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Abstract The Mg/Ca ratio of foraminiferal calcite is a widely used empirical proxy for ocean temperature.
Foraminiferal Mg/Ca-temperature relationships are based on extant species and are species-specific,
introducing uncertainty when applying them to the fossil tests of extinct groups. Many modern species show
remarkable heterogeneity in their intra-test Mg distributions, typically due to the presence of high Mg bands,
which have a biological origin. Importantly, banding patterns differ between species, which could affect
Mg/Ca-temperature relationships. Few studies have looked at intra-test variability in Mg/Ca ratios in extinct
species of foraminifera, despite the obvious implications for paleothermometry. We used electron probe
microanalysis (EPMA) to investigate intra-test Mg distributions in the fossil tests of two species of planktonic
foraminifera from the extinct muricate mixed-layer-dwelling genus Morozovella, commonly used in Paleogene
sea surface temperature reconstructions. Both M. aragonensis and M. crater show striking Mg banding patterns
with multiple high and low Mg/Ca band pairs throughout the test wall in all chambers. The intra-test Mg
variability in M. aragonensis and M. crater is similar to that in modern species widely used in paleoclimate
reconstructions and banding patterns are consistent with published growth models for modern forms, albeit
with subtle differences. The presence of Mg bands supports the application of Mg/Ca-palacothermometry in
extinct Morozovella species as well as the utility of EPMA for examining preservation of foraminifera tests in
paleoclimatological studies. However, we emphasize the importance of rigorous assessments of inter- and intra-
test Mg variability when using microanalytical techniques for foraminiferal Mg/Ca paleothermometry.

Plain Language Summary It is widely accepted that the incorporation of Mg into the calcium
carbonate shells (“tests”) of foraminifera (single-celled marine organisms) is dependent on temperature. As
such, measurement of Mg/Ca ratios in fossil tests from deep-sea sediments has become an important working
tool for reconstructing past seawater temperatures. However, Mg/Ca-temperature relationships are based on
modern foraminifera and are species-specific, which introduces uncertainty when we apply them to extinct
groups. Furthermore, modern foraminifera tend to have distinct high Mg bands in their test walls and these
bands are biologically controlled, with differences in banding patterns between species. Few studies have
compared banding patterns in extinct foraminifera species with those in modern forms, despite the potential
implications for the accuracy and precision of Mg/Ca paleotemperature reconstructions. We used electron
probe microanalysis to investigate the distribution of Mg within the well-preserved fossil tests of two species
belonging to the extinct mixed layer dwelling genus, Morozovella, which is commonly used in Paleogene
(~66-23 million years ago) ocean temperature reconstructions. Our results show striking Mg banding patterns
in M. aragonensis and M. crater similar to those described in modern species. Overall, our data support the use
of these extinct species in Mg/Ca paleothermometry.

1. Introduction
1.1. Background

The Mg/Ca ratio of the calcite shells or “tests” of planktonic foraminifera is widely used as a proxy for sea surface
temperature (SST) and has been pivotal in improving our understanding of global paleoclimates. The Mg/Ca
temperature proxy is particularly important as it seems to be less affected by diagenetic alteration than foraminif-
eral oxygen isotope ratios (5'%0) (Jonkers et al., 2012; Sexton et al., 2006; Staudigel et al., 2022). Empirical rela-
tionships between calcification temperature and test Mg/Ca values have been established for modern foraminifera
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based on bulk solution analytical techniques averaging multiple specimens (e.g., Anand et al., 2003; Dekens
et al., 2002; Lea et al., 1999; Niirnberg et al., 1996). However, these relationships are species-specific due to
strong and variable biological controls (collectively known as “vital effects”) on Mg incorporation into the tests
of different species (e.g., Bentov & Erez, 2006; de Nooijer et al., 2014; Jonkers et al., 2012; Spero et al., 2015).

Studies at the micro- and nano-scale have revealed that Mg is not uniformly distributed within foraminifera tests,
with distinct alternating high and low Mg/Ca bands in the test wall that cannot be explained by changes in exter-
nal environmental factors such as temperature or pH (e.g., Eggins et al., 2004; Fehrenbacher & Martin, 2014;
Fehrenbacher et al., 2017; Jonkers et al., 2016; Sadekov et al., 2005; Spero et al., 2015). These bands have
variably been attributed to changes in the composition of the calcifying fluid during chamber formation (Bentov
& Erez, 2006; de Nooijer et al., 2014; Erez, 2003; Jonkers et al., 2016), the presence of organic membranes
(Bonnin et al., 2019; Branson et al., 2016; Geerken et al., 2019; Kunioka et al., 2006), and/or diurnal oscillations
in (a) the pH of the foraminifer micro-environment due to changes in symbiont activity (Eggins et al., 2004) or
(b) mitochondrial sequestration of Mg (Spero et al., 2015). Importantly, banding patterns vary between species
in term of the number, thickness, and arrangement of the high Mg bands and it has been hypothesized that this
is responsible for inter-species variability in average elemental compositions. For example, the greater number
and thickness of high Mg bands in specimens of Orbulina universa likely explains their overall higher test Mg/
Ca ratios and the higher pre-exponential factor in this species' Mg/Ca-temperature equation (Eggins et al., 2004;
Sadekov et al., 2005; Spero et al., 2015).

There has also been an increased focus on using microanalytical techniques to measure Mg/Ca ratios in paleo-
climate reconstructions, for example, measurements of Mg/Ca ratios by electron probe micro-analysis (EPMA;
Kozdon et al., 2011, 2013) or averages of Mg/Ca profiles measured across individual chamber walls using laser
ablation inductively coupled mass spectrometry (LA-ICP-MS; e.g., Nairn et al., 2021). Such targeted meas-
urements fundamentally rely on an understanding of how Mg is distributed within the test wall (e.g., Sadekov
et al., 2008). For example, the supposed lack of high Mg/Ca bands in the final chambers of Tribolatus saccu-
lifer compared with preceding chambers means that measurements based only on final chambers of this species
could be skewed toward lower Mg/Ca values than bulk test averages (Rustic et al., 2021; Sadekov et al., 2005).
Furthermore, standard chemical cleaning protocols prior to Mg/Ca analysis (Barker et al., 2003) may result in the
preferential dissolution of high Mg/Ca portions of the test, skewing Mg/Ca measurements to different degrees in
different species. As such, an understanding of inter-species differences in Mg banding patterns is central to the
application of the Mg/Ca-temperature proxy.

