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Abstract 

Developing approaches to determine the modes of transport and weathering of mafic detrital 

minerals in natural sedimentary environments is critical to our understanding of sediment 

production, dispersal and provenance, as well as carbon capture under natural and enhanced 

weathering regimes. We integrated the characterization of morphological and surface textures 

with the surface composition of recent detrital clinopyroxene grains concentrated in a sandy 

coastal area from the western North Island of New Zealand and a rocky shore area of Santa 

Maria Island in the Azores Archipelago. Using the compactness shape descriptor, 341 grains 

were subdivided into elongated, elongated angular, euhedral, angular and subangular groups, 

with each group further characterized using morphological and microtextural indicators of 

abrasion, breakage and dissolution/chemical weathering. In both studied environments, the 

clinopyroxenes are dominated by elongated to angular shapes with flat cleavage surfaces and 

conchoidal fractures. This is consistent with dominant subaqueous transport by rivers and 

longshore currents for New Zealand, and dominant wave action with limited sediment supply 

by rivers along the rocky shore of Santa Maria. More abundant subabraded and abraded shapes 

with bulbous and elongated depression microtextures are observed in New Zealand, which 

indicates additional effects by eolian transport that are not seen in Santa Maria. Consistent with 

semi-quantitiave EDS spot analyses that document fresh clinopyroxenes surfaces, chemical 

weathering textures are very rare to absent. In Santa Maria, sampling of recent beach sand was 

complemented by ~125 kyr-old palaeobeach clinopyroxenes, but these yielded similar textural 

results without evidence for chemical weathering. However, the surface of these older 

clinopyroxenes includes small adhering smectite (typically <50 µm in width and a few µm in 

thickness) interpreted to reflect incipient cementation with buffering of acidic fluids by more 

reactive lithic fragments in the deposits. The lack of chemical weathering but pervasive 

evidence for mechanical breakage of clinopyroxenes indicate that, at the sand size, these 

minerals break faster than they dissolve due to frequent subaqueous and/or aeolian reworking 

in the studied high-energy environments and temperate climatic conditions. 
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1. Introduction 

The shape and microtextures of monomineralic detrital sand grains are physical attributes that 

reflect fluvial, marine and aeolian transport in the sedimentary cycle (Russell and Taylor,1937; 

Kuenen 1959, 1960; Dott, 2003; Mahaney, 2002; Garzanti et al., 2015a; Turner and Morton, 

2007). Quantitative measurements of the grain´s shape are valuable to investigate source to sink 

processes. Notable examples include the use of (i) the orthogonal axes of pebbles and gravels 

(Zingg, 1935; Oakey et al., 2005), (ii) the roundness, form and compactness in sands 

(Diepenbroek et al., 1992; Zhao and Whang, 2016), (iii) the roundness, angularity, irregularity, 

fractal dimension, convexity, solidity and rectangularity in sands (Tunwal et al., 2018); the 

roundness, sphericity and roughness in constructed particles and sands (Mo, 2020), and (iv) the 

roundness in quartz and heavy minerals (Thomas et al., 1995; Kasper-Zubillaga, 2009; 

Resentini et al., 2018). Quantitative shape measurements can be complemented by the 

characterization of microtextures preserved in light (Krinsley and Donahue, 1968; Krinsley and 

Doornkamp, 1973; Mahaney 2002; Madhavaraju, et al., 2009, Costa et al., 2012; Vos et al., 

2014; Itamiya et al., 2019) and heavy minerals (Moral-Cardona et al., 2005; Mejía-Ledezma et 

al. 2020). Recently, the study of clinopyroxene morphology based on the compactness shape 

descriptor and microtextures unveiled contrasted physical processes that prevail along a sandy 

and rocky volcaniclastic coastal areas (Kasper-Zubillaga et al., 2023), where sand grains 

experience contrasting morphological changes under subaqueous- and wind-induced transport 

and weathering (Andò et al., 2012; Resentini et al., 2018). 

The microtextures of pyroxenes have also been linked to chemical processes during regolith 

formation, hydrothermal alteration/mineralization, meteorite alteration, and diagenesis (e.g., 

Turner and Morton, 2007; Velbel, 2007; 2012; Velbel and Barker, 2008; Andò et al., 2012; 

Phillips-Lander et al., 2017). Together with experimental work these studies show that chemical 

alteration is commonly associated with the formation of etched pits and denticules, with 

sometimes evidence for the development of a thin (0.01< mm thick) leached silica-rich layer 

on the surface of the minerals (Bouissonié et al. 2020; Monasterio-Guillot et al. 2021). 

However, although detrital pyroxenes are common in volcaniclastic deposits on Earth, there are 

still very few studies that consider both their morphological characteristics to disentangle 

physical and chemical processes occurring during the transport and deposition of sediments 

(Velbel, 2007; Velbel and Barker 2008; Kasper-Zubillaga et al., 2023). Sediment provenance 

studies usually focus on the relative abundance of both monocrystals and polymineralic grains 

within the sediment routing system (e.g. Allen, 2017) without detailed constraints from mineral 

morphologies and microtextures on possible physicochemical causes for mineralogical 

changes. Empirical studies on the dissolution of pyroxenes in natural environments or 

controlled experimental conditions typically do not directly characterize physical processes 

(e.g., breakage, comminution, and abrasion) that could occur concurrently with chemical 

alteration during sediment transport in natural systems. Yet, integration of physical and 

chemical processes associated with the transport of detrital minerals like pyroxenes is needed 

to better reconstruct geoenvironmental conditions in sedimentary systems, with applications 

ranging from fundamental sedimentary research in volcanic environments (e.g., Marsaglia, 

1993; Le Pera and Morrone, 2020; Morrone et al., 2021; Kasper-Zubillaga et al., 2023) to 

determining whether the addition of mafic igneous minerals in coastal environments can help 

promote carbon dioxide sequestration through enhanced weathering (Renforth and Henderson 

2017; Foteinis et al. 2023). 

We use here a combined morphological and geochemical study of detrital pyroxenes from two 

volcanic island settings, which deposited under similar climatic and weathering conditions to 

constrain possible variables during transport and deposition in sandy to rocky high-energy 
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coastal environments. Only relatively similar climatic conditions are considered here for better 

understanding of sand characteristics controlled by contrasted coastal processes (as opposed to 

contrasted climatic processes). 

