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Abstract. Mg/Ca ratios measured in benthic foraminifera
have been explored as a potential palaecothermometry proxy
for bottom water temperatures (BWT). Mg/Ca-BWT cali-
brations from the Indian Ocean are rare and comprise con-
flicting results. Inconsistencies between studies suggest that
calibrations may need to be region specific. The aim of this
study was to develop Mg/Ca-BWT calibrations based on
species-specific benthic foraminifera (Uvigerina peregrina,
Cibicidoides wuellerstorfi, and Cibicidoides mundulus) in
the tropical western Indian Ocean and to optimize the chem-
ical cleaning procedure by Barker et al. (2003) applied to
samples analysed in this study. The majority of samples of
C. mundulus and U. peregrina, however, remained contam-
inated, rendering those data unusable for Mg/Ca core-top
calibrations. Only Mg/Ca ratios in C. wuellerstorfi allowed
a tentative Mg/Ca-BWT calibration with the relationship be-
ing: Mg/Ca = 0.1940.02-BWT+1.0740.03, 7> = 0.87 and
n = 4). While this result differs to some degree from previous
studies, it principally suggests that existing core-top calibra-
tions from the wider Indian Ocean can be applied to core-tops
in the western Indian Ocean. The agreement of Mg/Ca ratios
at lower temperatures in C. wuellerstorfi, C. mundulus, and
U. peregrina with Mg/Ca ratios reported for these species at
low temperatures in other studies supports this conclusion.
The clear difference in contamination between Cibicidoides
spp. and U. peregrina, despite using the same cleaning pro-
cedure, supports the findings of previous studies that sug-
gest different rigour might be required for different species.
Many other uncertainties surrounding the Mg/Ca proxy ex-
ist and more calibration studies are required to improve this
method.

1 Introduction

There are a range of proxies measured in foraminifera used to
reconstruct changes in seawater properties through time. Sta-
ble oxygen isotopes (8'30) have been widely applied to iden-
tify changes in water column properties (Lynch-Stieglitz and
Fairbanks, 1994). Straightforward interpretation, however, is
hampered due to stable oxygen isotopes reflecting more than
one environmental factor, i.e. ambient temperatures and sea-
water §'80 with the latter being controlled by global ice
volume and the evaporation-precipitation balance in the wa-
ter mass source region (Emiliani, 1955; Shackleton, 1967;
Shackleton, 1974). In order to improve the use of 8§80 val-
ues, independent temperature proxies have been developed
(Elderfield and Ganssen, 2000; Lea et al., 1999; Niirnberg,
1995; Nirnberg et al., 1996). Mg/Ca-based temperature es-
timates in planktic foraminifera for example are widely used
as a proxy for sea surface temperature (SST; Barker et al.,
2005). The use of Mg/Ca ratios in benthic foraminifera for
reconstructions of bottom water temperatures (BWT) is be-
ing explored (Rosenthal et al., 1997; Elderfield et al., 2006)
although there is no widely accepted method as yet. Mg/Ca-
based BWT reconstructions, used in combination with other
proxies such as 8'80, are potentially crucial for our under-
standing of reorganizations of deep and bottom waters as-
sociated with, for example, past glacial/interglacial transi-
tions (Bickert and Mackensen, 2003; Duplessy et al., 1988;
Curry et al., 1988; Sarnthein et al., 1994). In order to as-
sess the robustness of the Mg/Ca-based thermometry in
deep/intermediate water based on benthic foraminifera, we
present Mg/Ca-based BWT calibrations derived from the
benthic foraminiferal species Uvigerina peregrina (U. pereg-
rina), Cibicidoides wuellerstorfi (C. wuellerstorfi), and Cibi-
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cidoides mundulus (C. mundulus) using core-top samples
from the western tropical Indian Ocean and compare those
with previously published calibrations from the Indian Ocean
(Elderfield et al., 2006; Healey et al., 2008). We also assess
the usefulness of adaptations of cleaning procedures.

1.1 Mg/ Ca ratios — a proxy for temperature

Foraminifera form calcite tests, which is a lattice composed
of calcium carbonate. During carbonate formation, divalent
ions of trace elements such as Mgt substitute Ca’*t in
the calcite lattice (Erez, 2003). Resulting Mg/Ca ratios in
benthic foraminifera depend on the Mg/Ca ratio of ambi-
ent water and elemental partitioning during calcite precipita-
tion with the latter depending on ambient water temperature
(Elderfield et al., 1996; Gussone et al., 2016). On glacial-
interglacial timescales Mg/Ca ratios in seawater can be con-
sidered constant due to long residence times for Ca and Mg
(~10% and 107 years, respectively). Hence, Mg/Ca ratios
can be used to reconstruct BWT. Existing core-top calibra-
tions show a positive correlation between Mg/Ca ratios in a
number of species of benthic foraminifera and modern BWTs
(Martin and Lea, 2002; Elmore et al., 2015). Temperature ap-
pears to be the dominant environmental factor controlling in-
corporation of Mg in tests of some species of Cibicidoides
spp. (Rosenthal et al., 1997) but other factors including car-
bonate ion saturation might also affect Mg inclusion (Elder-
field et al., 2006; Yu and Elderfield, 2008). There is discus-
sion surrounding the importance of various factors control-
ling Mg/Ca incorporation in benthic foraminifera, with, for
example, Yu and Elderfield (2008) suggesting carbonate ion
saturation being dominant whereas Lear et al.’s (2002) work
implies only a minor influence. There is also evidence sug-
gesting that the Mg/Ca — temperature relationships and the
carbonate ion effect varies between different ocean basins
and depositional environments (Bryan and Marchitto, 2008).

1.2 Mg/ Ca analysis — a brief summary

The chemical cleaning procedure is a critical step essential
for accurate determination of Mg/Ca ratios in foraminifera
(Barker et al., 2003) due to the generally low Mg/Ca con-
centration ratios, entailing the need to remove Mg containing
contaminants (Barker et al., 2003; Marr et al., 2013). Con-
currently, carbonate dissolution of tests may affect Mg/Ca
ratios (Lear et al., 2002) and therefore the aim of a cleaning
procedure is to effectively clean tests while minimizing sam-
ple loss (Barker et al., 2003). Silicate contamination is the
most critical contaminant affecting Mg/Ca ratios, followed
by Mn-oxide coatings (Barker et al., 2003). The two most
widely used cleaning methods are the “Mg cleaning method”
also referred to as the “oxidative cleaning method” by Barker
et al. (2003) based on Boyle and Keigwin (1985) and the
“Cd cleaning method” also referred to as the “reductive ox-
idative cleaning method” by Boyle and Keigwin (1985) and
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Rosenthal et al. (1995, 1997). Both methods include succes-
sive rinses with ultrapure water followed by methanol clean-
ing, and an oxidative cleaning step to remove silicates. The
“Cd cleaning method” in addition includes a reductive step
to remove Mn-oxide coatings. The procedure was originally
intended for determination of Cd/Ca ratios (Boyle and Keig-
win, 1985) because Cd concentrations in calcite are signifi-
cantly lower than Mg concentrations and therefore contam-
ination is more critical (Marr et al., 2013). While the more
aggressive “Cd cleaning procedure” is not viewed as needed
for accurate Mg/Ca analyses (Barker et al., 2003; Yu et al.,
2007), it is still used (Stirpe et al., 2021) amid continued
uncertainty surrounding the requirement of additional rigour
for accurate Mg/Ca analyses (e.g. Pena et al., 2008; Hasen-
fratz et al., 2017). Whilst the additional reductive step is im-
plemented to ensure removal of diagenetic coatings, it re-
sults in an estimated ~ 15 % lowering of Mg/Ca ratios due
to partial preferential dissolution of Mg-rich calcite (Barker
et al., 2003; Yu et al., 2007). In comparison, if the reduc-
tive step is excluded, diagenetic coatings only causes an es-
timated ~ 1 % increase in Mg/Ca ratios (Barker et al., 2003;
Yu et al., 2007) rendering the reductive step not required in
most cases. Therefore, the majority of studies have utilized
the “Mg cleaning procedure” (e.g. Elderfield et al., 2006,
2010; Elmore et al., 2015), targeting silicate contamination,
organic matter, Mn-oxide coatings, and secondary calcifica-
tion (Barker et al., 2003). Furthermore, rather than analysing
multiple whole-shell specimen of foraminifera for analysis
by solution in ICP-MS/ICP-OES, Stirpe et al. (2021) used
laser ablation ICP-MS measuring Mg/Ca ratios revealing un-
evenly distributed Mg/Ca ratios between different chambers
in Uvigerina spp. Also, Branson et al. (2013) analysed tests
of two species of planktic foraminifera showing a system-
atic banding of Mg distribution. Based on these findings,
whole-shell analysis by solution remains the most appropri-
ate method of determining bulk or whole specimen calcite
Mg/Ca ratios (Stirpe et al., 2021).

