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Abstract 13 

Nummulites were one of the most abundant and widespread larger benthic foraminifera of 14 

the Paleogene, however, confusion remains as to whether their original test mineralogy was 15 

high or low magnesium calcite within the literature. As studies using proxies based on 16 

Nummulites and related nummulitid geochemistry increase, it is essential to have a good 17 

understanding of test composition to assess preservation within potential samples, and to 18 

interpret results. Here we employ a combination of X-ray diffraction, Fourier transform 19 

infra-red spectroscopy and laser ablation ICPMS to determine magnesium content across 20 

exceptionally preserved and poorly preserved fossil material as well as modern examples of 21 

nummulitids, showing conclusively a primary intermediate to high magnesium calcite 22 
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composition. This composition appears to be closely related to fluctuating ocean chemistry 23 

through the Paleogene. Using these results as an indicator of preservation we examine 24 

variation in trace element data across a suite of samples, and introduce the concept of the 25 

preservagram, a method of quickly visualising different styles of carbonate diagenesis.  26 

  27 

INTRODUCTION 28 

The Nummulitidae are one of the most long-ranging, widespread and abundant larger 29 

benthic foraminiferal families of the Cenozoic.  This family includes not only the well-known 30 

genus Nummulites but also related forms including, among others, Operculina, Heterostegina 31 

and Cycloclypeus (Blondeau, 1972). Within the Eocene, Nummulites are known to have reached 32 

exceptionally large sizes (up to 15 cm in diameter;  Beavington-Penney and Racey (2004)) and 33 

occurred in rock-forming quantities throughout the shallow carbonate platforms of the Tethys, 34 

including several major oil bearing deposits in the North Africa (Racey 2001). Nummulites and 35 

nummulitids have been used extensively within biostratigraphy and evolutionary studies ( e.g. 36 

Schaub 1981; Papazzoni 1998; Serra-Kiel et al. 1998; Less et al. 2008; Cotton and Pearson 2011; 37 

Papazzoni et al. 2017; Benedetti et al. 2018) but also increasingly in geochemical studies (e.g. 38 

Wefer and Berger 1980; Purton and Brasier 1999; Evans et al. 2013; Evans et al. 2018).  Despite 39 

their abundance in the fossil record and frequent use, opinion on the original mineralogy of 40 

Nummulites and nummulitids remains divided, with authors quoting both high magnesium (HMC 41 

typically 11-19 mole% MgCO3; e.g. Bathurst 1976; Macauley et al 2001; Whittle and Alsharhan 42 

1994) and low magnesium calcite (LMC; 1-4% MgCO3) compositions (e.g. Hallock et al. 1991; 43 

Sen Gupta 1999; Debebay et al. 2000; Hohenegger et al. 2000)  for fossil material. 44 
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Establishing the primary mineralogy of the nummulitids, and of widely utilised fossils in 45 

general, is important as it provides a method with which to determine specimens with 46 

exceptional preservation. This enables material that is sufficiently well-preserved to reliably 47 

record primary geochemical information to be identified. A number of recent studies have aimed 48 

to identify geochemical fingerprints of diagenesis and contamination, which may occur at a sub-49 

micron scale even when samples are visually well-preserved. For example, Sr/Ca ratios have 50 

been used to identify selective dissolution (Stoll et al. 1999), elevated Mn/Ca may be indicative 51 

of overgrowths (Pena 2005; Creech et al. 2010), and clay mineral contamination may result in 52 

elevated Al/Ca. Therefore, understanding not only the primary mineralogy, but also the primary 53 

geochemical composition of fossil material is a useful means of assessing the integrity of 54 

geochemical datasets by providing a baseline to which samples can be compared.  55 

A number of authors have noted that living and fossil perforate hyaline foraminifera ± a 56 

group which includes the nummulitids, are predominantly composed of LMC (Hallock et al. 57 

1991; Sen Gupta 1999; Debebay et al. 2000; Hohenegger et al. 2000; Holail 1994; James et al. 58 

1999). However, Blackmon and Todd (1959) showed that foraminifera with both LMC and 59 

HMC tests are included Zithin the radial h\aline ³group´, whilst Chave (1964) and Brenchley 60 

and Harper (1998) observed most shallow benthic foraminifera were HMC. A number of authors 61 

have also concluded the Paleogene genus Nummulites was originally HMC (Bathurst 1976; 62 

Macauley et al. 2001; Whittle and Alsharhan 1994) and Milliman (1974) noted the extant 63 

nummulitid Heterostegina is composed of HMC. Dolomitization and diagenesis of Nummulites-64 

rich carbonate deposits has also been used as an additional method of inferring original test 65 

mineralogy. For example, the Rus formation, Abu Dhabi, United Arab Emirates is a heavily 66 
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dolomitised, shallow water limestone deposit, comprised largely of Nummulites along with other 67 

LBF and echinoderm fragments (Whittle and Alsharhan 1994). Whittle and Alsharhan (1994) 68 

suggest that the dolomitisation of the formation occurred due to a combination of meteoric 69 

mixing and the recrystallisation of a high proportion of originally HMC components 70 

(Nummulites and echinoderm fragments) to LMC, although they did not analyse the composition 71 

of the Nummulites tests directly.  The El Garia formation, Tunisia is a very similar deposit with 72 

localised dolomitisation within a Nummulites-rich limestone (Beavington-Penney et al. 2008). 73 

Macaulay et al. (2001) obtained MgCO3 values of 0.5±0.1 mole% using X-ray diffraction, 74 

indicating a LMC composition, but sediments forming this deposit have been deeply buried and 75 

have undergone extensive recrystallisation (see Beavington-Penney et al. 2008). The 76 

transformation of the Nummulites tests from HMC to LMC during diagenesis was therefore 77 

proposed as the source of the Mg2+ ions required for later dolomitisation, despite the LMC values 78 

obtained from the Nummulites tests themselves. The nummulitic limestones of the Giza 79 

Pyramids Plateau also show dolomitisation, however Holail (1994) suggested that Nummulites 80 

was originally LMC and that seawater provided the Mg2+ necessary for dolomitisation to occur.  81 

 This uncertainty is largely due to the instability of HMC. High magnesium calcite 82 

readily reverts to low magnesium calcite during diagenesis meaning much fossil material will be 83 

