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Abstract

We measure the clumped isotopic signature of carbonatites to assess the integrity of the clumped isotope paleothermometer
over long timescales (10’-10° years) and the susceptibility of the proxy to closed system re-equilibration of isotopes during
burial diagenesis. We find pristine carbonatites that have primary oxygen isotope signatures, along with a Carrara marble
standard, do not record clumped isotope signatures lighter than 0.319, suggesting atoms of carbon and oxygen freely
exchange within the carbonate lattice at temperatures above 250-300 °C. There is no systematic trend in the clumped isotope
signature of pristine carbonatites with age, although partial re-equilibration to lower temperatures can occur if a carbonatite
has been exposed to burial temperatures for long periods of time. We conclude that the solid-state re-ordering of carbon and
oxygen atoms is sufficiently slow to enable the use of clumped isotope paleothermometry on timescales of 10® years, but that
diagenetic resetting can still occur, even without bulk recrystallization. In addition to the carbonatite data, an inorganic cal-
ibration of the clumped isotope paleothermometer for low temperature carbonates (7.5-77 °C) is presented and highlights the

need for further inter-lab standardization.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Clumped isotope geochemistry has great potential for
enabling the reconstruction of temperatures in ancient sys-
tems due to the isotopic independence of a carbonate min-
eral’s clumped isotopic signature from the water in which it
precipitated. The thermometer is based on the single-phase
mass-dependent isotope exchange reaction between individ-
ual metal-carbonate molecules (e.g., CaCOs) that increas-
ingly promotes the ‘clumping’ of heavy isotopes into a
single carbonate ion as temperature decreases. This drive
for clumping at low temperatures is used to form the basis
of a carbonate clumped isotope paleothermometer, a mea-
sure of the deviation in doubly-substituted isotopologues of
acid-derived CO, (predominantly '*C'80'0) from that
expected if all isotopes were randomly distributed among
the isotopologues (Ghosh et al., 2006b; Eiler, 2007). Empir-
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ical calibrations and modern natural carbonates have been
shown to conform to the thermodynamic principle expected
for multiply-substituted (‘clumped’) isotopologues of the
carbonate ion (Ghosh et al.,, 2006b; Eiler, 2007; Eiler
et al., 2009).

The utility of clumped isotopes in reconstructing ancient
temperatures may be complicated by solid-state exchange
of oxygen and carbon atoms within the carbonate lattice
resulting in the re-ordering of isotopologues and a re-equil-
ibration at burial temperatures without open-system ex-
change of isotopes. These molecular-scale processes are
important because the clumped isotope proxy is based on
the ordering of O and C atoms within the carbonate min-
eral lattice, and therefore, diagenetic alteration can occur
via bulk recrystallization and/or molecular scale exchange
of O and C atoms within the solid-state crystal lattice. In
the first case, the bulk isotopic composition (8'>C and/or
3'80) and the clumped isotopic signature (A4;) of the car-
bonate mineral is altered assuming the water to rock ratio
is high, and the isotopic composition of the water is very
different from the initial source water, while in the second
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case only the clumped isotope signature will change. As a
result, solid-state exchange of isotopes might impose a limit
on how far back in time one can use the carbonate clumped
isotope paleothermometer.

While clumped isotope paleothermometry has been used
to analyze CM chondrites (Guo and Eiler, 2007) and samples
from the Pleistocene (Affek et al., 2008), Miocene (Ghosh
et al., 2006a) and Paleozoic (Came et al., 2007), no study
has thoroughly assessed the integrity of the clumped isotope
proxy over long (107-10° years) timescales. In this paper, the
clumped isotope paleothermometer is applied to a suite of
carbonatite rocks which are used as a geologic test for the
integrity of the proxy over millions of years.

1.1. Theory of clumped isotope paleothermometry

A brief overview of carbonate clumped isotope paleoth-
ermometry is presented. For a more detailed discussion of
the broader field of clumped isotope geochemistry, see Eiler
(2007).

Clumped isotope paleothermometry is quantified using
the metric A47, a measure of the deviation in mass 47 CO,
(predominantly *C'80'®0) from that expected if isotopes
were randomly distributed (Eq. (1)), where Ry4; is the ratio
of mass 47 to mass 44 CO, measured in the sample and R},
is the ratio of mass 47 to mass 44 CO, expected in the sample
if all isotopes of O and C were randomly distributed among
the different isotopologues (the ‘stochastic’ distribution).

do = (1) x 1000 () m
Ry

The CO, used to quantify A7 is produced by acid diges-
tion of a carbonate mineral, and as the temperature of for-
mation of a carbonate mineral decreases the A4; metric
increases. This is because the zero-point energy differences
between isotopologues of the carbonate ion result in multi-
ply-substituted isotopologues being more stable (lower
zero-point energy) than isotopologues with zero or one hea-
vy isotope (higher zero-point energy). At high tempera-
tures, the competing effect of entropy promotes disorder
in the system and a random distribution of isotopologues.
Therefore at low temperature, carbonate minerals have
more doubly-substituted isotopologues than would be ex-
pected if all isotopes were randomly distributed among
the isotopologues.

