 1 54.972 0.788 0.038 0 0.129 0.035 0.155 0 0.029

A02 mcod 2 51.668 0.883 0 0 0.167 0 0.32 0.021 0.025

A02 mcod 3 53.507 0.639 0 0 0.162 0.041 0.191 0 0.007

A02 mcod 4 51.099 1.802 0 0.061 0.271 0.037 0.429 0.029 0

A02 mcod 5 49.721 2.884 0 0 0.361 0.012 0.491 0 0.132

A02 mcod 6 52.301 1.079 0.056 0.006 0.479 0.038 0.45 0 0

A05 PFR 7 52.321 0.614 0.019 0.033 0.282 0 0.249 0.013 0.032

A05 PFR 8 49.151 0.83 0.239 0.006 0.295 0.046 0.23 0.034 0.016

A05 PFR 9 51.404 0.952 0.234 0.039 0.345 0.051 0.332 0 0.054

A05 PFR 10 51.217 0.816 0.279 0 0.28 0.054 0.337 0.025 0

A05 PFR 11 51.551 0.686 0.056 0 0.31 0.031 0.173 0.012 0.031

A05 PFR 12 52.358 0.716 0.154 0 0.346 0.043 0.422 0.017 0.019

A05 PFR 13 50.563 0.736 0.298 0 0.346 0.07 0.53 0.013 0

A05 PFR 14 50.2 0.724 0.116 0.033 0.331 0.062 0.477 0 0.061

A01 mcod 7 52.38 0.889 0.032 0 0.2 0.047 0.071 0.012 0.009

A01 mcod 8 52.969 1 0.01 0 0.245 0.037 0.119 0.007 0

A01 mcod 9 53.473 0.604 0 0 0.8 0.014 0 0 0

A01 mcod 10 49.762 2.533 0 0 0.383 0.017 0.341 0 0

A02 mcod 11 53.678 1.351 0.061 0 0.402 0.027 0.394 0 0

A02 mcod 12 54.689 0.732 0.022 0.03 0.308 0.065 0.146 0 0.02

A02 mcod 13 51.081 1.897 0 0.026 0.45 0.025 0.396 0.026 0.038

A02 mcod 14 52.774 0.996 0 0.015 0.211 0.038 0.253 0.004 0

A02 mcod 15 52.119 1.255 0 0 0.302 0.07 0.271 0.017 0.025

A02 mcod 16 52.357 1.059 0.035 0.068 0.293 0.032 0.236 0.018 0.004

A02 mcod 17 51.867 1.372 0 0 0.424 0.019 1.066 0.011 0.009

A02 mcod 18 51.021 1.923 0 0 0.425 0.034 0.448 0 0.008

A02 mcod 19 50.808 2.58 0 0 0.398 0.045 0.58 0 0.066

Appendix A5.5 EPMA elemental analysis of Microcodium and 
permineralised fine roots/rhizoliths 

Table A5-5.1  Raw data (wt% oxides). Material: mcod - Microcodium, PFR - permineralised fine roots/rhizoliths

Elemental analyses were performed on polished thin sections on a JEOL JXA-8900 M WD/

ED Electron Microprobe (CNME, University Complutense Madrid) operating at 15 kV and 

20 nA and employing an electron beam diameter of 5 μm. The limits of detection for the 

analysed elements/oxides were: Ca 145 ppm, Mg 125 ppm, Fe 295 ppm, Mn 240 ppm, Sr 

175 ppm, P, S 330 ppm, SiO2 400 ppm, Al2O3 170 ppm.



410Appendices 410

2 4

5

1
2 4

5

3

A02 

A02 

A02 

thin section 
- point #

material Ca Mg Fe Mn Sr P S

A02 - 1 mcod - inner part 39.288 0.475 0.030 0.000 0.109 0.015 0.062

A02 - 2 mcod - inner part 36.927 0.533 0.000 0.000 0.141 0.000 0.128

A02 - 3 mcod - inner part 38.241 0.385 0.000 0.000 0.137 0.018 0.077

A02 - 4 mcod - outer layer 36.520 1.087 0.000 0.047 0.229 0.016 0.172

A02 - 5 mcod - outer layer 35.535 1.739 0.000 0.000 0.305 0.005 0.197

A02 - 1

A02 - 2

A02 - 3

A02 - 4

A02 - 5

wt% 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Mg Sr S

Table A5-5.2  Selected microprobe data of Microcodium from table A5-5.1 expressed in element wt %. Thin 
section A02 (Šumka section, see Appendix A5-2). Below: BSE EPMA images show positions of measurement 
points, and a histogram showing Mg, Sr and S concentrations. 
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13
12