LMC, even if it was originally HMC. As LBF almost exclusively inhabit shallow (< 100 m) 84 

warm, marine carbonate environments, and are therefore preserved within limestones, at least 85 

some degree of recrystalisation and/or replacement generally occurs during fossilisation. 86 

However, exceptional preservation of Nummulites preserved within clays has been demonstrated 87 

at a small number of sites, particularly the Kilwa district of Tanzania (Cotton and Pearson 2011) 88 
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and the South of the UK (Cotton et al. in press). We investigate the magnesium content of fossils 89 

samples from these sites, along with examples showing visually average preservation and 90 

modern specimens using X-ray diffraction, ATR-Fourier-transform infra-red spectroscopy and 91 

laser ablation ICPMS. In addition, these results were used to examine how trace element ratios 92 

frequently used to assess diagenetic alteration compare in known well-preserved and less well-93 

preserved samples. This enables us to assess whether site-specific diagenetic histories complicate 94 

the use of e.g. Al/Ca, Mn/Ca, or Sr/Ca as independent markers of preservation in geochemical 95 

studies, or whether, certain elemental ratios show threshold values that are always indicative of 96 

recrystallisation.  97 

  98 

MATERIAL AND METHODS 99 

Fossil Material 100 

Different species of the genus Nummulites, were analysed from four different Eocene localities: 101 

Tanzania, Oman and two localities in the south of the UK. Echinoid fragments from the same 102 

locality and sample in Tanzania were also analysed. The analytical techniques applied to each 103 

sample are summarised in Table 1. 104 

Tanzania: Site 11, 12 and 17 from the Tanzania Drilling Project have become world-renowned 105 

for their exceptional preservation of calcareous microfossils, including the preservation of 106 

aragonite (e.g. Bown et al. 2008; Pearson et al. 2008) and contain abundant LBF (Cotton and 107 

Pearson 2012). Whilst the preservation of the LBF is variable, dependent on the lithology of 108 

specific beds, many have the same exceptional preservation seen in the planktonic assemblages 109 

(Evans et al. 2018). The succession is comprised of hemipelagic clays with occasional debris 110 
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flow limestone beds (Nicholas et al. 2006; Cotton and Pearson 2012), and spans the uppermost 111 

Eocene to lowermost Oligocene (Pearson et al. 2008; Cotton and Pearson 2012). Glassy 112 

specimens of Nummulites sp. 1 and Nummulites cf. fabianii (see Fig. 2 of Cotton and Pearson 113 

(2011) for taxonomy) from five clay levels were analysed. LA-ICPMS analyses were performed 114 

non-destructively on the marginal cord of 10 unbroken specimens. In order to collect XRD and 115 

FTIR spectra, between one and three glassy, clay-level specimens were powdered with a pestle 116 

and mortar for analysis; where specimens were combined the same species from the same core 117 

level were used. Echinoderm test material from one of these levels was prepared for XRD and 118 

FTIR  in the same way as the Nummulites as a comparison of a known HMC organism which 119 

had undergone the same diagenetic history as the Nummulites. Under the microscope, the 120 

specimen showed no evidence of infilling or overgrowths. A sample of Nummulites cf. fabianii, 121 

from a poorly consolidated debris flow limestone and showing clear signs of infilling and 122 

recrystallisation, was analysed for comparison.  123 

Seeb formation, Oman: The Seeb formation of Oman is a middle Eocene limestone formed in a 124 

carbonate ramp setting, and contains abundant Nummulites ex. gr. perforatus and N. ex. gr. 125 

gizehensis (Racey, 1994, 1995; Beavington-Penney et al., 2006). The Nummulites tests show 126 

generally poor to average preservation within a limestone, with some calcite infilling chambers, 127 

but are not thought to have been deeply buried (Beavington-Penney et al., 2006). The specimens 128 

used in the analysis were approximately 2 cm in diameter, therefore several samples taken on 129 

different parts of the test (both inner and outer whorls) were used for XRD, whereas a single 130 

specimen showing no obvious infilling in the equatorial chambers was crushed and homogenised 131 

for FTIR. LA-ICPMS analysis was performed on the marginal cord of a sectioned specimen. 132 
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Alum Bay, UK: The lower most sediments of the Barton beds at Alum Bay on the Isle of Wight 133 

are located around the Lutetian- Bartonian transition (Cotton et al. 2020) and contain abundant 134 

Nummulites prestwichianus. Individuals occur in large numbers within a glauconitic clay, and 135 

often have a glassy surface to the test. Some specimens show evidence of infilling by pyrite, 136 

these were avoided in the study. Several specimens were combined to generate enough calcite 137 

for the XRD and FTIR analysis, LA-ICPMS analysis were performed on the marginal cord of 138 

sectioned specimens embedded in epoxy resin. 139 

Bracklesham Group, UK: The Bracklesham beds are middle Eocene in age and contain abundant 140 

Nummulites laevigatus. The Nummulites at this locality are preserved in situ in glauconitic muds 141 

and are thought to be among the best preserved Nummulites in Europe (Curry et al. 1977; Purton 142 

and Brasier 1999). Specimens from beds E7 and E8 at this locality have been shown to preserve 143 

seasonal variation in stable isotopes (see Purton and Brasier 1999). Purton (1997) considered the 144 

preservation excellent with no secondary calcite evident in SEM and cathodoluminescence 145 

studies. The XRD and FTIR analysis was carried out on two specimens that, as typical of the 146 

locality, contained no infilling calcite. As for the Alum Bay samples, LA-ICPMS analyses were 147 

performed on the marginal cord of sectioned samples embedded in epoxy. 148 

 149 

Modern Specimens 150 

Operculina ammonoides, the nearest living relative of the Paleogene Nummulites, were hand-151 

sampled from the Great Barrier Reef (GBR; 19.73°S, 150.22°E) from a water depth of 74 m 152 

(Renema et al. 2013; Evans et al. 2013). For LA-ICPMS analysis, multiple foraminifera were 153 

embedded in resin and ground down to expose the marginal cord. 154 
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Cycloclypeus carpenteri, a modern nummulitid, were collected from 77 m water depth offshore 155 

