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Abstract Obtaining absolute temperatures of the ocean in deep time is complicated by the lack of
constraints on seawater chemistry. Seawater salinity, carbonate ion concentration, 580, and elemental
abundance changes may obscure widely applied paleoproxies. In addition, with foraminifera-based proxies
applied over long time scales or through major transitions, taxonomic turnover can impair the robustness
of a record. While requiring larger sample sizes than most other proxies, the clumped isotope method is
independent of seawater chemistry. Here we test if small benthic foraminifera precipitate their carbonate
in equilibrium with respect to the clumped isotope thermometer and if there are any species-specific vital
effects. We find that benthic foraminifera fall on the same calibration line as the majority of carbonate
minerals including inorganic calcite. In addition, we find no offsets that can be attributed to a
species-specific for any of the samples. This finding implies that a necessary amount of sample material
can be obtained by aggregating over multiple taxa of benthic foraminifera and allows for the application of
this proxy over major climatic transitions that coincide with seawater chemistry changes and

foraminifera extinctions.

1. Introduction

Clumped isotopes are a powerful tool that can record more information than just single isotope enrichments.
Clumped isotopes involve measuring two different isotopic enrichments (i.e., 50 and §'3C) adjacent to
one another structurally within the same molecule. The method was first used on CO, derived from car-
bonate material (Eiler, 2007) and is now applied to a wide range of other molecules like O, (Yeung et al.,
2009), methane, and other organic molecules (Clog et al., 2018; Piasecki et al., 2016; Stolper et al., 2014)
and to small portions of larger molecules relevant to a wide range of geologic applications. Clumped isotope
thermometry, specifically in this case applied to carbonate minerals, operates under the assumption that
the material is precipitated in equilibrium, and its isotope distribution, which reflects formation tempera-
ture, is not altered by diagenesis until it is measured in the laboratory. Benthic foraminifera, which have
many important paleoclimatic applications, have carbonate shells, but these are precipitated through a bio-
logically mediated pathway. In this study, we aim to demonstrate that benthic foraminifera have the same
response to temperature of their clumped isotope value as inorganically precipitated carbonates. Due to pre-
vious limitations on sample size, this question has not been adequately probed, and it has not been shown
if small benthic foraminifera precipitate their carbonate tests in equilibrium with respect to the clumped
isotope temperatures relevant to most benthic foraminifera. In addition, we measured 10 different species
to test for any species-specific vital effects in benthic foraminifera.

2. Background

One of the most powerful aspects of clumped isotopes, especially in comparison to other paleoceanographic
temperature proxies, is that the expected value can be explicitly calculated using first principles (Wang
et al., 2004). While these quantum mechanical calculations can yield a direction and order of magnitude
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of the expected fractionation, they are not sufficiently accurate in solid phases, and therefore, a calibration
is needed to accurately transform measured values of CO, evolved from carbonate in the laboratory to an
absolute temperature scale. More traditional temperature proxies applied to benthic foraminifera cannot
explicitly calculate temperature over long time scales due to other dependencies. In addition to temperature,
6180 is dependent on the isotopic composition of seawater (McCrea, 1950); Mg/Ca is affected by seawater
Mg/Ca and carbonate ion concentration (Lear et al., 2010), but both proxies are influenced by vital effects
(Lear et al., 2002; Marchitto et al., 2014). These proxies have their advantages, mostly that they can gen-
erate high-resolution records in a variety of different environments within the recent geological past, but
there are complications applying them in geological deep time, when seeking absolute temperatures, due
to the requirement of species-specific calibrations and assumptions of seawater composition. In addition,
taxonomic turnover can pose problems when applying proxies affected by vital effects over long-term stud-
ies or across transitions characterized by assemblage changes. While there are calibrations to compare 580
between different species and calibrations to estimate temperature using Mg/Ca in different species, by
applying these proxies to extinct species or through transitions with assemblage changes, large uncertainties
are introduced.