11

A02 

15 19

17 16
18

14

A02 

9 7
8

10

A01 

thin section 
- point #

material Ca Mg Fe Mn Sr P S

A01 - 7 mcod - inner part 37.436 0.536 0.025 0.000 0.169 0.021 0.028

A01 - 8 mcod - inner part 37.857 0.603 0.008 0.000 0.207 0.016 0.048

A01 - 9 matrix 38.217 0.364 0.000 0.000 0.676 0.006 0.000

A01 - 10 mcod - outer layer 35.565 1.528 0.000 0.000 0.324 0.007 0.137

A02 - 11 matrix 38.363 0.814 0.047 0.000 0.340 0.012 0.158

A02 - 12 mcod - inner part 39.086 0.441 0.017 0.023 0.260 0.028 0.058

A02 - 13 mcod - outer layer 36.507 1.144 0.000 0.020 0.381 0.011 0.159

A02 - 14 mcod - inner part 37.717 0.601 0.000 0.012 0.178 0.017 0.101

A02 - 15 mcod - inner part 37.249 0.757 0.000 0.000 0.255 0.031 0.109

A02 - 16 mcod - inner part 37.419 0.639 0.027 0.053 0.248 0.014 0.095

A02 - 17 mcod - outer layer 37.069 0.827 0.000 0.000 0.359 0.008 0.427

A02 - 18 mcod - outer layer 36.464 1.160 0.000 0.000 0.359 0.015 0.179

A02 - 19 mcod - outer layer 36.312 1.556 0.000 0.000 0.337 0.020 0.232

A01 - 7

A01 - 8

A01 - 9

A01 - 10

A02 - 11

A02 - 12

A02 - 13

A02 - 14

A02 - 15

A02 - 16

A02 - 17

A02 - 18

A02 - 19

wt%
0 0.4 0.8 1.2 1.6

Mg Sr S

Table A5-5.3  Selected microprobe data of Microcodium from table A5-5.1 expressed in element wt %. Thin 
sections A01 and A02. Below: BSE EPMA images show positions of measurement points, and a histogram 
showing Mg, Sr and S concentrations. 
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10

9
14

13
127

8

11

A05 

thin section 
- point #

material Ca Mg Fe Mn Sr P S

A05 - 7 brown - intracell. 37.393 0.370 0.015 0.026 0.238 0.000 0.100

A05 - 8 brown - intracell. 35.128 0.501 0.186 0.005 0.249 0.020 0.092

A05 - 9 brown - intracell. 36.738 0.574 0.182 0.030 0.292 0.022 0.133

A05 - 10 spar - intracell. 36.604 0.492 0.217 0.000 0.237 0.024 0.135

A05 - 11 matrix 36.843 0.414 0.044 0.000 0.262 0.014 0.069

A05 - 12 brown - intracell 37.420 0.432 0.120 0.000 0.293 0.019 0.169

A05 - 13 cell wall 36.137 0.444 0.232 0.000 0.293 0.031 0.212

A05 - 14 cell wall 35.878 0.437 0.090 0.026 0.280 0.027 0.191

A05 - 7

A05 - 8

A05 - 9

A05 - 10

A05 - 11

A05 - 12

A05 - 13

A05 - 14

wt% S

0.000 0.050 0.100 0.150 0.200 0.250

Table A5-5.4 Selected microprobe data for perminearlaised fine rhizolith from table A5-5.1 expressed 
in element wt %. Thin section A05 (Sv. Martin calcrete; see Appendix A5-2). Below: BSE EPMA 
images show positions of measurement points and a corresponding thin section microphotograph in 
transmitted light,; histogram shows S concentrations. 