 

2. Study areas 

2.1 New Zealand North Island 

The first study area is located in the western coastal area of New Zealand North Island west of 

Auckland City (Fig. 1). Average annual precipitation ranges 1000-1500 mm whereas average 

annual temperatures at sea level ranges from 16 to 12 °C (Norton, 1985). The area includes the 

Muriwai dissipative beach that is exposed to a high energy swell (Short, 2003), and the Waikato 

River that is the largest (425 km long) drainage system on the southwestern-central coastline of 

the North Island. A wave-induced northward longshore drift is reported near the Muriwai beach 

area based on grain size and mineralogic trends (Hamill and Ballance 1985). Waves are induced 

by frequent southwesterly onshore winds with average velocities ranging from 5 to 10 m/s 

(Pickrill & Mitchell 1979; Heath 1982). The New Zealand North Island sandy coastal area has 

a weathering-limited erosion regime (Johnsson et al., 1993; Dawn et al., 2007; Le Pera et al., 

2021; Kasper-Zubillaga et al., 2022). 

The western coastal area of the New Zealand North Island is adjacent to the volcanic Waitakere 

Ranges that includes alkaline basalts to basaltic andesites and primary to secondary 

volcaniclastic sediments (e.g., tuff, volcanic breccia) (Hayward 1983). The erosion of these 

rocks provides heavy minerals to the beach and dune sands along the Muriwai coast, including 

brown hornblende, augite, Ti-magnetite and minor ilmenite (Hamill and Ballance, 1985). An 

alternative parental source to the composition of the Muriwai beach and dune sands is the 

Taranaki Volcanic area that is located on the southwestern central area of the New Zealand 

North Island. That area includes basaltic andesites to andesites that provide olivine, 

orthopyroxene, clinopyroxene, amphibole, plagioclase, titanomagnetite and ilmenite in the 

beach sands (Hamill and Ballance, 1985; Price et al., 1999). Transverse vegetated dune systems 

have developed along the Muriwai beach area extending as a Holocene barrier system (Brander 

and Short, 2000). 

 

2.2 Santa Maria Island (Azores Archipelago) 

The second study area is Santa Maria, the southeasternmost island in the Azores Archipelago 

(Portugal), which formed in the North Atlantic Ocean as result of hotspot magmatism close to 

the Mid-Atlantic Ridge (Fig. 2) (Sibrant et al., 2015; Ramalho et al., 2017; Marques et al., 

2020). Santa Maria Island is a geomorphologically asymmetric island that culminates at 597 m 

at Pico Alto. The coastline is typically composed of high steep cliffs, with limited sand/gravel 

beaches along protected bays such as Praia Formosa or São Lourenço (Ricchi et al., 2020). 

Mean annual precipitation between 1873 to 2012 is relatively low e.g. 960.6 ± 201 mm with 

75% of the total precipitation observed between October and March (Hernandez et al., 2016). 

The mean annual temperature is 17. 5 o C (Borges et al., 2020). As a result, Santa Maria Island 

is characterized by torrential fluvial erosion regime. High wave energy contributes to erosion 

and sediment reworking along the coast of the island (Krastel et al., 2001; Ramalho et al., 2017). 

The Azores Archipelago, including Santa Maria Island, are particularly affected by severe 

storms with wave heights exceeding 16 m reported at least once every seven years (Andrade et 

al., 2008; Zhao et al., 2019). Frequent northeasterly and southwesterly wind velocities in one 

year fluctuate from 5 to 8 m/s (Melo et al., 2020). Like for the New Zealand North Island study 

area, the Santa Maria Island rocky coastal area is exposed to a weathering-limited erosion 

regime (Johnsson et al., 1993; Le Pera et al., 2021; Kasper-Zubillaga et al., 2022). Without 

recent volcanism and large drainage systems, volcanogenic sediment deposited in sand beaches 
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is predominantly produced through the erosion of coastal cliffs by wave dynamics. Little sand 

accumulates along the coast due to removal by storms to the inner shelf and offshore 

environments (Quartau et al., 2012). 

Santa Maria Island consists of two overlapping volcanoes separated by a ca. 0.8 Myr long 

period of dormancy and erosion (Serralheiro et al., 1987; Serralheirio and Madeira, 1993; 

Ramalho et al., 2017). Basanites and picrobasalts are the dominant igneous rocks of this 

volcanic system (Larrea et al., 2018). Transgressive to regressive marine quaternary cycles led 

to the emplacement of foreshore-beach deposits from the Late Pleistocene to Early Holocene 

in the southern side of Santa Maria Island (Ávila et al., 2018). These palaeobeaches preserve 

coastal sands emplaced during the Marine Isotope Substage 5e (MIS 5e, ca. 125 ky ago). They 

were considered here to evaluate longer term alteration of pyroxenes and possible changes in 

coast dynamics controlling sand transportation. 

 

3. Methods 

3.1. Field sampling and sample preparation 

Sands from New Zealand North Island were collected from four sites at the foreshore of the 

beach and the stoss and leeface of the dune at Muriwai. The Santa Maria Island sands were 

taken from three spots at Formosa beach and three heavy mineral-rich (dark) layers at the MIS 

5e palaeobeach next to Prainha beach. In contrast to Muruwai beach samples, Santa Maria sands 

contain abundant bioclastic grains which did not obstruct the pyroxene grain separation 

procedure. No chemical solution pretreatment (Krinsley and Donahue, 1968; Lewis and 

Armstrong, 1995; Helland and Holmes, 1997; Moral-Cardona et al., 2005; Madhavaraju et al., 

2009) was used to preserve the original surface texture of the grains. Separation of pyroxene 

grains was initially performed with a fraction of the sand sample (~0.5 g) placed in a Petri-dish 

under a binocular microscope objective 4X for hand-picking. Grains were selected based on 

their noticeable green and dark green color and consist of monocrystalline pyroxenes free from 

groundmass. Their size ranges from 100 µm to 2 mm, which make them suitable for assessing 

prevailing surface textures (Vos et al., 2014). The Santa Maria Island palaeobeach pyroxene 

grains were analyzed separately as unwashed (Un) and washed (W) grains. Unwashed grains 

come from unrinsed sand samples whereas washed grains were separated after substantial 

rinsing of the sand samples with running clean water in order to remove salt and clay free 

particles and compare the EDS geochemical spectra between recent beach and palaeobeach 

grains, as further explained below. Higher Na EDS bias resulting from thin halite minerals on 

the surface of some grains was efficiently addressed by this method, as further discussed below. 