Studies investigating intra-test heterogeneity in Mg/Ca ratios are nearly all based on modern species. This presents
uncertainty regarding the use of extinct species in paleoceanographic reconstructions. In other words, if we do
not know that Mg banding patterns (and therefore, the influence of biologically controlled Mg in the sample) in
extinct species are similar to those in extant species, it is difficult to assess the applicability of modern Mg/Ca
temperature equations. Further, banding patterns provide valuable insights into the underlying mechanisms of
test formation and biomineralization processes in different foraminifera species; therefore, a better understanding
of intra-test Mg distributions in non-extant species would allow us to assess similarities between them and their
modern counterparts, which would ultimately help workers determine their reliability as proxy archives (Hollis
et al., 2019). Detailed baseline knowledge about primary intra-test Mg/Ca patterns in extinct species would also
enable us to assess the extent to which test Mg/Ca has been altered by diagenetic processes. This is pertinent as
recent work has suggested that recrystallized foraminifera that display relict Mg banding may retain bulk test Mg/
Ca values even as 3'80 values are reset (Staudigel et al., 2022). Importantly, this implies that Mg/Ca temperature
records from some sites previously rejected on preservation grounds may be resurrected in the future, improving
the spatial resolution of SST datasets.

In this study, we used electron probe micro-analysis (EPMA) maps to investigate the distribution of Mg in the
tests of two Eocene species of planktonic foraminifera from the extinct Paleogene genus Morozovella. Morozovel-
lids belong to a group of now-extinct “muricate”-walled planktonic foraminifera that often dominate Paleogene
foraminifera assemblages and are commonly used in paleoceanographic reconstructions over intervals of great
interest to paleoclimatologists (e.g., the Paleocene-Eocene Thermal Maximum, the Early Eocene Climatic Opti-
mum) (Anagnostou et al., 2016; Boersma et al., 1987; Edgar et al., 2007; Evans et al., 2016; Henehan et al., 2020;
Zachos et al., 2007). Multi-species stable isotope and trace element analysis show that morozovellids lived in the
upper ocean (Anagnostou et al., 2016; John et al., 2013; Pearson et al., 2001, 2007) and carbon isotope analysis
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Figure 1. Scanning electron microscope (SEM) images showing examples of sinistrally coiled M. aragonensis (a—c) and

M. crater (d—f) specimens from sample Tanzania Drilling Project 20 27-1 0-10 cm. Images (a and f) show umbilical views,
(b and e) show side views (revealing the aperture), and (c and f) show spiral views. Muricae occur over much of the ventral
surface especially around the umbilicus (central depression). On the spiral side, muricae are concentrated along curving
inter-cameral sutures and in the central region over the inner whorl. Muricae are also clustered round the test periphery where
a continuous row of them produce a “muricocarina.” Scale bars = 200 pm.

shows they hosted algal photosymbionts like many modern species (D'Hondt et al., 1994; Luciani et al., 2017;
Norris, 1996). However, morozovellids show visible differences to extant forms: for example, their “muricate”
test morphology (“muricae” = distinct calcite protrusions containing spine-like structures; Figure 1; Figure S1 in
Supporting Information S1) (Blow, 1979; Pearson et al., 2022) is not found today, thus challenging analogies with
modern species upon which Mg/Ca-temperature calibrations are based. We focused on M. aragonensis and M.
crater, two common morozovellids from the early-middle Eocene. This work expands on that of Bhatia (2019)
who first reported banding in Eocene morozovellids. To ensure we were examining primary features, we used
fossils from the Kilwa Group of Tanzania (Nicholas et al., 2006), known for the exceptional “glassy” preserva-
tion of foraminifera within its sediments (Pearson et al., 2001, 2007; Sexton et al., 2006). We also used EPMA to
visualize potential differences in intra-test Mg heterogeneity in poorly preserved morozovellid fossils from two
deep-sea drilling sites with different diagenetic histories.

The overall aims of this study were to (a) describe Mg/Ca heterogeneity within the tests of M. aragonensis and
M. crater as a reference for present and future comparisons with modern species, and (b) discuss the relevance
for Mg/Ca paleothermometry using these extinct species. Our results support the use of morozovellids for Mg/Ca
paleothermometry but highlight the importance of rigorous assessments of intra-test and inter-test Mg variability
when applying microanalytical techniques to this proxy.

1.2. Foraminifera Test Structure

The basic pattern of layering within a foraminifer test and the terminology used in this manuscript to describe
aspects of test structure and growth are shown in Figure 2. In brief, the tests of planktonic foraminifera consist of
multiple calcite chambers, which are added in succession as the foraminifer grows. In the classic growth model
(Reiss, 1957), each chamber initially consists of a bilamellar unit, made up of an inner (“primary”) calcite layer
and an outer (“secondary”) calcite layer. These two layers form either side of an organic layer called the primary
organic sheet (POS) (Erez, 2003), also referred to as the primary organic membrane (POM). As each chamber
forms, the secondary layer (but not the POS) covers the test, attaching the newly formed chamber to pre-existing
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Figure 2. Equatorial cross section of a generic planktonic foraminifer showing the basic pattern of test layering (slightly
modified from Pearson et al. (2022), itself modified from Reiss (1957), Erez (2003), and Fehrenbacher et al. (2017)). Initial
chamber formation consists of a bilamellar unit composed of a primary and secondary layer either side of a primary organic
sheet (POS). The secondary layer(s) cover the entire external surface as each chamber is formed. Additional “adult” layers,
including a final gametogenic layer in some cases, are deposited at the end of the process.

chambers. This explains the progressive decrease in test thickness through successive chambers in the direction
of growth and the layered structure of most foraminiferal tests. In this classic model, however, only two layers
should be present in the final chambers of the test whereas some species, including the extant species O. universa
(Eggins et al., 2004; Spero et al., 2015) and Neogloboquadrina dutertrei (Fehrenbacher et al., 2017), have many
more layers in their final chambers. Based on these observations and the presence of multiple laminae in the final
chambers of the extinct muricate genera Morozovella and Acarinina, Pearson et al. (2022) adapted the classic
model to include multiple “adult” layers, which are precipitated after the formation of the final chamber and are
typically thinner than the primary and secondary layers (Figure 2). Like the secondary layers, these adult layers
also extend over the pre-existing test adding to the number of laminae seen in preceding chambers. At the end
of the life cycle of many species of foraminifera, a special adult layer of gametogenic calcite (often forming a
“crust”) is deposited over the entire test.