1.3 Species-specific Mg / Ca — temperature calibrations

Earlier studies of Mg/Ca-BWT calibrations used mixed ben-
thic foraminifera of the same genera, mostly Cibicidoides
spp. (e.g. Rosenthal et al., 1997). Later work, however, im-
plies a species-specific temperature sensitivity driving the
Mg/Ca signal (Lear et al., 2002; see Fig. 1 for locations
within the Indian Ocean). C. wuellerstorfi has been one of the
most widely used benthic species for stable §'80 and §'3C
reconstructions (e.g. Bell et al., 2014; Bickert and Mack-
ensen, 2003; Duplessy et al., 1988; Jung et al., 2009; Sarn-
thein et al., 1994). It is advantageous over other benthic
species because it is a true epifaunal species (Lutze and
Thiel, 1989) and suggested to record bottom water proper-
ties. However, some core-top studies suggest Mg — signa-
tures or — incorporation in C. wuellerstorfi is significantly
influenced by carbonate ion saturation (Elderfield et al.,

https://doi.org/10.5194/cp-21-1871-2025



V. Larsson and S. Jung: Persistent contamination in benthic-foraminifera-based Mg/Ca thermometry

. WIND 308
. P
. | winD3sB T

¢ WIND3B- 138

. E4822
* E49-19

a) |
80°E 100°E 120°E

42°E

Figure 1. Map showing location of (a) existing sediment core-top
benthic Mg/Ca-BWT calibrations in the Indian Ocean (blue) and
(b) the location of cores analysed in this study (black). Map has
been produced in Ocean Data View (Schlitzer, 2023).

2006 — see Fig. 1 for locations within the Indian Ocean;
Yu and Elderfield, 2008), limiting its use as a proxy for
BWT. In contrast Mg/Ca ratios in shallow endofaunal Uvige-
rina spp. seem to be independent of carbonate ion saturation
and U. peregrina has therefore been presented as a promis-
ing Mg/Ca-based thermometry species (Yu and Elderfield,
2008; Elderfield et al., 2010; Stirpe et al., 2021; Elmore et
al., 2015). The inconsistencies between studies remain and
factors influencing different species require more attention
pointing to the need for more Mg/Ca core-top calibrations
in different depositional environments using more than one
species.

2 Methodology

2.1 Sample location and hydrography

This study is based on a transect of sediment surface sam-
ples retrieved from 370 to 3400 m water depth off Tanza-
nia (see Fig. 1 and Table 1). In order to optimize sam-
ple quality, only box core or multicorer samples were used
(Table 1). The cores have been taken during the Dutch
“Indian—Atlantic Exchange (INATEX)” (Brummer and Jung,
2009) and the “Tropical Temperature History during Paleo-
gene Global Warming Events (GLOW)” (Kroon and Shop-
board Party, 2010) expeditions. In the modern western Indian
Ocean, the water column at our core-top transect is com-
prised of Antarctic Bottom Water (AABW) below 4000 m
and Circumpolar Deep Water (CDW) between 2000 and
~ 3500 m (Fig. 3, You, 2000; McCave et al., 2005), the latter
itself comprising Lower CDW (LCDW) and Upper (UCDW).
North Atlantic Deep Water (NADW) and AABW are the
main contributors to LCDW, whereas UCDW is a mix of In-
dian and Pacific common waters (for a summary see Srini-
vasan, 1999). Above CDW there is a zone influenced by Red
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Sea Water (RSW) (Grundlingh, 1985) and/or Antarctic Inter-
mediate Water (AAIW), with both water masses extending
south- and northwards, respectively, controlling intermediate
depth water properties at the location of our core-top transect
(Figs. 2-3; sensu Talley et al., 1999; Grundlingh, 1985; Mc-
Cave et al., 2005). Based on two nearby CTD profiles (mea-
sured during the GLOW expedition, Birch et al., 2013), bot-
tom water temperatures range from 1 to 10 °C (Table 1).

2.2 Sample preparation

Mg/Ca can be affected by intra-shell, intra-species, and
inter-species variability referred to as “vital effects” (Ben-
tov and Erez, 2006; de Nooijer et al., 2014; and discus-
sions therein). In order to minimize these effects, we have
focussed, where possible, on analysing multiple whole spec-
imens of three benthic foraminifera species: U. peregrina,
C. wuellerstorfi, and C. mundulus. In most cases these were
picked from comparatively small size fraction windows (i.e.
150-250 and 250-450pm). Only in a small number of
cases a wider size fraction window was used due to low
foraminifera abundances (Table 1). Specimens with no signs
of stains, discolouration, fragmentation or post depositional
calcification were selected based on previous studies sug-
gesting post depositional effects on Mg/Ca ratios (Lear et
al., 2002) (see qualitative observations in Table C1 in Ap-
pendix C). Because temperature sensitivity of Mg/Ca in
Cibicidoides spp. might be species specific (Lea et al., 1999;
Gussone et al., 2016), species of Cibicidoides spp. were anal-
ysed separately except for samples containing less than 5
specimens (Table 1). Sample PE303-18b was split into two
to check for intra sample variation (the only sample with suf-
ficient sample size). In order to test the cleaning procedure,
specimens from the planktic foraminifera species Globigeri-
noides ruber (G. ruber) were picked from the 250-355 um
size fraction of samples from core NIOP929 (Saher et al.,
2009; core NIOP929 was retrieved from the continental slope
off Somalia during the Netherlands Indian Ocean expedition
in 1993; van Hinte et al., 1995) because there were insuf-
ficient planktic and benthic foraminifera specimens in our
off Tanzania core-top transect to carry out these tests. The
samples were wet sieved over a > 63 um screen and dried at
40°C.

All samples were chemically cleaned using water and
methanol rinses to remove silicates, a hydrogen peroxide
treatment to remove organic matter, and an acid rinse to
remove residual treatment chemicals (Barker et al., 2003).
The rigour needed to sufficiently clean samples depends on
a number of factors including sediment composition and
foraminifera morphology, i.e. some species trapping contam-
inants more than others. Therefore, we have adapted the Mg
cleaning methodology by Barker et al. (2003) to find the
appropriate level of cleaning required (optimum removal of
contaminants while minimizing sample loss) for the benthic
samples analysed in this study.

Clim. Past, 21, 1871-1894, 2025
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Figure 2. (a) Map on the right-hand side shows GLODAPv2_2023 ship tracks; red contours show the transect selected (red dot: nearest
available GLDOAPv2_2023 data to core locations in this study). The map has been produced in Ocean Data View (Schlitzer, 2023). (b) and
(c¢) North—south cross sections of potential temperature and salinity, respectively, over depths 0—4500 m in the western Indian Ocean from 28
to 4°S. Arrows show flow direction of the main water masses. Temperature and salinity data from GLODAPv2_2023 (Lauvset et al., 2022,
2024).

Temperature °C

Figure 3. Map of potential temperature adapted from the WOCE Indian Ocean Atlas (Talley, 2013) at intermediate and deep-water depths.
(a) 1000 m with general intermediate water circulation; blue arrow: AAIW and red: RSW (b) 2500 m with general deep water circulation;
lighter blue arrow: LCDW, darker blue arrow: NIDW/UCDW, and purple arrow: NADW. Approximate location of core-tops from the Indian
Ocean; orange circle: this study, open square: nearest CTD transect (Birch et al., 2013), filled circle: Healey et al. (2008) and open circle:
Elderfield et al. (2010).
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Table 1. Details of core-top samples of benthic foraminifera analysed in this study.

Core Core Latitude Longitude Depth BWT Size fraction Specimens
type (°W) (°E) (m) (°C)  Species (um) (count)
PE303-3 BC —8.7034  41.48307 3006 1.74°  C. wuellerstorfi 250450 15
Cibicidoides spp. 250-450
C. mundulus 250450 4
PE303-4c BC —8.89300  41.49298 3179 1.61° U peregrina 150450 8
C. wuellerstorfi 150-450 7
PE303-5 BC —8.90167  41.49507 3371 1.46°  Cibicidoides spp- 150-450 12
PE303-6a BC —8.88828 41.5038 3323 1.48°  U. peregrina 150-250 15
U. peregrina 250450 8
C. mundulus 250450 5
C. wuellerstorfi 150-450 19
PE303-14a BC —10.00415  41.69455 2560 2.322  U. peregrina 250> 450 6
Cibicidoides spp. 250450 10
PE303-17a BC —8.96737  39.70033 1105 5.34%  U. peregrina 250450 18
PE303-18b BC —8.93778  39.63465 490 8.59®  U. peregrina 250450 44
C. wuellerstorfi 250-450 8
C. mundulus > 450 4
PE303-22 BC —9.84817  40.57933 1855 2.95°  C. wuellerstorfi 150-250 15
PE304-9 MC —8.93555  39.61638 370  9.91*  U. peregrina 150-450 15
Cibicidoides spp. 150450 19
PE304-25 MC —9.76978  39.91057 482  8.68*  U. peregrina 250—> 450 6
PE304-30c  MC —9.78565  40.22365 1471  4.29%  Cibicidoides spp. 250450 7

1875

BC = box core, MC = multicore. *® Bottom water temperatures from nearest CTD profiles from Birch et al. (2013): ® = GLOW Station 2 and b— GLOW

Station 5.

In experiment 1, 6 sets of specimens of G. ruber were
treated with the chemical cleaning procedure of Barker et
al. (2003) except methanol and MilliQ washes were reduced
(methanol rinse: 25 s repeated twice compared to 1-2 min re-
peated once — see Table 2 for specifications). The chemicals
were prepared following Barker et al. (2003). Traditionally,
the procedure involves crushing of foraminifera between two
glass plates. Given the small sample volume in our study, we
tested individual crushing of foraminifera specimens using a
metal pin and glass mortar to open the test chambers. The
samples were transferred to Eppendorf tubes with 500 uL
MilliQ water and washed with MilliQ followed by washing
with methanol, in both steps using an ultrasonic bath. This
was followed by a hydrogen peroxide treatment in a hot wa-
ter bath (30 min at 85 °C) and an acid leach using nitric acid
(see protocol in Barker et al., 2003).