No further ultrasonic vibration protocol to clean the pyroxene grain was employed since surface 

textures may be damaged (Porter, 1962). 

 

3.2. Geochemical analysis 

Data acquisition and geochemical procedures for New Zealand North Island (n = 123) and Santa 

Maria Island (n = 401) are based on the approach by Kasper- Zubillaga et al. (2023). Crystals 

were mounted and coated with carbon for energy dispersive spectroscopy (EDS) semi-

quantitative analysis and topographic BSE grain morphology/ surface textures imagery using a 

Zeiss Sigma HD field emission gun SEM equipped with two Oxford Instruments 150 mm2 EDS 

detectors located in the School of Earth Environmental Sciences, Cardiff University, UK. 

Grains were imaged and analysed using a 15 kV beam energy using a 60 µm diameter final 

aperture with a beam current of ~1 nA. Some pyroxenes grains were analyzed several times to 

improve the reliability of the geochemical results and ensure recognition of possible 

geochemical heterogeneities at the surface of the minerals. For the Santa Maria Island 

palaeobeach (Un - W) sands, where enhanced discrepancies in the Al2O3, CaO, NaO, FeO, 

MgO contents were detected, EDS spot analyses were typically performed two to six times per 
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grain to assess geochemical variability. Where several analyses were performed on a single 

pyroxene grain, relative standard deviation was typically <2% for SiO2, <20% for TiO2, <20% 

for Al2O3, <12% for FeO, <8% for MgO and Cao, and <26% for Na2O, thus indicating that our 

semiquantitative analyses provide reliable estimates of mineralogical compositions for this 

study.  

 

3.3. Morphology of pyroxenes  

The morphology of the detrital pyroxenes was characterized using three shape parameters: 1) 

grain size, 2) compactness, and 3) microtextures. These parameters were obtained from (2D) 

petrographic images using the J Microvision v. 1.3.4 software (n = 399 grains) (Bribiesca, 2000; 

Roduit, 2007; 2019). Grain size was quantified using the optical diameter of the particles (i.e., 

diameter of the grains closed to a circle) and was calculated with the formula D = 2 Root A/ π. 

(Appendix 2).  

Compactness is defined as the ratio of the area of the object to the size of a circle with the same 

perimeter:  

C= 4 π A/ P2  

where C= compactness, A= area of the shape, and P2 = squared perimeter of any object 

(Osserman, 1978; Bogaert et al., 2000; Montero and Bribiesca, 2009; Li et al., 2013).  

Compactness is an alternative shape descriptor that determines the particle shape and 

encompasses the enclosing sphere (4 π A) that contains the particle and its perimeter (P). It is 

defined by (i) the sphericity of a particle, i.e. the ratio of the surface area of a sphere with the 

same volume as the given particle to the surface area of the particle (Wadell, 1932), and (ii) the 

convexity shape defined as the ratio of the volume of a particle to the volume of the convex 

hull or the smallest polygon drawn from a series of points within an image (Graham and Yao, 

1983; Montero and Bribiesca, 2009; Zhao & Whang, 2016). The compactness property is not 

correlated to the roundness parameter and provides a distinct insight into key morphological 

characteristics of detrital grains (Kasper-Zubillaga et al., 2023).  

Measurements of the compactness and grain sizes (mm) for each grain were determined by the 

methodology previously reported by Kasper-Zubillaga et al. (2023) and by contouring each 

grain with single polygon interaction around the image´s external silhouette to improve the 

grain´s shape in 2D and preserve the grain's contour as much as possible (Ramer, 1972; Roduit, 

2007; Chaudhuri et al., 2012).  

Fourteen types of surface textures were quantified by visual inspection and reported as relative 

abundances normalised to 100% (Appendix 2). Mechanical surface textures produced by water 

and wind action include conchoidal fractures (CF), arcuate steps (AS), straight steps (SS), 

meandering ridges (MR), flat cleavage surfaces (FCS), upturned plates (UP), and bulbous edges 

(BE). Mechanical/chemical or a mix of physically- and chemically- induced surface textures 

include elongated depressions (ED), adhering particles (AP), and arcuate/circular/ polygonal 

cracks (ACPC). Surface textures produced by chemical or diagenetic reactions include solution 

pits (SP), lenticular edge pits (LEP), mamillated textures (MAM), and denticular textures (D) 

(Krinsley and Donahue, 1968, Krinsley and Doornkamp, 1968; Grandstaff, 1978; Moral-

Cardona et al., 2005; Kasper-Zubillaga et al., 2005; Velbel and Ranck 2007; Velbel and Barker, 

2008; Vos et al., 2014; Mejia-Ledezma et al., 2020; Madhavaraju et al., 2022; Kasper-Zubillaga 

et al., 2023).  
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4. Results  

4.1. Geochemical composition 

Semi-quantitative SEM EDS analyses of grain surfaces support the occurrence of detrital 

clinopyroxenes in all studied samples, with well-defined diopside to augite compositions in 

New Zealand and Santa Maria sands (Appendix 1) (Fig 3 A). Consistent with alkaline and 

subalkaline magmatism at these two tectonic settings, binary diagrams outline systematic 

compositional differences in the clinopyroxenes, with notably higher Ti and lower Fe at a given 

Mg value in Santa Maria pyroxenes (Figs. 3 C, E). Several analyses reveal the occurrence of 

distinct compositions on the surface of clinopyroxenes from Santa Maria palaeobeach deposits, 

which are associated with trends departing from typical pyroxene compositions. As further 

discussed in Section 5, these observations are interpreted to relate to the occurrence of small-

sized secondary minerals on the surface of the clinopyroxenes. 

 

4.2. Grain size 

Sands from the New Zealand are fine to medium sands ranging from 0.18 to 0.48 mm. In 

contrast, the Santa Maria Island beach sands are only medium sands ranging from 0.23 to 0.68 

mm and the Santa Maria Island palaeobeach sands are medium to coarse sands ranging from 

0.23 to 0.99 mm (Fig. 6). Finer sizes are concentrated in beach and dune sands from the New 

Zealand North Island whereas the coarser sizes are deposited in the Santa Maria unconsolidated 

palaeobeach outcrops. 