The drawback of clumped isotope thermometry is that the typical sample size per replicate in conventional
extraction lines is around 3-7 mg of carbonate, with several replicates needed. This is difficult to achieve
in a paleoceanographic study using single benthic foraminiferal species, except in the most special circum-
stances, without aggregating samples across long time periods which diminishes the temporal range of the
proxy. There have been new advancements with the technique however (Hu et al., 2014; Meckler et al., 2014;
Miiller et al., 2017; Schmid & Bernasconi, 2010) that allow to complete multiple replicates (20 or more) of
smaller size (100-140 ug) of cleaned carbonate sample, greatly reducing the total mass of carbonate needed
to obtain a single robust temperature estimate (Meckler et al., 2014). These improvements now allow us to
probe the potential species-specific offsets of benthic foraminifera. Clumped isotope thermometry can now
be applied to a wide variety of paleoceanographic and paleoclimatic questions (Breitenbach et al., 2018;
Grauel et al., 2013; Rodriguez-Sanz et al., 2017).

There are two recent calibration studies of carbonate minerals that are directly relevant to this study. Kele
et al. (2015) used a Kiel preparation system (described in detail in following sections) set up for small sam-
ple sizes in order to conduct the calibration. The inorganically precipitated travertines and tufa used in their
calibration cover a large temperature range of 0-95 °C (Kele et al., 2015). However, their study does not
address potential complications of biologically precipitated carbonate minerals from foraminifera with a
sufficient number of samples. Recently, due to adjusted parameters, the Kele et al. (2015) study was recalcu-
lated, using the same standard values as our data treatment (Bernasconi et al., 2018). Bonifacie et al. (2017)
incorporated most other existing calibration studies (including the one of Kele et al., 2015) with dolomite
samples spanning a temperature range up to 350 °C and proposed a single common calibration line across
sample types. Due to the very large temperature range and due to the fact that it contains other relevant cal-
ibration studies, we use the Bonifacie et al. (2017) study as the benchmark to which we compare our data.
Their study includes samples that are prepared with different analytical methods from a number of different
laboratories and a variety of different sample types.

Three calibration studies focus more on clumped isotope thermometry of foraminifera. The first study look-
ing at benthic foraminifera includes a mixed sample, together with planktic foraminifera and coccoliths, and
was greatly limited by sample size due to it using a common acid bath dissolution for the carbonate mea-
surements (Tripati et al., 2010). The second study (Grauel et al., 2013) included a few benthic foraminifera
samples, with two species of benthic foraminifera from two sites in the Mediterranean Sea and the Atlantic.
We repicked two Mediterranean sites from this study and included them in our analysis (Table 1). Finally,
there is a recent study that has two benthic points, while the rest are planktic species (Peral et al., 2018). The
benthic species fall on the same line as the planktics and are within error of our results as well. The studies
suggested that benthic and planktic foraminifera are indistinguishable from the bulk carbonate calibra-
tions, but there were not enough measurements of different species over wide temperature ranges to assess
whether benthic foraminifera have any species-dependent offsets. Comparison of this published benthic
data with our benthic data is shown in supporting information Figure S3.
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Table 1
Clumped Isotope Averages for Species by Site (Including 5'40, 580 Standard Deviation; 6'3C, §13C Standard Deviation; A, Ay, Standard Error, and Number of
Replicates
Site Region Latitude  Longitude  Depth (m) Age(year BP) Temp (°C) Mg/Ca, mmol/mol Reference
13MC-G Bahamas 24.37°N 83.24°W 348 3040 9.7 2.39 Marchitto et al. (2007)
19MC-G Bahamas 24.42°N 83.21°W 173 1320 12.7 241 Marchitto et al. (2007)
50MC-G Bahamas 24.41°N 83.22°W 198 1080 12.1 243 Marchitto et al. (2007)
53MC-G Bahamas 24.38°N 83.23° W 302 1800 10 2.28 Marchitto et al. (2007)
89MC-G Bahamas 24.56°N 79.24°W 353 2280 17.8 3.44 Marchitto et al. (2007)
94MC-G Bahamas 24.57°N 79.23°W 259 215 18.5 341 Marchitto et al. (2007)
GS06-144-19 Norwegian Sea 63.83°N 5.27°E 830 — —-0.74 — O.A.
GS07-150-17-2 Brazil 4.47°S 37.21°W 1000 796 4.17 1.91 Tisserand et al. (2013)
GS07-150-22-1 Brazil 4.33°S 37.16°W 598 2897 6.06 2.47 Tisserand et al. (2013)
MP43 Mediterranean 39.72°N 16.97°E 246 — 13.9 — Grauel et al. (2013)
MP46 Mediterranean 39.54°N 17.25°E 582 — 13.9 — Grauel et al. (2013)
S0213-54-4 Eastern Pacific 43.72°S 120.67°W 3840 — 1.42 — O.A.
S0O213-71-2 Western Pacific 45.58°S 157.90°W 689 — 3.77 — World Ocean Atlas 2009,

volume 1: Temperature
(2010)

Note. O.A. is World Ocean Atlas 2009, volume 1: Temperature (2010).