The original calibration of the clumped isotope ther-
mometer used inorganic calcite precipitated at controlled
temperatures between 1 and 50 °C to determine the rela-
tionship between temperature of CaCOj precipitation and
A47 (Ghosh et al., 2006b; Eq. (2)). Since the proxy measures
deviations in low abundance isotopologues of CO,
(C'80'0 = 44 ppm) parts per million precision is re-
quired to accurately interpret the proxy (40.005%, resolves
+1 °C at earth’s surface temperatures).

0.0592 x 10°
Ap =220 0.02 )
T

For higher temperature applications, a theoretical calcu-
lation (Guo et al., 2009) based on transition state theory,

statistical thermodynamics, *C-'%0 clumping in carbonate

minerals and the fractionation associated with acid diges-
tion is used to describe the relationship between tempera-
ture and A47:

3.33040 x 10° N 2.32415 x 10’

A47:_ T4 T3
291282 x 10°  5.54042
_20 8T2X 07 _ 5540 +0.23252 (3)

Egs. (2) and (3) show Ay is a function of temperature
only, and, unlike the oxygen isotope paleothermometer, it
is independent of the isotopic composition of the solution
from which the carbonate precipitated. This single-phase
property makes the clumped isotope proxy accessible to
geologic problems where little is known about the coexis-
ting phase. For example, the proxy could be used to recon-
struct terrestrial temperature records or to deconvolve
temperature signals from ice volume signals in the §'%0 of
marine carbonates.

1.2. Solid-state diffusion and the clumped isotope
paleothermometer

Unlike other proxies, for example 5180 and 8'3C, where
open system macro-recrystallization alters the geochemical
signature, alteration of the clumped isotope signature could
also occur in a closed system and on the molecular scale
with no change in bulk isotopic signature. Therefore, an
understanding of the rate of solid-state diffusion of O and
C within the carbonate lattice is required. If solid-state dif-
fusion is sufficiently fast at burial temperatures to allow ex-
change of O and C within the carbonate lattice, the
clumped isotope proxy could be compromised over geo-
logic timescales and the A4; value measured may not repre-
sent the crystallization or precipitation temperature, but
some burial temperature or a combination of both.

Using the characteristic scaling between diffusivity (D),
time (¢) and distance of diffusion (x): x = v/Dr, and assuming
the critical diffusion length scale for the clumped isotope
proxy is the length of a unit cell of calcite (5 A), it is possible
to obtain an estimate of the rate of diffusion above which the
primary clumped isotope signature could be compromised.
Rates of diffusion between 107> and 107*? cm? s~ could
result in solid-state exchange of isotopes across the unit cell
of calcite over 10° to 10° years.

Experiments aimed at determining the solid-state diffu-
sion coefficients of O and C in calcite have been conducted
at high temperatures (Anderson, 1969, 1972; Kronenberg
et al., 1984; Farver, 1994; Labotka et al., 2004) but due to
slow rates of diffusion, few experiments have been conducted
atlower than 600 °C and we are aware of only one conducted
at 400 °C (Farver, 1994). In general, bulk exchange and ion
microprobe experiments yield similar results with O diffusiv-
ity increasing from 107'® to 1073 cm? s~! and C diffusivity
increasing from 107" to 107"¥cm?s™! for temperatures
from 400 to 850 °C (Anderson, 1969, 1972; Kronenberg
et al., 1984; Farver, 1994; Labotka et al., 2004). The rate of
diffusion of C is predominantly controlled by temperature,
while the diffusivity of O has a complex dependence on tem-
perature, water fugacity, CO, partial pressure and the purity
of calcite. The range in diffusivities of O and C are shown in
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Fig. 1, but as discussed below, extrapolating these high tem-
perature experimental results to geologically significant dia-
genetic temperatures only provide us with low confidence
estimates of diffusivity.

First, although the majority of work suggests a linear
Arrhenian relationship between temperature and the log
of diffusivity (e.g., Anderson, 1969, 1972; Kronenberg
et al., 1984; Labotka et al., 2004) the data of Farver
(1994) suggests the diffusivity of O may be concave with
temperature due to the effect of water fugacity (dark grey
triangles in Fig. 1), while Kronenberg et al. (1984) find
the diffusion of O, when normalized to pH,O = 0.1 MPa,
does not fit an Arrhenius relationship over 500 and
800 °C, possibly due to impurities in the calcite mineral
structure. A potential explanation for non-Arrhenian
behavior could be that the dominant mechanisms control-
ling the diffusivity of O change with temperature regime.
Second, the environmental pressure and water content sur-
rounding the mineral can significantly change the rate of
diffusion. Anderson (1972) finds that the diffusivity of O
is accelerated by an order of magnitude under high CO,
pressure (pCO, = 82.5 MPa compared to pCO, = 10 MPa),
while Kronenberg et al. (1984) find O diffusion is enhanced
by high Mn concentrations (Mn-rich calcite with 1180 ppm
Mn accelerates diffusion by a factor of ~5 compared to
high purity calcite with 100 ppm Mn) and high H,O pres-
sure (up to pH,O = 2.4 MPa). Farver (1994) finds O diffu-
sion rates have a strong positive correlation with water
fugacity between 10 and 350 MPa and suggest water is
the dominant transport species for O in calcite. Third, the
defect structure of a mineral may play an important role
in controlling the rate of diffusion as shown by lower diffu-
sion coefficients in annealed materials (Anderson, 1969;
Farver, 1994), and by the enhancement of O diffusion in
Mn-rich calcite (Kronenberg et al., 1984).