The results of the first experiment, with some variabil-
ity, show that average Ca concentrations (normalized to the
number of tests) of samples crushed using two glass plates
were lower (5.81 ppm, average based on normalized values)
than in samples crushed using a metal pin and glass mor-
tar (9.53 ppm, average based on normalized values), see Ta-
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bles Al and A2 in Appendix A, suggesting less sample loss
in the latter. The average Mg/Ca ratios of samples crushed
using two glass plates and using a metal pin and a glass mor-
tar was broadly similar, i.e. 4.54 and 5.36 mmol mol~ !, re-
spectively (please note that we regard sample 1a in Table A2
in Appendix A as an outlier due to the very low Ca concentra-
tion). In addition, the range of Mg/Ca values is similar when
comparing results using both crushing methods (Tables Al
and A2 in Appendix A). Also, the variability between sam-
ples is comparable with the range in published data (Sadekov
et al., 2008; Rustic et al., 2021). This suggests that crushing
using a metal pin and a glass mortar does not introduce more
Mg or Ca bearing contaminants than the technique using two
glass plates. Fe and Al concentrations were below the limit of
detection in all samples (< 0.0070 and < 0.0079 ppm) sug-
gesting no silicate contamination. Because the technique us-
ing a metal pin and glass mortar entailed less sample loss
and there was little difference in Mg/Ca ratios we used this
technique for our study.

In experiment 2, as a result of the low Ca concentrations in
experiment 1 (0.55 to 7.50 ppm, using either crushing tech-
nique, Tables 1A and A2 in Appendix A), the chemical clean-
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Table 2. Specifications of chemical cleaning procedures used in Experiments 1-3 and core-top analysis.

Experiment ~ Species type Methodology Specifications Preparation
1 Planktic only Barker et al. (2003) MilliQ rinse: three 25 s rinsesV Crushing/
with adjustments Methanol rinse: two 25 s rinsesY no crushing
Hydrogen peroxide 85 °C 30 min
Weak acid leach (nitric acid)
2 Planktic only Barker et al. (2003) MilliQ rinse: three 20 s rinses Crushing
with adjustments Methanol rinse: two 20 s rinses
Hydrogen peroxide 30 min at 85 °C
Weak acid leach (nitric acid)
3 Planktic and Barker et al. (2003) Acid cleaned Eppendorf tubes Crushing
Benthic with minor MilliQ rinse: four 25 s
adjustments Methanol rinse: four 35 s rinses
Hydrogen peroxide 30 min at 95 °C
Weak acid leach (nitric acid)
Core-tops Planktic and Barker et al. (2003) Same as Experiment 3 Crushing
Benthic with minor
adjustments
u

seconds refers to time in ultrasonic bath at 50 % power.

ing procedure was amended to assess if this was due to calcite
dissolution (too rigorous cleaning). In experiment 2, from 8
sets of 20 specimens of G. ruber, picked from core NIOP929
(Table Al in Appendix A), four sets were manually crushed
using a drop of MilliQ water and a metal pin in a glass mor-
tar. Two of those samples were transferred to a small glass
vial and ultrasonicated for 3s. The other two samples were
kept intact and transferred to Eppendorf tubes. The cleaning
procedure followed Barker et al. (2003) except for reducing
the time for the methanol step (methanol rinse: 20 s repeated
twice compared to 1-2 min repeated once, see all specifica-
tions in Table 2).

Generally, in experiment 2, Ca concentrations are higher
than in experiment 1 (range from 7.32 to 30.92 ppm, see Ta-
ble A3 in Appendix A). In crushed samples (experiment 2),
average Ca concentrations of 15.95 ppm (range from 7.92
to 22.54 ppm) are lower than the average in non-crushed
samples of 23.15 ppm (range from 7.32 to 30.92 ppm), sug-
gesting more sample loss from crushing (see Table A3
in Appendix A). Based on average Fe/Ca ratios, crushed
samples have lower Fe/Ca ratios than the uncrushed sam-
ples (0.37 mmol mol~! compared to 0.57 mmol mol~!) sug-
gesting less silicate contamination in the crushed samples.
There is, however, significant uncertainty because the off-
set is not consistent and one outlier with a substantially
higher Fe/Ca ratio (1.56 mmolmol~') and Mg/Ca ratio
(9.41 mmol mol~") is partly responsible for the higher av-
erage (see Fig. 4a). The strong correlation between Fe/Ca
ratios and Mg/Ca ratios in both crushed (> = 0.99) and un-
crushed (7> = 0.93) tests suggest insufficient removal of sil-
icate contaminants in both. It is interesting to note that there
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is only a small difference in average Al/Ca ratios (2.90 and
3.02 mmol mol~!) with no linear correlation to Mg/Ca ra-
tios (Fig. 4b) which suggest only a small difference in sili-
cate contamination. The strong correlation between Mn/Ca
ratios and Mg/Ca ratios in crushed samples (> = 0.95) sug-
gests insufficient removal of Mn-oxide coatings. Similarly,
Mn/Ca ratios and Mg/Ca ratios in uncrushed (r> = 0.95)
tests also suggest insufficient removal of Mn-oxide coatings
in both, although this correlation depends on a potential out-
lier. These findings support the notion that, regarding Mn-
oxide coatings, the rigour of the chemical cleaning is signif-
icantly more important than mechanical crushing. From the
inconclusive results and because of time constraints, we de-
cided to crush shells prior to chemical cleaning in the sub-
sequent Experiment 3 following previous benthic core-top
studies (Elmore et al., 2015; Elderfield et al., 2010; Barker
et al., 2003).

In Experiment 3, Eppendorf tubes were acid-cleaned and
methanol rinses increased based on the contamination post-
cleaning identified in Experiment 2 (35s repeated thrice
which closely follow Barker et al.’s (2003) total time of 1-
2 min repeated twice — see Table 2 for specifications). Spec-
imens of G. ruber (6 sets with a varying amount of 10-50
specimens) picked from core NIOP929, Uvigerina spp. (10
specimens) from core PE303-17a, and Cibicidoides spp. (2
sets of 5 specimens) from cores PE303-17Aa and PE303-13b
(Table Al in Appendix A) were used.

In contrast to Experiment 2, there was no correlation be-
tween Mg/Ca ratios and Al/Ca (Fig. 5a) and only a weak
correlation between Mg/Ca ratios and Mn/Ca (Fig. 5c).
Most samples have Fe concentrations below the limit of de-
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Figure 4. Mg/Ca ratios in G. ruber in NIOP929 (Saher et al.,
2009) using the procedure of Experiment 2. (a) Correlation between
Fe/Ca ratios and Mg/Ca ratios in crushed and uncrushed samples.
See comments in the text regarding the sample with high Fe/Ca
and Mg/Ca ratios. (b) No correlation between Al/Ca ratios and
Mg/Ca ratios. (c¢) Correlation between Mn/Ca ratios and Mg/Ca
ratios. Orange horizontal lines: Fe/Ca, Al/Ca, and Mn/Ca contam-
ination thresholds (0.1, 0.4, and 0.1 mmol mol~1 respectively).

tection (< 0.0058 ppm). This suggests no or minimal silicate
contamination and Mn-oxide coatings (Barker et al., 2003;
Elderfield et al., 2010). The average Al/Ca ratios in samples
containing Al concentrations above the limit of detection (6
out of 9) are significantly above the threshold for contamina-
tion (> 0.4 mmol mol~1), at 2.27 mmol mol~! (Fig. 5a, Ta-
ble A3 in Appendix A), but because there is no correlation
with Mg/Ca ratios, this could be due to issues with precision
of measurements as reported by Elderfield et al. (2010) or
due to contamination from contaminants other than silicate.
The Al/Ca ratios showed a negative exponential correlation
with Ca concentrations (Fig. 5b) where high Al/Ca ratios
correlated with low Ca concentration. This could suggest that
there is a threshold for a minimum Ca concentration for con-
taminants to accurately be determined. According to the ex-
ponential relationship of Al/Ca ratios and Ca concentrations
in Fig. 5b, it is suggested that there is a threshold for total Ca
concentration between 15 and 25 ppm. The average Mn/Ca
ratio was 0.16 mmol mol~! (Fig. 5¢), which is slightly above
the contamination threshold > 0.1 mmolmol~! but below
the contamination threshold of 0.2 mmol mol~! proposed by
Hasenfratz et al. (2017). This suggest that Mn-oxide coatings
have an insignificant effect on Mg/Ca ratios.

Based on the results from Experiment 3, indicating no
or minor silicate contamination and Mn-oxide coatings, the
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Figure 5. Correlation between (a) Al/Ca ratios and Mg/Ca ratios,
(b) Ca concentration and Al/Ca ratios, and (¢) Mn/Ca ratios and
Mg/Ca ratios of samples of G. ruber from core NIOP929 follow-
ing procedure in Experiment 3. Orange horizontal lines: Al/Ca and
Mn/Ca contamination thresholds (0.4 and 0.1 mmol mol~! respec-
tively).

cleaning methodology of core-tops followed the methodol-
ogy used in Experiment 3, i.e. Barker et al. (2003). A sum-
mary of the differences in cleaning methodology used in this
study is found in Table 2.

2.3 Mg/ Ca analysis in ICP-OES

Supernatants (300 uL) of the dissolved samples were trans-
ferred to acid-cleaned polypropylene tubes and diluted to
1.8 mL with dilute HNO3. Samples were analysed in an ICP-
OES Varian Vista Pro at the Grant Institute at The University
of Edinburgh.