3. Methods

3.1. Sample Selection

All samples in this study are from core top sediments, and the majority are from previous calibration studies
for Mg/Ca thermometry. Since the previous calibration studies usually only focused on a single species of
foraminifera that is no longer abundant in the samples, it is difficult to directly compare results. The Mg/Ca
data which do exist are included in Table 1. We use the published instrumental temperatures reported by
those studies as the presumed growth temperatures of the foraminifera. The temperatures are typically a
combination of World Ocean Atlas temperatures or cruise conductivity temperature depth measurements
when the samples were collected. Some of the samples have been radiocarbon dated previously (Table 1).
The largest sample suite within this study is from the Bahamas, and the samples span 9.7-18.5 °C (Marchitto
et al., 2007). These samples contained multiple abundant benthic foraminifera species in both the >355 and
the 250- to 355-um size fraction (Species listed in Table 2). Another two samples from the Mediterranean
Sea come from the clumped isotope calibration study of Grauel et al. (2013). The two sites from this study
that were used here experience bottom water temperatures of 13.9 °C and contained two benthic species
(Cibicidoides mundulus and Uvigerina mediterranea) in sufficient abundance. A third sample set is from off
the coast of Northern Brazil, where the bottom water temperature range is 4-6 °C (Tisserand et al., 2013) and
three benthic species could be selected (Pyrgo spp. from two sites and Cibicidoides pachyderma). In addition,
two samples with no prior information on Mg/Ca were obtained from off the Norwegian Coast and from
east of New Zealand (Table 1). Temperatures for these sites are from Ocean Atlas mean annual bottom water
temperatures and are —0.7 and 3.7 °C, respectively (World Ocean Atlas 2009, volume 1: Temperature, 2010).
The locations of all sites are shown in Figure 1. All species and the size fractions measured are shown in
Table 2. Overall growth temperatures of the tests are reasonably well constrained. Unlike for planktic species,
we do not have to consider additional uncertainties related to seasonal effects or depth habitat changes, as
bottom water temperatures normally vary little over space and time.

3.2. Mass Spectromemtry

At the University of Bergen, we run clumped isotopes on small carbonate samples using a Thermo Fisher
Scientific Kiel IV carbonate preparation device coupled to a MAT-253 Plus isotope ratio mass spectrometer.
The setup closely follows previous work (Hu et al., 2014; Meckler et al., 2014; Miiller et al., 2017; Schmid &
Bernasconi, 2010), and our method is summarized here. Small samples, currently 100-140 ug (dependent
on instrument sensitivity), are loaded into an automatic sample carousel where a mix of 42 samples and
standards are run in a 24-hr period. The samples are digested individually with phosphoric acid at 70 °C, and
the generated CO, is collected immediately in a cold trap. Water is trapped and then the sample is passively
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Table 2
Averaged Clumped Isotope Results by Site Then Species (Including 5180, 5180 Standard Error; 513C, 513C Standard Error; A 47, Ay7 Standard Error, and Number of
Replicates)

