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Abstract

Clumped isotope measurements can be used to exploit the paleoclimatic potential of pedogenic siderite (FeCQs3); however,
the applicability of this method is held back by the lack of clumped isotope calibrations of mineralogies other than calcite and
aragonite. Here we present an inorganic calibration of siderites grown in the laboratory between 21 and 51 °C. Linear regres-
sion of A4; values and temperature (10%/T2, K) yields the following relationship (+* = 0.997):

(0.0356 £ 0.0018) x 10°
TZ

Ay rr = +(0.172 £ 0.019)

We demonstrate that this calibration is indistinguishable from calcite at current levels of analytical precision. Our obser-
vations suggest that there is likely no large systematic bias in the clumped isotope acid fractionation factors between the two
different carbonate minerals. We also present clumped isotope measurements of a natural siderite collected from Holocene
sediments of the Mississippi River Delta. We find that siderites record warm season marsh water temperatures instead of
mean annual temperatures as it has long been presumed. This finding has important implications for the accuracy of siderite

stable isotope and clumped isotope based climate reconstructions.

© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Siderite (FeCOs3) has the potential to become an impor-
tant archive of paleoclimate in humid continental environ-
ments because it forms in poorly drained/anoxic wetland
soils where pedogenic calcite is not typically found (Ludvigson
et al., 1998, 2013; Sheldon and Tabor, 2009). The oxygen
isotope composition of siderite can be used to solve the car-
bonate-water isotope exchange paleothermometer equation
for temperatures of mineral precipitation or for the 5'%0
values of soil waters during mineral formation (White
et al., 2001; Ufnar et al., 2004; Suarez et al., 2011). The
paleothermometer equation, however, is a function of two
independent variables (temperature and the 8'80 of the
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fluids from which the mineral forms) and one of them must
be known independently to determine the other.

Like other carbonate minerals, 8'%0 values of siderites
can only be used when there are independent constraints
on either the formation temperature or the 8'%0 value of
coexisting fluids. White et al. (2001) used the oxygen iso-
tope composition of middle Cretaceous pedogenic siderites
along with paleotemperature estimates from a general cir-
culation model (GMC) to estimate meteoric water 8'30 val-
ues and, ultimately, arrive at an estimate for precipitation
rate. While this approach is useful when direct observations
are lacking, it uses model data in place of recorded observa-
tions. For instance, Suarez et al. (2011) used the pedogenic
siderite data of Ufnar et al. (2002) along with new proxy
data in a mass balance model to quantify the mid-Creta-
ceous hydrologic cycle. They found that the estimated rain-
fall rates depend strongly on the chosen Cretaceous
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temperature reconstruction. Even if accurate, GCM tem-
perature estimates may not be adequately precise, both tem-
porally and spatially, to reflect local conditions during the
time of mineral precipitation. For instance, solar heating
can result in soil temperatures hotter than local air temper-
ature (Passey et al., 2010; Quade et al., 2013); and, more
importantly, it is not clear whether siderites record mean
annual air temperatures (MAAT) or seasonally biased soil
temperatures like pedogenic calcites (Breecker et al., 2009;
Passey et al., 2010; Peters et al., 2013; Quade et al., 2013).
This must be known before we can confidently interpret
paleotemperature estimates from this archive.

Recent work has demonstrated that the carbonate
clumped isotope paleothermometer is useful for solving
both temperature and §'%0,, problems simultaneously be-
cause it provides temperature estimates that are indepen-
dent of fluid isotopic compositions (e.g., Ghosh et al.,
2006; Schauble et al., 2006; Eiler, 2011). This effectively re-
duces the paleothermometer equation to one variable that
can be reliably measured in the laboratory. The clumped
isotope proxy exploits the observation that in the carbonate
lattice the rare, heavier carbon and oxygen isotopes prefer-
entially bond to each other with decreasing temperature.
Isotopic ‘clumping’ is determined by measuring the
Be3pleo, 12¢¥0!70, and *cV0'0 isotopologues of
CO, (collectively comprising the mass 47 ion beam, with
the vast majority of species at that mass being *C'30'°0)
extracted from a carbonate mineral via reaction with con-
centrated phosphoric acid. It is reported as a A4; value,
which is the enrichment of the mass 47 isotopologue in a
sample relative to a stochastic distribution of isotopes (Eiler
and Schauble, 2004; Wang et al., 2004).

Most of the published measurements of clumped iso-
topes have been obtained from calcite- or aragonite-bearing
materials, and there is no consensus yet on whether the
existing calcite calibrations are appropriate for other miner-
als. Guo et al. (2009) used the theoretical predictions of
Schauble et al. (2006) and a model of kinetic effects during
phosphoric acid digestion of carbonates to calculate the
temperature vs. A4; relationship for several carbonate min-
erals. They predict that several types of carbonates are off-
set from the calcite calibration to lower or higher Ay,
values. Their work does not include a prediction for siderite
because Schauble et al. (2006) did not consider this mineral
in their calculations; however, they do provide an estimate
for the A4; value expected in CO, extracted at 25 °C from
siderites with a stochastic distribution of *C-'80 bonds.
Their estimate shows that the siderite calibration should
be offset to lower Ay7 values by approximately 0.039, rela-
tive to calcite (outside the accepted external reproducibility
of clumped isotope measurements of 0.029,). This predic-
tion, however, has not been validated by empirical studies
of siderites grown in the laboratory at known temperatures.