Emission intensity was normalized to concentrations us-
ing a standard calibration curve based on measurements of
high purity standards (Figs. B1 and B2 in Appendix B). An-
alytical lines (Mg) 285 and (Ca) 315 are used as these are
reported to minimize matrix effect (de Villiers et al., 2002).
Instrumental precision was £1 % based on 6 replicate mea-
surements of the ECRM 752-1 carbonate standard. The limit
of detection was calculated by 3 multiples of the standard
deviation. The calibration curves of the standards have an
R? > 0.99 (Fig. B2 in Appendix B). To overcome matrix ef-
fects associated with Ca analysis, a calibration was produced
using standard solutions of increasing Mg/Ca ratios (Fig. B2
in Appendix B) as described by De Villiers et al. (2002).
In addition, the ECRM was diluted to a concentration of
40 ppm Ca (similar to the concentrations of the samples stud-
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ied) which also assumes a similar matrix effect. Two proce-
dural blanks and two samples of the ECRM-752-1 carbonate
standard with a Mg/Ca ratio of 3.762 mmol mol~! were in-
cluded in every run. In addition to Mg/Ca, Fe/Ca, Al/Ca,
and Mn/Ca were calculated to monitor silicate contamina-
tion and Mn-oxide coatings (Barker et al., 2003). For exam-
ples of intensity curves see (Fig. B3 in Appendix B).

Following Barker et al. (2003) and Elderfield et al. (2010)
contamination thresholds of Fe/Ca, Al/Ca, and Mn/Ca ra-
tios used were 0.1, 0.4, and 0.1 mmol mol~!, respectively.
Linear regression was plotted between Mg/Ca ratios and
Fe/Ca, Al/Ca, and Mn/Ca ratios, and the r2 value was used
to assess if there was a significant correlation. Procedural
blanks were used to correct Mg, Ca, Fe, Al, and Mn con-
centrations for any introduced contaminants. Mg/Ca ratios
were calculated using (Ca) 315 and (Mg) 285 concentra-
tions in ppm and ppb, corrected by blanks and converted to
mmol mol~! by

_ (Mg285(ppb) — Mg285p1ank)/ Mg

Mg/Ca = )
(Ca315 (ppm) — Ca315plank)/ Mca

ey

where My and Mc, refers to the atomic masses of Mg
(24.305 gmol ) and Ca (40.08 g mol~"). This approach was
also used for Fe/Ca, Al/Ca, and Mn/Ca using their respec-
tive atomic masses (Mge, M a1, and Myy,).

2.4 Mg /Ca-BWT calibration

A linear regression was applied to assess the correlation be-
tween the Mg/Ca ratios measured in C. wuellerstorfi, C.
mundulus, U. peregrina, and Cibicidoides spp. and modern
bottom water temperatures from the nearest hydrographic
temperature profile (see Table 1). The slope of Mg/Ca ra-
tios over BWT was compared with previous studies from the
Atlantic, Pacific, and Indian Oceans.

3 Results

3.1 Elemental ratios of Cibicidoides spp. in core-tops

In samples (Table 1) containing C. wuellerstorfi and
C. mundulus the Ca concentrations range from 3.99 to
68.73 ppm (see Table 3). Mg/Ca ratios range from 1.19
to 6.0440.03 mmolmol~! in Cibicidoides spp. (12 sam-
ples, Table 3), and 3.16 to 4.184+0.05mmolmol~' in
G. ruber (6 samples, Table A4 in Appendix A). The
Fe/Ca ratios range from 0.13 to 0.35mmolmol~! in C.
wuellerstorfi, from 0.98 to 1.09 mmol mol~! in C. mundu-
Ius and 0.08 to 2.45mmolmol~! in Cibicidoides spp.
The six samples of G. ruber (analysed in the same run,
from core NIOP929) have Fe/Ca ratios between 0.09 and
0.23 mmol mol~! (Table A4 in Appendix A). The Al/Ca
ratios range from 0.28 to 0.57 mmolmol~! in C. wueller-
storfi, from 0.23 to 2.66 mmol mol~! in C. mundulus, from
0.21 to 0.35mmolmol™! in Cibicidoides spp. (Table 3)
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Figure 6. Correlation between Mg/Ca ratios and (a) Fe/Ca ra-
tios, (b) Al/Ca ratios, and (¢) Mn/Ca ratios in Cibicidoides spp.
including C. wuellerstorfi and C. mundulus and G. ruber (control
group). The orange horizontal lines show the respective contamina-
tion thresholds at 0.1, 0.4, and 0.1 mmol mol~! for Fe/Ca, Al/Ca,
and Mn/Ca following Barker et al. (2003).

and from 0.25 to 0.36 mmolmol~! in G. ruber (Table A4
in Appendix A). The Mn/Ca ratios range from 0.01 to
0.20 mmol mol~! in Cibicidoides spp. samples (Table 3), and
from 0.12 to 0.19 mmol mol~" in the planktic samples (Ta-
ble A4 in Appendix A). There is no obvious correlation be-
tween the Fe/Ca, Al/Ca, and Mn/Ca with Mg/Ca ratios
for any of the Cibicidoides species, except for C. mundulus
(Fig. 6a—c). In this figure, although mostly driven by one pos-
sible outlier, a correlation of Al/Ca with Mg/Ca might be
indicated. Regarding contamination thresholds of 0.1, 0.4,
and 0.1 mmol mol~! for the Fe/Ca, Al/Ca, and Mn/Ca ra-
tios, respectively, all Cibicidoides spp. samples are below
the threshold for Al/Ca and Mn/Ca ratios. In relation to the
Fe/Ca ratio, one sample was below, one sample just above,
and three samples well above the contamination threshold
(Table 3).

3.2 Elemental ratios of Uvigerina peregrina in core-tops

In the core-top samples (Table 1) the Ca concentration in
U. peregrina range from 16.28 to 79.35ppm (Table 3).
The Mg/Ca ratios vary between 1.10 and 2.99 mmol mol~!
4+0.02 mmol mol~! in U. peregrina (9 samples) and between
477 and 5.2240.05mmolmol~! in G. ruber (3 samples
analysed in the same run from core NIOP929; Fig. 7 and
Table A4 in Appendix A). The Fe/Ca ratios range from
0.02 to 2.04mmolmol~! in U. peregrina and from 0.24
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Table 3. Mg/Ca ratios, contamination indicators (Fe/Ca, Al/Ca, and Mn/Ca ratios) and Ca measured in C. wuellerstorfi, Cibicidoides spp.,

C. mundulus, and U. peregrina from Tanzania core-top samples.

Core Species Mg/Ca Fe/Ca Al/Ca Mn/Ca Ca Note
PE303-4c C. wuellerstorfi 1.19 <LOD  0.28 0.03 16.05
PE303-6a C. wuellerstorfi 1.72 0.14*  0.53* 0.20*  35.09
PE303-3 C. wuellerstorfi 1.21 0.13*  0.53* 0.02 68.73
PE303-22 C. wuellerstorfi 5.28 0.35* <LOD 0.10 3.99
PE303-18b C. wuellerstorfi 2.73 0.25*  0.57* 0.04 1443 7
PE303-6a C. mundulus 1.86 1.09*  0.49* 0.10 20.56 e
PE303-3 C. mundulus 1.34 <LOD 0.23 0.02 15.84
PE303-18b C. mundulus 6.04*%*  0.98*  2.66* 0.01 5591 e
PE303-3 Cibicidoides spp. 1.40 2.27% 0.34 0.01 1727 e
PE303-14a Cibicidoides spp. 1.29 0.12%* 0.27 0.03 75.62
PE304-9 Cibicidoides spp. 3.02 2.45% 0.35 0.03 3096 e
PE304-30c Cibicidoides spp. 2.24 1.30* 0.21 0.05 2222 e
PE303-50 Cibicidoides spp. 3.00 0.08 0.27 0.04 28.53
PE303-6a U. peregrina 1.17 0.02 0.91%* 005 1854 n
PE303-14a U. peregrina 1.10 0.15*%  0.68* 0.009 17.61 e
PE303-6a U. peregrina 2.17 0.67* 1.09* 0.07 16.28
PE303-4c U. peregrina 1.58 0.07 0.71* 0.03 20.35
PE303-17a U. peregrina 2.99 1.66* 2.34* 0.06 4128 e
PE304-9 U. peregrina 1.82 0.43* 1.42% 0.009 68.17 e
PE303-18b (1)  U. peregrina 2.76 2.02%  4.02% 0.02 7935 e
PE303-18b (2)  U. peregrina 2.52 1.55* 3.90* 0.02 7432 e
PE304-25 U. peregrina 2.69 2.04%* 3.61% 0.06 6580 e

* Above contamination threshold 0.1, 0.4, and 0.1 mmol mol~! for Fe/Ca, Al/Ca, and Mn/Ca (Elderfield et al., 2010).
*# clear outlier based on typical Mg/Ca range reported in previous studies. e = excluded due to high contamination, ? =
ambiguous assessment of contamination. <LOD = below limit of detection. n = not excluded based on Elderfield et

al. (2006) suggesting not to exclude samples based on Al/Ca above 0.4 mmol mol~! alone, both Mn/Ca and

Fe/Ca < 0.1 mmol mol~!,

to 0.38 mmolmol~! in G. ruber. The Al/Ca ratios are be-
tween 0.68 and 4.02 mmol mol~! in U. peregrina and range
from 0.92 to 1.31 mmol mol~! in G. ruber. The Mn/Ca ra-
tios vary between 0.01 and 0.07 mmolmol~! in U. pereg-
rina and 0.11 and 0.14molmol~! in G. ruber. There is a
strong positive correlation (2 = 0.87) between the Fe/Ca
ratios and the Mg/Ca ratios (Fig. 7a) and a positive corre-
lation (r> = 0.66) between the Al/Ca ratios and the Mg/Ca
ratios (Fig. 7b). There is no correlation between the Mn/Ca
ratios and the Mg/Ca ratios (Fig. 7c). Regarding contami-
nation, all U. peregrina samples are below the threshold for
Mn/Caratios. All samples are above the threshold for Al/Ca
ratios, some rather narrowly so. Two samples were below the
threshold for Fe/Ca, one narrowly above and the remaining
6 samples partially well above the limit (Table 3).