Site Type Size (um) 5180 818044, s13¢ 813 Cyper Ay Agrger ~ Num T
13MC-G Cibicidoides pachyderma >355 1.526 0.135 0.606 0.024 0.741 0.008 14 9.7
13MC-G Hoeglundina elegans 250-355 2.420 0.000 1.820 0.000 0.723 0.000 1 9.7
13MC-G Hoeglundina elegans >355 2.695 0.039 1.918 0.031 0.749 0.014 14 9.7
13MC-G Lenticulina convergens >355 1.729 0.044 —0.048 0.033 0.721 0.011 9 9.7
13MC-G Lenticulina iota >355 1.521 0.056 0.104 0.098 0.719 0.009 10 9.7
13MC-G Pyrgo serrata >355 2.533 0.027 0.564 0.047 0.729 0.014 10 9.7
13MC-G Uvigerina peregrina >355 1.835 0.011 0.087 0.014 0.735 0.009 15 9.7
13MC-G Uvigerina peregrina 250-355 1.481 0.164 0.239 0.118 0.736 0.007 33 9.7
19MC-G Amphisterigina radiata >355 —0.283 0.050 0.279 0.062 0.692 0.006 15 12.7
19MC-G Hoeglundina elegans >355 1.700 0.000 2.000 0.000 0.777 0.000 1 12.7
19MC-G Lenticulina convergens >355 0.298 0.058 —0.568 0.132 0.728 0.010 13 12.7
19MC-G Lenticulina iota >355 1.014 0.020 0.145 0.042 0.728 0.005 13 12.7
19MC-G Pyrgo spp 250-355 1.328 0.179 0.770 0.097 0.704 0.021 5 12.7
50MC-G Cibicidoides pachyderma >355 1.242 0.012 0.586 0.033 0.734 0.006 33 12.1
50MC-G Lenticulina convergens >355 1.092 0.027 —0.581 0.113 0.752 0.009 11 12.1
50MC-G Pyrgo spp 250-355 1.363 0.054 0.800 0.035 0.689 0.010 3 12.1
53MC-G Cibicidoides pachyderma >355 1.432 0.025 0.556 0.038 0.725 0.009 14 10
53MC-G Lenticulina iota >355 1.418 0.031 —-0.154 0.061 0.732 0.004 43 10
53MC-G Lenticulina convergens >355 1.594 0.043 0.041 0.084 0.740 0.010 11 10
53MC-G Pyrgo serrata >355 2.439 0.021 0.430 0.081 0.765 0.009 20 10
89MC-G Cibicidoides pachyderma 250-355 0.292 0.020 1.296 0.054 0.698 0.024 5 17.8
89MC-G Hoeglundina elegans 250-355 —-0.077 0.278 1.088 0.129 0.695 0.007 26 17.8
89MC-G Lenticulina spp 250-355 0.258 0.049 0.672 0.111 0.713 0.010 5 17.8
89MC-G Pyrgo spp 250-355 0.850 0.220 1.530 0.060 0.712 0.013 2 17.8
94MC-G Amphistegina lessoni 250-355 -1.814 0.180 0.388 0.084 0.679 0.005 27 18.5
94MC-G Hoeglundina elegans 250-355 0.532 0.105 1.354 0.072 0.695 0.007 21 18.5
94MC-G Lenticulina iota 250-355 0.020 0.126 —0.147 0.175 0.702 0.027 3 18.5
94MC-G Oridorsalus umbonatus 250-355 0.123 0.021 1.437 0.112 0.714 0.015 7 18.5
94MC-G Uvigerina peregrina 250-355 0.570 0.000 0.430 0.000 0.680 0.000 1 18.5
GS06-144-19 Melonis barleannum 250-355 3.926 0.029 —2.345 0.053 0.778 0.008 20 —0.743
GS07-150-17-2 Pyrgo spp 250-355 3.058 0.079 0.992 0.028 0.758 0.006 21 4.17
GS07-150-22-1 Cibicidoides pachyderma 250-355 2.190 0.019 1.030 0.015 0.779 0.013 13 6.06
GS07-150-22-1 Planulina ariminensis 250-355 1.963 0.113 1.560 0.023 0.727 0.008 3 6.06
GS07-150-22-1 Pyrgo spp 250-355 2.347 0.108 0.814 0.058 0.747 0.005 42 6.06
MP43-BC Uvigerina mediterranea 250-355 2.123 0.020 0.462 0.091 0.714 0.008 12 13.9
MP46-MC Cibicidoides mundulus 250-355 1.631 0.016 1.540 0.037 0.742 0.010 11 13.9
MP46-MC Hoeglundina elegans 250-355 2.380 0.000 2.040 0.000 0.716 0.000 1 13.9
MP46-MC Cibicidoides pachyderma 250-355 1.675 0.015 1.173 0.065 0.750 0.010 6 13.9
MP46-MC Uvigerina mediterranea 250-355 2.102 0.018 0.347 0.069 0.714 0.004 24 13.9
MP46-MC Melonis spp 250-355 1.752 0.219 0.615 0.248 0.715 0.013 6 13.9
S0213-54-4 Cibicidoides pachyderma 250-355 2.930 0.024 0.380 0.039 0.747 0.012 6 1.42
SO213-71-2 Cibicides lobatus 250-355 1.937 0.120 1.313 0.015 0.733 0.006 3 3.77
S0213-71-2 Uvigerina peregrina 250-355 4.511 0.048 0.427 0.020 0.748 0.006 29 3.77
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Figure 2. Data averaged per site shown in black circles with error bars
indicating one standard error. Individual replicates are shown as gray
crosses. Compared to the most comprehensive existing calibration of
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Figure 1. Map of sample locations with more than 10 replicates. There are multiple points in the Bahamas, the
Mediterranean, and off New Zealand. Locations are given in Table 1. Figure made with Ocean Data View.