Ishigaki Island (Japan) by J. Hohenegger (University of Vienna). The two XRD spectra of this 156 

specimen were collected from a crushed specimens.  157 

  158 

Analytical Techniques 159 

X-Ray Diffraction 160 

X-ray diffraction is a widely utilised crystallographic method of determining mineralogical 161 

composition via lattice spacing. Within calcite, magnesium substitution decreases the lattice 162 

spacing in the calcite crystal, which is measured by X-ray diffraction. Five curves relating the 163 

shift of lattice spacing to mole% MgCO3 have been proposed. Milliman (1974) suggests that the 164 

graph of Goldsmith et al. (1961) is the most accurate. Matching the XRD data against this curve 165 

gives an approximate Mg content of the lattice to within 0.5 mole%. Where necessary any shift 166 

in the internal standard peak Zas used to calculate a correction factor for dș Yalues.  167 

For X-ray diffraction analysis all samples were analysed using a PW1710 Philips automated 168 

powder diffractometer (using a copper tube) run at 35kV 40 mA at Cardiff University, U.K. 169 

Tests of specimens were washed in DI water to removed matrix, dried at room temperature or 170 

within a low temperature oven (~30०), were crushed to a fine powder, mixed with KCl as an 171 

internal standard and acetone added to form a paste. The paste was then pipetted and spread on a 172 

glass slide. An internal standard is required as the exact location of the diffraction peak on the 173 

recorder tracing depends on the thickness of paste and alignment of the X-ray generator, the 174 

exact lattice spacing of the standard is known and can be used to correct any shift in the trace. 175 

 176 
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Fourier transform infra-red spectronomy 177 

Fourier transform infra-red spectra were collected using a Bruker Platinum ATR infrared 178 

spectrometer fitted with a TGS detector at Goethe University Frankfurt. Measurements were 179 

performed at 1.4 cm-1 resolution with 32 scans. A baseline measurement was performed before 180 

every sample. Before analysis, foraminifera shells were crushed using an agate pestle and mortar 181 

into a fine powder. Where individual tests did not provide enough powder, two or three from the 182 

same bed and of the same species were combined.  183 

Laser Ablation-ICP-MS 184 

We analysed the element/Ca ratio of four common proxies in foraminiferal calcite (B, Mg, Sr, 185 

Ba), two suggested proxies yet to be widely utilised (Zn, U; Marchitto et al. 2000; Russell et al. 186 

2004), and five element/Ca ratios that have been used as diagenetic indicators (Al, Mn, Y, and 187 

two Rare Earth Elements (REE) - La and Ce, e.g. Pena et al. 2005; Creech et al. 2010) in both 188 

Recent O. ammonoides and five fossil samples spanning the range of preservation states as 189 

described above (Table 1). Foraminifera were analysed using the RESOlution M-50 193 nm ArF 190 

laser ablation system connected to an Agilent 7500ce quadrupole mass spectrometer at Royal 191 

Holloway University of London (Müller et al. 2009). Prior to analysis, samples were cleaned 192 

through multiple ultrasonication steps in 18.2 Mȍ deionised Zater, folloZed b\ a final step in 193 

methanol. In addition, recent samples were first placed in 10% NaOCl until any remnant organic 194 

material was oxidised. The analytical procedure and data quality for the analysis of large benthic 195 

foraminifera are described at length in Evans et al. (2013; 2015). Briefly, measurements of the 196 

marginal cord were performed with a 44 µm laser spot size and a fluence of 3 J/cm2. Most 197 

specimens were analysed non-destructively via slow depth-profiling of the marginal cord of 198 
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whole specimens mounted upright in the ablation cell, with a laser repetition rate of 2 Hz. In a 199 

smaller number of cases the entire marginal cord was analysed by tracking the laser around 200 

sectioned specimens at a scan speed of 1 mm/min and a repetition rate of 10 Hz. In both cases, 201 

the data presented here are derived from the average of multiple analyses on at least 5-10 202 

specimens. LA-ICPMS data quality is discussed in detail in (Evans and Müller 2018), briefly, the 203 

accuracy and precision of Mg/Ca measurements in carbonates is <3%, and <5% for all other 204 

trace elements discussed here with the exception of 138Ba (precision ~10%) and 238U, for which 205 

precision is strongly dependent on concentration in samples such as these with very low U/Ca 206 

ratios. 207 

  208 

RESULTS 209 

Mineralogy 210 

Modern samples 211 

Both samples of C. carpenteri had 2ș Yalues of 29.8 for the calcite peak, Zith the KCl haYing an 212 

e[act match Zith its listed peak (2ș=28.3; d=3.15Å).  Using the curve of Goldsmith et al. (1961) 213 

a 2ș value of 29.8 corresponds to 12.8 mole% MgCO3, clearly indicating a HMC composition in 214 

the modern specimens. The high-Mg calcite nature of the Recent nummulitids is confirmed by 215 

the LA-ICPMS Mg/Ca data. O. ammonoides from the GBR are characterised by a mean Mg/Ca 216 

ratio of 141.5±2.2 mmol/mol (2SE population variance), equivalent to a MgCO3 proportion of 217 

12.4 mole%, in excellent agreement with the XRD result. More broadly, the analysis of both 218 

Operculina and Heterostegina from seven globally-distributed sites conforms to this (Evans et 219 

al. 2013), with reported Mg/Ca ratios between 137-155 mmol/mol (12.0-13.4 mole%). Together, 220 
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these results unambiguously demonstrate that the extant nummulitid foraminifera are composed 221 

of HMC. 222 

The FTIR spectra of the GBR O. ammonoides sample is characteristic of calcite, with carbonate 223 

vibrations at 1084 cm-1 (ȣ1; CO3 symmetric stretch), 872 cm-1 (ȣ2; out-of-plane bend), 1404 cm-1 224 

(ȣ3; antisymmetric stretch), and 719 cm-1 (ȣ4; in-plane bend). Note that the precise location of 225 

these peaks is dependent on the composition of the calcite (Long et al. 2012). The utility of FTIR 226 

to identify the Mg concentration is discussed in detail below. 227 

  228 

Fossil samples 229 

The well-preserved Tanzanian Nummulites samples from clay sediments and the echinoid 230 

fragment from the same location are all characterised b\ 2ș Yalues of 29.6, Zhich corresponds to 231 

6 mole% MgCO3. The Bracklesham specimen also gaYe a 2ș Yalue of 29.6 and 6 mole% MgCO3 232 

and the N. prestwichianus from Alum Bay 29.6 corresponding to 6 mole% MgCO3. These results 233 

are confirmed by the LA-ICPMS data, which yielded Mg/Ca ratios of Eocene Nummulites 234 

between 60.9-89.8 mmol/mol for the three well-preserved samples investigated from the UK and 235 