2. Materials and Methods

For the main part of this study, we used foraminifera extracted from clay-rich material from Tanzania Drilling
Project (TDP) Site 20 (UTM 37L; 555457 9013846; Nicholas et al., 2006) dated as earliest middle Eocene
(Table S1 in Supporting Information S1). Sediments were soaked in water, gently disaggregated, and sieved to
extract the >63 pm fraction. Fossil tests of M. aragonensis and M. crater were picked from the 300-355 pm and
355-425 pm size fractions based on species descriptions in Berggren and Pearson (2006; Figure 1). We also
selected morozovellid specimens from early Eocene sediments from DSDP Site 527 (Walvis Ridge, southeast
Atlantic; 28°02.49'S; 01°45.80'E) and ODP Site 865 (northeast Pacific; 18°26'N, 179°33’W) to examine Mg
distributions in specimens known to have undergone microstructural reorganization during diagenesis. Scanning
electron microscope (SEM) images of selected whole tests and shell fragments were taken before analysis using a
FEI XL30 Field Emission Gun Environmental SEM (ESEM) at Cardiff University, UK. SEM images of test wall
cross sections in samples from TDP 20 show original calcite microstructure while morozovellids from DSDP
Site 527 and ODP Site 865 show clear evidence of recrystallization (Figure S1 in Supporting Information S1).
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2.1. Electron Probe Microanalysis (EPMA)

Tests were briefly ultrasonicated in methanol and deionized water and then embedded in 25 mm blocks of Epothin™2
epoxy resin. Resin blocks were left to cure at room temperature for at least 7 days and then sanded and polished to
expose the cross section of the test walls. Polished resin blocks were then coated with Ag to minimize beam damage
(Smith, 1986). A small number of samples and standards were coated at the same time in a Quorum Q150RS
sputter coater (Quorum Technologies, Laughton, UK). Differences in sample height and distance to the target were
minimized to ensure the same coat thickness on the standard and the unknown (Jurek et al., 1994; Matthews, 2019).

Elemental concentrations (incl. Mg, Ca) within target areas were measured using quantitative X-ray mapping on
a JEOL 8530F field-emission electron microprobe equipped with 5 wavelength dispersive spectrometers at the
School of Earth Sciences, University of Bristol, UK. Spectrometers, standards, and background offsets are given
in Table S2 in Supporting Information S1. SEM images of each target area were taken before mapping. Mg was
measured on both a TAPH and TAP spectrometer to increase analytical sensitivity. Standards were calibrated at
10 nA, with 10 s on peak and 5 s on each background position. Spot measurements were made on the foraminifera
cross sections prior to mapping to provide data for background correction. Mg was measured in differential mode
to suppress the 3rd order Ca Ka and 2nd order Ca Ko respectively, which occur adjacent to the peaks being meas-
ured. The background height was determined from the spot analyses. Spot measurements were made at 5 nA using
either a 5 or 10 pm diameter beam and the count times are given in Table S3 in Supporting Information S1. Sample
areas were mapped at 15 kV and 80 nA using a focused beam, and the pixel size was 0.9 pm with a 500 ms dwell
time. Two additional maps were generated from our TDP samples using the same parameters but with 0.4 pm
pixel size to produce higher resolution images. Fe and Sr were also measured but these data are not presented here.
Mn and Ag were measured on analytical points but not mapped; the latter was measured to check coat thickness.

The maps were exported as .csv files and python scripts were created to subtract the background intensity as
determined from analytical points and to convert the files into a format for quantification in the Probe for EPMA
software (Probe Software Inc, Eugene, US). The maps were quantified using the Armstrong phi-rho-z model
(Armstrong, 1988). Pixels with less than 35% Ca were masked from further processing to omit non pure calcium
carbonate pixels from analysis and remove edge effects. Image] software was used to generate Mg/Ca maps in
mmol/mol. The detection limit for Mg for an average of 4 pixels is 0.015 wt% (or 1 pixel = 0.031 wt%) to 3 s.d..
Analytical uncertainty at 4 mmol/mol (close to the average map value) for an average of 4 pixels is ~9.5% S.E.
By averaging 8 pixels, this drops to 6%. For Mg/Ca ratios around 2 mmol/mol, 11 pixels need to be integrated to
achieve an error of 10%. Note that the actual Mg/Ca ratios of each pixel will be subject to averaging with nearby
material.

The target areas for our TDP maps (well-preserved foraminifera) included a thin, later-formed part of the test wall
(ideally the final chamber), an area where muricae are concentrated so we could examine their internal structure,
and a thicker inner part of the test that incorporated earlier growth. In two specimens, we examined up to 5 cham-
bers through the same test to investigate systematic inter-chamber differences. We also mapped several chamber
boundaries to investigate patterns of Mg/Ca banding during chamber formation. In total, 31 Mg/Ca maps were
generated from our well-preserved TDP samples: 18 maps were generated from seven M. aragonensis tests and
13 maps were made from five M. crater specimens. Two additional maps were generated from a muricae-rich area
in an M. crater test from DSDP Site 527 and an M. aragonensis test from ODP Site 865 (both poorly preserved).

Final maps from the well-preserved (TDP) specimens were processed statistically using a MATLAB™ code, to
facilitate direct comparison between similar maps of extant foraminifera (e.g., Fehrenbacher & Martin, 2014;
Sadekov et al., 2005). Either the whole Mg/Ca map or a subset “region of interest” was selected for subsequent
statistics. In the case of the latter, we chose regions that represent a particular chamber (so that map averages
did not include data from more than one chamber) or that avoided evidence of contamination. The script then
calculated the arithmetic mean, harmonic mean, standard deviation, kurtosis, and skew for all the selected pixels
(>35 wt% Ca) within the target area. For most maps, a transect approximately perpendicular to the test wall was
analyzed to illustrate the Mg/Ca fluctuations associated with banding in two dimensions.