passed over silver wool and a PoraPak QTM (ethylvinylbenzene and divinylbenzene copolymer bead) trap in
a sulfinert coated tube held at —20 °C. The PoraPak QTM column is heated to 120 °C before a run for 1 hr to
clean it in between runs. After passing over the PoraPak QTM, the sample is cryofocused in a microvolume
before it is passively expanded through a crimped stainless steel capillary into the mass spectrometry. The
sample is measured with the long-integration dual-inlet method (Hu et al., 2014) for a total 400 s with signals
typically decreasing from 18 to 10 V over the course of the measurement. After the sample is measured, the
standard gas at a matching initial pressure is measured from a different depleting microvolume.

The pressure baseline is corrected based on daily peak scans at five different intensities (Meckler et al., 2014)
on the day of measurement, and the samples are standardized with four carbonate standard powders of
differing 6'3C, 6130, and A, following Meckler et al. (2014). We made some modifications to the procedure
described in Meckler et al. (2014). First, three of the standards (ETH1, ETH3, and ETH4) are used to put the
samples in the absolute reference frame (Dennis et al., 2011), and the fourth (ETH2) is used as a tracer to
monitor performance. The conversion into the absolute reference frame is done by a single step with three
standards (listed above) without initial offset correction (we use the recalculated vaules from Bernasconi
et al., 2018). In addition, we use 80 individual standard measurements to convert samples into the absolute
reference frame (discussed further in the supporting information with

10 references, e.g., Fernandez et al., 2017). The standard deviation per run
22 2 2 2 of five measurements of each standard type is typically < 0.03 %0 for

- This Study

Replicates

Bonifacie et al. 2017

Bonifacie et al. 2017
- Kele et al. 2015 recalculated
Site Averages

A,,. Furthermore, we isolate blocks of varying length (weeks to months)
called correction intervals, defined by major maintenance events like
source cleaning or reference gas change. For these longer-term correc-
tion intervals, the reproducibility of the standards is typically < 0.035%0
(1SD)for A,; (supporting information Tables S1 and S2). All data are pro-
cessed using the Easotope software (John & Bowen, 2016) and utilizing
the Brand correction parameters (Daéron et al., 2016).

N
R\
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o soocan

4. Results

A total of 43 individual species measurements was made at 13 differ-
ent sites, of which 27 could be replicated more than nine times, which
Y- 0.0460:£0.005x + 0.159:2 0.064 was determined to be the threshold for a species-specific data point using

r2=0.85

11.75

12.00

12.25

12.50

108/T2(K)

1275 1300 1325 1350 counting statistics (i.e., the standard error of the replicates approaches the
shot noise limit given the cumulative amount of time spent measuring
mass 47). However, all replicates were used to determine the regression
shown in Figure 2, which is based on averages over the results from all

Bonifacie et al. (2017) and Kele et al. (2015) recalculated by Bernasconi species from a given site. Note that there are two separate sites at 13.9 °C,
et al. (2018). Data match within error.

both in the Mediterranean Sea.
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Table 3
Statistics of our Regression and Other Recent Relevant Calibrations From the Literature
Regression Slope Intercept 2 Slope Error Intercept Error
This study 0.046 0.159 0.85 0.005 0.064
Bonifacie et al. (2017) 0.0422 0.208 0.99 0.0019 0.0207
Kele et al. (2015) recalculated 0.0449 0.167 0.96 0.001 0.01

The site averages fit well with the overall regression. Plotted in Figure 2 are the site averages with one stan-
dard error bars as is typical with clumped isotope measurements. We also calculated error bars with 99%
bootstrap confidence interval, and in that case all averages including error bars fall within the confidence
interval of the line (supporting information Figure S5). Our slope (0.0460 + 0.005, Table 3) is steeper than
either the Bonifacie et al. (2017) compilation study or the Bernasconi et al. (2018) recalculation of travertine
samples from Kele et al. (2015). We believe that this is due to the narrow temperature range over which our
samples occur, as discussed further below.