Additionally, there are no empirical studies that show
what effect the temperature of phosphoric acid digestion
has on Ay4; values for minerals other than calcite. Siderites
are commonly reacted at elevated temperatures because
acid digestion of siderite can be extremely slow at 25 °C
(on the order of days or weeks, e.g., Rosenbaum and
Sheppard, 1986). The most widely used calibration (Ghosh

et al., 2006) was generated from calcite samples reacted at
25 °C, and siderite data generated at elevated acid digestion
temperatures (>25°C) must first be normalized to that
reaction temperature in order to use any of the existing
(both empirical and theoretical) carbonate calibrations.

Here we present an inorganic calibration for the siderite
clumped isotope paleothermometer using minerals precipi-
tated in the laboratory under controlled temperature condi-
tions. We demonstrate that this calibration is
indistinguishable from calcite at current levels of analytical
precision. We also present clumped isotope measurements
of a natural siderite sample collected from Holocene sedi-
ments of the Mississippi River Delta that suggest that side-
rites record warm season marsh water temperatures instead
of MAATS as has long been presumed.

2. METHODS
2.1. Synthetic siderite

Siderite was precipitated under controlled temperature
conditions (4, 9, 21, 39, 51 £ 1 °C) following the procedures
of Wiesli et al. (2004) who used a method similar to that de-
scribed by Kim and O’Neil (1997) for Ca, Cd, and Ba car-
bonates, along with several precautions intended to prevent
oxidation of dissolved Fe(II). The reactor temperature was
controlled with the aid of a temperature controlled water
bath (Fisher Scientific®, Isotemp 110), which has an ob-
served precision of +£1 °C. Experimental solutions of FeCl,
and NaHCOj; were prepared in two Erlenmeyer flasks using
18 MQ water that had been made anoxic by continuous
flushing with N, for ~2 h (Fig. 1). The N, was first bubbled
through water to saturate the gas and minimize evaporation
in the experimental solutions. One flask contained 100 ml of
a 0.05mM solution of FeCl, and the other 300 ml of a
0.05 mM solution of NaHCO;5. Both flasks were acidified
until the NaHCOj; solution reached a pH ~ 6.7 by

N,

oMy e

Glass diffuser
Temperature

controlled water
bath

Peristaltic pump (0.15 ml/min)

Fig. 1. Schematic of the experimental apparatus used for siderite
synthesis experiments. An FeCl, solution was slowly titrated into a
flask containing a NaHCOj; solution. Precipitation was achieved by
degassing of CO,. See text for details.
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vigorously flushing with CO, for 4-5 h. This step also al-
lowed the solutions to equilibrate to the experimental tem-
perature. At this point the FeCl, solution was slowly
titrated (0.15 ml/min) into the NaHCOj5 solution using a
peristaltic pump.

Once all of the Fe solution was transferred into the other
flask, precipitation was allowed to begin by gently flushing
the solution with N, gas and increasing pH. Experiments
were allowed to proceed for 24-90 h after the end of the
titration step. At this point enough precipitate (~300—
350 mg) had formed for XRD and clumped isotope analy-
sis. At the end of the experiments precipitates were filtered
through a syringe filter fitted with a 0.2 pm quartz fiber fil-
ter under a N, atmosphere inside of a glove bag. The filters
were rinsed with anoxic DI water and placed inside of a
Vacutainer®. The containers were dried by attaching them
to a vacuum line with the aid of a hypodermic needle. An
aliquot of the precipitates (150 mg) and experimental
waters was saved for X-ray diffraction and 8'%0 analyses,
respectively.

2.2. Natural siderites

Siderite samples were collected from Holocene sedi-
ments of the Mississippi River Delta (Fig. 2) from cores
drilled using a hand operated Edelman auger with a 3 cm
gouge. Sediment texture was described in the field following
US Department of Agriculture (USDA) classification. Sid-
erite is present in these sediments as centimeter-sized con-
cretions composed of finely disseminated carbonate
crystals within a fine mud matrix. Carbonate nodules were
separated by hand and allowed to dry overnight in a 60 °C
oven. The samples were then crushed with a synthetic sap-
phire mortar and pestle (Diamonite™) and sieved through a

Study area

100 km
—_—

Fig. 2. Map showing coring locations for natural siderite samples
(latitude: 29.476, longitude: —90.738) in the Mississippi River
Delta, USA (sample). The locations of the stations that provided
the water temperature record (CRMS station #392) and the air
temperature record (Houma-Terrebonne Station, NOAA) are also
shown.

108 pm mesh. An aliquot of this powder (500 mg) was sub-
mitted for X-ray diffraction analysis.