2.2. ICP-MS

To make an inter-method comparison of Mg/Ca values, we analyzed Mg/Ca ratios in three of our samples (TDP
20 27-3 44-54 cm, ODP 865B 9-6 0—4 cm, DSDP 527* 18-4 76-80 cm) using inductively coupled plasma
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mass spectrometry (ICP-MS) as well as EPMA. In each, 20 to 30 tests of M. aragonensis or M. crater were
broken between glass plates, ultrasonicated, and inspected under the microscope so that impurities could then be
removed with a wet paintbrush. Samples were prepared following the short (non-reductive) cleaning procedure
outlined by Barker et al. (2003), dissolved, and analyzed for their trace elemental composition using a Thermo
Scientific ELEMENT-XR HR-ICP-MS in the CELTIC facilities at Cardiff University, UK. Long term precision
on Mg/Ca measurements was 0.7% (RSD).

3. Results

The Mg/Ca maps of our well-preserved specimens (TDP) reveal striking banding patterns throughout the tests
of all specimens of M. aragonensis and M. crater, with alternating bands of high and low Mg/Ca calcite parallel
to the test surface (Figures 3 and 4). Intra-test Mg/Ca values vary by as much as a factor of 10 (Figure 5; Figures
S2 and S3 in Supporting Information S1), as seen in many modern species. The composition of the high Mg/
Ca bands across individual chambers is generally more variable than the composition of the low Mg/Ca bands
(Figure 5; Figures S2 and S3 in Supporting Information S1). The thickness of the high Mg/Ca bands varies
from 1 to several pm although the wide bands in selected maps (e.g., Figure 3c) could be an artifact of polishing
obliquely to the bands and the lower bounds are limited by the 0.9 pm pixel size (bands thinner than this are not
resolved in our maps). Mg banding is also present in the Mg intensity maps (Figure S4 in Supporting Informa-
tion S1) showing that Mg/Ca variations are not artifacts driven by changes in Ca concentrations.

The number of high Mg/Ca bands in the tests of M. aragonensis and M. crater decreases through successive
chambers in the direction of growth: more bands are visible in the thicker chambers that include juvenile growth
(up to 12 high Mg/Ca bands) relative to the thinner, late growth stage chambers (up to 7 high Mg/Ca bands in
the final chambers) (Figures 3-5; Figures S2 and S3 in Supporting Information S1). However, the number of
bands in the same whorl position (chamber “number”) is variable between different tests. There is no consistent
trend toward higher or lower Mg/Ca values across the test walls, unlike in some modern species. The specimens
examined in this study do not have well-developed gametogenic calcite crusts, which are typically un-banded and
made of low Mg/Ca calcite, on the outer edge of the test (e.g., Eggins et al., 2003; Jonkers et al., 2016; Spero
et al., 2015).

SEM images of polished test walls reveal distinct laminae, delineated by linear divisions parallel to the test
surface (Figure 6; Figures S1b and S5 in Supporting Information S1). In many (but not all) cases, each lamina
contains both a high and a low Mg/Ca band, the former thinner than the latter. High Mg/Ca values appear to be
mostly concentrated near the laminal boundaries but do also extend into the laminae themselves. It is not clear as
to whether the high Mg/Ca values are consistently concentrated near the inner or outer edges of each lamina. At
chamber boundaries we see that some bands (and laminae) are continuous between chambers, coating pre-existing
test walls that are themselves also banded (Figure S6 in Supporting Information S1). This supports the idea that
both adult layers and secondary calcite layers cover pre-existing chambers, as in most published growth models
(e.g., Erez, 2003; Hemleben et al., 1989; Pearson et al., 2022). Unlike some modern species (e.g., N. dutertrei,
Fehrenbacher et al., 2017), multiple bands of similar or greater thickness to those found in the final chambers are
also seen in inner test areas (Figures 3c and 3q). Interestingly, selected maps show how some Mg bands “loop”
around the edge of the test wall and taper off along the inside of the chamber (Figures 3f, 3m, 4k, and 41; Figure
S7 in Supporting Information S1). Mg bands also bend upward in places, away from the inner test wall (e.g.,
Figures 3f and 4m); a discussion of how this relates to the muricate test structure is given in Section 4.3.