The Bonifacie et al. (2017) curve is also shown in Figure 2. This calibration line was selected as a reference
since it is currently the clumped isotope calibration that has the widest temperature range of all calibrations
(Bonifacie et al., 2017). Although most of the data were obtained at a digestion 90 °C and a common acid
bath, the compilation contains data points that were run at 70 °C with a Kiel preparation system (Kele
et al., 2015) like our measurements, and the study converted all data to the 90 °C reference frame using the
acid digestion fractionation factors determined by Defliese et al. (2015). As we are converting our data to a
hypothetical acid fractionation at 25 °C (by adding 0.062 to convert from 70 °C), currently common practice
in the clumped isotope community, we also converted the data from the (Bonifacie et al., 2017) calibration
to the 25 °C reference frame by adding 0.082%0 (to convert from her 90 °C reference frame back to 25 °C
Defliese et al., 2015). Our regression between A,; and temperature is within error of the (Bonifacie et al.,
2017) calibration and the recalculated Kele et al. (2015) from Bernasconi et al. (2018). Since both calibrations
cover a large range and our range is only 20 °C, their slope is better constrained and therefore is a more
robust calibration. Importantly, our data suggest that benthic foraminifera fall within error of the universal
calibration and do not have a measurable biological offset.

Species-specific data, using all samples with more than nine replicates, are plotted in Figure 3 to these data
points in terms of species, size fraction, age, or location of sampling (Table 2). We investigate the possibility
of such effects further using taxon-specific regression, which is elaborated below.

T(°C)

0.850

0.825

0.800

| v ]

1T

" =

0.675 +

D47 (%0)

- This Study
C. pachyderma
Lenticulina spp
Pyrgo spp
Uvigerina spp
H. elegans
Assorted

——
1

comore

0.650

11.75 12.00 1225 12.50 12.75 13.00 13.25 13.50
10/T%(K)

Figure 3. Figure shows genus-specific data averaged by site. Each point is a single species, but they are grouped in
color by genus. Assorted refers to data from species that were only measured in one site; see Table 2. Regression is the

site-averaged regression also shown in Figure 2. Inorganic calibrations fall within the gray confidence interval which
are also shown in Figure 2
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Figure 4. Plot showing the regression of all species (as in Figure 2; black solid line) and its uncertainty (99% confidence
interval; black dashed line) versus a given species over the temperature range of the single-species occurrence. Gray
crosses represent all species within the temperature range used to calculate the black regression and confidence
interval within the panel. Regressions of individual species (colored lines) are each the median of 1,000 iterations.

5. Discussion

5.1. Species-Specific Considerations

It is necessary to determine if any there are any taxon-specific differences or if any taxon-specific regres-
sions show obvious deviations from the average of all taxa. In order to do this, we performed a Monte Carlo
resampling procedure to identify taxon-specific offsets. First, we separated the samples by genus (Figure 4).
There are only a few species represented; for example, all Hoeglundia are Hoeglundia elegans, and all Cibi-
cidoides are Cibicidoides pachyderma. Lenticulina is evenly split between Lenticulina iota and Lenticulina
convergens. And Pyrgo is a mixture of Pyrgo serrata and others. Uvigerina spp is Uvigerina peregrina for most
samples, and U. mediterranea for the two Mediterranean samples. In order to test for genus-specific offsets,
we examined specifically that the temperature interval that each genus was measured over. We calculated a
regression and bootstrap confidence interval (99%) using all data from all species measured over that tem-
perature range. All regressions were performed using iteratively reweighted least squares with a bisquare
weighting function (the robustfit function in Matlab). We estimated 0.99 confidence envelopes on regression
and average values using percentiles of 10,000 bootstrap samples (randomly resampling with replacement
from the original data maintaining the same samples size). From those resampled replicates we selected the
median regression for each genus and compared it to the data for all species occurring over that temperature
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interval. For example, Pyrgo occur over the temperature interval of 4-18 °C, and we compared its median
regression to the regression of all replicates of any species occurring within that temperature interval.
As illustrated in Figure 4, all of the individual genera fall within the A,, confidence interval for the regres-
sion represented by all samples over that temperature range. Therefore, even though there is variability
among a given species, no species is statistically significantly different from the average of all species over
the temperature occurrence range. We suggest that the variation seen in our samples is within the range of
individual replicates for other calibration studies (Figure 2). The absolute value of our regression and inter-
cept does vary from other studies, but this is due to the narrow temperature range of our study, and therefore,
we still find our data to be consistent with the other commonly used current calibration. Our method of
averaging numerous small samples appears at first glance to have increased error, but when robust statis-
tical methods are employed, the individual species's regressions all fall within error of the inorganic and
all species's mean.