2.3. CO, sample preparation for mass spectrometric analysis

15-40 mg of powdered carbonate samples were reacted
with concentrated phosphoric acid (1.95 g/ml) at 100 °C
in a two-legged, McCrea-type reaction vessel submerged
in boiling water. The sample and acid were allowed to
equilibrate for approximately 20 min before tipping the
acid reservoir to react with the powdered mineral. Sample
CO; was continually trapped in a 4-loop trap held under li-
quid nitrogen while the reaction was allowed to proceed.
Reaction times ranged between 15 and 45 min depending
on the grain size of the powdered sample and mineralogy
(siderite samples vs. calcite standards). At the end of the
reaction, water was separated from the sample gas by
warming the trap with an isopropyl alcohol slush
(=70 °C). The gas was then passed twice through a trap
filled with PoraPak® resin and silver wool held at —15 °C
with ethylene glycol at the solid-liquid phase transition
(see Rosenheim et al., 2013 for more detail on sample prep-
aration) to remove hydrocarbon/halocarbon impurities
that can create isobaric interferences during mass spectrom-
etry (Eiler and Schauble, 2004).

2.4. Mass spectrometry

Clumped isotope measurements were performed at Tu-
lane University using a 5Kv Isoprime® dual inlet isotope ra-
tio mass spectrometer (IRMS) following the procedures
described in Rosenheim et al. (2013). This system is fitted
with 6 Faraday cups configured for simultaneous detection
of masses 44-49 m/z. Samples of CO, were introduced to
the IRMS by freezing them into a small volume using liquid
nitrogen. The pressure in the bellows was adjusted to yield
100 nA in the mass 44 m/z cup. Samples were measured for
24 acquisitions of 5 reference gas-sample gas comparisons
with a 12 s delay and a 20 s integration time, in some cases
following determination of the pressure baseline (He et al.,
2012) for each acquisition. Total integration time for each
sample gas is 1200 s.

All A4; data presented in this paper is reported in the
absolute scale of Dennis et al. (2011) using CO, heated
(1000 °C) and equilibrated with water at various tempera-
tures (50, 28, and 4.5 °C — see Rosenheim et al., 2013 for
more details on particular reference frames in our labora-
tory). Clumped isotope data were obtained during two ana-
lytical sessions, May-August 2012 and January-March
2013. Machine drift and changes in scale stretching/com-
pression effects were monitored by measuring equilibrated
gases and carbonate standards along with the unknowns.

The data from the 2012 analytical session (a subset of
sessions presented in Rosenheim et al., 2013) exhibited a
slight linearity between A4; and bulk isotopic composition
(~0.01 A47 per 8%7); these data were corrected using typical
correction algorithms as described by Huntington et al.
(2009) and Dennis et al. (2011). The data from the 2013
analytical session were obtained after the source filament
was replaced. These data exhibited increased linearity
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between A4; and bulk isotopic composition (~0.05 A47 per
3*7). The effect was judged as too large to be reliably cor-
rected using traditional algorithms because small variations
in the A4, vs. 87 relationship are not easily detected when
the slope is large. In this case, data were first corrected by
subtracting measurements of the pressure baseline (PBL,
He et al., 2012) that is registered as negative background
in the Faraday detectors when CO, is measured off-peak
(~41V off peak in the case of our IRMS; see He et al.,
2012; Bernasconi et al., 2013; Rosenheim et al., 2013). This
effectively reduced the slope of the Ay vs. 8*7 relationship
to —0.002 and eliminated the uncertainties associated with
machine drift (see Rosenheim et al., 2013 for how this af-
fects precision of carbonate standards). The correction rou-
tine was modeled after He et al. (2012) except that the PBL
was measured for both the sample and the reference gas
only once before every acquisition because we observe that
the PBL does not change appreciably with the gas depletion
that occurs during one acquisition block. After subtraction
of the PBL, the data were projected into the absolute scale
following Dennis et al. (2011).

Stable carbon and oxygen isotope abundances were
determined using the raw current measurements from cups
44-46 and the algorithm of Santrock et al. (1985). Siderite
3180 data were corrected for acid digestion at 100 °C using
the acid fractionation factors of Rosenbaum and Sheppard
(1986), and calcite 8'®0 data using the fractionation factors
reported by Swart et al. (1991). A clumped isotope acid
fractionation of 0.106%, was used for our calcite standards
to account for our acid digestion temperature of 100 °C.
This value is a linear extrapolation of the acid fractionation
at 90 °C (0.092 4+ 0.012) reported by Henkes et al. (2013).

External reproducibility for both stable and clumped
isotope measurements was explored by replicate measure-
ments of unknown samples and by repeated measurements
of carbonate standards. Two carbonate reference materials
available from the IAEA (IAEA-COI1 and TAEA-C1) and
one internal laboratory standard (CORS, Rosenheim
et al., 2013) were measured for this purpose. IAEA-COL1
and TAEA-CI1 are both Carrara marble standards distrib-
uted by the IAEA; both were prepared from the same slab
of Carrara Marble and are distributed as a stable isotope
and radiocarbon standard, respectively. These standards
have a combined A4; value of 0.391 + 0.006%, (n=19, 1
s.e, 0.027 s.d.), which is consistent with values obtained
for Carrara marbles by other laboratories (Dennis et al.,
2011). The CORS standard was prepared from coral rubble
from Hawaii that was homogenized and sieved to yield a
108 um fraction. We measure this standard to test repro-
ducibility across analytical sessions, and it has an average
value of 0.737 £ 0.005%, (n =21, 1 s.e., 0.022 s.d.). The pre-
cision of these standards is slightly lower than the average
precision obtained for siderite measurements of 0.019, (1
s.e.).