 

4.3 Morphology 

Compactness values range from low 0.52 to high 0.96 (Table 1). These values together with the 

visual inspection of each grain were used to classify the clinopyroxenes into morphological 

categories to help determine the extent of breakage and/or abrasion effects. 

Seven morphological types were identified and characterized as elongated or large grains with 

negligible sharp edges outlines, elongated angular or large grains with angular-pointed outlines, 

euhedral or relatively pristine crystals, angular or small grain with angular-pointed outlines, 

subangular or small grain with less angular-pointed developed features, sub abraded or grains 

with some smooth attrition and abraded or grains with smooth outlines The first five shape 

morphologies have compactness values between ~ 0.51 to 0.78 for 60 % of the grains whereas 

the subabraded and abraded forms have compactness values between ~ 0.78 to 0. 90 for 30 % 

and ~ 0.90 to 0.96 for 10 % of the grains respectively (Table 1; Figs. 4, 7 A - G).  

A confusion matrix was obtained using a linear discriminant analysis (see Ebengo et al., 2021) 

for all clinopyroxene morphological groups and their corresponding compactness value 

(Appendix 2). The best classified types yielded an accuracy of 70%, 52%, 67% and 64% for 

clinopyroxene shapes from the New Zealand North Island, Santa Maria beach, and Santa Maria 

palaeobeach sites, respectively, and 56% for all clinopyroxene grain´s shapes irrespective of 

their provenance (Table 2). Noticeably, the best clinopyroxene grain´s shapes classification 

within their same corresponding group is for the subabraded and abraded morphological types 

as observed for groups F and G (see Table 2). These shapes tend to exhibit more regular 

“polygon shape types” that persistently may lead to compactness values ≥ 0.80 (Rosenfeld, 

1973; Kasper-Zubillaga et al., 2023). Hence a thorough visual inspection of each grain is 

recommended to assign the grain´s shape within a specific group based on the compactness 

descriptor, even though this exercise may be associated with minor subjective biases. 
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Finally, a correlation between the grain size and corresponding compactness value for each 

clinopyroxene was determined to highlight the effect of the mineral´s size on its morphology 

(R2 = 0.003; n = 341; Fig. 6)  

 

4.4 Surface microtextures 

Higher percentages of mechanical microtextures compared to mechanical/chemical and 

chemical microtextures were observed. Flat cleavage surfaces accounted for the best preserved 

mechanical surface features for New Zealand samples (34%), Santa Maria beach sands (35%) 

and the Santa Maria palaeobeach sands (Un: 42%, W: 29%). The rest of the mechanical textures 

became less pronounced in terms of survivability. For instance, bulbous edges accounted for 

17%, 6%, 3% and 13% for the New Zealand North Island, Santa Maria Island beach and Santa 

Maria Island palaeobeach (Un -W) clinopyroxenes, respectively, whereas conchoidal fractures 

(≤ 14 % max), meandering ridges (1 % max), upturned plates (≤ 14 % max), straight (≤ 4 % max) 

and arcuate steps (≤ 10 % max) exhibited less abundancies for the three sites (Figs. 8 A – F). The 

clinopyroxene from the Santa Maria palaeobeach (Un - W) have higher percentages of 

mechanical/chemical microtextures in the form of adhering particles (39%, 30 %), whereas 

elongated depressions were more conspicuous in clinopyroxenes from the New Zealand site 

(12 %) only (Figs. 8 D, E). 

The chemical microtextures were almost inexistent and limited to mamillated (New Zealand; 2 

% max), denticulated (Santa Maria beach; 1% max) and lenticular edge pits (New Zealand; 8 % 

max) (Figs. 8 G – J). 

 

5. Discussion 

5.1. Clinopyroxene compositions and smectite coating 

The clinopyroxenes from New Zealand have augite to diopside compositions with TiO2 

estimates ranging typically between 0.2 and 1.1 wt% (median of 0.6 wt%, n=123) (Fig. 3). 

These compositions can represent mixed subalkaline to alkaline sources (Leterrier et al., 1981). 

Provenance from the Waitakere Ranges and Mount Taranaki is inferred based on previous sand 

petrographic studies (Yock, 1973; Hamill and Ballance, 1985). The clinopyroxenes from recent 

Santa Maria Island sands have augite to diopside compositions with higher TiO2 estimates of 

0.5 to 1.9 wt% (median of 0.8 wt%, n=82). These higher values and other major elements (e.g., 

Al content, Fig. 3B) are consistent with derivation from alkaline igneous rocks of the Anjos and 

Pico Alto volcanic complexes that border our sampling sites (Forbes and Starmer, 1974; Larrea 

et al., 2018; Ricchi et al., 2020). In contrast to modern beach sands, the surface analysis of 

clinopyroxenes from Santa Maria Island palaeobeach defines a broad compositional trend in 

most major elements (Figs 3 B – F). This trend extends between Santa Maria Island modern 

beach clinopyroxene compositions and a non-pyroxene endmember with lower Mg and Ca as 

well as higher Al and Fe contents. Higher Na values are also documented in some palaeobeach 

pyroxenes (Fig 3 F). The lower Mg compositional endmember associated with palaeobeach 

clinopyroxenes locally correlates to the occurrence of thin platy minerals on the surface of the 

grains (typically < 50 µm in extent) (Figs 3 B - F). These minerals have a consistent smectite 

composition of ca. SiO2 = 52 wt%, TiO2 = 1 wt%, Al2O3 = 25 wt%, FeO = 12 wt%, MgO = 4 

wt%, CaO = 3 wt%, Na2O = 1 wt% and K2O = 1 wt% (estimate based on 6 grains recognised 

by SEM imaging) (Appendix 1). The compositional trend observed in palaeobeach 

clinopyroxenes is therefore interpreted as an effect of thin smectites on the surface of the 

clinopyroxenes, which are only rarely seen at the scale of our imaging but are abundant and not 

removed by washing. Other rarer phases were also observed on the surface of the palaeobeach 

clinoyproxenes, including calcite and Fe-Ti oxides. In contrast, geochemical analyses of the 
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surface of clinopyroxenes from the New Zealand North Island and Santa Maria Island modern 

beaches do not support the occurrence of cryptic minerals on their surface.  

Small smectites on the surface of clinopyroxenes in the Santa Maria Island palaeobeach 

deposits of Santa Maria do not correlate with changes of microtextures in our BSE observations. 