413Appendices 413

Appendix A5.6 Stable isotope analysis of Microcodium

Table A5-6.1 Results of C and O stable isotope analyses of Microcodium. See Table A1.1 (Appendix A1) 
for details about material, analytic procedures and laboratories.

sample # material ∂13C (VPDB) ∂18O (VPDB)
AK-03-006 Fontjoncouse 01 -8.3 -6.9

AK-03-008 SV-81 Vrabče -9.4 -5.2
AK-03-009 SV-81 Vrabče -9.2 -5.4
AK-03-010 SV-81 Vrabče D -9.6 -5.6
AK-03-010R SV-81 Vrabče D -9.2 -4.2
AK-03-011 SV-82 Vrabče -8.5 -4.6
AK-03-012 SV-82 Vrabče -8.9 -4.7
AK-03-012R SV-82 Vrabče -9.0 -3.5
AK-03-013 SV-84 Div-X-1 -11.9 -5.2
AK-03-014 SV-84 Div-X-1 -12.1 -5.4
AK-03-014R SV-84 Div-X-1 -11.9 -4.2
AK-03-015 SV-84 Div-X-1 -12.1 -5.4
AK-03-016 Fontjoncouse 01 -8.5 -6.0
AK-03-017 Fontjoncouse 01 -8.3 -7.1
AK-07-300 SV-81 bulk mcod -13.8 -5.9
AK-07-301 SV-82 bulk mcod -8.7 -4.6
AK-14-436 T14-449; Claret Fm -14.1 -7.0
AK-14-436-2 T14-449; Claret Fm -14.0 -6.8
AK-14-436-3 T14-449; Claret Fm -14.2 -7.2
AK-14-436-4 T14-449; Claret Fm -13.6 -6.7
AK-14-436-5 T14-449; Claret Fm -14.2 -6.9
AK-14-437 T14-449; Claret Fm -12.6 -6.6
AK-14-437-2 T14-449; Claret Fm -12.6 -6.7
AK-14-437-3 T14-449; Claret Fm -12.9 -6.8
AK-14-438 T14-441 Esplugafreda -9.7 -6.2
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sample # material
AK-14-439 T14-441 Esplugafreda -8.5 -5.8
AK-14-440 T14-441 Esplugafreda -10.4 -6.2
AK-14-440-2 T14-441 Esplugafreda -10.0 -5.8
AK-14-441 T14-436 Esplugafreda -8.4 -4.7
AK-14-441-2 T14-436 Esplugafreda -8.2 -4.6
AK-14-441-3 T14-436 Esplugafreda -8.2 -4.9
AK-14-442 T14-422 (!) Fontllonga -7.7 -4.4
AK-14-443 T14-430 Espulgafreda, Talarn Fm -18.5 -7.6
AK-14-443-2 T14-430 Espulgafreda, Talarn Fm -18.9 -8.0
AK-14-444 T14-430 Espulgafreda, Talarn Fm -13.0 -4.9
AK-14-444-2 T14-430 Espulgafreda, Talarn Fm -13.0 -5.4
AK-14-444-3 T14-430 Espulgafreda, Talarn Fm -12.3 -5.1
AK-14-444-4 T14-430 Espulgafreda, Talarn Fm -12.4 -5.4
AK-15-502 Caicos Beachrock, mcod -5.0 -3.1
AK-15-502-2 Caicos Beachrock, mcod -4.7 -3.5
AK-15-507 Caicos Beachrock, mcod ~90% -4.9 -3.5
AK-14-434 M-7 M.Cond./lam. mcod -12.2 -7.8
AK-14-435 M-7 M.Cond./lam. mcod -12.5 -7.2
AK-14-435-2 M-7 M.Cond./lam. mcod -12.4 -7.3
AK-14-435-3 M-7 M.Cond./lam. mcod -11.9 -7.1
AK-14-435-4 M-7 M.Cond./lam. mcod -12.6 -6.9
AK-14-435-5 M-7 M.Cond./lam. mcod -12.2 -7.2
AK-14-435-6 M-7 M.Cond./lam. mcod -11.3 -6.7

Table A5-6.1 (continued) 
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Appendix A5-7 Published C and O stable isotope data of 
Microcodium and calcified roots

Table A5-7.1 C and O stable isotope composition of Microcodium and corresponding host rock 
carbonates from Tertiary localities of France, and comparative data of modern calcified roots (Morin 
1993, p. 131-131). Microcodium data include selected analyses of Bodergat (1974) and Casanova & 
Nury (1989). Key: Microcodium morphotypes: 1 - rosette; 2 - intermediate; 3 - laminar/lamellar;  
0 - calcified roots (Recent). Stratigraphic units:  

..