Tanzania (summarised in Fig. 2). This is equivalent to MgCO3 proportions of 5.7-8.2 mole%, 236 

which is slightly higher on average than the XRD results, explicable by the fact that LA-ICPMS 237 

is both more precise and accurate in terms of the ability of these techniques to identify small 238 

differences in Mg concentration (Table 1). These values fall between the ranges for LMC and 239 

HMC, which means these samples have an intermediate composition. 240 

In contrast, LBF samples that were deemed to be poorly-preserved on the basis of light 241 

microscopy (see Fig. 1) are characterised by much lower and more variable Mg concentrations. 242 
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The XRD anal\sis of the Seeb specimen gaYe 2ș Yalues of 29.3 from the outer part of the test 243 

indicating that the mole percent MgCO3 is below the limit of detection by this technique, 244 

therefore it is low magnesium calcite. LA-ICPMS analysis enables the precise Mg concentration 245 

to be determined, demonstrating that the sample is in fact characterised by a Mg/Ca ratio of 11 246 

mmol/mol, equivalent to 1.1 mole%. In contrast, a sample of the inner Zhorl had a 2ș Yalue of 247 

29.6 indicating 6 mole% MgCO3 and an intermediate composition. Similarly, LA-ICPMS data of 248 

specimens from one of the less well-preserved Tanzania beds yielded a Mg/Ca ratio of 35 249 

mmol/mol (3.4 mole%), therefore also falling within the LMC field. 250 

Like the modern sample, the FTIR spectra of the fossil samples are characteristic of calcite. 251 

Focusing on the ȣ4 peak (in-plane bend), because it has been previously shown to be a useful 252 

indicator of mineralogy (Dauphin 1999), we find that the visually well-preserved fossil material 253 

has a ȣ4 peak centre at 712-714 cm-1, i.e. shifted to lower values by ~6 wavenumbers compared 254 

to the Recent O. ammonoides sample. Furthermore, the visually poorly-preserved samples that 255 

were determined to be LMC on the basis of XRD and LA-ICPMS analysis are characterised by a 256 

narroZer ȣ4 full width at half maximum (FWHM), i.e. the peak width at half peak height (Table 257 

1). The modern samples and well-preserved fossil material have FWHM values between 11.7-258 

13.2 cm-1, whereas those from Oman and the LMC sample from Tanzania are ~35% narrower 259 

(FWHM of 7.7 and 8.4 cm-1 respectively, see Fig. 4). 260 

 261 

Trace Element Composition of Modern and Fossil Nummulitid Foraminifera 262 

Trace element data for both modern O. ammonoides (from Evans et al. 2013) and fossil 263 

Nummulites are summarised in Table 1. Here, we use the sample set to assess the role of these 264 
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trace elements in identifying diagenesis, and the effect of diagenesis on proxy trace element 265 

systems (B, Mg, etc.). For discussion of the proxies themselves, see e.g. Katz et al. (2010), Lea 266 

(2013), Evans et al. (2015), and van Dijk et al. (2017). The relatively high-concentration proxy 267 

trace elements (B, Sr) are present at lower concentrations in all of the fossil samples than in 268 

modern material, with the lowest concentrations in the LMC fossil material (that from Oman and 269 

the limestones of Tanzania), indicating diagenetic loss. The low-concentration proxy trace 270 

elements (Ba, U, Zn) are characterised by a much greater degree of variability, with values in 271 

fossil material both higher and lower than modern O. ammonoides (Table 2). In general, the 272 

fossil samples with an intermediate-Mg calcite composition have a composition similar to the 273 

modern samples, whereas the composition of the LMC fossil samples is much more variable and 274 

sometimes falls well outside the range of the modern material. Similarly, the trace elements often 275 

used as indicators of diagenesis (e.g. Sr, Mn, Fe and REE)  are present at very variable 276 

concentrations, although most fossil samples are characterised by concentrations that exceed that 277 

of the pristine modern material. The exception is the LMC sample from Oman, which has the 278 

lowest Al/Ca ratio of any sample analysed, indicating a very low degree of clay mineral 279 

contamination, and Mn, Y, La, and Ce/Ca ratios within the range of the modern samples. 280 

 281 

DISCUSSION 282 

Mineralogy 283 

The modern specimens of Cycloclypeus carpenteri and Operculina ammonoides from all 284 

methods show clear HMC values, whilst the mole% MgCO3 for well-preserved fossil material 285 

consistently falls within the intermediate range. At face value, this would imply that even 286 
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exceptionally well-preserved fossil specimens are on a diagenetic trend from HMC to LMC. 287 

However, there is another factor that can control the primary Mg/Ca ratio of foraminiferal calcite 288 

which must be considered. There is now abundant evidence from multiple independent archives 289 

that the ratio of Mg to Ca in seawater has undergone large shifts over geological time (Stanley 290 

and Hardie 1998; Horita et al. 2002; Coggon et al. 2010; Evans et al. 2018). In addition, it is 291 

well-known that the composition of both inorganic and biogenic carbonate minerals are sensitive 292 

to such changes, from experiments where minerals or organisms have been experimentally 293 

grown in the laboratory in seawater with a non-natural composition (Mucci and Morse 1983; 294 

Segev and Erez 2006; Evans et al. 2015). Specifically, reducing the Mg/Ca ratio of seawater also 295 

results in a lower calcite Mg/Ca in foraminifera (Evans et al. 2015). Because the seawater Mg/Ca 296 

ratio has increased by a factor of 2-3 over the Cenozoic (e.g. Coggon et al. 2010), one of the 297 

main reasons that the Paleogene fossils have an intermediate mole% Mg composition whereas 298 

their extant relatives are HMC is because of the changes in seawater chemistry over the 299 

Cenozoic. For example, when live-collected O. ammonoides are cultured in seawater with a 300 

Mg/Ca ratio modified to reflect that of the Palegeone reconstructions, the newly grown chambers 301 

have an intermediate mole% Mg composition (Evans et al. 2015). 302 

The Tanzania echinoid test fragment has a composition of 6 mole% MgCO3 ± the same value as 303 

the well-preserved Nummulites from this sample. This suggests that both the Nummulites and 304 

echinoid tests were originally of an intermediate composition. Echinoderm magnesium content in 305 

modern specimens has been shown to be variable, both across species, within individual 306 

skeletons and across latitudes (e.g. Chave 1954; Raupe 1966; Andersson et al. 2008; Smith et al. 307 