The statistics we compiled for each map or region of interest along with a corresponding histogram and transect
are presented in Figure 5 and in Figures S2 and S3 in Supporting Information S1. The area analyzed (if not
the whole map) is shown as a red polygon and the transect given as a red line between two points. Although a
single EPMA map cannot be compared directly with multi-test solution analysis, the EPMA-derived Mg/Ca map
averages for the TDP specimen represented by maps in Figures 3e—3h are consistent with a bulk solution value
measured using ICP-MS on the same species from the same sample. Note that the standard deviations in the
former are much larger due to the high intra-test variability in Mg/Ca ratios (4.26—4.82 + 1.71-2.2 mmol/mol
for EPMA map averages vs. 4.77 + 0.17 mmol/mol for bulk ICP-MS measurements, respectively, errors given
as 1 s.d.). All maps show non-normal distributions of Mg/Ca with positive skewness (Figures S2 and S3 in
Supporting Information S1). However, we still compared intra-test variability using first moment statistics for
consistency with other studies (e.g., Fehrenbacher & Martin, 2014; Sadekov et al., 2005). Some extant species
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Figure 3. Mg/Ca maps for multiple early middle Eocene M. aragonensis specimens from Tanzania Drilling Project (TDP) Site 20. White boxes enclose maps made on
the same specimen. Maps correspond to the following samples: (a and b) TDP 20 25-1 60-70 cm; (c and d) TDP 20 27-3 44-54 cm; (e and h) TDP 20 27-3 44-54 cm;
(i) TDP 20 core 29 (mixed samples); (j—m) TDP 20 26-2 90-100 cm; (n—r) TDP 20 27-1 0-10 cm. Foraminifera tests in (a—i) and (n-r) were taken from the >355 pm
size fraction. Those in (j—-m) were taken from the 300-355 pm size fraction. Wide high Mg/Ca bands in (c) may be due to the polished surface being oblique to the
orientation of the bands. The asterisks* denote maps/sections of maps from the final chamber of the foraminifer test. Maps (b and h), which both represent final
chambers, appear not to correspond to areas on the scanning electron microscope (SEM) inset; this is because they were mapped after a re-polish and therefore removal
of a small amount of surface material. All maps were generated with a resolution of 0.9 pm. Note the difference in Mg/Ca calibration bar for (n-r). Scale bars for maps
denote 50 pm. Scale bars for SEM insets denote 100 pm. Map 1a has already been published in Staudigel et al. (2022).
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Figure 4. Mg/Ca maps for early middle Eocene M. crater specimens from Tanzania Drilling Project (TDP) Site 20. White boxes enclose maps made on the same
specimen. (a—i) TDP 20 32-1 45-51 cm; (j-—m) TDP 20 30-1 45-51 cm. Tests in (a—k) are taken from the >355 pm size fraction. Those in (I-0) are taken from the
300-355 pm size fraction. The asterisks* mark final chambers. All maps were generated using a pixel size of 0.9 pm except for maps (a and b), which were made with a
resolution of 0.4 pm. Scale bars for maps denote 50 pm. Scale bars for scanning electron microscope insets denote 100 pm.
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Figure 5. Frequency histograms (with statistics) and transects for selected EPMA maps (see Figures S2 and S3 in Supporting Information S1 for more) generated using
MATLAB™ code. Reference EPMA maps are shown in the left-hand panels. The transect data in the right-hand panel are shown with a weighted mean regression,
which was calculated using the same normally distributed weighted mean approach used by Staudigel et al. (2022), with a kernel of 0.5 pm. The 95% confidence
interval for this smoothed mean function is shown as a shaded region behind the data. The transects display the data from +2 pm either side of a line defined by two
points across a test wall (shown in the left hand EPMA map panels). Scale bars on Mg/Ca maps are 50 pm.

show significantly higher or lower Mg/Ca in the final chambers of their tests (Rustic et al., 2021; Sadekov
et al., 2005, 2008), which means that the time spent in the adult phase and therefore the size of the final chamber
may skew test Mg/Ca averages. Our results show that mean chamber Mg/Ca values and standard deviations do
vary within the same test, but there is no consistent trend through successive chambers in the direction of growth
(Figure S8 in Supporting Information S1). Sadekov et al. (2005) examined the difference between the arithmetic
and harmonic means across the walls of different chambers in 8 species of modern planktonic foraminifera to
investigate whether the presence of high Mg/Ca bands skewed map averages to higher values. In our study, whilst
there was considerable variation in the arithmetic-harmonic mean differences between chambers, there was no
consistent trend through the test (Figure S8 in Supporting Information S1).

The Mg/Ca maps for the diagenetically altered specimens from DSDP Site 527 and ODP Site 865 (Figure 7)
show very different Mg distribution patterns to each other and to the TDP sample. There is weak banding present
in the Mg/Ca map from ODP Site 865 (M. aragonensis; first published in Staudigel et al., 2022), suggesting that
whilst the amplitude of intra-test variations has been reduced, there has not been wholesale reorganisation of
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Figure 6. Mg/Ca maps from Figure 3a (a) and c (b), respectively, with accompanying scanning electron microscope (SEM)
images that show the relationship between laminae in the test wall and Mg/Ca banding. Additional comparisons are shown
in Figure S5 in Supporting Information S1. Scale bars for Mg/Ca maps and large images denote 50 pm. Scale bars for SEM
insets denote 100 pm.

test Mg. Conversely, the Mg/Ca map from DSDP 527 shows no evidence of banding at all, which, in accordance
with the model predictions of Staudigel et al. (2022), suggests alteration of bulk Mg/Ca. We do not make a direct
comparison of the El/Ca values measured at the two sites because of their different ages and paleolatitudes and
a full exploration of the diagenetic processes at each site is beyond the scope of this study. However, this is the
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Site location Modern Paleolatitude Burial Sediment type EPMA Mg/Ca ICP-MS Mg/Ca
water - depth map average bulk (mmol/mol)
depth (m) (mbsf) (mmol/mol)

DSDP Site 527 WalvisRidge, 4428 28°S ~161 Nannofossi ooze 2822192 3.24:0.29
(527 18R-476- 28°02.49’S, (~90% carbonate) (1s.d.) (1s.d.)
80 cm) 01°45.80'E

ODP Site 865 Allison Guyot, 1516 12°N ~84 Foraminifera 4232176 477017

(865B 9H-60-4 NE Pacific, nannofossilooze (1s.d.) (1s.d.)
cm) 18°26.415'N, (>90% carbonate)

179°33.349'W

Figure 7. EPMA-derived Mg/Ca maps for a M. crater specimen from DSDP Site 527 and an M. aragonensis specimen from
ODP Site 865 dated as early Eocene. The 527 specimen shows no evidence of Mg/Ca banding and evidence of dissolution in
the Scanning electron microscope image inset. The 865 specimen shows evidence of relict banding and was first published in
Staudigel et al. (2022). Scale bars are 50 pm. The table presents descriptions of samples from each site (Moore et al., 1984;
Sager et al., 1993) and Mg/Ca ratios measured by EPMA (map averages for each specimen) and inductively coupled plasma
mass spectrometry measurements (on multiple specimens from each sample). *Paleolatitudes are calculated using the
paleolatitude calculator of van Hinsbergen et al. (2015).
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first time that an un-banded diagenetic end member has been presented using a method with proven ability to
resolve Mg bands in morozovellids. (Note that the bulk measurements made on the samples from ODP Site 865
and DSDP Site 527 also agree with the EPMA map average for the same sample, within 1 s.d. error, as shown in
the table in Figure 7).