..
microcodium host rock

No. Locality Age 
[My]

Strat. 
Unit

morpho-
type

d13C 
mood

d18O 
mood

Strat. 
Unit

Age 
[My] Material d13C 

matrix
d18O 
matrix

1 AumRou1 52 Vit 1 -16.20 -7.10
2 AumRou1 52 Vit 1 -16.79 -7.10
3 AumRou1 52 Vit 1 -13.40 -7.10 Vit 52 CPsol -10.90 -6.10
4 StBauz1 52 Vit 1 -12.10 -6.70
5 StBauz1 52 Vit 1 -11.49 -6.80 Cr> 65 CPsol -7.80 -6.58
6 Rousse. vit 52 CPsol -9.68 -6.00
7 Roussel 52 Vit 1 -6.77 -5.02 vit 52 CPsol -7.77 -4.64
8 Roussel 52 Vit 1 -6.78 -5.00 Vit 52 CPsol -7.83 -5.16
9 Roussel 52 Vit 1 -7.65 -5.87 vit 52 CPsol -7.82 -5.32

10 Roussel 52 Vit 1 -10.44 -5.74 vit 52 CPsol -8.61 -5.67
11 Roussel 52 Vit 1 -9.95 -5.83 vit 52 CPsol -9.03 -4.69
12 Aix1 52 Vit 1 -6.31 -4.29 Vit 52 CPsol -7.23 -4.98
13 Aix1 52 Vit 1 -6.66 -5.13 vit 52 CPsol -7.21 -5.89
14 Aix1 52 Vit 1 -9.96 -5.81 Vit 52 CPsol -9.58 -5.11
15 Aix1 52 Vit 1 -10.33 -6.07 vit 52 CPsol -9.53 -5.01
16 Ax15221 52 Vit 1 -8.25 -6.39
17 Ax15471 52 Vit 1 -7.53 -6.46
18 AixCar1 52 Vit 1 -6.59 -4.99
19 Floren1 52 Vit 1 -8.94 -6.92 Vit 52 CPsol -8.54 -6.61
20 F10ren1 52 Vit 1 -9.86 -7.27 Vit 52 CPsol -8.81 -6.34
21 Arce 52 Vit 1 -8.81 -6.53 vit 52 CPsol -8.88 -6.73
22 Arce 52 Vit 1 -12.63 -6.26 Vit 52 CPsol -10.00 -7.30
23 Arce 52 Vit 1 -9.22 -6.39 Vit 52 CPsol -8.84 -6.44
24 Arce 52 Vit 1 -12.46 -6.33 Vit 52 CPsol -9.53 -6.93
25 Arce 52 Vit 1 -11.48 -6.69 Vit 52 CPsol -8.45 -5.32
26 Arce 52 Vit 1 -10.56 -6.38 Vit 52 CPsol -8.68 -6.88
27 Arce 52 Vit 1 -10.92 -6.90
28 Arce 52 Vit 1 -10.04 -6.63 Vit 52 CPsol -10.02 -6.61
29 Arce 52 Vit 1 -10.56 -7.08 Vit 52 CPsol -10.32 -7.22
30 Arce CTurc -10.24 -7.15
31 Arce 52 Vit 1 -10.44 -6.28 Vit 52 CPsol -10.60 -6.74
32 Vi11ev. Vit 52 CCBlc -8.75 -5.53
33 Vi11ev1 62 Dan 1 -9.72 -6.47
34 Vi11ev1 62 Dan 1 -9.81 -6.50 Dan 62 CCBgRg -10.63 -6.11
35 Vi11ev1 62 Dan 1 -8.64 -5.95 Dan 62 CCBgRg -8.71 -5.68
36 Vi11ev1 62 Dan 1 -10.32 -6.92 Dan 62 CMCRg -10.65 -6.73
37 Villev. . CCalci -10.60 -5.63
38 Vi11ev1 52 Tha 1 -8.36 -6.09 Tha 52 CCRosé -7.66 -5.69
39 Vi11ev. Tha 52 CCGris -7.68 -6.84
40 Villev1 55 Mon 1 -11.38 -6.85
41 Vi11ev1 55 Mon 1 -10.67 -6.20 Mon 55 CCRg -10.42 -6.04
42 MursBu1 39 Lut 1 -11.14 -6.80 Lut 39 -10.86 -5.94
43 Boderg. 52 Vit -10.30 -5.80 Més 65 MC -1.40 -3.70
44 Boderg. 52 Vit -11.00 -5.30 Més 65 MC -1.10 -3.60
45 Boderg3 52 Vit 3 -19.51 -9.58
46 Boderg3 52 Vit 3 -16.81 -8.75
47 Phobos. 52 Vit -13.70 -7.40 Més 65 MCNoir 1.20 -3.30
48 Phobos. 52 Vit -12.30 -6.20 Més 65 MCNoir 0.00 -4.30
49 Phobos3 52 Vit 3 -12.55 -6.35
50 Phobos3 52 Vit 3 -16.90 -7.11
51 Phobos. Cca1ci -11.49 -5.97
52 Phobos3 52 Vit 3 -14.63 -7.09 Més 65 MCRg -1.64 -4.26
53 Phobos3 52 Vit 3 -12.88 -6.35 Més 65 MCGris -1.48 -3.88
54 Phobos3 52 Vit 3 -14.32 -6.93 Més 65 MCGris -1.48 -3.88
55 Phoboa3 52 Vit 3 -20.50 -9.77 Méa 65 -4.81 -6.48
56 Phobos. 52 Vit -14.07 -7.23 Méa 65 MCRg -1.33 -4.56
57 Phoboa3 52 Vit 3 -15.45 -8.95 Méa 65 MCBg 0.78 -3.54
58 Phoboa3 52 Vit 3 -17.92 -9.29 Més 65 MCGr 0.23 -3.00
59 Phobos3" 52 Vit 3 -14.45 -8.10 Méa 65 MCRg -0.43 -1.45
60 Phobos. 52 Vit -13.85 -7.89