Due to the above complexities in understanding the rate
of C and O solid-state diffusion, low confidence exists in our
ability to extrapolate experimentally determined diffusion
coefficients to burial temperatures. This is particularly sig-
nificant for O diffusion because of the control factors other
than temperature, e.g., the partial pressure of CO, and
H,O, and mineral impurities, have on the rate of solid-state
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exchange. Therefore, we propose a geologic test using car-
bonatites to empirically study solid-state diffusion within
the carbonate lattice.

1.3. Carbonatites as a geologic test

Carbonatites are igneous rocks composed of greater
than 50% carbonate minerals. There are two main hypoth-
eses for their formation (i) primary melting of carbonated
peridotite (Bell et al., 1998; Harmer and Gittins, 1998)
and (ii) partial melting and differentiation from carbonated
silicate melts (Burke and Khan, 2006). Primary melting of
carbonated peridotite is thought to occur in the mantle at
depths greater than 70 km giving a high temperature and
pressure formation regime, while differentiation from car-
bonated silicate melts likely occurs within the shallow man-
tle or crust. Evidence for high temperature crystallization
regimes (ca. 550-900 °C) from calcite-dolomite geother-
mometry and oxygen isotope fractionations between calcite
and associated silicate minerals (Gittins, 1979; Haynes
et al., 2003), along with the mantle-like Sr and Nd signa-
tures (Bell et al., 1998; Harmer and Gittins, 1998), provide
support for formation by primary mantle melting while the
association of alkaline igneous provinces with suture zones
suggests carbonatites may be generated within the crust
(Burke et al., 2003; Burke and Khan, 2006). Either scenario
produces carbonate minerals crystallized at much higher
temperatures than the sedimentary carbonates found abun-
dantly on the Earth’s surface and in deep-sea sediment
cores.

Carbonatites are also thought to cool relatively rapidly.
Haynes et al. (2003) assess the extent to which measured
380 values for calcite and associated silicate minerals from
four carbonatites reflect isotopic compositions established
during crystallization or, alternatively, diffusional exchange
during cooling. They utilize the Fast Grain Boundary diffu-
sion model (Eiler et al., 1992, 1993) to analyze retrograde
diffusional exchange of oxygen isotopes between mineral
grains for four different orders of magnitude cooling rates
thought to be applicable to shallowly-intruded plutons
(10", 10%, 10%, 10*°C per million years). Comparison of

model results to oxygen isotope fractionations for
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Fig. 1. Experimental results for the solid-state diffusion coefficients of oxygen (a) and carbon (b) in calcite. Data are from Farver (1994) (dark
grey triangles), Kronenberg et al. (1984) (open circles), Labotka et al. (2004) (light grey diamonds), Anderson (1969, 1972) (black circles). The
scatter in results for a given temperature is predominantly due to variable water content and pressure conditions. The grey boxes represent the
range of diffusion coefficients that could be important on 10°~10° year timescales for the clumped isotope paleothermometer.
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calcite-silicate mineral pairs suggest most minerals mea-
sured, the exception being biotite, record temperatures
within 100 °C of crystallization and indicated carbonatites
crystallize over a range of temperatures from approximately
750 to 550 °C. This is consistent with the rapid cooling ex-
pected for small (km-scale) carbonatite plutons emplaced at
shallow crustal depths. In comparison, deep-seated granite
batholiths likely cool at slower rates (ca. 10 °C/my), and are
more likely to record apparent closure temperatures rather
than crystallization temperatures (Haynes et al., 2003).

The high temperature of crystallization and rapid cool-
ing regime of carbonatites make the rocks suitable for a
geologic test of the integrity of A4; in carbonate minerals.
The primary high temperature signature of carbonatites is
distinct from carbonates recording Earth’s surface temper-
atures and therefore re-ordering of isotopologues due to so-
lid-state diffusion and re-equilibration with burial or
surface temperatures should be identifiable. A high temper-
ature carbonate would be expected to fall below
A47 = 0.35%, (corresponding to temperatures >200 °C when
utilizing the theoretical calibration of Guo et al. (2009)),
while a carbonate equilibrated at surface temperatures will
fall into the range of 0.6-0.8%, (corresponding to ca. 35—
0°C when utilizing the empirical calibration of Ghosh
et al. (2006b)).