4. Discussion
4.1. Origin of Banding

This study reveals striking Mg banding patterns in two species of Morozovella, an extinct genus of foraminifera
with a muricate test structure that is not seen in extant forms. Whilst there are subtle differences with modern
species, the presence of high Mg/Ca bands suggests that the mechanisms that generated them were similar. The
amplitude of variations in Mg/Ca ratios across the test walls of M. aragonensis and M. crater is too large to
have been driven by changes in ambient seawater temperature or pH during the lifetime of the organism and is
consistent with a biological control. For example, if temperature-driven, the observed intra-test differences in
Mg/Ca values would require repeated changes of >20°C (e.g., using the calibration of Anand et al., 2003), which
is clearly unreasonable. Whilst determining the exact origin of the bands is beyond the scope of this study, we
discuss the possibilities based on observations in modern forms.

The origin of Mg banding in extant species is debated and appears to differ between species, consistent with
observations that calcification mechanisms and physiological controls on foraminifera microenvironments also
vary between species. In some modern foraminifera species, a high Mg/Ca band is associated with the addition
of a new chamber and has been attributed to changes in the composition of the calcifying fluid during cham-
ber formation. De Nooijer et al. (2014) suggested that an injection of a small amount of seawater early in the
development of a new chamber may result in a high Mg band on the inside of the test wall. Conversely, Jonkers
et al. (2016) proposed that high Mg/Ca bands at the outer edges of newly formed chambers in Neogloboquadrina
pachyderma reflect a decrease in the discrimination of Mg incorporation toward the end of chamber formation.
It is possible that one of the high Mg/Ca bands in each chamber wall in M. aragonensis or M. crater is associ-
ated with chamber formation processes, but the presence of multiple additional bands through the test walls of
all chambers (including the final chamber) indicates that such mechanisms are not the only cause of banding in
these species. There is neither a gradual change in Mg/Ca values across test walls, nor a gradual change in Mg/Ca
values toward the outside of each individual laminae (as seen in some benthic species e.g., Geerken et al., 2019),
suggesting no gradual change in Mg discrimination during chamber/laminae formation, for example, through
Rayleigh fractionation (Figure 5; Figures S2 and S3 in Supporting Information S1).

Different authors have variably associated high or low Mg/Ca bands with organic layers, with different
proposed mechanisms for Mg incorporation or discrimination (Bonnin et al., 2019; Branson et al., 2016; Eggins
et al., 2004; Erez, 2003; Geerken et al., 2019; Kunioka et al., 2006; Sadekov et al., 2005; Spero et al., 2015).
Erez (2003) suggested that the different Mg/Ca compositions of bands seen in the test walls of the benthic
species Amphistegina lobifera were due to different calcification pathways, with a high-Mg primary layer sourced
from Ca-Mg-P-rich granules associated with the POS and low-Mg secondary layers sourced from vacuolized
seawater on the outer side of the POS. Our data do not support the idea of individual laminae having either
a low- or high-Mg composition but rather that most laminae include at least one high-low Mg/Ca band pair.
Kunioka et al. (2006) attributed high Mg/Ca bands to the presence of protein-bound Mg in organic layers in the
modern planktonic species Pulleniatina obliquiloculata. Conversely, others have shown that organic layers in
multiple species are instead associated with low Mg/Ca values (Eggins et al., 2004; Sadekov et al., 2005; Spero
et al., 2015). More recent work by Branson et al. (2016) and Bonnin et al. (2019) on the nanometer scale provides
strong evidence that the POS in O. universa (and O. bilobata) is enriched in Mg, contributing to intra-test Mg
heterogeneity. However, these authors also reveal that not all Mg bands are hosted in organic templates, as also
seen in the study by Branson et al. (2013), which demonstrated that Mg in bands in O. universa and Amphestigina
lessoni is not hosted in organic molecules or in mineral interstices but is uniformly coordinated within the calcite
mineral lattice. Whilst we cannot rule out an association between organic layers (particularly the POS) and Mg
bands observed in this study, especially as many of the bands are next to laminal boundaries where organic layers
were possibly once located, we deem it unlikely that organics can explain all Mg bands.

Experiments have shown that cultured specimens of O. universa (Spero et al., 2015) and N. dutertrei (Fehrenbacher
et al., 2017) deposit multiple layers and Mg band pairs in day-night cycles after the formation of their final
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chambers, with thin layers of high Mg/Ca calcite deposited at night and thick layers of low Mg/Ca calcite depos-
ited during the day. Mg banding in these modern species has been attributed to diurnal changes in (a) the pH of
the foraminiferal micro-environment due to day-night changes in symbiont activity (e.g., Bhatia, 2019; Eggins
et al., 2004; Jgrgensen et al., 1985; Kohler-Rink & Kiihl, 2005; Rink et al., 1998; Sadekov et al., 2005) and (b)
mitochondrial activity/density (Spero et al., 2015), both of which are assumed to affect Mg incorporation. The
banding patterns in the final chambers of M. aragonensis and M. crater show a remarkable resemblance to those
in O. universa and N. dutertrei relative to other species of extant foraminifera. For example, studies have only
reported zero or one high Mg band in the final chambers of the modern symbiont-bearing planktonic foraminifera
species T. sacculifer, G. ruber, and G. conglobatus (Fehrenbacher & Martin, 2014; Sadekov et al., 2005, 2008)
whereas up to 7 high Mg bands have been reported from the final chambers of O. universa and N. dutertrei
(Eggins et al., 2004; Fehrenbacher et al., 2017; Spero et al., 2015), a similar number to those observed in the
final chambers of M. aragonensis and M. crater. We suggest therefore that the multiple band-pairs in muricate
species are best explained by diurnal pacing. If so, this provides an interesting insight into the life cycle of these
morozovellids in that it is possible to constrain how long the species lived in the adult phase, in this case up to
1 week. This makes a total lifespan of a lunar month likely, as seems to be the case in some modern species (Bijma
et al., 1990).