3
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Table A5-7.1 (continued). 

microcodium host rock

No. Locality Age 
[My]

Strat. 
Unit

morpho-
type

d13C 
mood

d18O 
mood

Strat. 
Unit

Age 
[My] Material d13C 

matrix
d18O 
matrix

61 Phobos2 52 Vit 2 -12.24 -7.16
62 BelAir3 52 Vit 3 -11.83 -7.49
63 BelAir2 52 Vit 2 -11.30 -6.69 Més 65 CCRg -10.45 -5.62
64 BelAir2 52 Vit 2 -12.68 -6.67
65 BelAir3 52 Vit 3 -12.31 -6.27 Méa 65 MCGris -4.05 -5.07
66 BelAir2 52 Vit 2 -12.50 -6.34
67 BelAir3 52 Vit 3 -18.73 -8.65
68 BelAir3 52 Vit 3 -20.40 -9.47 Méa 65 MCGris -7.64 -4.40
69 BelAir3 52 Vit 3 -9.84 -5.27 Més 65 MCBg -1.09 -4.09
70 BelAir3 52 Vit 3 -9.10 -7.24
71 BelAir3 52 Vit 3 -9.20 -7.50
72 BelAir3 52 Vit 3 -14.19 -7.63
73 Be1Air3 52 Vit 3 -14.90 -7.90
74 BelAir2 52 Vit 2 -12.11 -6.72 Més 65 MCRg 2.38 -4.23
75 BelAir2 52 Vit 2 -11.25 -6.72 Més 65 MCGr 1.85 -3.36
76 BelAir2 52 Vit 2 -12.86 -6.72 Vit 52 CTurRg -10.39 -5.56
77 BelAir2 52 Vit 2 -10.47 -6.42 Més 65 MCGr 1.30 -3.36
78 BelAir2 52 Vit 2 -13.62 -7.76
79 BelAir3 52 Vit 3 -13.90 -7.25
80 BelAir2 52 Vit 2 -12.11 -6.79 Més 65 MCNr 0.58 -3.80
81 BelAir3 52 Vit 3 -14.55 -7.30 Més 65 MCNr 0.58 -3.80
82 Bourgu2 39 Lut 2 -14.68 -8.92 Tur 88 MCRg 1.44 -4.13
83 Bourgu2 39 Lut 2 -13.93 -8.32 Tur 88 MCRg 0.43 -4.37
84 Bourgu2 39 Lut 2 -14.33 -8.91 Tur 88 MCRg -0.64 -4.38
85 Bourgu. Tur 88 MCBlc 1.20 -3.92
86 PAumGr. Més 65 MCBg 0.80 -4.10
87 PAumGr. Més 65 MCBg 0.70 -4.40
88 PAumGr3 52 Vit 3 -18.28 -9.09 Més 65 MCBg 0.70 -4.40
89 PAumGr3 52 Vit 3 -19.10 -9.20 Més 65 MCBg 0.70 -4.40
90 PAumGr3 52 Vit 3 -20.10 -9.50 Més 65 MCBg 0.70 -4.40
91 PAumGr3 52 Vit 3 -19.20 -9.10 Més 65 MCBg 0.70 -4.40
92 PAumGr3 52 Vit 3 -19.50 -9.10 Més 65 MCBg 0.70 -4.40
93 Aumela3 52 Vit 3 -16.90 -9.20 Més 65 MCBg 0.80 -3.40
94 Aumela3 52 Vit 3 -20.10 -9.10 Més 65 MCBg 1.20 -4.00
95 Aumela3 52 Vit 3 -21.84 -9.34 Més 65 MCBg 0.44 -4.72
96 Aumela3 52 Vit 3 -17.70 -8.70
97 Aumela3 52 Vit 3 -17.55 -8.95 Més 65 CC -8.72 -5.33
98 Aumela3 52 Vit 3 -16.72 -9.05
99 Aumela3 52 Vit 3 -17.36 -9.16

100 Aumela3 52 Vit 3 -16.39 -8.71