3.3 Correlation between contamination and core-top
depth

Figure 8a—b shows Fe/Ca and Al/Ca ratios from U. pere-
grina and Cibicidoides spp. versus the retrieval depth of the
samples. There is no correlation between Fe/Ca or the Al/Ca
ratios and depth for Cibicidoides spp. while U. peregrina dis-
plays such correlations with 2 values of 0.58 and 0.65, re-
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spectively. In water depth > 2500 m, U. peregrina (four sam-
ples) shows significantly smaller average Fe/Ca and Al/Ca
ratios (0.23 and 0.85mmol mol~!) compared to samples
from < 1500 m (five samples) (1.54 and 3.06 mmol mol 1.

3.4 Mg/ Ca-BWT calibration

Principally we used the thresholds of 0.1, 0.4, and
0.1 mmol mol~! of Fe/Ca, Al/Ca, and Mn/Ca ratios follow-
ing Elderfield et al. (2010) and Barker et al. (2003) as well
as correlations between Fe/Ca, Al/Ca, and Mn/Ca ratios
with Mg/Ca ratios following Barker et al. (2003) to assess
silicate and/or Mn-oxide contamination. All but two sam-
ples of U. peregrina (Table 3) were excluded due to high
Fe/Ca ratios (> 0.1 mmol mol~1) and a strong correlation
with Mg/Ca (Fig. 7a). Some of the Mg/Ca ratios of Cibi-
cidoides spp. were included even though Fe/Ca ratios were
> 0.1 mmol mol~" since they show no correlation between
Mg/Caratios and Fe/Ca ratios (Table 3, Fig. 6). The Mg/Ca
ratios not included in core-top calibration are in Table 3 (an-
notated “e”).

The Mg/Ca ratios of Cibicidoides spp., C. mundulus, and
C. wuellerstorfi (Table 3) were plotted versus BWT (temper-
ature profiles from positions close to our core-top transect
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peregrina and Cibicidoides spp.

from Birch et al., 2013; Fig. 9). For Cibicidoides spp., U.
peregrina, and C. mundulus discerning robust relationships
between the Mg/Ca relationships and BWT is not straight-
forward. Based on the no-correlation argument above, and
ignoring contamination thresholds, tentative relationships are
indicated for Cibicidoides spp. and C. mundulus. These are,
however, partially based on samples with signs of contam-
ination being reflected in the Fe/Ca and/or the Al/Ca ra-
tios. Removing those samples entails an insufficient amount
of data remaining to establish a relationship (Fig. 9). For C.
wuellerstorfi there is little indication of strong contamination.
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Figure 9. Mg/Ca ratios of Cibicidoides spp., C. wuellerstorfi,
C. mundulus, and U. peregrina over bottom water temperature
(BWT). Pale colours: measurements with suspected significant con-
tamination (c). Solid colours: uncontaminated/minor contamina-
tion based on contamination thresholds (0.1 mmol mol ™! Fe/Ca,
0.4 mmol mol ! Al/Ca, and 0.1 mmol mol ! Mn/Ca) and corre-
lations with Mg/Ca (uncontaminated samples indicated by “(u)”).
There are several data points where presence of contamination is
ambiguous — see discussion. Black trend line represents Mg/Ca-
BWT linear correlation in C. wuellerstorfi (four samples with minor
contamination); grey trend lines represent tentative Mg/Ca-BWT
linear correlations in C. mundulus and Cibicidoides spp. (contami-
nated and uncontaminated samples included).

Only some Al/Ca ratios are slightly above the contamina-
tion threshold. Establishing a straightforward relationship of
Mg/Ca with BWT is hampered by one sample with unusu-
ally high Mg/Ca values. We regard this sample as an outlier
for an unknown reason. Figure 9 shows the resulting relation-
ship for C. wuellerstorfi (n = 4, see formula below) along-
side the remaining samples for the other species. In Fig. 9
the linear correlation for C. wuellerstorfi is:

Mg/Ca=0.19+£0.02-BWT + 1.07 £0.03, rr=0.87. (2)

The standard error of the regression is 1.55°C, which is
broadly in line with published data (Lear et al., 2002;
Sadekov et al., 2008).

4 Discussion

4.1 Mg/ Caratios in Cibicidoides: data quality and
core-top calibrations

All samples of Cibicidoides  except for one have
Mn/Ca ratios below the threshold for contamination
(< 0.1 mmol mol’]) and no correlation with Mg/Ca ratios,
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suggesting no or insignificant Mn-oxide coatings (Hasen-
fratz et al., 2017). Based on silicate contamination indicated
by Fe/Ca and Al/Ca ratios being significantly above the
contamination threshold, six samples were excluded (three
Cibicidoides spp., two C. mundulus and one C. wueller-
storfi samples) (Table 3). When plotted at the genus level,
Cibicidoides show no correlation between Fe/Ca or Al/Ca
ratios and Mg/Ca ratios (Fig. 6a—b) supporting the notion
of no silicate contamination, amid this strategy being in
line with previous approaches (e.g. Elderfield et al., 2006;
Healey et al., 2008). When plotted at a species level, how-
ever, there is a strong correlation (r? = 0.94) between Fe/Ca
and Mg/Ca ratios for C. wuellerstorfi data (Fig. Al in Ap-
pendix A) which suggests silicate contamination. The in-
dicated contamination levels are small in most cases with
Fe/Ca ratios below 0.25 mmol mol~!. It is difficult to assess
how much this small contamination has affected the Mg/Ca
data. If the increase in Mg/Ca ratios from silicate contam-
ination is within the uncertainty of Mg/Ca ratio determina-
tions (~ 0.03 mmol mol~!) this can be neglected. We there-
fore used the Mg/Ca ratios of four C. wuellerstorfi samples
with Fe/Ca below 0.25mmolmol~! to establish a Mg/Ca
BWT relationship (Table 3, Fig. 9).

There are two anomalously high Mg/Ca ratios mea-
sured in C. mundulus (6.04 mmolmol™!) and C. wueller-
storfi (5.28 mmol mol~!; Table 3) compared to Mg/Ca ra-
tios in some studies (Elderfield et al., 2006; Rosenthal
1997) but within range of Mg/Ca ratios in other reports
(Lear 2002; Rosenthal 1997). The C. mundulus sample
with a Mg/Ca ratio of 6.04 mmolmol~! shows a broadly
similar Fe/Ca ratio but a significantly higher Al/Ca ra-
tio (2.66 mmol mol~!) than other measurements from the
genus Cibicidoides (Al/Ca ratios ranging from 0.21 to
0.57 mmol mol~!; Table 3). It is uncertain whether the high
Mg/Ca ratio is a result from silicate contamination or is
due to another Mg bearing contaminant also high in Al. The
Mn/Ca ratio in this sample is low (0.01 mmol mol~!) indi-
cating no presence of Mn-oxide coatings.

The C. wuellerstorfi sample with a Mg/Ca ratio of
5.28 mmol mol~! does not have significantly higher Al/Ca,
Fe/Ca, or Mn/Ca ratios compared to samples of Cibici-
doides spp. suggesting limited contamination. The low Ca
concentration (3.99 ppm) could suggest the high Mg/Ca ra-
tios are due to calcite dissolution from chemical cleaning.
However, low Ca concentrations could also be due to sample
loss in crushing or sample loss during transfer in chemical
cleaning. Whilst efforts have been made to minimize sample
loss from crushing (using individual crushing), sample loss
during transfer in chemical cleaning (using MilliQ to rinse
brush) and when rinsing samples during MilliQ and methanol
rinses (not agitating samples when using vacuum), it is not
possible to eliminate sample loss entirely. This is one of the
major limitations with the methodology and should be con-
sidered a significant source of uncertainty. This sample was
excluded from the Mg/Ca ratio-BWT calibration model.
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deviation, purple: S.E. Indian Ocean from Healey et al. (2008), grey:
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basin from Elderfield et al. (2006).

The Mg/Ca ratio-BWT relationship of C. wuellerstorfi
Mg/Ca=0.1940.02-BWT+1.07+£0.03, indicates increas-
ing Mg/Ca ratios with increasing temperature and is broadly
consistent with previous studies (Fig. 10, Healey et al., 2008;
Lear et al., 2002) although there is only one data point re-
flecting the high temperature end of our calibration range
of 3-8 °C. The temperature sensitivity of C. wuellerstorfi in
this study (19 % increase per 1 °C) is lower than Elderfield
et al. (2006, 46 %, and 52 % increase per 1 °C) and Healey
et al. (2008, 30 % increase per 1 °C). Also, two Mg/Ca ra-
tios (ignoring a probable outlier with a high Mg/Ca ratio) at
lower temperatures (< 2 °C) are within the data range of both
the southeast Indian Ocean calibration of C. wuellerstorfi by
Healey et al. (2008) and the Southwest Indian Ocean cali-
bration of C. wuellerstorfi by Elderfield et al. (2006), but are
higher than the Mg/Ca ratios of C. wuellerstorfi from the
Somali basin (Elderfield et al., 2006; Fig. 10). These high
Mg/Ca values do, however, fall within the range of values
found in C. wuellerstorfi from the Atlantic Ocean. There is
a discussion surrounding relatively unmixed NADW cross-
ing the Davie Ridge into the Somali basin (van Aken et
al., 2004). Our core-top sample set is in the flow path of
NADW, supporting the notion our high Mg/Ca ratios re-
flecting NADW-specific water properties. Firm conclusions
are hampered by the limited sample size in our C. wueller-
storfi data set. If correct, however, changing water masses in
a given location may add additional uncertainties to BWT
reconstructions.