Measurements of water 8'%0 were performed on the
same instrument using an automated Multiprep equilibra-
tion device. For each sample 200 pL of water were equili-
brated with CO, (for 5h) in an ~8 ml glass vial with a
septum cap. Equilibrated gases were automatically ex-
panded into a water trap held at —70 °C before being

admitted to the sample bellows and the ion source. IAEA
standards SMOW, SLAP and GISP were included in each
run along with calibrated internal laboratory standards.
Raw data was normalized and corrected for drift and mem-
ory effects.

3. RESULTS
3.1. Siderite precipitation experiments

Siderite was the only phase detected in the XRD spectra
of experiments conducted at 21, 39 and 51 °C (Fig. 3);
although, we cannot rule out the possibility that other
phases were present below the XRD detection limit of
approximately 3%. Minerals precipitated at lower tempera-
tures (4 and 9 °C) did not conform to siderite XRD spectra
although they did effervesce with acid. No additional anal-
yses were done on these two low temperature experiments.
The failure of these experiments to produce siderite is not
surprising considering the apparent slow growth kinetics
of siderite at low temperatures and the lack of reports in
the literature of successful siderite precipitation experiments
at temperatures less than 17 °C (e.g., Jimenez-Lopez and
Romanek, 2004).

The powders from the successful experiments were ob-
served to be weakly magnetic likely due to the presence of
small amounts of magnetite not detected by XRD analyses
(Fig. 3). Magnetite has also been reported in other siderite
synthesis experiments (Zhang et al., 2001), and in this case
it is likely the result of trace amounts of oxygen in the
experimental fluids. The presence of magnetite does not
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Fig. 3. X-ray diffraction patterns showing prominent siderite peaks
(s) for the experiments conducted at 21, 39 and 51°C. No
crystalline phases were detected in the two low temperature
experiments (4 and 9 °C).
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affect the values obtained for clumped isotopes because it
does not release CO, during phosphoric acid digestion.

3.2. Stable and clumped isotopes

Stable isotope, 580 values for the experimental waters,
and clumped isotope values are presented in Table 1. The
siderite-water oxygen isotope fractionations for our experi-
ments are consistent with the relationship reported for abi-
otic siderite by Carothers et al. (1988). The 21°C
experiment shows an isotope fractionation larger than ex-
pected; however, the difference from the existing calibration
is not statistically significant (Fig. 4). It is possible that this
sample does capture the actual siderite equilibrium frac-
tionation, and the mismatch occurs because the Carothers
et al. (1988) relationship is extrapolated to low tempera-
tures. While it is generally not possible to prove that stable
isotope equilibrium was reached in a laboratory experiment
(Kim and O’Neil, 1997), we show agreement between our
results and previously published data that are thought to
be representative of equilibrium conditions.

Least square linear regression of siderite A4; values and
temperature (10%T% K) yields the following relationship
(r* = 0.997):

(0.0356 4 0.0018) x 10°
e

The slope of this equation is statistically indistinguishable to
the slope reported by Dennis and Schrag (2010) for calcite
precipitation experiments (m = 0.0362 £+ 0.0018) and to the
slope predicted by Schauble et al. (2006) for the temperature
dependence of clumping in the calcite mineral lattice between
0 and 70 °C (m = 0.0392). The slope of this relationship is,
however, different than the equation of Ghosh et al. (2006),
which accurately describes the temperature sensitivity of
many types of natural samples (m = 0.0636 + 0.0049) (e.g.,
Eiler, 2011, Fig. 2 and references therein).

The intercept of our calibration depends on the temper-
ature of phosphoric acid reaction, with lower acid-digestion
temperatures resulting in higher A4; values and larger inter-
cepts. In this case, our siderite data are offset from the exist-
ing calcite calibrations because the existing calcite
equations are reported at reaction temperatures of 25 °C.
To compare these to our data, the calcite calibrations can
be normalized to 100 °C by subtracting an appropriate acid
correction factor. This approach, however, confounds any
mineral specific differences that may exist with uncertainties
related with the correction factor.

A better approach is to directly compare our data with
calcites grown at known temperatures and reacted at
100 °C. This is done graphically in Fig. 5, which plots our
siderite data along with the results for inorganic calcite pre-
cipitation experiments reported by Tang et al. (2013). These
calcite samples offer the added benefit of having been ana-
lyzed at the same time and using the same methods as our
siderite samples, so they can also be used to rule out any in-
ter-laboratory bias. In this case, both the slope
(0.0387 4+ 0.0072) and the intercept (0.147 £ 0.083) of the
calcite calibration of Tang et al. (2013) are statistically
indistinguishable to the slope and intercept of our siderite

Agrre = +(0.1724£0.019) (1)

calibration. Moreover, both calibrations are within statisti-
cal error of the slope of the theoretical calcite calibration
(m=0.0392).