Due to the complex nature of carbonatite crystallization,
we do not expect two carbonatites to yield the same
clumped isotope signature. The sequential nucleation and
growth of calcite and accessory carbonatite minerals occurs
over a temperature interval corresponding to the liquidus
and solidus, and while some phases with slow diffusion
(e.g., diopside) will likely be closed to further exchange at
sub-solidus temperatures, rapidly diffusing phases (e.g., bio-
tite) may continue sub-solidus exchange of O with calcite
(Haynes et al., 2003). The degree to which sub-solidus ex-
change continues is controlled by cooling rate, and could
lead to different clumped isotope signatures between two
carbonatites that crystallized at similar temperatures. The
mineralogy of carbonatites can also vary due to the entrain-
ment of country rock fragments, and the energetics of car-
bonatite crystallization, i.e., more passive intrusive
conditions would allow the settling of silicate phases and
dense mantle xenoliths, whereas extrusive conditions would
likely entrain more silicate minerals from the surrounding
country rock and prevent settling (Woolley and Church,
2005). Such variability in accessory mineral abundances
could impact the clumped isotope signature by changing
the minerals available for sub-solidus exchange with calcite,
again resulting in two carbonatites crystallized at similar
temperatures having different clumped isotope signatures.
In summary, although carbonatite rocks crystallize at high
temperatures and are predominantly composed of carbon-
ate minerals, variability in the accessory mineralogy, intru-
sion depth, cooling regime and surface alteration will yield
rocks with unique geochemical signatures. Therefore, vari-
ability in clumped isotope signatures of carbonatites, even
without alteration, is expected.

Understanding that some variability in the clumped iso-
tope signature of carbonatites is intrinsic to their complex-
ity, it is possible to use the rocks as a test for the integrity of

the clumped isotope proxy over 10°~10° year timescales. By
studying carbonatites, we address the following questions:

1. Do carbonatites retain a high temperature crystallization
signature?

2. Does A4; become progressively heavier over time indi-
cating loss of the primary clumped isotope signature
and re-equilibration at lower temperatures, even when
3'3C and 8'%0 indicate a pristine sample?

3. Is A4; recording the temperature of crystallization or the
temperature at which exchange of C and O in the solid-
state ceases during cooling?

4. Is Ay; recording the temperature of dissolution and repre-
cipitation during metamorphic alteration of carbonatites?

2. METHODS
2.1. Samples

Carbonatite rock samples from 12 different sites of var-
ious ages and locations (Fig. 2) were obtained from the
Division of Petrology and Volcanology, Department of
Mineral Sciences, Smithsonian Institute (samples labeled
NMNH-; Loan # 2045252 and Loan # 2048646), the Nat-
ural History Museum in London, UK (samples labeled
BM-; Loan # 1370), Professor Nelson Eby at the University
of Massachusetts-Amherst, and the Seaman Mineral Mu-
seum at Michigan Technological University (samples la-
beled SEA-; Loan # 8-06-08). Many of the sites have
been studied using more than one rock sample (samples
with different names for one site, e.g., OL-1c and BOK-
7¢), and within some hand samples, the sample has been
drilled in multiple locations (samples with the same name,
but different letters after the name, e.g., NMNH_116510-
13, NMNH_116510-13-A and NMNH_116510-13-B).

The majority of samples are from intrusive igneous
provinces, but Fort Portal (Barker and Nixon, 1989; Wool-
ley, 2001; Bailey et al., 2005), Homa Mountain (Woolley,
2001) and Kaiserstuhl (Keller, 1981) are known to have
extrusive activity. Although not all samples have been pet-
rographically analyzed, those that record 3'®0 signatures
heavier than the primary igneous carbonatite range of
5.5-8.5%, (V-SMOW) (Taylor et al., 1967; Keller and Hoe-
fs, 1995) may be indicative of extrusive samples which have
undergone low temperature weathering including exchange
with meteoric water upon extrusion or equilibration with
magmatic carbonatite waters at low temperatures (Deines
and Gold, 1973). Three hand samples were identified as
extrusive by their loaner: UG6 (lava), BM1998 P21_20
(lava), and NMNH_117180-17 (lapilli tuff). All samples
have been measured for bulk stable isotopic compositions
(8'3C and 8'®0) and clumped isotope signatures (A47) as
described in Section 2.3, with most samples being replicated
at least three times to improve precision on Ay;.