Previous studies have used both linear and exponential re-
gressions to describe the temperature dependence of Mg/Ca
ratios (e.g. Healey et al., 2008; Lear et al., 2002, Martin and
Lea, 2002; Elderfield et al., 2006) with some studies suggest-
ing the latter being preferable at low temperatures and over
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narrow temperature ranges (Healey et al., 2008; Stirpe et al.,
2021). The small sample size in our study hampers assess-
ment of the better regression strategy. The generally good fit
with the linear regression in Healey et al. (2008) and the data
ranges in Lear et al. (2002), support the notion of our Indian
Mg/Ca calibration being broadly correct.

Two out of three Fe/Ca and Al/Ca ratios for C. mundulus
are significantly above contamination thresholds (Table 3).
In the absence of a correlation with Mg/Ca ratios (Fig. 6a—
b) all three Mg/Ca ratios were tentatively plotted and com-
pared to existing C. mundulus core-top calibrations (Fig. 11).
The estimated Mg/Ca ratios in the temperature range of 1—
2 °C are within the range of Healey et al. (2008). One of the
data points seems sufficiently cleaned whilst the second does
not, based on low and high Al/Ca and Fe/Ca ratios, respec-
tively. Because both values lie within the range of data pro-
vided by Healey et al. (2008) this suggests high estimates of
Fe/Ca and Al/Ca ratios being a result of a non-Mg bearing
contaminant (not silicate), supported by absent correlations
between Al/Ca or Fe/Ca with Mg/Ca (Fig. 6a-b). Alterna-
tively, this could suggest increased Mg/Ca ratios that may be
interpreted as silicate contamination but are within the natu-
ral variation of Mg/Ca ratios in C. mundulus.

The linear relationship of the three Mg/Ca ratios of C.
mundulus in Fig. 11 closely resembles the linear relation-
ship derived from data by Healey et al. (2008) from core-
top estimates from the Atlantic, Pacific, and Indian Oceans
combined although the reliability in our study is limited by
only three data points and only one value at high tempera-
tures. Our and Healey et al.’s (2008) calibrations differ from
the SW Indian Ocean calibration from Elderfield et al. (2006)
with the reasons for this discrepancy being unclear.

4.2 Mg/ Caratios in Uvigerina peregrina

Our results for U. peregrina show that Mg/Ca ratios in
nine samples of U. peregrina range from 1.10 to 2.99 &
0.02 mmol mol~! (Table 3) covering a depth range of 370-
3323 m (Table 1). These Mg/Ca ratios are higher than val-
ues reported by Stirpe et al. (2021) ranging from 0.68 to
1.50 mmol mol~! covering a depth range of 663 to 4375 m.
In our data set, 7 out of 9 samples have Fe/Ca ratios above
the contamination threshold (> 0.1 mmol mol~!) and corre-
late positively with Mg/Ca ratios (r> = 87, Fig. 7a) suggest-
ing silicate contamination. Al/Ca ratios in all samples are
above the contamination threshold (> 0.4 mmol mol~') and
correlate with Mg/Ca ratios (r> = 0.66, Fig. 7b). These find-
ings suggest silicate contamination is being reflected in our
high Mg/Ca ratios. Mn/Ca ratios in all samples are below
the contamination threshold (< 0.1 mmol mol~!) which sup-
ports the notion of Mn-oxide coatings being absent (Fig. 7c).

To investigate if the high Mg/Ca ratios are indeed a re-
sult of silicate contamination these were plotted versus bot-
tom water temperatures and compared to previous studies
(Fig. 12). Only two samples of U. peregrina are below the
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Figure 11. Tentative Mg/Ca-BWT calibration of C. mundulus in
this study (black squares) compared to core-top calibrations by
Healey et al. (2008) (green rthombs) and Elderfield et al. (2006)
(light blue triangles).
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Figure 12. Mg/Ca-BWT calibration of U. peregrina in this study
(grey rhombs: contaminated, black rhombs: uncontaminated) com-
pared to Elderfield et al. (2006) core-top calibrations of light blue
triangles: U. peregrina and green triangles: Uvigerina spp.

contamination threshold of Fe/Ca ratios (< 0.1 mmol mol~!,
Elderfield et al., 2010). These map onto the relationship of
U. peregrina by Elderfield et al. (2006). Most of the sam-
ples that were suggested to be silicate contaminated show,
as expected, significantly higher Mg/Ca ratios than previ-
ous estimates (Fig. 12), up to 1.5 mmol mol~! higher than in
the relationship of Elderfield et al. (2006). This supports the
notion that Fe/Ca and Al/Ca ratios well above the contami-
nation threshold indeed identify samples with contamination
that bias the Mg/Ca ratios.
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Mg/Caratios measured in U. peregrina in a previous study
(Yu et al., 2007) showed no significant difference between
cleaning method using weaker reductive cleaning reagents
and oxidative cleaning only, in contrast to Mg/Ca ratios mea-
sured in C. wuellerstorfi and C. mundulus showing a signifi-
cant difference (Yu et al., 2007). The clear difference in con-
tamination between Cibicidoides spp. (Fig. 6) and U. pere-
grina (Fig. 7), despite using the same cleaning procedure,
supports the findings in Yu et al. (2007), which suggest dif-
ferent rigour might be required for different species (please
see Sect. 4.6 on variable degree of contamination).

4.3 Sufficient cleaning of Mn-oxide coatings

Although the cleaning procedure by Barker et al. (2003) has
been widely used (e.g. Elderfield et al., 2006, 2010, Elmore
et al., 2015), the removal of Mn-Mg coatings is inefficient
in some cases (Hasenfratz et al., 2017; Pena et al., 2008).
The Mn-oxide coatings which are found on the inner shells
of foraminifera can cause increased Mg/Ca ratios and only
the reductive cleaning procedure satisfactorily removes this
impurity (Pena et al., 2008). Where Mn/Ca ratios are below
0.2 mmol mol~!, it entails a small increase in Mg/Ca ratios
that is within the uncertainty of Mg/Ca ratio determination
and therefore can be considered insignificant (Hasenfratz et
al., 2017). All but one core-top sample have Mn/Ca ratios
below 0.2mmol mol~! (Figs. 6 and 7, Table 3). This sug-
gests the reductive cleaning step was not needed for samples
analysed in this study and therefore it is assumed the “Mg
cleaning procedure” utilized in this study is more suitable
than the “Cd cleaning procedure”.

4.4 Inefficient cleaning of silicate contaminants

The high Fe/Ca as well as the high Al/Ca ratios in most
samples of all species used here (Table 3) indicate inefficient
removal of silicate contaminants, suggesting that the number
of rinse/ultrasonication repetitions of the Barker et al. (2003)
procedure is inadequate. Increasing the number of rinse/ul-
trasonication repeats further (from four to five) entails the
risk of considerable calcite dissolution which may lower the
Mg/Caratios (Marr et al., 2013). There is probably a thresh-
old at which tests are thoroughly cleaned and tests dissolve.
A stepwise leaching test series could be used to investigate
the rigour needed to optimize cleaning whilst avoiding sam-
ple loss in the process. Due to time limitations, however, this
was not possible. If the methodology needs to be adapted to
specific foraminifera species this highly limits the compa-
rability between studies investigating different species from
different core locations.

https://doi.org/10.5194/cp-21-1871-2025

4.5 Species-specific differences in silicate
contamination

The range of Fe/Ca ratios in U. peregrina was wider
(0.02 to 2.04 mmolmol™!) than in C. wuellerstorfi (0.13
to 0.35 mmol mol~!; Table 3). This is consistent with El-
more et al. (2015, Supplement) reporting Fe/Ca ratios below
0.1 mmolmol~! in U. peregrina compared to Fe/Ca ratios
in C. wuellerstorfi below 0.04 mmol mol~!. Both ranges are
below the contamination threshold (0.1 mmol mol~!) in con-
trast to ranges reported in this study. Elmore et al. (2015)
also used the procedure of Barker et al. (2003). Samples con-
taining G. ruber from core NIOP 929 were included in the
analysis of core-tops and used as a control to monitor clean-
ing efficiency. On average, G. ruber contained Fe/Ca, Al/Ca
and Mn/Ca ratios of 0.18, 0.60 and 0.15 mmol mol~! (Ta-
ble A4 in Appendix A). Both average Fe/Ca ratios and aver-
age Al/Caratios in G. ruber from NIOP929 analysed in runs
along with U. peregrina (0.31 and 1.09 mmol mol~') were
higher than that of G. ruber that were analysed in runs along-
side Cibicidoides spp. (0.13 and 0.26 mmol mol~!; Table A4
in Appendix A). Since the same procedure was followed,
the difference could point to an issue in the repeatability of
the cleaning procedure, i.e. build-up of gas bubbles in the
hot water bath during the oxidative step, insufficient crush-
ing prior to cleaning, or different quantities of MilliQ water
and methanol removed in between rinses affecting efficiency
of contaminants being removed in every rinse. Alternatively,
the different contamination levels can also result from dif-
ferent samples from core NIOP929 used due to insufficient
specimens of G. ruber found within a single sample.