As further discussed below, there is in fact no or little evidence for chemical alteration of the 

studied pyroxenes, and therefore the smectites cannot represent an alteration product of the 

clinopyroxenes (e.g., Noack et al., 1993; Velbel and Barker, 2008). Instead, we suggest that the 

smectite is incipient cement developing during the early diagenesis or pedogenesis of the poorly 

consolidated palaeobeach deposits. Albeit palaeobeach deposits are capped by modern soil and 

crosscut by rare roots from the recent vegetation, they do not include evidence for palaeosol 

development, which is consistent with limited apparent pedogenic effects in the studied 

samples. The scale of our SEM images does not allow to precisely determine if the clay 

orientation in the smectite coatings is tangential or perpendicular to the surface of the pyroxene 

grains. It remains therefore unclear if the smectites formed in situ due to fluid-pyroxene 

interaction or were mechanically infiltrated. The~125 kyr-old palaeobeach deposits include 

abundant altered glassy volcanic lithics, which we suggest could be the source of the smectite. 

These grains and carbonate bioclasts could have also played a role in buffering the composition 

of meteoric water percolating through the sand, hence preventing pyroxene 

dissolution/alteration. The absence of smectite in the studied active beach environments 

suggests that frequent sand reworking in subaqueous marine or aeolian conditions does not 

allow the formation and/or preservation of clay cement.  

 

5.2 Transport and mechanical processes from clinopyroxene morphologies  

The clinopyroxene grain morphology (shapes and microtextures) documents distinct transport 

and mechanical processes in sandy to rocky coastal areas of New Zealand North Island and 

Santa Maria Island. In New Zealand, elongated, elongated angular, euhedral and angular shapes 

similar to those observed in coastal volcaniclastic sands from Mexico (Kasper- Zubillaga et al., 

2023) are common (Table 1; Figs 9 A – E). This supports rapid fluvial transport to, and long-

shore transport along, Muriwai beach with heavy mineral supply from the Waikato River, as 

also previously suggested by petrographic analysis of the sand (Hamill and Ballance, 1985). 

Shapes such as those of New Zealand clinopyroxenes are commonly produced by subaqueous 

breakage during short fluvial transport of quartz (Vos et al., 2004, Mejía-Ledesma et al., 2020), 

ilmenite (Mejía-Ledezma et al., 2020), tourmaline, rutile, zircon and garnet (Moral-Cardona et 

al., 2005; Tangari et al., 2021). In addition, mechanical microtextures of New Zealand 

clinopyroxenes include abundant flat cleavage surfaces (Fig. 5) that are typically produced 

during high energy fluvial and marine transport (Kasper-Zubillaga et al., 2023). Conchoidal 

fractures, meandering ridges, upturned plates, straight and arcuate steps are other microtextures 

that form during high energy subaqueous transport, which are commonly observed in the New 

Zealand clinopyroxenes (Figs. 5, 8 A, B, C, D, F). In addition to high-energy subaqueous 

transport, a long-term aeolian influence is required to explain subabraded to abraded 

morphologies of some of the New Zealand clinopyroxenes, as well as the relatively higher 

fraction (~18%) of grains with compactness values ≥0.87 compared to Santa Maria Island (Figs. 

4, 9 F - H). Subabraded and abraded clinopyroxenes preferentially occur after long aeolian 

action because wind is the most effective agent to grind minerals (Kuenen, 1960; Johnsson et 

al., 1993; Le Pera et al., 2021; Kasper- Zubillaga et al., 2022), especially in sandy coastal areas 

with limited erosion. Notable environments where this is well documented include the Namibia 

coast, western Africa (Garzanti et al., 2012, 2015 a), the Gaza beach, Palestine (Garzanti et al., 

2015 b), the western coast of the Gulf of Mexico (Kasper-Zubillaga et al., 2023) and the coast 

of Southern Italy (e.g., Borrelli et al., 2021). Eolian transport of New Zealand clinopyroxenes 

is further supported by the occurrence of bulbous edges (Fig. 8 E) that are a typical 

microtextural indicator of eolian transport for quartz (Krinsley & Donahue, 1968; 
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Kuenen, 1960; Mahaney, 2002; Immonen, 2013; Vos et al., 2014) and ilmenite (Makvandi et 

al., 2015; Mejía-Ledezma et al., 2020). A record of eolian effects in some of the New Zealand 

clinopyroxenes is additionally consistent with their occurrence at an extended sandy beach, 

where wind action is expected to be more effective than at sandy beaches confined within rocky 

coastal bays such as at Santa Maria Island. 

In contrast to New Zealand North Island coastal sands, Santa Maria Island beach sands are 

thought to be primarily generated by wave- and storm-induced erosion of cliffs with negligible 

influence of rivers (Quartau et al., 2012). This agrees well with our results that show that the 

shape of Santa Maria clinopyroxenes are dominated by elongated, elongated angular, euhedral, 

angular, and subangular morphologies, with few subabraded to abraded grains (Tables1, 2; Figs 

10 A - H). Elongated and euhedral grain morphologies likely result from high energy transport 

and efficient breakage on the island shelf because clinopyroxenes are prone to split apart along 

their cleavage surfaces, hence maintaining more angular forms, during prolonged transport by 

energetic fluvial, littoral drift and/or wave action (Andò et al., 2012; Kasper-Zubillaga et al., 

2023). Angular and subangular shapes together with the occurrence of ~60% of the grains with 

compactness values ≤ 80 (Fig. 4) can be explained by the combination of high energetic waves 

in the south of Santa Maria Island and frequent storms in the Azores Archipelago (Costa et al., 

2012; Quartau et al., 2012; Ávila et al., 2020). Angular morphologies could also relate to recent 

erosion from the coastal cliffs with minimal subsequent grain abrasion and reworking, as has 

notably been suggested for beach sands of Lipari Island (Morrone et al., 2018; 2021), but which 

contrasts with significant abrasion after extensive wind transport as notably observed in 

clinopyroxenes from the aeolian Namib sands, Africa (Garzanti et al., 2012). Consistent with 

their shapes, the microtextures of Santa Maria Island clinopyroxenes are dominated by flat 

cleavage surfaces, conchoidal fractures, meandering ridges, upturned plates, straight and 

arcuate steps that typically form during high energy subaqueous transport. Conchoidal fractures 

such as those observed in Santa Maria clinopyroxenes (Fig 8 C) largely reflect the potential 

action of high energetic waves. Grains collisions occurring under subaqueous conditions 

produce large conchoidal fractures (100 ~ 250 µm) in poorly sorted sands (Vos et al., 2014). 