3.3. Natural siderite

One natural siderite sample was measured with a Ay, va-
lue of 0.556 £ 0.003 (Table 2), this corresponds to a temper-
ature of 31.3 + 1.3 (1 s.e.) using Eq. (1). This temperature is
significantly higher than the present average air tempera-
ture of 20.8 °C, measured in a weather station located
approximately 20 km from the sampling site (Houma-Ter-
rebonne Station, NOAA, National Climatic Data Center).
The clumped temperature estimate is indistinguishable from
to the mean warm season (June-August) marsh water tem-
perature 29.2 + 1.3 (lo) measured in station #392 of the
Coastwide  Reference  Monitoring  System-Wetlands
(CRMS-Wetlands) of the Louisiana Office of Coastal Pro-
tection and Restoration (Fig. 6). This station is located
approximately 7 km from the sampling site.

4. DISCUSSION
4.1. Differences between calcite and siderite

No existing theoretical calculation quantitatively pre-
dicts how the siderite Ay; vs. temperature equilibrium rela-
tionship would compare to that of calcite, but we can use
existing theoretical relationships for other carbonate miner-
als to estimate the general direction that this calibration
should assume. The abundance of '*C-'%0 bonds in CO,
derived from phosphoric acid digestion of carbonate miner-
als is proportional to their abundance in the mineral lattice
plus a temperature dependent acid fractionation factor:

A0 = A 4 e, @

In this case a prediction for siderite Ag3.cq can be made
based on the work of Schauble et al. (2006) who used first-
principle lattice dynamics to calculate the temperature
dependence of clumping in different carbonate minerals.
Their calculations do not include predictions for siderite,
but they predict that equilibrium constants for the different
minerals they studied are only slightly different at any given
temperature. For instance, they show a total range of
approximately 0.0249%, in Ag; values at 25 °C (dolomite-ara-
gonite). However, the small variations that they do observe
are not random and instead depend on the crystal structure
of the mineral (e.g., calcite vs. aragonite) and on the atomic
number of the cation in the carbonate mineral (e.g., magne-
sium vs. calcium). Based on the larger atomic number of
iron relative to calcium we expect the siderite Ag; vs. temper-
ature relationship to be offset by a small amount to lower
values relative to calcite (i.c. Agie,* — Agrog” > 0).

We do not yet know to what extent the acid digestion
fractionation factor (A};) in Eq. (2) varies for the different
carbonate minerals, but we do know that its value depends
on the temperature of acid digestion (Ghosh et al., 2006).
This factor can be estimated by experiments (e.g., Ghosh
et al., 2006; Guo et al., 2009; Passey and Henkes, 2012)
or by theoretical calculations. Guo et al. (2009) report
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Table 1

Stable isotopes and clumped isotope results for siderite synthesis experiments.

Run# Temperature® Duration 8'°C ppp%, 31%0 smow%e As%® SES 880 gmow%, water’  Temperature®
siderite siderite (£lo) (£lo)

190 21 +1°C 65h 7.61 27.48 0.603 0.009 —-64+04 16.2+24

357 7.62 28.13 0.582  0.013

378 7.63 2791 0.568  0.010

Average 7.62 27.84 0.584

Standard 0.01 0.19 0.010

error

186 39+1°C 46 h 3.97 22.61 0.546  0.009 -59+0.2 41.1+1.5

373 4.01 2245 0.501 0.011

383 4.03 22.46 0.543  0.013

386 4.03 22.45 0.548  0.013

Average 4.01 22.49 0.535

Standard 0.01 0.04 0.011

error

187 51+1°C 36 h 2.22 19.72 0.491 0.009 —-6.14+04 545433

362 2.14 19.65 0.463  0.011

379 2.22 19.80 0.553  0.012

382 2.21 19.72 0.498 0.014

387 2.22 19.70 0.553  0.012

Average 2.20 19.72 0.512

Standard 0.02 0.02 0.018

error

# Temperature during the precipitation experiments. Uncertainty is the observed stability of the temperature controlled water bath.

® Clumped isotope measurements in the absolute reference frame (Dennis et al., 2011) at 100 °C acid digestion temperature.

¢ Reported uncertainty is the internal standard error from counting statistics of a single measurement.

9 Measured 5'%0 of water used in experiments. Reported uncertainty is the standard deviation of replicate samples.

¢ Temperature estimated using the siderite-water oxygen isotope equilibrium equation of Carothers et al. (1988). Error in temperature
estimate reflects the propagated analytical uncertainty of the oxygen isotope composition of the siderite samples and of the experimental

solutions.

estimates for A}, fractionations for different carbonate min-
erals based on a model for kinetic isotope effects during
phosphoric acid digestion that they calculate using transi-
tion state theory and statistical thermodynamics. Their
model predicts a smaller value for the siderite fractionation
factor than their value for calcite. In other words, if a par-
ticular siderite and calcite sample have the same amount of
clumping in their lattice, more "*C—'%0 bonds are present in
the CO, derived from the calcite sample than that from the
siderite sample (A};.c,co, — Alrpeco, = 0.027; Table 4 in
Guo et al., 2009).