4.6 Variable initial degree of contamination

The degree of contamination of tests depends on factors
including sediment composition, sedimentation rates, oxy-
gen concentrations, core depth, water depth, and morphol-
ogy (Barker et al., 2003; Ni et al., 2020; Pena et al., 2008).
While foraminiferal tests that are well preserved and show no
to minor signs of contamination were selected for analysis,
the condition of specimens selected vary (qualitative obser-
vations of samples described in Table C1 in Appendix C). If
U. peregrina, as an endobenthic species, is subject to more
contact with surrounding sediment particles than C. wueller-
storfi, this could explain higher contamination in U. pereg-
rina. Also, the surface of tests of C. wuellerstorfi is relatively
smooth compared to the irregular surface of U. peregrina
tests, entailing a larger surface area compared to C. wueller-
storfi which in turn increases the probability of contaminants
sticking onto tests of U. peregrina.

4.7 Different depositional environment

Barker et al. (2003) suggest samples from regions of higher
clay content require more rigorous cleaning. This study ben-
efits from using core-top samples from a relatively localized
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area (within a radius of 1°E and S - see Fig. 1) in comparison
to previous studies based on more widely distributed sam-
ples (e.g. Elderfield et al., 2006). Despite the close proxim-
ity of our samples, different depositional environments likely
exist in our core-top sample set. To investigate the correla-
tion between depositional environment and silicate contami-
nation, Fe/Ca ratios and Al/Ca ratios over depth were plot-
ted (Fig. 8). There is an inverse correlation between Fe/Ca
ratios and Al/Ca ratios with depth in U. peregrina samples
(Fig. 8) and samples at depths > 2000 m having significantly
lower Fe/Ca ratios and Al/Ca ratios. Our core-top transect is
located close to the Rovuma River, implying lithogenic mate-
rial deposited near its mouth. The redistribution of these sed-
iments may well have affected the upper parts more than the
deeper parts of the continental slope in our study area (com-
pare van der Lubbe et al. (2014), which is probably reflected
in the higher contamination level at shallower depths).

4.8 Relative impact of contamination

The Mg/Ca ratios are typically lower in benthic foraminifera
compared to planktic foraminifera and therefore the relative
impact of contamination in benthic foraminifera is larger (de
Villiers et al., 2002). While contamination thresholds fol-
lowing previous benthic foraminifera core-top studies have
been used here, a lower contamination threshold for ben-
thic foraminifera should be used to minimize the relatively
higher uncertainty for benthic Mg/Ca ratios (Hasenfratz et
al., 2017). Different species of benthic foraminifera show
different temperature sensitivities, i.e. the relative change
in calcite Mg/Ca ratios compared to changes in tempera-
ture (Gussone et al., 2016). The impact of contamination on
Mg/Ca-based temperature estimates varies with the temper-
ature sensitivity in different foraminifera species (U. pereg-
rina > Cibicidoides spp.). Cibicidoides spp. have previously
been shown to have different temperature sensitivities at dif-
ferent temperature ranges (Elderfield et al., 2006). The tem-
perature sensitivity of Cibicidoides spp. including C. mundu-
lus and C. wuellerstorfi is higher at temperatures above 3 °C
and therefore the relative impact is smaller in temperatures
above 3 °C.

4.9 Different contamination thresholds

Different studies have used different indicators and thresh-
olds to monitor silicate contamination and Mn-oxide coat-
ings. Barker et al. (2003) consider correlations between
Mg/Ca ratios and Fe/Ca and/or Al/Ca ratios as indicators
of silicate contamination. Elderfield et al. (2010) have used
contamination thresholds of 0.4, 0.1, and 0.1 mmol mol~!
of Al/Ca, Fe/Ca, and Mn/Ca ratios, respectively, as indi-
cators of contamination, but also state because of difficul-
ties with the precision of Al concentrations, the Mg/Ca ra-
tios were not excluded based on high Al/Ca ratios alone.
Yu and Elderfield (2008) used correlations between Al/Ca
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and Mn/Ca ratios with Mg/Ca ratios to assess contamina-
tion. Lo Giudice Cappeli et al. (2015) have used Al/Ca ratios
< 1 mmol mol~! and correlation with Mg/Ca ratios to iden-
tify silicate contamination. In contrast, Stirpe et al. (2021)
have used more strict thresholds of 0.0952, 0.0296, and
0.0189 umol mol~! of Al/Ca, Fe/Ca, and Mn/Ca ratios, re-
spectively. While the most common contamination is based
on correlations with Fe/Ca, Al/Ca, and Mn/Ca, the outlined
differences cause uncertainty when comparing results be-
tween studies. When only using correlations between Fe/Ca
and Al/Ca ratios and Mg/Ca ratios to assess silicate con-
tamination, no samples of Cibicidoides spp. in this study
would have been tagged as contaminated. However, when
correlations are used in combination with the contamination
thresholds, about half of the samples indicate silicate or other
contamination. Also, when assessing correlations at species
level, i.e. C. wuellerstorfi, there is a strong correlation be-
tween Fe/Ca and Mg/Ca ratios (Fig. 1A in Appendix A, ex-
cluding Cibicidoides spp. and C. mundulus which were anal-
ysed in the same run). The species difference could be due to
morphological features of C. wuellerstorfi that allow more
silicate contaminants to be trapped. On the other hand, if
the lower contamination thresholds of Stirpe et al. (2021) are
used, all Mg/Ca ratios of this study are suggested to be con-
taminated with both silicate and Mn-oxide coatings. Corre-
lation between Fe/Ca, Al/Ca and Mn/Ca with Mg/Ca helps
identify contaminants that also contain Mg (most notably sil-
icate and Mn-oxide coatings) and are therefore relevant for
determining calcite Mg/Ca ratios. Excluding samples based
on strict contamination thresholds for Fe, Al, and Mn, with-
out considering correlations to Mg/Ca ratios risks excluding
many samples that have minor contaminants which do not
affect Mg/Ca ratios. These measurements could still prove
a reliable estimate of Mg/Ca ratios. Still, any presence of
contamination is a concern. Even if it does not produce in-
accurate Mg/Ca ratios (in the case that the contaminant does
not contain Mg), it introduces uncertainties. The inconsis-
tencies between studies and the uncertainties used could be
resolved by further examination of appropriate contamina-
tion thresholds. For example, elemental analysis of a sample
containing visible contamination from every core sample that
foraminifera tests are picked from could be introduced in the
methodology. This would help assess the identified contam-
ination effect on Mg/Ca ratios measured in the foraminifera
tests from a particular sample and specify contamination
thresholds that are specific to each sample. Because the de-
gree of contamination effect depends on factors such as aver-
age Mg/Ca ratios and temperature sensitivity, a more appro-
priate contamination threshold should be species specific and
at least detailing benthic versus planktic foraminifera differ-
ences since average Mg/Ca ratios are significantly lower in
benthic species (Hasenfratz et al., 2017).
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5 Summary and conclusion

Designed to optimize the relationship between sample clean-
ing involved in Mg/Ca thermometry and sample loss dur-
ing the procedure, in experiments 1-3 varying methanol and
ultra-pure water rinses were used and clearly show a substan-
tial effect on the level of silicate contamination. These exper-
iments showed that the best cleaning method for our study
was that of Barker et al. (2003).

The core-top calibration for C. wuellerstorfi in this study,
including only four samples, is broadly in line with published
data, although there is only one data point in our study at the
high temperature end.

Contamination is a general problem. Despite using an es-
tablished method (Barker et al., 2003), U. peregrina in par-
ticular displayed high levels of remanent contamination. The
U. peregrina Mg/Ca ratios also indicate that the contami-
nation indicating thresholds have generally been correct in
identifying samples with silicate contamination.

There are several potential sources of error for Mg/Ca
ratios including the carbonate ion effect, diagenetic effects,
seawater Mg/Ca variability, and vital effects. The main lim-
itation in the use of Mg/Ca as a palaecothermometer is a gen-
eral lack of understanding of benthic foraminiferal Mg in-
corporation and the relative impact of environmental factors,
biogenic controls, and diagenetic effects. It is possible that
species-specific cleaning protocols are needed to improve
comparability of data between studies.

https://doi.org/10.5194/cp-21-1871-2025
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Appendix A: Mg / Ca ratios and contamination
indicators
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Figure A1. Correlation between Fe/Ca ratios and Mg/Ca ratios in Cibicidoides wuellerstorfi. One data point is excluded where Fe is below
limit of detection.

Table A1. Samples analysed in Experiment 1-3.

Sample ID  Core sample Size fraction (um)  Specimens containing  Crushing method

Experiment 1

la 929, Section 13, 58-58.5cm 250-355 25 G. ruber Two glass slides

1b 929, Section 13, 58-58.5cm 250-355 25 G. ruber Two glass slides

1c 929, Section 13, 58-58.5cm 250-355 10 G. ruber Two glass slides

1d 929, Section 13, 57.5-58 cm 250-355 20 G. ruber Metal pin glass slide
le 929, Section 13, 58-58.5cm 250-355 10 G. ruber Metal pin glass mortar
If 929, Section 13, 57.5-58 cm 250-355 13 G. ruber Metal pin glass mortar

Experiment 2

2a 929, Section 13, 29-29.5 cm* 250-355 20 G. ruber Metal pin glass mortar
2b 929, Section 13, 29-29.5 cm* 250-355 20 G. ruber Metal pin glass mortar
2¢c 929, Section 13, 29.5-30 cm* 250-355 20 G. ruber 2-3 s in ultrasound

2d 929, Section 13, 57.5-58 cm* 250-355 20 G. ruber 2-3 s in ultrasound

2e 929, Section 13, 58-58.5 cm* 250-355 20 G. ruber Not crushed

2f 929, Section 13, 57.5-58 cm* 250-355 20 G. ruber Not crushed

2¢g 929, Section 13, 57.5-58 cm* 250-355 20 G. ruber Not crushed

2h 929, Section 13, 57.5-58 cm* 250-355 20 G. ruber Not crushed

Experiment 3

3a 929, Section 14, 12.5-13.5 cm* 250-355 20 G. ruber Metal pin glass mortar
3b 929, Section 14, 17-17.5 cm* 250-355 20 G. ruber Metal pin glass mortar
3c 929, Section 14, 105.5-106 cm 250-355 10 G. ruber Metal pin glass mortar
3d 929, Section 13, 105.5-106 cm 250-355 50 G. ruber Metal pin glass mortar
3e 929, Section 13, 105.5-106 cm 250-355 30 G. ruber Metal pin glass mortar
3f 929, Section 13, 105.5-106 cm 250-355 20 G. ruber Metal pin glass mortar
3g PE303-13B, CT, 0-1cm 250->450 5 Cibicidoides spp. Metal pin glass mortar
3h PE303-174, CT, 0-1 cm 250-450 5 Cibicidoides spp. Not crushed

3i PE303-174, CT, 0-1 cm 250-450 10 Uvigerina spp. Metal pin glass mortar

* used for comparison to previously measured Mg/Ca ratios by Saher et al. (2009).