2016) and that it also may be directly affected by changing ocean chemistry and saturation state 308 
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in modern oceans (Andersson et al. 2008; Hermans et al. 2010) and through geological time 309 

(Smith et al. 2016). Smith et al. (2016) analysed 643 modern specimens across multiple taxa, 310 

skeletal parts, and life stages, to determine an average composition of  8.9 +/- 3.7mole% MgCO3 311 

which means that the Eocene Tanzanian test is within error of the modern mean. Given the 312 

exceptional preservation of the Tanzanian site (Bown et al. 2008), it is extremely likely that this 313 

is therefore indicative of an original intermediate value.  314 

The specimens from the limestone beds of Tanzania and Oman are both LMC (Table 1, 315 

Fig. 2). The preservation within the limestones is poor, with specimens having been infilled, and 316 

no preservation of aragonitic material (Fig. 1). This type of preservation would therefore be very 317 

unlikely to preserve intermediate or HMC mineralogy. In addition, the staining of the same 318 

limestone with alzarin red and potassium ferricyanide clearly shows that the Nummulites are 319 

preserved as ferroan calcite. As iron tends to replace the magnesium in HMC during the 320 

transformation to LMC (Richter and Füchtbauer 1978), these tests therefore originally had a 321 

higher magnesium composition and were not LMC prior to diagenesis.  322 

The combined evidence from modern and ancient specimens, coupled with the 323 

comparison of echinoid test and between differing taphonomic regimes demonstrates an 324 

intermediate original mineralogy in well-preserved Paleogene nummulitids and HMC in present 325 

nummulitid foraminifera. That is, although the Paleogene nummulitids were characterised by 326 

lower primary shell Mg/Ca ratios, the difference is driven by changes in the seawater Mg/Ca 327 

ratio over the Cenozoic. In contrast, low-Mg fossil nummulitid foraminifera have undergone 328 

diagenetic loss of Mg. 329 

 330 
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Identification of diagenesis using FTIR spectroscopy 331 

Given that we demonstrate that both modern and well-preserved fossil nummulitids are 332 

composed of intermediate to HMC, it follows that identification of the composition of fossil 333 

material might be useful to assess whether diagenesis has taken place in shallow carbonate 334 

sections, as the presence nummulitid foraminifera would mean that some recrystallisation has 335 

taken place. In many cases poorly preserved material can be readily identified in hand specimen 336 

or via light microscopy (Fig. 1), however this is not always the case. Especially when 337 

recrystallisation takes place on the length scale of the shell microstructure, material can appear 338 

visually well-preserved yet still have undergone recrytsallisation to low-Mg calcite. For this 339 

reason, it is desirable to identify techniques that can be used to quantitatively assess visually 340 

well-preserved material. 341 

 LA-ICPMS is a highly precise technique but is relatively time consuming and not readily 342 

available to all researchers. XRD is more widely available, but is imprecise in terms of 343 

identifying MgCO3 below ~6 mole%, which is close to the threshold between recrystallised 344 

samples and well-preserved Paleogene material that has a naturally lower Mg/Ca ratio due to the 345 

differences in seawater chemistry at that time. As an alternative, we explored whether FTIR 346 

spectroscopy could be employed as an extremely fast (~2 minute) method of assessing or 347 

screening fossil material. 348 

It is well-known that the precise location of the peaks resulting from the spectroscopic analysis 349 

of materials may depend on the composition of the material analysed. For example, whilst the 350 

FTIR spectra of pure calcite and dolomite are similar, the position of the CO3 vibrations differ 351 

(Huang and Kerr 1960). Dauphin (1999) explored the relationship between mole% MgCO3 and 352 
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the position of the ȣ4 (in-plane carbonate bend) in detail. Like Dauphin (1999), we find that the 353 

ȣ4 peak position is positively correlated with the Mg concentration of the sample (Fig. 3), 354 

however the relatively large residuals to the best fit linear regression mean that the precision of 355 

this relationship is not likely to be useful for the identification of the degree of recrystallisation 356 

or Mg concentration b\ itself. For e[ample, the Alum Ba\ sample has a ȣ4 peak position just 357 

~0.5 wavenumbers higher than the poorly preserved sample from Oman, which is close to the 358 

resolution of the technique. However, the FTIR peak fitting procedure (Fig. 4A,B) demonstrates 359 

that well-preserved and recrystallised samples can be distinguished from one-another by using 360 

both the peak centre as Zell as the peak Zidth. As Zell as a ȣ4 peak centered at lower 361 

wavenumbers, the recr\stallised samples haYe narroZer ȣ4 peaks, discussed in terms of the full 362 

width at half maximum (FWHM) from hereon, i.e. the peak width at the position of half the peak 363 

height (Table 2). In general, the mechanistic reason for this is that narrower peaks result from a 364 

more homogeneous material or more ordered material, for example as Ca-O and Mg-O have 365 

differing bond distances, calcite with a greater MgCO3 proportion also has a greater bulk 366 

heterogeneity in the CO3 vibration modes. 367 

Regressing the ȣ4 FWHM against peak position (Fig. 4D) demonstrates how the two pieces of 368 

information can be used together to identify intermediate or HMC that has undergone diagenetic 369 

recrystallisation. Well-preserved samples are distinct from visually poorly-preserved material in 370 

that the\ are characterised b\ a ȣ4 peak width ~4 wavenumbers narrower than the well-preserved 371 

material in all cases, as expected for a more homogeneous material. In contrast, the well-372 

preserYed fossil and modern material haYe similar ȣ4 FWHM, but a Zider range in the ȣ4 peak 373 

position, which may therefore help to distinguish mole% Mg at higher percentages. Therefore, 374 
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recrystallised samples may be readily identified using this technique as they are distinct in terms 375 

of their ȣ4 peak characteristics, specifically, being characterised by a narrow peak at ~712 cm-1 376 

rather than a wider peak at 712-720 cm-1. We stress that measured FWHM is somewhat 377 

dependent on the spectral resolution of the instrument being used, such that the absolute values 378 

should be determined for well-preserved and recrystallised material on a given system before this 379 

technique is employed. Nonetheless, the method offers a fast, simple method of detecting 380 

diagenesis in intermediate/high magnesium calcite, without the need for complex sample 381 

preparation in a clean environment beyond standard laboratory good practice. 382 

 383 

On the use of trace element data to determine sample preservation 384 

Trace element proxies in foraminiferal calcite have been widely applied over a range of 385 

timescales to reconstruct the environmental conditions during the life of the organism. The most-386 

widely utilised example being the application of the empirical relationship between the Mg/Ca 387 

ratio and temperature, which forms the basis of a large portion of our knowledge of ocean 388 

temperatures in the past (e.g. Nürnberg et al. 1996; Rosenthal et al. 1997). The fidelity of these 389 

proxies as analysed in fossil material depends on such archives maintaining their original 390 

composition over geological time. However, processes such as dissolution (Fehrenbacher and 391 