Subtracting an expression for calcite using Eq. (2) with a
similar expression for siderite and rearranging yields:

CO,—-CaCO3 CO,—FeCO3 __ CaCOs3 FeCO3
A47-eq - A47-eq - <A63-eq - A63-eq )

+ (AZ%CaCO; - AZ7-FCCO3> (3)
Az, G0 — A2 90 10,0279, (3.1)

Eq. (3.1) shows that at a given temperature siderites should
have lower A4, values relative to calcite by a minimum of
0.027%,. We do not observe an offset from calcite in our
experimental results. The root mean square error (RMSE)
of the residuals (a measure of goodness of fit) calculated be-
tween the values predicted by the inorganic calibration of

Tang et al. (2013) and the A4; values of our siderite samples
is 0.008%,. The RMSE is roughly equal to our external pre-
cision in clumped isotope measurements as judged by our
secondary calcite standards (0.006%,, see Section 2 and
Rosenheim et al., 2013 for more details) and our average
precision for siderite measurements of 0.019%,. In other
words, the small differences that we observe between sider-
ite and calcite samples can be explained by analytical uncer-
tainties. This observation implies that the result of Eq. (3.1)
is smaller than our analytical error, and the difference in
magnitudes predicted by Guo et al. (2009) for the acid-
digestion fractionations for calcite and siderite is probably
not accurate.

Our results support previous observations that there is
no resolvable difference between the clumped isotope cali-
brations of some carbonate minerals. Eagle et al. (2010)
present a thermodynamic model of clumped isotope equi-
librium in apatite along with A4; measurements of apatite
samples grown at known temperatures. Their experimental
calibration is statistically indistinguishable from the calcite
calibration of Ghosh et al. (2006), and their thermodynamic
calculations for equilibrium clumping in the apatite mineral
lattice agree with their calculations for calcite within
approximately 0.004%, (or ~1.5°C). Similarly, measure-
ments of aragonite materials grown at known temperatures
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Fig. 4. Oxygen isotope (5'%0) fractionation between siderite and
water. Plot includes the 95% confidence interval for the slope and the
intercept of the equilibrium equation of Carothers et al. (1988).
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Fig. 5. Linear regression of the siderite clumped isotope results and
temperature (Eq. (1)). The figure also includes the results for
synthetic calcite samples of (Tang et al., 2013). These calcite samples
were measured during the same time period as the siderite samples
and are shown at an acid digestion temperature of 100 °C.

show no offsets from the calcite calibrations that can be
unambiguously attributed to mineralogical differences
(Tripati et al., 2010; Thiagarajan et al., 2011; Eagle et al.,
2013). All of these observations combined suggest that car-
bonates faithfully record the clumped isotope signature of

Table 2

the dissolved inorganic carbon from which they form in-
stead of mineral specific clumped isotope equilibrium, and
importantly that there is no large systematic difference in
acid-digestion fractionations for different carbonate miner-
als. As precision of A4; determinations increases, this will
undoubtedly be re-evaluated, but at current analytical pre-
cisions differences between minerals are simply too small to
be detected.

4.2. Inconsistent slopes for clumped isotope calibrations

One of the most important and still unresolved issues
facing the clumped isotope community is the reason behind
inconsistent slopes in empirical calibrations (Ghosh et al.,
2006; Dennis and Schrag, 2010). The majority of the pub-
lished calibration data was measured in a single laboratory
(Caltech) and generally conforms to a calibration with a
steep slope, ‘Ghosh’ calibration. However, the first results
published by another laboratory (Dennis and Schrag,
2010) are more consistent with a calibration of shallower
slope, ‘Dennis and Schrag’ calibration. Most workers as-
sume that equilibrium is better described by the ‘Ghosh’
calibration mainly due to the quantity and diversity of data
that conforms to this relationship (e.g., Eiler, 2011). A
growing number of datasets coming from other laborato-
ries (Dennis and Schrag, 2010; Eagle et al., 2013; Henkes
et al., 2013; Tang et al., 2013; and this work) are beginning
to challenge this assertion. Although a definitive explana-
tion for these disagreements is outside of the scope of this
work, a discussion that places our results in the context
of this ongoing debate is warranted.

One possible hypothesis is that only one relationship
represents true clumped isotope equilibrium; whereas, the
other one records kinetic isotope effects in the dissolved
inorganic carbon (DIC) pool. Kinetic effects are most likely
to occur at lower temperatures because of the slower iso-
tope exchange kinetics between DIC and water, and it is
at low temperatures where the two calibrations are dissim-
ilar. For instance, Beck et al. (2005) reported that at the pH
levels where DIC is dominated by HCO; (a similar condi-
tion as our siderite experiments, and the experiments of
Ghosh et al. (2006), Dennis and Schrag (2010) and Tang
et al. (2013)) isotopic equilibrium with water takes about
2 h at 40 °C vs. 24 h at 15 °C. Thus, kinetic effects are most
likely to be recorded in the experiments with the fastest pre-
cipitation rates where CO? precipitates before reaching
isotope equilibrium with water.

Stable isotope and clumped isotope results for a natural siderite from the Mississippi River Delta.

Run# 3"3Cppp%, 318 0smow%e Agz, SEP Temperature (Aygs,)°
401 —7.61 29.25 0.556 0.011 31.4
404 -7.59 29.31 0.551 0.011 334
428 —7.57 29.24 0.562 0.013 29.1
Average —7.59 29.27 0.556 31.3
Standard error 0.01 0.02 0.003 1.3

% Clumped isotope measurements in the absolute reference frame (Dennis et al., 2011).
® Reported uncertainty is the internal standard error from counting statistics of a single measurement.