Conchoidal fractures produced by high energetic subaqueous action are also common in 

minerals like quartz (Kasper-Zubillaga et al., 2005; Reddad et al., 2016; Varghese et al., 2016; 

Madhavaraju et al., 2022), ilmenite (Mejía-Ledezma et al., 2020), garnet, zircon tourmaline and 

rutile (Moral-Cardona et al., 2005), and have also been observed in detrital clinopyroxenes from 

volcaniclastic coastal environments (Kasper-Zubillaga et al., 2023). Despite the fact that 

aeolian processes may be significant in Santa Maria Island weather conditions (Andrade et al., 

2008; Quartau et al., 2012; Rusu and Guedes Soares, 2012), the minimal abrasion of the studied 

clinopyroxenes suggests limited aeolian transport (e.g., Garzanti et al., 2012), consistent with 

the large abundance of subaqueous transport microtextures in the studied clinopyroxenes. 

Similar to Santa Maria beach clinopyroxenes, the shapes of Santa Maria palaeobeach 

clinopyroxenes (washed and unwashed samples) classify as elongated, elongated angular, 

euhedral, angular, subangular, subabraded and abraded, which are also consistent with 

prominent breakage by high energy subaqueous transport (Figs 11, 12 A – H; Tables 1, 2). 

However, Santa Maria Island palaeobeach clinopyroxenes are slightly more abraded than their 

counterparts from modern beach sands, with 30 % and 12 % of the unwashed and washed grains 

having compactness values ≥ 0.80, respectively (Figs. 4, 10 - 12). As documented in New 

Zealand North Island, more abraded shapes broadly correlate with more abundant bulbous 

microtextures. These observations suggest more significant wind transport (albeit still minor 

compared to subaqueous transport) in shoreface to foreshore environments on the southernmost 

areas of Santa Maria Island during and/or before deposition of the palaeobeach deposits ~125 

ky ago (Ávila et al. 2015, 2018). 

Microtextures at the three sampling sites include abundant flat cleavage surfaces that are 

typically produced during high energy fluvial and marine transport (Kasper-Zubillaga et al., 
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2023). Differences in the ratio of subaqueous to aeolian microtextural indicators in New 

Zealand and Santa Maria clinopyroxenes is an important outcome of our study that suggests 

that prominent breakage due to wave action is an intrinsic characteristic of rocky shore 

environments, which might be less significant or obscured by wind-related grain shapes and 

microtextures at sandy coastal environments, where eolian transportation is comparatively more 

efficient. Remarkably, the lack of significant correlation between compactness and grain size 

at our 3 sampling sites (Fig. 6) suggests that breakage of the clinopyroxenes along their 

cleavages could be independent from their scale in distinct coastal environments. These 

observations imply that clinopyroxenes comminution through cleavage splitting is efficient in 

coastal volcanic settings. Further constraints on the dynamics of breakage are provided below 

using morphological indicators of chemical alteration. 

 

5.3 Dynamics of physico-chemical alteration  

Mechanical and chemical microtextures in detrital clinopyroxenes are produced by the 

interaction of physical and chemical processes during sedimentary transport and periods of 

relative stillness after depositional episodes (Wilson, 2004; Velbel, 1993, 2007; Morton and 

Hallsworth, 2007). More abundant mechanical/chemical surface textures like elongated 

depressions developed in the clinopyroxenes from New Zealand North Island compared to 

Santa Maria sites (Fig. 5), which is consistent with longer wind transport of these grains as 

documented above. Critically, sparse mamillated, solution pits, and lenticular edge pits surface 

textures indicate no or very limited chemical alteration in these pyroxenes. Similarly, rare 

mamillated, denticular and lenticular edge pits surface textures support limited, or an absence 

of, chemical alteration in the beach and palaeobeach clinopyroxenes from Santa Maria Island. 

This clearly suggests that subaqueous or early pedogenetic weathering of the clinopyroxenes 

was inexistent or negligible in the studied environments, in contrast to common observations 

from weathering studies (Grandstaff, 1978; Velbel, 2007; Velbel and Baker, 2008; Velbel and 

Ranck, 2008; Phillips-Lander et al., 2017; Tangari et al., 2021) and more particularly 

observations in andosols (central-southern Italy) (Violante and Wilson, 1983) and saprolitized 

clinopyroxenites (Ivory Coast, Africa) (Velbel and Barker, 2008). This can be partly explained 

by high energy subaqueous transport of the sand and fast paced clinopyroxene breakage, as 

documented above by dominant grain morphologies and surface textures. Negligible presence 

of adhering particles in the New Zealand North Island and Santa Maria Island clinopyroxenes 

is also consistent with mechanical alteration during active mobility of the grains (Mahaney, 

2002; Immonen, 2013; Vos et al., 2014; Mejía-Ledezma et al., 2020; Baek and Jo, 2023). 

Therefore, efficient breakage and abrasion associated with frequent reworking in beach 

environments likely led to communition of the clinopyroxenes at a rate faster than that required 

to develop and preserve chemical weathering textures. In other words, at the sand scale, 

clinopyroxenes apparently abrade and/or break faster than they can dissolve/chemically 

weather. 

Interestingly, chemical weathering textures are similarly rare in palaeobeach and modern sand 

samples of Santa Maria Island (Figs. 5, 8 G - J) (Appendix 2), indicating that, even after > ~125 

kyr of burial in poorly cemented, porous supratidal beach deposits, sand-sized clinopyroxenes 

have not undergone significant dissolution/chemical alteration. This is most likely related to 

chemical buffering by weathering of volcanic particles such as glass-rich volcanic rock 

fragments and olivine, which are known to be one to several orders of magnitude more reactive 

than pyroxenes in experimental aqueous conditions (Heřmanská et al., 2022). Such 

experimental data are consistent with common alteration of glassy lithic fragments observed in 

the sand of volcanic islands (Marsaglia, 1993; Le Perra and Morrone, 2020; Morrone et al., 

2018, 2020, 2021). Fine particles attaching to the surface of the studied grains includes smectite 

that probably precipitated from aqueous solution after final sand deposition (McKinley et al., 

2002). In the studied sedimentary environments, clinopyroxene survival generally suggests 
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stable chemical conditions. Clinopyroxene dissolution experiments in a range of pH and 

temperature conditions do not simply translate to changes of CO2 concentration in aqueous 

solutions (e.g., Casey and Cheney, 1993; Knauss et al., 1993). Therefore, limited chemical 

weathering of sand-sized clinopyroxenes in modern and ancient beach deposits as documented 

in this study using combined textural and chemical analysis of mineral surfaces further 

questions their geoenvironmental significance. Although it is in theory an important group of 

silicate minerals for CO2 atmospheric uptake, it’s use in enhanced coastal weathering seems 

limited, unless more efficient chemical weathering takes place at grain sizes smaller than sand 

to approach dissolution rates seen in olivine (Heřmanská et al., 2022; Foteinis et al., 2023).  