2.2. Inorganic precipitation experiments

In addition to the carbonatite samples, results are also
presented for a Carrara marble lab standard and inorganic
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Fig. 2. Map (Woolley and Kjarsgaard, 2008) showing the location of the carbonatite suites analyzed in this study. The age of the carbonatite

suites are in millions of years and shown in parentheses.

precipitation experiments. Inorganic CaCO; was precipi-
tated at water bath controlled temperatures between 7.5
and 77 °C using a method akin to the passive degassing
method (e.g., Kim et al., 2007). A 100 ml CaCl, solution
was added to 900 ml solution of NaHCOs, the concentra-
tions of which were calculated using Geochemist’s Work-
bench Release 5.0 to give a supersaturation with respect
to calcite (Qcaicite) Of approximately 10 once combined (Ta-
ble 1). This saturation state was selected after preliminary
work showed higher saturation states with faster precipita-
tion resulted in isotopic disequilibrium.

The solutions were prepared by dissolving NaHCO3 and
CaCl, in separate beakers of deionized water that had been
equilibrated to the desired water bath temperature for at
least 2 h. Once dissolved, the CaCl, solution was slowly
added in 5 ml quantities to the NaHCOj solution. The final
solution remained un-sealed allowing equilibration and
passive degassing to the atmosphere, and was continuously
stirred for the duration of the experiment. Temperatures
were controlled to within +1°C (T<50°C) or +2°C
(T = 50 °C). Dependent on the temperature of the solu-
tions, precipitation started after 2-24 h, and the solutions
were filtered and air-dried after 1-4 days, to yield approxi-
mately 40 mg of CaCOs;. The precipitation experiments
have been replicated at 15, 20, 30, and 70 °C. Note that
due to slow initiation of precipitation (>3 days) for the re-
peat experiments at 15 and 30 °C, the saturation state of the
solutions was increased to 19.4 and 13.7, respectively.

All inorganic CaCOj3; samples have been measured for
bulk stable isotopic compositions (8'*C and §'30) and
clumped isotope signatures (A47). The oxygen isotopic com-
position of lab deionized water has also been analyzed via
CO,-H,0 equilibration at 25 °C.

2.3. Isotopic analysis of carbonates

The methodology used in the Laboratory for Geochem-
ical Oceanography at Harvard University broadly follows
that described in Eiler and Schauble (2004) and Ghosh
et al. (2006b), but with minor modifications. Carbonate
samples are prepared using a drill press and the bulk rock
carbonate powder is weighed out into 15 mg samples. Some
carbonatite rocks, due to their high silicate content have
been sampled at up to 30 mg to ensure sufficient yield of
CO, for analysis. Using a common acid bath with 90 °C
phosphoric acid, powdered carbonate samples are acid di-
gested and liberated CO, is collected by liquid nitrogen
trapping after passing through a —80 °C ethyl alcohol water
trap. Reaction time is on the order of 10 min, although for
high silicate content carbonatites it can take up to 20 min
for the reaction to proceed to completion.

All CO, samples are then passed through a PoraPak Q
trap held at —10 °C using a glass vacuum line. PoraPak Q
is a divinyl benzene polymer often used in a GC setup to
separate hydrocarbons, but by packing a glass U-trap with
PoraPak Q and using the pressure differential and pull of
liquid nitrogen, the CO, samples flow through the static
PoraPak Q trap without a carrier gas, while leaving any
heavy hydrocarbons or chlorinated hydrocarbons attached
to the trap (e.g., CH;Cl, which can produce CCI* and
HCCI" upon fragmentation and recombination during
mass spectrometric analysis). The purified CO, stream is
collected in a second U-trap on the far side of the PoraPak
Q trap and active vacuum pumping ensures all CO, passed
through trap is collected. After isolating the PoraPak Q
trap, the CO, U-trap is allowed to warm and the CO, is
transferred to a sample vial.
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Table 1

Results for isotopic analysis of a Carrara marble standard (CM2) and the temperature-controlled inorganic CaCO; precipitation experiments.
Analytical uncertainties for 8'>C (V-PDB), §'%0 (V-PDB) and A4 are shown as the standard error of the mean of all mass spectrometric
analyses of a given sample. Also shown are the experimental conditions for the inorganic precipitation experiments, including the temperature
of precipitation (7ppr), the initial concentrations of NaHCO; and CaCl, solutions and the saturation state of the mixed solution with respect
to calcite (Qearcite). Tkoo7 gives the temperature calculated from the oxygen isotopic composition of the carbonate, lab deionized water
(8"%0 = —36.48%, V-PDB) and the Kim and O’Neil (1997) calibration of the oxygen isotope thermometer. Repeat experiments have been
conducted at 15, 20, 30 and 70 °C. See Section 4.1 for a discussion of the apparent disequilibrium precipitation for the repeat 30 °C experiment

and at 70 and 77 °C.

cM2 n 8°C (%) 8"°0 (%,) A7 (%)
53 2.26 +0.01 —1.80 +0.01 0.334 £+ 0.004
Inorganic CaCOj;

Topt (°C) NaHCO; (mM) CaCl, (mM) Qealcite n 8"C (%) 3'%0 (%,) Ag7 (%) Txo97 (°C)