Martin 2014), the precipitation of secondary inorganic overgrowths (Pena 2005), recrystallisation 392 

(Evans et al. 2015), and contamination by (e.g.) clay minerals mean that this is not always the 393 

case. As such, an essential part of utilising the geochemistry of fossil foraminifera as 394 

palaeoclimate archives is understanding the extent to which these faithfully record their primary 395 

composition (Pearson et al. 2001). 396 
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With the advent of inductively coupled plasma techniques facilitating the simultaneous 397 

collection of a large number of major and trace elements, carbonate preservation is frequently 398 

assessed b\ the establishment of geochemical µfingerprints¶ of the diagenetic endmembers 399 

described above. For example, secondary overgrowths are typically enriched in manganese 400 

relative to foraminiferal carbonate (Pena et al. 2005), such that Mn/Ca ratios can be used to 401 

assess this aspect of diagenesis whilst simultaneously collecting the proxy trace element data of 402 

interest. Likewise, Al, or Fe/Ca ratios can be indicative of clay mineral (aluminosilicate) 403 

contamination, Sr is typically lost during dissolution (Stoll et al. 1999), and recrystallised 404 

foraminifera typically have increased rare earth element (REE) concentrations (Evans et al. 405 

2015). Here, we revisit the utility of these preservational indicators because 1) we deliberately 406 

analysed foraminifera from a wide range of preservational states which means that the efficacy 407 

of these indicators can be tested, and 2) the HMC original mineralogy of the Nummulites, which 408 

recrystallises to LMC during diagenesis, means that unlike the low-Mg species, we can 409 

independently assess recrystallisation and examine diagenetic indicators within this context. 410 

To assess geochemical preservation, we compare our data to modern O. ammonoides for two 411 

reasons. Firstly, these samples cannot be diagenetically altered and therefore provide a pristine 412 

endmember to which the fossil material can be compared. Secondly, it is probable that all 413 

biologically-precipitated calcites are geochemically fractionated compared to inorganic calcite, 414 

either because the organism modifies the chemistry at the site of calcification, or because the 415 

higher precipitation rate of biological precipitation results in more extreme kinetic fractionations 416 

(Bentov and Erez 2006; Dellinger et al., 2018). Within the benthic foraminifera in general, the 417 

high-Mg nummulitids nonetheless have a composition relatively close to inorganic calcite 418 
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(Evans et al. 2015), implying a relatively low degree of biological fractionation. In addition, 419 

fossil Operculina and Nummulites have a major/trace element composition that is identical 420 

within uncertainty where they occur together in the same bed (Evans et al. 2013) and likewise, 421 

no offsets have been observed between different species of the modern nummulitid foraminifera 422 

(O. ammonoides, O. complanata, Heterostegina depressa), see Evans et al. (2015). Given the 423 

above, we assess geochemical differences between the fossil samples by comparing the fossil 424 

analyses to pristine modern material. Specifically, we calculate ratios for each element as RX = 425 

(X/Cafossil)/(X/CaOperculina), where X is the element of interest, relative to Ca as is convention 426 

when reporting carbonate trace element data, and X/CaOperculina is the average value for modern 427 

O. ammonoides. Operculina ammonoides is used here as the modern nummulitid representative 428 

because trace element data are available from multiple globally-spaced samples from Evans et al. 429 

(2013), which means that our analysis is not biased by considering modern foraminifera from 430 

only one location. Within this framework, an RX value <1 would imply either diagenetic loss of 431 

that element from the foraminifer shell, or that the element was originally incorporated into the 432 

calcite to a lesser extent, which could be related to a multitude of environmental or biological 433 

factors (see e.g. Rosenthal et al. 1997; Russell et al. 2004; Evans et al. 2015; van Dijk et al. 434 

2017). 435 

In Figure 5, the elements are ordered from left to right first by their use as proxies (B, Mg, Zn, 436 

Sr, Ba, U on the left, diagenetic indicators on the right), and then within those groups, by the 437 

approximate ease with which the concentration of these elements can be altered away from 438 

primary values. For example, boron in foraminiferal calcite is thought to be relatively resistant to 439 

diagenesis (Edgar et al. 2015), whereas U and Zn are low concentration trace elements, such that 440 
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even a small degree of diagenetic alteration can shift measured values in calcite away from that 441 

of pristine foraminifera. Al is positioned first in the sequence of diagenesis indicators because in 442 

most cases the clay removal cleaning step should result in very little clay contamination, 443 

followed by Mn, Y and the REE in order of their approximate concentration in pristine 444 

foraminiferal calcite (i.e. foraminiferal Ce concentrations are more likely to be altered compared 445 

to Y, because Ce is present at a loZer concentration). We term this figure the µcarbonate 446 

preserYagram¶, and suggest that it could be routinel\ used to enable a more comprehensiYe 447 

overview of the degree and style of diagenetic alteration for the reasons outlined below. 448 