101 Aumela3 52 Vit 3 -16.17 -8.63
102 Brouze2 34 Eoc 2 -19.80 -7.90
103 Brouze2 34 Eoc 2 -21.95 -8.75
104 Brouze2 34 Eoc 2 -22.91 -9.29 Eoc 34 CBlc -8.78 -5.12
105 Brouze2 34 Eoc 2 -21.98 -9.09 Eoc 34 CBlc -8.34 -4.84
106 Gévaud2 34 PIE 2 -12.25 -8.19 San 83 CCBlc -9.76 -6.34
107 Gévaud2 34 PIE 2 -10.26 -7.52 San 83 CCBlc -10.21 -6.58
108 Gévaud2 34 PIE 2 -8.70 -6.60
109 Gévaud2 34 PIE 2 -8.71 -6.62 San 83 MCBlc 0.24 -4.13
110 Senanq2 39 Lut 2 -19.30 -9.60 Urg 107 MCBlc 0.30 -4.40
111 Senanq2 39 Lut 2 -19.10 -9.20 Urg 107 MCBlc 0.40 -4.30
112 Senanq2 39 Lut 2 -20.15 -9.63
113 Senanq2 39 Lut 2 -19.88 -9.65 Urg 107 MCBlc -0.09 -4.51
114 Senanq2 39 Lut 2 -17.63 -9.84 Urg 107 MCBlc -0.14 -5.29
115 Métham3 39 Lut 3 -14.80 -7.25 Urg 107 MCBlc 0.27 -3.84
116 Chambr3 52 Vit 3 -9.48 -8.12 Ber 126 MC 1.01 -4.05
117 CFont-3 39 Lut 3 -17.89 -7.88 Béd 110 MCBlc -2.71 -2.81
118 CFont-3 39 Lut 3 -18.49 -8.28 Béd 110 MCBlc -3.51 -2.76
119 CFont-3 39 Lut 3 -17.30 -7.42
120 CFont-3 39 Lut 3 -12.12 -5.94 Béd 110 MCBlc -1.24 -3.06
121 MarseL 27 St> -0.50 -2.60 St> 27 CBhBr 0.90 -0.20
122 MarseL 27 St> -1.30 -4.00 st> 27 CBhCl -0.60 -3.50
123 MarseL 27 St> -3.30 -5.40 St> 27 CBhCl -1.40 -3.20
124 MarseL 27 st> -1.00 -3.00 St> 27 CBhBr -1.60 -2.50
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125 MarseL 27 st> -2.40 -5.80 St> 27 CBhBr 0.00 -2.80
126 MarseL 27 st> . -2.80 -4.80 St> 27 CBhCl -1.20 -3.30
127 StGél-O 0 Act 0 -9.44 -6.23 Act 0 CSol -0.19 -2.88
128 StGél-O 0 Act 0 -10.10 -5.80
129 StGél-O 0 Act 0 -9.17 -6.30 Act 0 CSol -0.24 -2.75
130 StGél-O 0 Act 0 -8.50 -5.90 0
131 Merca Act 0 -5.91 -7.43 Act 0 CSolNr 0.07 -5.97
132 Aix---O 0 Act 0 -12.52 -7.23 Act 0 CSolRg -7.71 -4.52
133 Aix---O 0 Act 0 -12.79 -7.10 Act 0 CSolRg -7.41 -5.52
134 LubéroO 0 Act 0 -10.75 -7.09 Act 0 CSolBr 0.00 -4.06
135 LubéroO 0 Act 0 -10.84 -6.70 Act 0 CSolBr -2.45 -6.85
136 RoujanO 0 Act 0 -12.11 -4.92 Act 0 CSolgr -1.06 -4.64
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sample  description δ13C (PDB) δ18O (PDB) age
KB_01 Microcodium clump, 10–15% 