4.2. Implications for Paleothermometry

The apparent similarities between banding patterns in the final chambers of Eocene morozovellids and modern
O. universa warrant attention given that O. universa is typically excluded from Mg/Ca-temperature reconstruc-
tions as it has a very different Mg/Ca-temperature equation (higher pre-exponential calibration constant) than
other species. However, there are distinct differences between the Mg distributions and test morphologies of
O. universa versus M. aragonensis and M. crater. First, the tests of morozovellids (and most planktonic species
included in Mg/Ca-temperature calibrations) are composed of multiple chambers arranged in a trochospire, much
like most planktonic symbiont-bearing foraminifera species. Conversely, the tests of O. universa consist of (a)
a smaller, inner test corresponding to juvenile growth comprised of multiple chambers arranged in a trochos-
pire and, (b) uniquely, a single, large, completely embracing spherical chamber that is secreted around the
early-formed portion of the test once the organism reaches maturity. This sphere is much thicker than the earlier
chambers and makes up the vast majority of test calcite and indeed contains most of the Mg/Ca bands (Eggins
et al., 2004; Spero et al., 2015). Importantly, the intra-test Mg/Ca variability statistics appear to be quite different
in O. universa than other extant species as well as the morozovellids studied here. Sadekov et al. (2005) report
standard deviations across the test walls of O. universa, Globigerinoides ruber, and T. sacculifer of 3.74, 1.79,
and 1.59-1.68 mmol/mol Mg/Ca, respectively, from laser ablation profile measurements in the same core-top
sample. Our map averages and profiles give standards deviations of 1.3—2.3 mmol/mol, which are much more
similar to the values from G. ruber and T. sacculifer. Whilst it is still possible that morozovellids had different
calibrations to modern species, the similarity in intra-test Mg/Ca variability between morozovellids and species
with “typical” Mg/Ca-temperature calibrations is reassuring.

The use of microanalytical techniques (e.g., LA-ICP-MS, SIMS, nanoSIMS) in paleoclimatology to measure Mg/
Ca in individual chambers of single or multiple foraminifer tests has expanded in recent decades. Some authors
have proposed Mg/Ca-temperature calibrations for a particular chamber within a species (e.g., Duefias-Bohérquez
et al., 2011) whilst others have emphasized the advantages of microspatial analysis for avoiding diagenetically
altered or contaminated parts of the foraminifer test (e.g., Hollis et al., 2012, 2015; Kozdon et al., 2011, 2013;
Nairn et al., 2021). However, the observed large inter- and intra-test Mg/Ca variability in sample populations of
individual foraminifera species means that a thorough assessment of the extent to which this affects the repro-
ducibility of bulk test Mg/Ca is recommended (Nairn et al., 2021; Niirnberg, 1995; Sadekov et al., 2008). As
with bulk solution analysis, it has been emphasized that analyses from multiple specimens are needed to bring
sample variance down to levels that are meaningful for paleotemperature reconstructions. For example, Sadekov
et al. (2008) reported high inter- and intra-test Mg/Ca variability in populations of G. ruber from a site in the east
Indian Ocean and attributed this to a range of site-specific environmental factors, the presence of low and high
Mg bands within the test, and variations in the arrangement and thickness of these bands in different chambers of
the same test. They used power analysis to determine the number of LA-ICP-MS-derived transect means needed
to bring down measurement error to meaningful levels of Mg/Ca precision and concluded that profile means from
at least 15 tests were needed to achieve a temperature uncertainty of 2°C (1 SE) at 28°C. The authors advise that
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this prescribed number of tests is likely site-specific and so rigorous assessment of the number of measurements
needed should be carried out on a sample-by-sample basis. In our study, we do not have enough measurements
from the same sample to assess inter-test variability within a sample population. However, given that moro-
zovellid tests are clearly banded with respect to Mg and that (a) the number and thickness of bands varies within
individual tests and (b) there is no consistent relationship between the number of bands and the position in the
test whorl between different specimens, we advise that a similar approach to Sadekov et al. (2008) should be
taken when using profile means (LA-ICP-MS) or targeted area means (e.g., EPMA) to generate Mg/Ca values
from morozovellids for paleotemperature reconstructions. This is of course unless the worker is specifically
investigating seasonal or depth habitat temperature extremes, in which case the lunar month lifespan estimate is
an important consideration (e.g., Haarmann et al., 2011; Laepple & Huybers, 2013; Wit et al., 2010).

4.3. Insights into Morozovellid Growth

Patterns of banding and layering in M. aragonensis and M. crater are consistent with some aspects of the clas-
sic growth models for multi-chambered perforate foraminifera of Reiss (1957) and Erez (2003). These models can
explain the layered structure seen in our Mg/Ca maps (and SEM images) and the progressive decrease in test thick-
ness and number of bands/laminae through successive chambers in the direction of growth, later chambers having
been subjected to fewer “coatings.” These classic growth models, however, likely better explain banding patterns in
species that exhibit minimal banding in their final chambers (e.g., G. ruber, T. sacculifer) as they predict that only
two laminae should be present. The patterns of Mg banding and layering in M. aragonensis and M. crater support
a modification of the classic growth model whereby multiple thinner “adult” layers, each layer consisting of a high/
low Mg/Ca band pair, are deposited over the test after the organism reaches maturity (Pearson et al., 2022). This
additional layering is also seen in N. dutertrei (Fehrenbacher et al., 2017) and O. universa (Eggins et al., 2004; Spero
etal., 2015). However, unlike morozovellids, the majority of (or indeed all) resolved Mg/Ca bands in N. dutertrei (and
perhaps O. universa, although very thin bands may be present in the inner chambers) appear to have formed after the
formation of the final chamber, with only thinly calcified walls with no visible bands present before (Fehrenbacher
et al., 2017). This is clearly not the case in M. aragonensis and M. crater as maps from chamber boundaries clearly
show the presence of pre-existing band pairs in older chambers that are then coated by younger laminae (e.g., Figure
S6 in Supporting Information S1) and the presence of multiple bands within inner parts of the test (e.g., Figures 3c,
3e, and 3q). The banding patterns in M. aragonensis and M. crater therefore reveal some similarities and some differ-
ences with modern species in terms of test construction but are overall consistent with published growth models.