The aim of this exercise (Fig. 5) is to identify the manifestation of patterns of trace element 449 

preservation under different preservational states and to identify possible instances for which 450 

diagenesis proxies may not be reliable indicators of recrystallisation. However, care should be 451 

taken in interpreting the details of this diagram because environmental changes will also have 452 

imparted a control on the primary composition of these carbonates. For example, changes in 453 

seawater chemistry and temperature result in lower Eocene nummulitid Mg/Ca ratios compared 454 

to modern, such that the lower Mg/Ca ratios of the well-preserved fossil data do not necessarily 455 

imply diagenetic alteration. For example, the Eocene seawater Mg/Ca ratio was ~2.5 times lower 456 

than at present, whereas the seawater B/Ca ratio was 20% lower (Lemarchand et al. 2002; Evans 457 

et al. 2018). Indeed, all three of the well-preserved samples (Tanzania, Barton, Bracklesham) are 458 

characterised by lower B/Ca, Mg/Ca and Sr/Ca ratios than modern O. ammonoides which can be 459 

related to these independent reconstructions of changes in seawater chemistry (i.e. a lower pH, 460 

lower boron, and higher calcium concentration in the Eocene compared to today, see Stanley and 461 

Hardie 1998; Lemarchand et al. 2002; Anagnostou et al. 2016), and we examine the data in this 462 
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context. Aside from the proxy trace elements already discussed, the U/Ca ratios of the well-463 

preserved fossil samples fall within the range of the modern O. ammonoides (Fig. 5), whereas 464 

Zn/Ca is more highly variable, implying that these samples may retain their primary U 465 

concentrations, but this is not always the case for Zn even in exceptional material. The 466 

diagenesis indicators show a general upward trend from Al and Mn to the REE, which suggests 467 

that even in these samples minor diagenetic processes, likely minor secondary mineral 468 

precipitation, have resulted in elevated concentrations. Crucially though, there is no evidence 469 

that these minor phases have impacted the proxy trace elements of interest. 470 

The two poorly preserved samples, from the late Eocene of Tanzania and Oman, both show 471 

diagenetic loss of the higher concentration proxy trace elements (B, Mg, Sr), by analogy to both 472 

the modern and well-preserved Paleogene material. The late Eocene sample from Tanzania has 473 

Al and Mn/Ca ratios comparable to the well-preserved material, but shows clear diagenetic gain 474 

of Y and the REE, and U, with Ce/Ca almost 100 times higher than in modern O. ammonoides. 475 

Together with the diagenetic loss of Mg, Figure 5 shows how a suite of elements can be used to 476 

identif\ this sample as poorl\ preserYed despite the fact that the µtraditional¶ indicators of 477 

diagenesis (Al, Mn), would not cause this sample to be screened out. The sample from Oman 478 

clearly underwent a distinct diagenetic history, with virtually all of the diagenesis proxies present 479 

at similar, or even lower, concentrations than the pristine modern material, with only U 480 

significantly elevated in this material compared to the well-preserved fossil samples. In fact, the 481 

poor preservation of this material is best evidenced by the proxy trace elements, all present at 482 

levels 5-10 times lower than the modern samples, and at least 2 times lower than the well-483 

preserved fossil material. In practical terms, this assessment is also clearly backed up by the 484 
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visually recrystallised and partially infilled nature of this material, as well as the FTIR analysis 485 

presented in Sec. 4.2. 486 

Overall, this exercise demonstrates that no single trace element system, and moreover, no 487 

combination of diagenesis proxies can unambiguously identify significant diagenetic alteration in 488 

all cases. Indeed, the worst-preserved material studied here (from Oman), is the only fossil 489 

sample to have almost all measured trace element diagenesis indicators at or below the range of 490 

pristine modern material (Al, Mn, Y, the REE). Clearly, trace element data alone are not a 491 

complete substitute for other techniques such as SEM imaging (e.g. Pearson et al. 2001) or 492 

spectral techniques. However, we suggest that carbonate preservagrams (Fig. 5) could be used to 493 

identify patterns of diagenesis, or to aid in the identification of samples which are not well-494 

preserved by analogy to the nearest living relative or approximately coeval fossil material known 495 

to be well-preserved on the basis of alternative techniques. Many laboratories routinely analyse 496 

the REE and U as well as Al and Mn, such that presenting the data in this way would strengthen 497 

the interpretation regarding preservation, or enable poorly preserved samples to be screened out 498 

on the basis of a suite of trace elements rather than single diagenetic indicators such as Al or Mn 499 

which are informative only in certain settings (Fig. 5). 500 

 501 

CONCLUSIONS 502 

All chemical analyses carried out to determine nummulitid mineralogy clearly show modern 503 

relatives of Nummulites have a HMC composition and exceptionally preserved Eocene fossil 504 

material to be of intermediate Mg content. Given data from culturing experiments which show 505 

that mole% Mg in these, and indeed all foraminifera, is strongly influenced by the seawater 506 
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Mg/Ca ratio. Coupled with our knowledge of Paleogene ocean chemistry, this strongly suggests 507 

Nummulites and nummulitids were of an intermediate MgCO3 composition during the Eocene as 508 

a result of the lower seawater Mg/Ca ratio at the time, compared to the modern HMC relatives. 509 

This is additionally supported by the Mg concentration of the echinoderm test fragment which is 510 

at the lower end of modern values.  This confirmation of the composition of nummulitid tests 511 

allows for a more accurate assessment of material used for isotopic and geochemical studies, a 512 

field in which they are increasingly being used.  513 

 We have additionally shown that FTIR spectroscopy may offer a relatively quick, easy 514 

and inexpensive method of assessing preservation in specimens, although it is system dependent 515 

and thus a calibration for the individual set-up is required before analysis is carried out. Lastly, 516 

we highlight that LA-ICPMS trace element data of variably preserved samples is complex, with 517 

poorly preserved material from Oman having similar levels of some trace elements as modern 518 

specimens, and therefore advocate for suites of elements and comparison to closest modern 519 

relatives to be used rather than relying on singly diagenetic indicators. Carbonate preservagrams, 520 

in this way, could therefore aid in diagenetic assessment.  521 
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 752 

FIGURE CAPTIONS 753 

 754 

FIG. 1. ² Examples of fossil Nummulites included in the study. A) Well-preserved specimen of 755 

reticulate Nummulites from Tanzania (~1.25 mm diameter). B) specimen of Nummulites from the 756 

Seeb formation, Oman (~15 mm diameter). C) Nummulites prestwichianus from Alum Bay, UK 757 
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(~1.5 mm diameter). D) Nummulites c.f. fichteli from Tanzania in equatorial section showing 758 

excellent preservation (scale bar 0.5 mm). E) Nummulites c.f. fabianii from Tanzania in 759 

equatorial section showing poor preservation (scale bar 0.5 mm). F) Scanning electron 760 

microscope image of modern Cycloclypeus (scale bar 0.2 mm). G) Scanning electron microscope 761 

image of Nummulites laevigatus from the Bracklesham group, U.K (scale bar 0.5 mm). H) Group 762 

of average to poorly preserved reticulate Nummulites from Tanzania (~ 1- 4 mm diameter). I) 763 