 

6. Conclusion  

Detrital clinopyroxenes from New Zealand North Island and Santa Maria Island sandy and 

rocky shore environments can be classified as elongated, elongated angular, euhedral, angular 

and subangular using the compactness shape descriptor, with an overall low abundance of 

subabraded and abraded minerals. The occurrence of euhedral grains and breakage along 

mineral cleavages supports fluvial input and longshore drifts for pyroxenes of the New Zealand 

sandy coastal area. Subsequent effects by wind transport are important, with compactness 

values ≥0.87, subabraded and abraded shapes in ~18 % of the grains, and frequent bulbous edge 

and elongated depression microtextures. Conversely, euhedral and elongated crystals devoid of 

significant edge abrasion, bulbous edges, and elongated depressions indicate that clinopyroxene 

grain shapes in the Santa Maria beach and palaeobeach sites are probably only influenced by 

wave action. This is consistent with the hypothesis that cliff erosion is the dominant source of 

volcaniclastic sand-sized sediment in this confined rocky coastal environment, with clastic 

material not stored very long on the island shelf due to removal offshore by storms and possibly 

longshore currents. Clinopyroxenes with flat cleavage surfaces and conchoidal fractures are 

abundant in the high energy volcaniclastic coastal environments of New Zealand and Santa 

Maria islands, supporting efficient breakage during subaqueous transport. Smaller particles 

adhering to the detrital pyroxenes were only encountered in palaeobeach deposits of Santa 

Maria Island, which suggests that they represent early diagenetic (or possibly pedologic) 

minerals. Small smectite typically <50 µm in extent and only a few µm thick are common on 

the surface of the palaeobeach clinopyroxenes, but these minerals are not associated with 

dissolution features (e.g., etched pits and denticulated edges), hence suggesting that the smectite 

represents an early cement. Sparse chemical surface textures in the clinopyroxenes from the 

New Zealand and Santa Maria beach and palaeobeach sands do not support chemical 

weathering. We therefore conclude that sand-sized detrital clinopyroxenes break faster than 

they are chemically altered in the studied high energy coastal environments. Extending 

observations to smaller grain sizes is required to test whether there is a size threshold at which 

chemical weathering becomes more efficient relative to mechanical breakage to be recorded on 

the surface of the grains for carbon capture under natural and enhanced weathering regimes. 

This study is a first attempt to deconvolute the effects of physical and chemical weathering of 

pyroxene sand grains in natural environments. Future research could include a comparison of 

variously reactive mafic minerals in distinct environments covering a broader range of climatic 

regimes and transport dynamics. 
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Figure 1. New Zealand North Island. Geology map and location of beach – dune sand samples 

(Muriwai Beach) (modified from Rattenbury and Isaac, 2012). 
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Figure 2. Santa Maria Island geological map and location of beach sand samples (Prahia and 

Formosa Beach) (modified from Ramalho et al., 2017). 
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Figure 3. Semi-quantitative EDS SEM geochemical results. (A) Pyroxene classification 

quadrilateral. The structural formula of the pyroxenes was calculated according to Morimoto et 

al. (1988). (B - F) Selected major element binary diagrams. 
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Figure 4. Cumulative plots of C measurements of clinopyroxene grains for the four sites. 
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Figure 5. Cumulative plot of surface textures of clinopyroxene grains from the New Zealand 

North Island, Santa Maria Island beach and paleobeach. 

 

 

 

 

Figure 6. Correlation between compactness and grain size (mm). 
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Figure 7. Contrasting compactness values and corresponding clinopyroxene grain shapes: A) 

elongated or large grains with negligible angular-pointed outlines C = 0.78 New Zealand North 
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Island leeface; B) elongated angular or large grains with angular-pointed outlines C = 0.70 New 

Zealand North Island leeface; C) euhedral or relatively pristine crystals euhedral C = 0.60 Santa 

Maria Island beach Prahia 1; D) angular or small grain with angular-pointed outlines C = 0.71 

New Zealand North Island foreshore; E) subangular or small grain with less angular-pointed 

developed features C = 0.76 Santa Maria Island beach Formosa; F) subrounded C = 0.81 Santa 

Maria Island paleobeach (W); G) rounded C = 0.90 New Zealand North Island foreshore.  
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Figure 8 (previous page). Surface textures on clinopyroxene. A) site New Zealand North 

Island foreshore, B) site Santa Maria Island II foreshore, C) site Santa Maria Island Formosa 

foreshore, D) site Santa Maria Island paleobeach, E) site New Zealand North Island foreshore, 

F) site Santa Maria Island Formosa foreshore, G) site Santa Maria Island1 foreshore H) site 

Santa Maria Island1 foreshore, I) site New Zealand North Island foreshore, J) site New Zealand 

North Island stoss. FCS = flat cleavage surfaces; UP = upturned plates; SS = straight steps; MR 

= meandering ridges; CF = conchoidal fractures; AP = adhering particles; ED= elongated 

depressions; BE =bulbous edges; AS= arcuate steps; MAM =mamillated textures; D = 

denticular textures, LEP = lenticular edge pits; SP = solution pits. 
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Figure 9 (previous page). New Zealand North Island site : A) foreshore C = 0.67, D = 0.43 

elongated ; B) foreshore C= 0.76, D = 0.23, elongated angular C) stoss C= 0.71, D = 0.23, 

euhedral; D) leeface C = 0.68, D = 0.41 angular; E) foreshore C = 0.71, D = 0.23 angular; F) 

stoss C = 0.87, D = 22 subabraded G) leeface C = 0.85, D = 0.39 subabraded; H) foreshore C= 