Clim. Past, 21, 1871-1894, 2025 https://doi.org/10.5194/cp-21-1871-2025



V. Larsson and S. Jung: Persistent contamination in benthic-foraminifera-based Mg/Ca thermometry

Table A2. Results from Experiment 1.

1887

Sample Mg/Ca Fe/Ca Al/Ca Crushing Ca Normalized CaP
ID Species  (mmol mol_l) (mmol mol_l) (mmol mol_l) technique?  (ppm)  Specimens (ppm/25 specimens)
la G. ruber 35.23 <LOD <LOD plate 0.55 25 0.55
1b G. ruber 3.89 <LOD <LOD plate 7.50 25 7.50
1c G. ruber 5.18 <LOD <LOD plate 3.75 10 9.37>
1d G. ruber 5.84 <LOD <LOD pin 1.68 25 1.68
le G. ruber 4.54 <LOD <LOD pin 5.10 10 12.74b
1f G. ruber 5.70 <LOD <LOD pin 5.66 10 14.16°

a plate = crushing specimens simultaneously between two glass plates, pin = crushing specimens individually using metal pin. b Samples with specimens less than 25 have been
normalized to account for the reduced sample in order to be able to compare effect of crushing technique on Ca content even though different sample size have been used (due to
limited specimens available). Where 10 specimens have been analysed the Ca content have been multiplied with 2.5.

Table A3. Results from Experiment 2-3.

Sample Mg/Ca Fe/Ca Al/Ca Mn/Ca Ca
1D Species (mmolmol™!)  (mmolmol™!) (mmolmol™!) (mmolmol~1) (ppm)
2a G. ruber 5.64 0.51 2.36 0.18 19.33
2b G. ruber 4.40 <LOD 3.80 0.15 7.92
2c G. ruber 4.66 0.18 1.84 0.17  22.54
2d G. ruber 6.58 0.78 3.61 0.20 13.99
2e G. ruber 4.71 0.27 1.67 0.15  30.16
2f G. ruber 5.49 <LOD 4.34 0.16 7.32
2¢g G. ruber 4.85 0.43 2.11 0.18 24.18
2h G. ruber 9.41 1.56 3.96 0.34  30.92
3a G. ruber 3.17 0.39 0.91 0.11 2.15
3b G. ruber 3.7 <LOD <LOD 0.13  21.15
3c G. ruber 3.99 1.08 0.96 0.17 2748
3d G. ruber 3.59 <LOD 0.87 0.15 11.27
3e G. ruber 4.48 0.56 1.61 0.18 88.35
3f G. ruber 3.78 0.39 5.93 0.14  31.66
3g Cibicidoides spp. 2.37 <LOD 3.36 0.17  35.39
3h Cibicidoides spp. 2.54 1.08 0.91 0.04 432
3i Uvigerina spp. 2.75 <LOD <LOD 0.07 11.80

Table A4. Mg/Ca, Ca, and contamination indicators (Fe/Ca, Al/Ca, and Mn/Ca) of samples containing G. ruber analysed in the same runs
alongside core-top samples.

Core Species  Mg/Ca Fe/Ca  Al/Ca Mn/Ca Ca Note*

NIOP929  G. ruber 3.70 0.14 0.36 0.17 17.82  Cibicidoides spp.
NIOP929  G. ruber 3.56 0.10 0.35 0.19 25.60 Cibicidoides spp.
NIOP929  G. ruber 3.17 0.09 0.31 0.12 28.36  Cibicidoides spp.
NIOP929  G. ruber 3.16 0.23 <LOD 0.17 10.60 Cibicidoides spp.
NIOP929  G. ruber 4.18 0.12 0.29 0.17 19.78  Cibicidoides spp.
NIOP929  G. ruber 3.26 0.10 0.25 0.15 2451 Cibicidoides spp.
NIOP929  G. ruber 5.22 0.38 1.31 0.11 2448 U. peregrina
NIOP929  G. ruber 4.77 0.24 0.92 0.14 50.88 U. peregrina
NIOP929  G. ruber 5.1 0.30 1.04 0.12 3995 U. peregrina

* Analysed in run alongside Cibicidoides spp. / U. peregrina.
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Appendix B: ICP-OES calibration curves and
standards

Tube |Sample Labels Al396.152 |Ca315.887 |Ca317.933 |Ca 422,673 Mg 279.553 |Mg 280.270 |Mg 285.213
mg/L |} mg/L |} mg/L 1] mg/L |} ug/L 1] ug/L I} ug/L U
I UoE benthos Blank 0.000000  0.000000  0.000000  0.000000  0.000000  0.000000  0.000000
1:2 |UoE benthos St1 13.8500 13.8500 13.8500 75.5000 75.5000 75.5000
1:3 |UoE benthos St2 16.5000 16.5000 16.5000 258.000 258.000 258.000
1:4 |UoE benthos St3 13.8500 13.8500 13.8500 339.000 339.000 339.000
] 1:5 |UoE benthos St4 13.8500 13.8500 13.8500 466.000 466.000 466.000
1:6 |UoE benthos St5 13.8500 13.8500 13.8500 677.000 677.000 677.000
1:7 |UoE benthos St6 13.8500 13.8500 13.8500 1379.00 1379.00 1379.00
1:8 Standard 8
1:9 |Standard 9 0500000  0.500000  0.500000  0.500000
1:10 |Standard 10 2.50000 2.50000 2.50000 2.50000
1:11 |Standard 11 10.0000 10.0000 10.0000 10.0000
1:12 |Standard 12 50.0000 50.0000 50.0000 50.0000

Figure B1. Print screen showing the concentration of standards used (Mg in ppb and Ca in ppm) in Mg/Ca analyses for calibration and for
matrix effect. The ICP analyses were carried out on an Agilent (former Varian) Vista Pro 700. The screenshot below was taken from the ICP
Expert software package (distributed by Agilent https://www.agilent.com, last access: August 2022), which is used to operate the ICP-OES.
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Figure B2. Print screen of ICP Expert showing calibration curves for standards in Uvigerina peregrina analyses. The ICP analyses were
carried out on an Agilent (former Varian) Vista Pro 700. The ICP Expert software package (distributed by Agilent https://www.agilent.com,

last access: August 2022) is used to operate the ICP-OES.
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Figure B3. Print screen of ICP Expert showing an example of the intensity curves in Cibicidoides spp. analyses. The ICP analyses were
carried out on an Agilent (former Varian) Vista Pro 700. The ICP Expert software package (distributed by Agilent https://www.agilent.com,

last access: August 2022) is used to operate the ICP-OES.
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Appendix C: Qualitative observations of benthic
foraminifera samples analysed

Table C1. Images and qualitative observations of 250-450 um size fractions of core-top samples containing benthic foraminifera tests

analysed.

PE303-3 PE303-4c PE303-6¢

—no debris or quartz —50 % quartz —50 % quartz

—clean —clean —clean

— broken fragments present but most tests  — tests mostly intact — tests mostly intact

intact — mostly unstained/ minor discolouration — mostly unstained/minor discolouration
— mostly unstained/ minor discolouration —no sign of secondary calcification or —no sign of secondary calcification or
—no sign of secondary calcification or corrosion corrosion

corrosion

PE303-14a PE303-17a PE303-18b

—no debris or quartz — no debris or quartz — debris and quartz present

— broken tests present but most intact — mixed condition, visible mud on tests — visible mud on tests

— some signs of secondary calcification and  — discolouration and corrosion — broken fragments

corrosion — discolouration and corrosion present
— white, no discolouration —no sign of secondary calcification

Clim. Past, 21, 1871-1894, 2025 https://doi.org/10.5194/cp-21-1871-2025
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PE303-22

PE303-50

PE304-9

— debris present, no quartz

— mixed condition, some discolouration
corrosion and secondary calcification

— broken fragments

— > 50 % quartz, no debris

—clean

— mixed condition, minor discolouration
and some visible mud

— some broken tests

— minor corrosion

—no sign of secondary calcification

— debris and quartz present

— visible mud

— broken fragments > 50 %

— discolouration

— corrosion

—no sign of secondary calcification

PE304-25

PE304-30

—no quartz or debris

— most tests have visible mud

— broken fragments

— brown/orange discolouration

—no visible sign of corrosion or secondary
calcification

— no quartz or debris

— mixed condition, some visible dirt
— minor discolouration

— broken test fragments

— corrosion

— minor secondary calcification

https://doi.org/10.5194/cp-21-1871-2025

Clim. Past, 21, 1871-1894, 2025



1892

Data availability. Data will be available via https://www.pangaea.
de/?t=Oceans (section Oceans; last access: 25 August 2025) by the
end of 2025.
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