Petrological thin section of Seeb formation.  764 

 765 

FIG. 2. ² Overview of the composition of fossil and Recent nummulitid foraminifera (see Table 766 

1). The approximate boundaries between low-Mg, intermediate, and high-Mg calcite are given 767 

by horizontal dashed lines. GBR ± Great Barrier Reef. 768 

 769 

FIG. 3. ² Utilit\ of the ȣ4 FTIR peak centre (CO3 in-plane bend) to constrain the Mg 770 

concentration of calcite. Data from Dauphin (1999) - coralline algae, brachiopods, sea urchins 771 

and speleothem calcite - are shown in comparison to nummulitid samples from this study. 772 

 773 

FIG. 4. ² Overview of FTIR results and peak fitting exercise. A) Representative FTIR spectra of 774 

exceptionally-preserved nummulitid calcite (earliest Oligocene of Tanzania). B) Expanded view 775 

of the ȣ4 peak (CO3 in-plane bend, see box in panel A), showing the peak-fitting strategy. A two-776 

peak fit Zas used because the ȣ4 peak is asymmetric, the peak located on the higher wavenumber 777 

side was used for analysis. C) ȣ4 region of all samples (see Table 1). Those with dashed lines are 778 

samples that were deemed poorly preserved on the basis of light microscopy. D) Comparison of 779 

the ȣ4 peak centre and full width at half maximum (FWHM) for all samples, based on the fitting 780 
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procedure shown in panel B. Symbol colour is shown as a function of the LA-ICPMS derived 781 

shell Mg/Ca ratio. 782 

783 

FIG. 5. ² Trace and major element data of variously-preserved Eocene Nummulites. 784 

Concentrations are plotted as a ratio to the average value of the nearest living relatives, see text 785 

for details. The grey shaded region shows the natural range of modern samples from several 786 

globally-distributed sites (see Evans et al. 2015). In this context, a value of 10 would imply an 787 

element/Ca ratio 10 times higher in the fossil material than in the modern samples, whereas a 788 

value of 0.1 would imply a ratio 10 times lower. Offsets from a value of 1 could either be due to 789 

diagenetic alteration or changes in the original composition of the shell, for example as a result 790 

of a different seawater chemistry when the organism was alive compared to today. The aim of 791 

the diagram is to assess diagenesis across a suite of both proxy elements (B, Mg, Sr, Ba, U, Zn) 792 

and those commonly used as an indication of preservation (Al, Mn, Y, the REE), in order to gain 793 

a broader understanding of how different diagenetic settings impact the overall geochemistry of 794 

foraminifera. Proxy trace/major elements are very approximately placed in order of increasing 795 

susceptibility to diagenesis, followed by Al (an indication of clay mineral contamination), and 796 

then diagenetic indicators in approximate order of decreasing concentration in foraminiferal 797 

calcite. Note that data are connected by lines to aid readability, but this does not necessarily 798 

imply that adjacent trace element systems are closely linked in terms of their response to 799 

diagenetic processes. 800 

801 
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TABLE 1. ² Modern and fossil shell chemistry and selected FTIR data with utility for the 802 

identification of calcite composition (the ȣ4 in-plane bend peak position and full width at half 803 

maximum (FWHM)) 804 

805 

TABLE 2 ² Modern and fossil shell trace element. All values are given as element/Ca ratios in 806 

µmol/mol, with the exception of Sr/Ca which is in mmol/mol. The modern Operculina 807 

ammonides data represents the average value of five globally-spaced samples reported in (Evans 808 

et al., 2013). See Table 1 for Mg/Ca data. 809 
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Locality Taxa Age Visual 
preservation 

LA-ICPMS 
Mg/Ca 
(mmol/mol�) 

XRD 
Mg/Ca 
(mol%) 

ȣ4 
position 
(cm-1) 

ȣ4 
FWHM 
(cm-1) 

GBR 
Australia 

Operculina 
ammonoides 

Modern N/A 141.5 (12.4) - 719.0Á 12.1 

Japan Cycloclypeus 
carpenteri 

Modern N/A - 12.8 - - 

Tanzania Nummulites 
ssp 

EOT 
(earliest 
Oligocene
) 

Exceptional 89.8 (8.2) 6.0 713.5 12.3 

Tanzania Echinoid 
fragment 

EOT Exceptional - 6.0 713.0 13.2 

Bracklesham/ 
Whitecliff 
Bay 

Nummulites 
laevigatus 

Middle 
Eocene 

Exceptional 78.5 (7.28) 6.0 714.2 13.1 

Alum bay 
(Barton Fm) 

Nummulites 
prestwichianu
s 

Bartonian Exceptional 60.9 (5.7) 6.0 712.5 11.7 

Tanzania Nummulites 
ssp 

EOT 
(latest 
Eocene) 

Poor/average 35.0 (3.4) 0 712.1 8.4 

Oman Nummulites Eocene Poor/average 11.0 (1.09) 0 712.0 7.7 

�mol% given in parentheses 
ÁThis sample has a pronoXnced split ȣ4 peak (the other is located at 708.1 cm-1, see Fig. 4C) 

TaEOH 1



Sample B/Ca Al/Ca Mn/Ca Zn/Ca Sr/Ca Y/Ca Ba/Ca La/Ca Ce/Ca U/Ca 
Modern 
Operculin
a 

354 118 18.1 5.4 2.40 0.53 2.79 0.13 0.21 0.06 

Olig. 
Tanzania 

262 260 56.4 5.2 2.06 3.4 4.06 1.7 5.6 0.13 

Alum Bay 161 n.d. 127.5 2.8 1.85 5.6 2.97 2.7 6.8 0.05 
Bracklesha
m 

170 n.d. 386.5 69.1 2.14 4.4 3.47 2.1 5.2 0.07 

Oman 62 10 37.4 0.64 0.38 0.67 1.35 0.20 0.25 0.25 
Eo. 
Tanzania 

111 288 53.5 6.3 1.02 10.0 5.20 n.d. 17.3 1.1

TaEOH 2