¢ Temperature estimated using Eq. (1) for siderites digested at 100 °C.
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Fig. 6. Clumped isotope temperature estimate for a natural siderite sample from the Mississippi River Delta, USA. The 20 is the standard
error of A4; values for three separate CO, extractions. Also plotted is the daily marsh water temperature close to the sampling site (CRMS
station #392) for the year 2010, the long term mean of daily average air temperature (mean DAT) and the long term mean of daily maximum
air temperature (Max DAT) for the year 2010 (Houma-Terrebonne Station, NOAA; see Fig. 2).

Ghosh et al. (2006) and Dennis and Schrag (2010) do
not report precipitation rates for their experiments, but it
is reasonable to assume that faster precipitation rates occur
in the active degassing experiments of ‘Ghosh’ vs. the pas-
sive degassing experiments of ‘Dennis and Schrag’. Simi-
larly, faster precipitation rates are expected in our siderite
experiments vs. the slower CO, diffusion method of Tang
et al. (2013). The problem with this hypothesis is that both
‘Ghosh’ and ‘Dennis and Schrag’ report 8'%0 values for
their low temperature samples that seem to be close to equi-
librium with experimental fluids but have widely dissimilar
A4 values. Likewise, we report siderite 8'%0 values that
suggest oxygen isotope equilibrium. More importantly,
Tang et al. (2013) see precipitation-rate related offsets from
oxygen isotope equilibrium in the range of precipitation
rates they studied (LogR = 1.8-4.4 ymol/m?/h) but report
A47; values that are well within analytical uncertainty of
each other.

We believe these observations suggest that clumped iso-
topes are not sensitive to small deviations from oxygen iso-
tope equilibrium between DIC and water, at least at the
precision that we can currently measure A4, values. It fol-
lows that both the ‘Dennis and Schrag’ and ‘Ghosh’ cali-
brations represent clumped isotope equilibrium. This
interpretation is also supported by A4; measurements of
deep sea corals, which are notorious for non-equilibrium
isotope effects (Weber, 1973; Smith et al., 2000; Adkins
et al., 2003, among others) but nevertheless show apparent
clumped isotope equilibrium (Ghosh et al., 2006; Thiagara-
jan et al., 2011).

It seems counterintuitive to suggest that both
calibrations represent clumped isotope equilibrium, but
one possibility is that the differences that we observe are
related to the methods used to prepare samples for mass

spectrometric measurement of clumped isotopes. The stron-
gest evidence for this interpretation is the observation that
calibration data plot into two distinct populations depend-
ing on the method used for acid digestion. The published
calibration data that conform to the ‘Ghosh’ calibration
were measured in Caltech using a temperature of 25°C
for phosphoric acid-digestion. In this case, carbonate sam-
ples were reacted in McCrea-type reaction vessels and the
reaction was allowed to proceed overnight before removal
of CO,, GC sample purification, and mass spectrometric
analysis (e.g., Ghosh et al.,, 2006; Huntington et al.,
2009). On the other hand, the carbonates that conform to
the ‘Dennis and Schrag’ calibration were reacted at 70—
100 °C and the resulting CO, was actively removed as the
reaction proceeds.

This point is illustrated in Fig. 7a where we plot A4; val-
ues for carbonates digested at high temperatures. Note that
this figure includes the bioapatite data of Eagle et al. (2010),
originally interpreted to conform to the ‘Ghosh’ calibra-
tion, and the cephalopod data of Dennis et al. (2013) that
were interpreted as falling outside clumped isotope equilib-
rium. A linear regression was performed on the combined
data set and resulted in the following relationship
(? =0.67):

(0.0385 + 0.0019) x 10°

T
Fig. 7a includes the 95% confidence interval for new obser-
vations, which was calculated assuming a standard devia-
tion equal to the external inter-laboratory reproducibility
of clumped isotope measurements of 0.02%, (Dennis
et al., 2011). Most of the data plots within this interval sug-
gesting that the spread around the regression line is related
to analytical uncertainties alone.
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Fig. 7. (A) Linear regression of carbonate samples digested at high temperatures and active removal of CO,. (B) Linear regression of
carbonate samples digested at low temperature. The 95% confidence interval for new observations, calculated assuming an external
reproducibility of 0.029%,, is included in both (A) and (B). (C) 95% confidence intervals for regression coefficients of Egs. (4) and (5). Note: all
data are presented in the absolute reference frame at an acid digestion temperature of 25 °C. Data that were not originally published in the
absolute reference frame were obtained from Eagle et al. (2013) (see their supplementary materials for details of how data was scaled to the
absolute reference frame and corrected for acid digestion temperature). Our siderite data and the calcite data of Tang et al. (2013) were
normalized to 25 °C by adding 0.106%, (see Section 2) (See Panel B for Ghosh et al., 2007).

On the other hand, carbonates digested at low tempera-
ture follow a steeper slope similar to the slope of the
‘Ghosh’ calibration (* = 0.91):

(0.0574 4+ 0.0019) x 10°
T

These data are plotted in Fig. 7b along with the 95%
confidence interval for new observations calculated as in
Fig. 7a. The data plot within this interval suggesting, again,
that the spread is related to analytical uncertainties. More-
over, the difference between the slopes of the two groups
(Egs. (4) and (5)) is significantly different in an analysis of
covariance (ANCOVA) test (p <0.0001) (Fig. 7c).