Overall, our data fall within error of the Bonifacie et al. (2017) calibration and within error of the Bernasconi
et al. (2018) recalculation of Kele et al. (2015). These other data sets are larger. Specifically, the Bonifacie
etal. (2017) compilation is very large encompassing most preparation methods of clumped isotope measure-
ments, multiple different carbonate phases, and both biogenic and abiogenic samples measured at multiple
labs. The calibration, due to all of these factors, is more robust than our study, which only has a temperature
range of 20 °C and is limited by small samples of benthic foraminifera. Due to this fact, our data confirm
that there are no species-specific offsets for clumped isotope temperatures and that benthic foraminifera
do not as class fractionate while precipitating carbonate minerals. Since our data are skewed to one end of
the available temperature range, we do not provide a good estimate for the calibration over all ranges and
suggest that other authors rely on a more universal calibration especially when studying samples of greater
than 20 °C. In addition, although the regression of Bonifacie et al. (2017) is more robust than ours, as shown
in Figure 2, the overall spread that they see especially at lower temperatures is the same size or larger than
the spread that we see for our samples (Figure 2, pale turquoise diamonds). We also compare our data to
Bernasconi et al. (2018), who recalculated a previous data set of Kele et al. (2015) using the new, widely used
Brand parameters. Our results fall in between these two main calibrations and are within error of both. Most
current calibrations are within error of one another, including ours, which points to a universal calibration
that benthic foraminifera are not biologically offset from.

5.2. Implications for Paleoceanographic Studies

Overall, this study indicates that clumped isotopes on benthic foraminifera yield reliable estimates of bot-
tom water temperature. While there is variation between tests, it is independent of seawater chemistry, 50,
and species. It is necessary to have enough replicates such that counting statistics are reached in the mea-
surement compared with fewer larger samples. We suggest that if it is difficult to do so with a single species,
measurements done on multiple different species can be averaged at a given site and time. When using a
small sample approach (e.g., Kiel device method) with multiple aliquots reacted separately, it would how-
ever be beneficial to run aliquots of individual species, as different species have different 580 values due
to species-specific fractionation factors for 5'80. Since A,, temperature is calculated using the §'#0 of the
test, there is error introduced if species with very different 6180 are mixed. A possible sampling scheme for
paleoceanographic studies using the small sample analytical approach would be to complete few replicate
analyses of downcore samples on the same foraminifera species, yielding high-resolution %0 and §'3*C
records. And subsequently average over A,, results from 10 or more samples spaced evenly over time for
a lower resolution clumped isotope temperature record (Grauel et al., 2013; Rodriguez-Sanz et al., 2017).
The results obtained this way are robust against short-term temperature fluctuations and against aliasing of
cyclic variations in climate, if sampled at the right frequency.

6. Conclusions

In this study we measured a range of benthic foraminifera species that occur in modern sediments from
many different ocean environments. We found that our samples are consistent with other carbonate clumped
isotope calibration curves presented in this work. In addition, there are no discernable species-specific off-
sets in the benthic foraminifera studied here. Despite variability within the data set, all species fall within
the expected relationship for all samples over a given temperature range. This allows for using an aggrega-
tion of multiple single-species analyses to obtain a single temperature in cases where benthic foraminifera
abundances are low.
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