7.5 3.7 43.7 10.8 2 —18.53+0.02 —5.524+0.16 0.656 + 0.007 8.3
10 3.7 42.4 10.8 3 —17.69 +0.23 —5.83+0.04 0.677 £ 0.006 9.7
15 3.5 40.0 10.7 2 —18.21 £ 0.11 —7.17 +0.06 0.649 + 0.024 15.9
15 4.8 121.3 19.4 3 —15.59 +0.03 —6.88 £0.01 0.620 + 0.015 14.5
20 3.4 37.4 10.6 2 —19.69 +0.11 —8.30 +0.08 0.629 £+ 0.019 21.2
20 34 37.4 10.6 2 —19.16 +0.05 —8.09 +£0.04 0.691 £ 0.028 20.2
25 3.4 37.5 10.6 2 —19.38 +£0.10 -9.24 +£0.10 0.640 + 0.004 25.9
30 3.1 349 10.7 3 —19.17 +0.06 —10.04 +0.01 0.608 +0.014 29.9
30 3.1 59.6 13.7 2 —14.82 +0.03 —9.57 +£0.06 0.612 4 0.002 27.5
40 2.8 32.5 10.6 4 —18.93 +0.04 —11.99 +£0.03 0.586 +0.014 40.3
50 2.4 30.0 10.7 5 —18.31 +0.04 —13.554+0.07 0.549 +0.014 49.1
60 2.2 27.5 11.4 4 —16.79 +0.67 —15.21 +0.08 0.562 +0.015 59.2
70 1.9 24.9 10.8 4 —16.58 £ 0.11 —15.48 +£0.07 0.530 £ 0.008 60.8
70 1.9 24.9 10.8 3 —13.11 +£0.55 —15.18 £ 0.04 0.555+0.019 59.0
77 1.7 22.5 11.3 3 —17.99 +0.11 —16.94 +0.10 0.526 +0.015 70.3

The purified CO, samples are analyzed on a Thermo
Finnigan MAT 253 for §'C, 8'30 and A4;. The dual inlet
IRMS is configured to measure mass 44 through 48 CO,
through the following resistors: mass 44 = 3 x 10’ Q, mass
45=3x10°Q, mass 46=1x10"°Q, mass 47=1 x
102 Q, mass 48 =1 x 102 Q. The amplification of the dou-
bly-substituted mass 47 and mass 48 ion beams allows the
IRMS to run at sufficiently high voltages to achieve stable
mass 47 and 48 measurements, while avoiding saturation of
the ions beams of higher abundance masses 44 through 46
CO,. Data is acquired by balancing at 8 V on mass 47, with
masses 44, 45, 46 and 48 registering at approximately 5,
5.5, 6.5 and 0.7 V. The equivalent currents are 0.17 pA,
2nA, 0.65nA, 8 pA, 0.7 pA for masses 44 through 48,
respectively. A CO, sample is measured for one acquisition
comprised of 20 counts with one standard-sample-standard
cycle per count. Ion integration time is 26 s per change-over
(520 s of total current integration time) and the bellows are
pressure adjusted between each count. Individual samples
run for approximately 2 h on the IRMS. For typical mea-
surement protocol, the shot-noise limit to precision is
0.009%, (Merritt and Hayes, 1994).

Minor modifications have been made to the MAT 253,
including the addition of 5 ml dead volumes between the
bellows and capillaries, and a change in capillaries from
stainless steel to 110 um deactivated fused-silica capillaries.
The dead volume was added to decrease the change in gas
pressure (and therefore voltage) during a single standard-
sample-standard cycle, and the deactivated fused-silica cap-
illaries were installed to prevent exchange between CO, and
H,O within the capillaries.

Carbonate and CO, gas standards are also run every
2-3 days to monitor machine drift and correct for variable
bulk isotopic compositions and non-linearities in the
source. As with previous clumped isotope studies (e.g., Eiler
and Schauble, 2004; Huntington et al., 2009), the IRMS
used in this study exhibits measurable non-linearities be-
tween CO, gas samples known to have the same clumped
isotope composition. This process is quantified by prepar-
ing quartz break-seals of CO, gas standards with variable
bulk isotopic composition, and heating these samples to
1000 °C for 2h in a muffle furnace. After heating, the
break-seals are quenched to room temperature and hence
maintain the stochastic distribution of isotopologues
achieved at 1000 °C. When analyzed, we find heated gases
of variable bulk isotopic composition exhibit subtle differ-
ences in their clumped isotope composition. The relation-
ship between bulk isotopic composition (8*7) and clumped
isotope composition (A4;) is linear over the range of gas
standards measured (8% = —41.7-16.3%,), but the slope
and intercept can shift over periods of months. Therefore,
all data generated for carbonate samples are corrected back
to a common bulk isotopic composition using the slope of
the heated gas line at the time of their measurement. The
regression of A4; onto 3* yields a slope from 0.0043 to
0.0053, and intercepts from —0.9636 to —0.9244 between
September 2008 and December 2009. Changes in the inter-
cept of the heated gas line over time likely reflect isotopic
‘scrambling’ due to fragmentation and recombination of
isotopologues in the source (Huntington et al., 2009), and
are corrected by scaling all data to a fixed intercept. We
have selected this intercept as the intercept of the heated
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gas line over the time of the inorganic precipitation experi-
ments (A47[HG vs. WG] = —0.92449 ). The corrections em-
ployed in this study are the same as those discussed in detail
by Huntington et al. (2009).