It is not clear what aspect of the acid digestion reaction
affects the clumped isotope composition of the CO, that is
released, or why it only seems to affect samples with a more
enriched clumped isotope composition (i.e. low temperature
samples). One possibility is that the clumped isotope acid
fractionation factor (Aj;) varies with the method of acid
digestion much like oxygen isotope fractionations. For in-
stance, Swart et al. (1991) determined the temperature
dependence of oxygen isotope fractionations for two
commonly used methods of acid digestion (closed vessel
vs. active removal of CO,). They found that the two meth-
ods produce values that are offset from each other by as
much as 0.4%,. Eagle et al. (2013) recently suggested that

Ay rr = + (0.051 +0.024) (5)

discrepancies between calibrations may be the result of
fractionations during sample purification that preferentially
affect samples with an enriched clumped isotope composi-
tion. Both possibilities should be investigated by a system-
atic inter-laboratory comparison of carbonate samples over
a wide range of bulk isotope and A4; compositions pre-
pared in different ways. In any case, we observe that the sid-
erite Ay7-temperature calibration is indistinguishable from
both theoretical and empirical calcite calibrations (Schauble
et al., 2006; Passey and Henkes, 2012; Tang et al., 2013).

4.3. Natural siderites

Siderites from the Mississippi River Delta record
clumped isotope temperatures in excess of MAATS.
Clumped isotope temperatures correspond more closely to
marsh water temperatures during the summer months
(Fig. 6). This seasonal bias is similar to that observed for
pedogenic calcite (Passey et al., 2010; Peters et al., 2013);
although, in those cases it occurs because calcites form dur-
ing warm and dry periods when soil water loss and degas-
sing of CO, increase the saturation state of calcite
(Breecker et al., 2009).

The bias for siderites precipitating during the warmest
parts of the year in southern Louisiana marshes may be ex-
plained by higher rates of microbial respiration and organic
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matter decomposition when soil temperatures are hotter.
Siderites form after dissimilatory iron reducing bacteria
mobilize ferrous iron and release CO, from the oxidation
of organic matter (Mortimer and Coleman, 1997; Ludvig-
son et al., 1998). During the summer, increased bacterial
activity leads to larger concentrations of dissolved Fe(II)
and CO3™ and to a reduction in siderite solubility. Siderite
with a clumped isotope composition reflecting summer high
temperatures would be expected to precipitate during these
periods of reduced solubility.

The observation that siderites form during the summer
and do not record MAATSs has important implications
for the accuracy of stable isotope- and clumped isotope-
based climate reconstructions, and it may explain reports
in the literature of deviations from the siderite-water oxy-
gen isotope equilibrium relationship of Carothers et al.
(1988) in some natural samples. For instance, Driese et al.
(2010) use siderite 3'®0 values along with the MAAT
(15.8 °C) for a site in Chattanooga, Tennessee, USA, and
calculate soil water 8'30 values. They show a mismatch be-
tween their calculated oxygen isotope composition for soil
waters and the values expected from the oxygen isotope
composition of local precipitation. The discrepancy that
they report, however, can be resolved if a temperature clo-
ser to the mean summer (May—September) air temperature
of 21.6 °C (Chattanooga Lovell Field Airport, TN, NOAA-
National Climatic Data Center) is used instead of the
MAAT (see their Fig. 8).

More recently, Ludvigson et al. (2013) reported soil
water temperatures and 8'%0,, compositions for the Driese
et al. (2010) site during March and August of 2010. The
March temperatures and 3'®0,, values they present clearly
fall outside of the range predicted by the isotopic composi-
tions of siderites at the site and the Carothers et al. (1988)
equation. To explain this they argue that the equation of
Zhang et al. (2001) may be more representative of oxygen
isotope equilibrium at low sedimentary temperatures
(<30 °C). While this is certainly possible, we note that the
disagreement between their field data and the Carothers
et al. (1988) equation is not as severe if a warm season bias
for siderite formation is taken into account.

5. CONCLUSIONS

Data presented in this paper show that there is no
resolvable difference in the A4;7 vs. temperature relationship
between calcite and siderite. Our observations suggest that
there is likely no large systematic bias in the clumped iso-
tope acid fractionation factors between two different car-
bonate minerals, siderite and calcite. These results imply
that we may be able to obtain accurate temperature esti-
mates using clumped isotope thermometry from samples
of complex mineralogy (i.e. mixed mineralogy samples
and solid solutions), especially in cases where various min-
erals precipitate in the same water and at the same
temperature.

We measured the clumped isotope composition of a nat-
ural siderite collected from the Mississippi River Delta.
Temperature estimates for this sample are significantly
higher than local mean annual air temperatures. Our

estimate shows a seasonal bias close to the temperature of
the soil waters during the summer. This suggests that side-
rites form during periods of increased microbial soil respi-
ration, which occur during the summer months when soil
temperatures are higher. This observation has important
implications for the use isotopic signals from siderites in cli-
mate reconstructions.
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