0.91, D = 0.42 abraded.  
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Figure 10. Santa Maria Island beach site: A) Formosa foreshore C = 0.69, D = 0.36 elongated 

; B) Prahia 1 foreshore C= 0.70, D = 0.39, elongated angular C) Prahia 1 foreshore C= 0.68, D 

= 0.35, euhedral; D) Prahia 2 foreshore C = 0.71, D = 0.29 euhedral; E) Prahia 1 foreshore C = 
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0.56, D = 0.37 angular; F) Prahia 1 foreshore C = 0.77, D = 51 subangular G) Prahia 1 foreshore 

C = 0.85, D = 0.48 subabraded; H) Formosa foreshore C= 0.93, D = 0.34 subabraded to abraded.  
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Figure 11 (previous page). Santa Maria Island paleobeach (Un) A) C = 0.78, D = 0.35 

elongated; B) C= 0.71, D = 0.45, euhedral (?) C) C= 0.68, D = 0.29, angular; D) C = 0.79, D = 

0.37 subangular; E) C = 0.77, D = 0.49 subangular; F) C = 0.87, D = 31 subabraded G) C = 

0.85, D = 0.39 subabraded; H) C= 0.93, D = 0.58 abraded.  
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Figure 12 (previous page). Santa Maria Island paleobeach (W) A) C = 0.75, D = 0.31 

elongated; B) C = 0.73, D = 0.53 elongated; C) C = 0.64, D = 0.38 elongated angular; D) C = 

0.76, D = 0.25 subangular; E) C = 0.73, D = 0.30 angular; F) C = 0.81, D = 0.58 subabraded ; 

G) C = 0.83, D = 0.51 subabraded ; H) C = 0.90, D = 0.25 subabraded. 
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SITE C values Grain size range 

(mm) 

Type 

(Wentworth 

grade)  

Grain 

morphology  

    

NZNI 0.52 - 0.80 0.18 - 0.49 fine to medium 

grain size 

elongated, elongated 

angular,euhedral, angular  
0.80* - 0.90 0.16 - 0.49 fine to medium 

grain size 

subabraded  
    

 
0.91 - 0.96 0.20 - 0.48 fine to medium 

grain size 

abraded 
    

SMI (beach sands) 0.52- 0.78 0.23 - 0.62 fine to coarse 

grain size  

elongated, elongated 

angular,euhedral, angular, 

subangular  
0.78*- 0.88 0.20 - 0.48 fine to medium 

grain size 

subabraded  
    

 
0.90 - 0.93 0.29 - 0.34 medium grain size  abraded 

    

SMI paleobeach 

(Un)  

0.52 - 0.80 0.27-0.91 medium to coarse 

grain size  

elongated, elongated angular, 

euhedral, angular, subangular  
0.80*- 0.90* 0.24 - 0.65 fine to coarse 

grain size  

subabraded  
    

 
0.92 - 0.94 0.33 - 0.59 medium to coarse 

grain size  

abraded 
    

SMI paleobeach 

(W) 

0.64 – 0.79 0.23 – 0.58 Medium to coarse 

grain size 

elongated, 

elongated 

angular, 

angular, 

subangular 

    

 0.80 – 0.89 0.26 – 0.64 Fine to coarse 

grain size 

subabraded     

 0.90 0.25 – 0.40 Medium grain 

size 

abraded     

NZNI = New Zealand North Island ; SMI = Santa Maria Island; * C values corresponding to visually 

inspected grains with two apparent different morphologies. 

Un = unwashed; W = washed 

 

Table 1. Compactness values, grain size fractions and grain morphology of clinopyroxene 

grains. 
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NZNI A B C D E F G % correct 

A 41 0 0 0 ab 7 0 85 

B 14 0 0 0 ab 0 0 0 

C 7 0 0 0 ab 0 0 0 

D 5 0 0 0 ab 0 0 0 

E ab ab ab ab ab ab ab ab 

F 0 0 0 0 ab 41 0 100 

G 0 0 0 0 ab 0 0 0 

Correct 67 0 0 0 ab 51 0 Total 70 

SMI         

A 0 3 0 1 0 1 0 0 

B 0 16 0 5 0 3 0 66 

C 0 3 0 0 0 0 0 0 

D 0 16 0 3 0 1 0 15 

E 0 0 0 0 0 7 0 0 

F 0 0 0 0 0 28 0 100 

G 0 0 0 0 0 2 0 0 

Correct 0 38 0 9 0 42 0 Total 52 

SMI paleobeach 

unwashed 

        

A 0 2 0 0 4 0 0 0 

B 0 8 4 0 4 0 0 50 

C 0 1 1 0 0 0 0 50 

D 0 5 0 0 1 0 0 0 

E 0 0 0 0 11 5 0 68 

F 0 0 0 0 0 37 0 100 

G 0 0 0 0 0 2 0 0 

Correct 0 16 5 0 20 44 0 Total 67 

SMI paleobeach  

washed  

        

A 3 3 ab 0 0 2 0 37 

B 3 11 ab 0 0 0 0 78 

C ab ab ab ab ab ab ab ab 

D 0 4 ab 0 0 0 0 0 

E 4 0 ab 0 0 1 0 0 

F 0 0 ab 0 0 16 1 94 

G 0 0 ab 0 0 0 2 100 

Correct  10 18 ab 0 0 19 3 Total 64 

Total simples          

A 41 31 1 0 0 15 0 46 

B 31 47 6 0 0 11 0 49 

C 3 8 3 0 0 1 0 20 

D 14 21 1 0 0 1 0 0 

E 12 0 0 0 0 28 0 0 

F 0 0 0 0 0 162 0 100 

G 0 0 0 0 0 14 0 0 

Correct  101 107 11 0 0 232 0 Total 56 

NZNI = New Zealand North Island; SMI = Santa Maria Island; A = elongated or large grains with negligible 

angular-pointed outlines, B = elongated angular or large grains with angular-pointed outlines C = euhedral or 

relatively pristine crystals, D = angular or small grain with angular-pointed outlines, E = subangular or small 

grain with less angular-pointed developed features, F = sub abraded or grains with some smooth grinding, G = 

abraded or grains with smooth outlines. Total samples = NZNI + SMI + SMI paleobech; ab = absent. Bold type 

percentages are for the best classified groups.  

 

Table 2. Percentages of a confusion matrix to classify clinopyroxene grains within a shape 

group. 
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