In addition to the CO, heated gas standards, a Carrara
marble carbonate standard is run before and after approx-
imately every 20 carbonatite samples. This standard can be
used to identify any problems with sample preparation,
such as leaks during acid digestion or on the vacuum line,
and background contaminants as measured by the mass
48 signal. Until further inter-lab comparisons can be made,
the Carrara marble standard is also used as a proxy for an
inter-lab standard.

3. RESULTS
3.1. Standards and inorganic precipitation experiments

A Carrara marble standard (CM2) has been measured in
replicate since January 2009 and yields Ay; =0.334 +
0.004%, (1o standard error; n = 53). Run to run reproducibil-
ity is therefore equal to 0.0299,, (10), while internal counting
statistics are 0.012 (1o standard error), closely approaching
the shot-noise limit of 0.009%,,. The results of inorganic pre-
cipitation experiments are shown in Table 1 and Fig. 3. The
correction for acid digestion at 90 °C applied to this A4; data,
and all data going forward, is based on Eq. 23 of Guo et al.
(2009). Clumped isotope signatures for inorganic precipi-
tates range from 0.526%, to 0.691%,, or 56.1 to 15.4 °C,
respectively, when using the original calibration (Ghosh
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Fig. 3. Inorganic calibration of the clumped isotope proxy. Grey
squares show the original calibration by Ghosh et al. (2006b), and
the dashed grey line is Eq. (2) derived from the Ghosh et al. (2006b)
data. The solid black line is the theoretical calibration given in Eq.
(3) (Guo et al., 2009). The black circles are data from the inorganic
calibration performed in this study. Linear regression of this data
yields the black dashed line (R?=0.9074). Error bars denote the
standard error of the mean of all mass spectrometric analyses of a
given sample. Note that CaCOj; precipitated during the repeat
30 °C experiment and at 70 and 77 °C may have precipitated in
disequilibrium, although removing these data points from the
linear regression still yields a regression within error of Eq. (4).

et al., 2006b; Eq. (2)). 8'3C ranges from —19.69%, to
—13.11%, (V-PDB) and $'0 ranges from —16.94%, to
—5.52%, (V-PDB).

3.2. Carbonatites

Results for the analysis of carbonatite samples are pre-
sented in Table 2, which shows the bulk isotopic compo-
sition (8'°C and 5'%0), the clumped isotope signature
(A47), and the temperature corresponding to the Ay, value
of a given sample. An empirical calibration has not been
conducted at high temperatures (above ca. 70 °C), there-
fore temperatures in Table 2 are calculated using the the-
oretical relationship between Ay; and temperature for
calcite given in Eq. 18 of Guo et al. (2009). Due to the
non-linear dependence of A4; on temperature, analytical
uncertainties equate to larger temperature errors at crustal
temperatures (Eiler et al., 2009), and therefore tempera-
tures shown in Table 2 should be viewed as order of mag-
nitude signals.

Table 2 shows variability between and within the differ-
ent carbonatite sites and A4; ranges from 0.2759, to
0.545%, (or approximately 416 and 61 °C, respectively).
813C ranges from —10.0%, to —2.3%, (V-PDB) and §'%0
ranges from 6.9%, to 19.0%, (V-SMOW). Samples from
Fort Portal, Uganda (0.5 Ma) give clumped isotope signa-
tures of 0.2759,, and 0.5019%, (416 and 83 °C). Homa Moun-
tain, Kenya (6.6 Ma) samples range in Ay; from 0.3129, to
0.421%, (284-137°C) with a median of 0.3649%,. Kai-
serstuhl, Germany (16 Ma) samples range in A4; from
0.3229, to 0.5459%, (264-61 °C) with a median of 0.358%,.
The carbonatite sample from Tororo, Uganda (40 Ma)
gives a clumped isotope signature of 0.3629,, (198 °C). Sam-
ples from Bearpaw Mountains, MT (50 Ma) range from
0.406%, to 0.489%, (150-90 °C) with a median of 0.4429%,.
The Magnet Cove, AK (99 Ma) carbonatite yields a
clumped isotope signature of 0.420%, (138 °C). The sample
from Panda Hill, Tanzania (116 Ma) gives 0.3099%,
(293 °C). Samples from Oka, Canada (117 Ma) range in
A4; from 0.3429,, to 0.3989,, (228-157 °C) with a median
of 0.3759,. The carbonatite sample from Kangankunde,
Malawi (123 Ma) yields a clumped isotope signature of
0.439%, (123 °C). The Jacupiranga, Brazil (131 Ma) sam-
ples yields Ay7; = 0.4029, (153 °C). The sample from Chil-
wa, Malawi (131 Ma) gives a clumped isotope signature
of 0.428%, (131 °C). And, the sample from McClure Moun-
tains, CO (528 Ma) has a A4; signature of 0.4389, (124 °C).
Standard errors of the mean of all mass spectrometric anal-
yses of a given sample range from 0.001%, to 0.040%, (med-
ian = 0.0129,) with only 6 out of the 45 samples run giving
a standard error greater than 0.0159,.