contamination by micritic substrate
-2.69 -4.88 Moscovian

KB_02 Microcodium corn-cob aggregates from 
fusulinid-rich wackestone

0.04 -2.43 Moscovian

KB_03 Microcodium (small-grained non-
aggregated variety) from bioclastic grain-
packstone in tempestite facies

-0.99 -2.79 Moscovian

KB_04 Microcodium (corn-cob aggregates) from 
bioclastic packstone

-0.81 -3.62 Moscovian

KB_05 Microcodium (corn-cob aggregates) from 
bioclastic wackestone

1.12 -1.10 Moscovian

KB_06 Microcodium corroding Triassic limestone, 
basal Paleocene

-8.81 -6.86 Paleocene

KB_07 Microcodium associated to calcrete crust. 
Paleocene.

-8.05 -5.53 Paleocene

KB_08 Microcodium associated to calcrete crust. 
Paleocene.

-11.04 -6.29 Paleocene

KB_09 Microcodium associated to calcrete crust. 
Paleocene.

-12.84 -6.32 Paleocene

KB_10 Microcodium corroding Triassic limestone. 
Base of Paleocene sequence

-7.51 -6.29 Paleocene

KB_11 Microcodium corroding Triassic limestone. 
Base of Paleocene sequence.

-11.86 -6.33 Paleocene

KB_12 Microcodium corroding Triassic limestone. 
Base of Paleocene sequence.

-10.25 -6.76 Paleocene

KB_13 Microcodium associated to red calcareous 
paleosol. Paleocene.

-8.32 -6.02 Paleocene

KB_14 Microcodium laminar colonies -13.3 -7.25 Paleocene
KB_15 Microcodium laminar colonies -12.73 -7.8 Paleocene
KB_16 Microcodium laminar colonies -18.18 -10.09 Paleocene
KB_17 Micocodium laminar colonies -19.33 -9.54 Paleocene
KB_18 Microcodium laminar colonies -21.27 -8.57 Paleocene
KB_19 Microcodium laminar colonies with some 

neomorphic features
-12.91 -6.71 Paleocene

KB_20 Microcodium laminar colonies -20.60 -9.23 Paleocene
KB_21 Microcodium laminar colonies -17.93 -8.07 Paleocene
KB_22 Microcodium laminar colonies -20.70 -8.79 Paleocene

Table A5-7.2 C and O stable isotope composition of Microcodium of Kabanov et al. (2008); see their 
Table 1 (p. 22) for details.
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