Another interesting feature revealed by some of the maps is how secondary/adult layers “loop” around the test
wall adjacent to the aperture and then taper off along the inner test wall (Figures 3f, 3m, 4k, and 41; Figure S7
in Supporting Information S1). This shows that the organic membrane that formed the template for these layers
would have originally wrapped around the chamber edge near the aperture and extended along the inner test wall
over short distances. Our Mg/Ca maps also reveal the Mg distribution around the “muricae” of the Morozovella
test walls. In M. aragonensis and M. crater the muricae are clustered on the chamber shoulders around the umbil-
icus and round the periphery where a continuous row of them produces a rim or keel (called a muricocarina by
Blow (1979); Figure 1). The name murica is derived from the Latin murus = wall, emphasizing that they are part
of the primary test wall formed by upward mounding of successively added layers (Benjamini & Reiss, 1979;
Blow, 1979; Hemleben & Olsson, 2006). Pearson et al. (2022) showed evidence that muricae typically contain
a central rod made of a single calcite crystal that projects through the test layers, which onlap onto them. They
suggested that these rods projected through the test surface in life, forming spines, which were analogous but not
homologous with the so-called “true spines” of various modern genera such as Globigerina, Globigerinoides,
Trilobatus, and Orbulina (see Figure S9 in Supporting Information S1 for schematic). We cannot expect the
spine structures themselves to be continuously resolved as they are typically only 1-2 pm in diameter (Pearson
etal., 2022), but linear high Mg/Ca anomalies orthogonal to the test surface in some of our images (e.g., Figures 3f
and 4a) may occasionally trace their path. The exact Mg distribution we see in our maps depends on where the
polished surface dissects the muricae. Our maps appear to mostly reveal off-center dissections of the muricae
where bands and laminae bend upward from secondary layers with newer layers onlapping against them (Figure
S9 in Supporting Information S1; Pearson et al., 2022). This is relevant for paleothermometry as it sheds light on
how morozovellids might have harbored symbionts within an external spine array very much like modern spinose
species, strengthening the comparison of Paleogene mixed layer species to modern spinose species occupying the
same realm (Pearson et al., 2022).
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4.4. Diagenetic Considerations

Mg/Ca values of the fossil calcite tests of planktonic foraminifera from deep-sea cores are a major source of
SST information. However, much of the data from open ocean sites have been discredited as the foraminife-
ral calcite has been visually diagenetically altered through dissolution or recrystallization. Solid state diffu-
sion has also been proposed as a significant process impacting oxygen isotope values, although this has
been disputed (Bernard et al., 2017; Evans et al., 2018). The exquisite banding in our well-preserved Eocene
foraminifera specimens suggests that solid state diffusion is not a significant concern for Mg/Ca on these
timescales.

Overall, the process of diagenetic recrystallization and how it affects the geochemistry of foraminifera tests
is poorly understood. Recent work by Staudigel et al. (2022) suggests that recrystallization can occur within
a diffusively-restricted regime, meaning that recrystallized foraminifera that display relict banding may retain
bulk test Mg/Ca values even as 8'30 values are reset. This implies Mg/Ca banding potentially could be used as
a screening tool for retention of primary bulk Mg/Ca values (Staudigel et al., 2022). Excitingly, this opens up
the possibility of obtaining Mg/Ca temperature records from previously rejected sites as long as Mg bands are
retained. Indeed, the authors' model also predicts that pervasive diagenetic alteration may ultimately result in the
loss of Mg banding and the alteration of primary bulk Mg/Ca values, although this had not been demonstrated
prior to this study.

Whilst an investigation into the complex processes involved in diagenetic alteration are beyond the scope of
our work, our results mean that we can say with a greater degree of confidence that original morozovellid test
walls were banded with respect to Mg and that any deviation from the patterns shown in this study suggest
some internal reorganisation of test Mg. Furthermore, Mg/Ca maps from early Eocene morozovellids from two
deep-sea drilling sites with different burial histories and strong evidence of diagenetic alteration show for the
first time that whilst Mg banding may be retained in some recrystallized specimens, it can eventually be lost,
supporting the model predictions of Staudigel et al. (2022). Future work should investigate intra- and inter-test
Mg variability in a wide range of diagenetic settings to better constrain the controls on alteration of primary Mg/
Ca signatures.

5. Conclusions

Mg/Ca banding has been reported in many extant species of planktonic foraminifera used in Mg/Ca-temperature
calculations. Any intra-test Mg variability is inherently incorporated in bulk Mg/Ca-temperature equations and
studies have shown that Mg/Ca-temperature sensitivity in the calcite of the low and high Mg/Ca bands is similar
(Sadekov et al., 2009; Spero et al., 2015). However, given that biological controls affect inter- and intra-species
differences in banding patterns, intra-test heterogeneity has clear implications for Mg/Ca paleothermometry on
the population and individual test level. Whilst we do not have a full understanding of biological controls on
biomineralization and foraminiferal geochemistry in modern species, it is prudent to assess similarities and differ-
ences between species used in Mg/Ca-temperature equations and non-extant forms to which the equations are
applied.

We characterized the distribution of Mg within well-preserved fossil tests of Morozovella crater and M. arag-
onensis using electron probe micro-analysis (EPMA). The tests of both species are characterized by alternating
pairs of high and low Mg/Ca calcite, like many extant species. The presence of multiple high Mg bands in the
final chambers of M. aragonensis and M. crater suggests diurnally paced banding in the adult phase of the
life cycle, as seen in the modern species Orbulina universa and Neogloboquadrina dutertrei. Banding patterns
observed in M. aragonensis and M. crater are consistent with growth models for foraminifera tests that include
the addition of multiple “adult” layers after the formation of the final chamber. Whilst the availability of data
precludes a conclusive comparison with extant species, the shape of the Mg/Ca distributions in the test walls of
M. crater and M. aragonensis is similar to species such as Globigerinoides ruber and Trilobatus sacculifer, which
are commonly incorporated into Mg/Ca-temperature relationships. Our results support the use of morozovellids
for Mg/Ca paleothermometry in that they are banded like most modern forms but highlight the importance of
rigorous assessments of intra-test and inter-test variability in Mg/Ca ratios when applying microanalytical tech-
niques to this proxy. This study also highlights the utility of EPMA as a tool for distinguishing between well- and
poorly-preserved foraminifera tests in paleoclimatological studies.
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