Bulk recrystallization via fluid-rock interaction and
post-depositional alteration is identified in carbonatite sam-
ples by comparing the oxygen isotopic composition of a gi-
ven sample to its clumped isotope signature. Fig. 4
illustrates the relationship between 580 and A4 for four
sites with replicate samples (Homa Mountain, Kaiserstuhl,
Bearpaw Mountains and Oka). The plot shows a positive
correlation between 880 and A4y for samples from Homa
Mountain, Kenya and Kaiserstuhl, Germany with 5'%0
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Results for carbonatite analysis showing sample location, age (Ma), number of repeat analyses of a given sample, 3'>C (V-PDB), 5'%0 (V-
SMOW), A4; and temperature (°C) calculated from A4;. Carbonatite ages are from Woolley and Kjarsgaard (2008). The average standard
errors on 8'°C and 5'%0 are 0.03%, and 0.09%,, respectively. Analytical uncertainties in A4, are shown in the table as the standard error of the
mean of all mass spectrometric analyses of a given sample. Temperature is calculated using the theoretical relationship between temperature
and Ay for calcite given in Guo et al. (2009). Samples identified by loaner as extrusive are marked, as are those that have been excluded from

Fig. 5 based on evidence of contamination or alteration.

Sample Location Age n 313C (%) 31%0 (%) Asr (%) T (°C)
UG6™° Fort Portal, Uganda 0.5 5 -9.6 18.4 0.501 +0.012 83
BM1998_P21_20*¢ Fort Portal, Uganda 0.5 5 -84 10.1 0.275 4+ 0.026 416
NMNH_110903 Homa Mountain, Kenya 6.6 5 -34 79 0.332+0.011 244
NMNH 110903-A Homa Mountain, Kenya 6.6 3 -3.6 7.7 0.312 + 0.004 284
NMNH_110903-B Homa Mountain, Kenya 6.6 3 —-3.4 7.7 0.365 £ 0.040 194
NMNH._110903-C Homa Mountain, Kenya 6.6 3 —-34 8.4 0.364 + 0.007 196
NMNH_110915 Homa Mountain, Kenya 6.6 4 -3.6 8.6 0.354 +0.011 208
NMNH_110915-A Homa Mountain, Kenya 6.6 3 -3.1 9.4 0.421 +0.013 137
NMNH_110915-B Homa Mountain, Kenya 6.6 3 -3.2 9.2 0.388 +0.018 167
NMNH 110915-C Homa Mountain, Kenya 6.6 3 —-3.2 9.2 0.373 £+ 0.003 184
NMNH_116510-13 Kaiserstuhl, Germany 16 6 -5 7.1 0.3554+0.013 206
NMNH._116510-13-A Kaiserstuhl, Germany 16 3 -5.9 7.6 0.360 4 0.015 201
NMNH_116510-13-B Kaiserstuhl, Germany 16 3 -5.7 7.2 0.327 +£0.011 253
NMNH._117180-6 Kaiserstuhl, Germany 16 5 -5.7 7.1 0.3554+0.014 207
NMNH_117180-6-A Kaiserstuhl, Germany 16 3 —-5.7 7.0 0.329 + 0.008 249
NMNH_117180-6-B Kaiserstuhl, Germany 16 3 -5.7 7.0 0.331 +£0.013 247
NMNH_117180-13 Kaiserstuhl, Germany 16 8 —6.2 7.8 0.322 +£0.013 264
NMNH_117180-13-A Kaiserstuhl, Germany 16 3 —6.4 8.6 0.348 4 0.011 217
NMNH_117180-13-B Kaiserstuhl, Germany 16 3 —-6.2 7.7 0.340 + 0.012 230
NMNH_117180-15¢ Kaiserstuhl, Germany 16 3 —-6.8 11.5 0.389 £0.014 167
NMNH_117180-15-A°¢ Kaiserstuhl, Germany 16 3 -7.0 13.1 0.441 £+ 0.021 121
NMNH._117180-15-B°¢ Kaiserstuhl, Germany 16 3 —6.5 10.8 0.398 4 0.004 158
NMNH_117180-17%¢ Kaiserstuhl, Germany 16 3 —10.0 18.6 0.518 + 0.007 74
NMNH_117180-17-A%¢ Kaiserstuhl, Germany 16 3 -9.2 16.9 0.450 +0.011 114
BM1992-P2(9)° Kaiserstuhl, Germany 16 4 —10.0 19.0 0.545 £+ 0.006 61
BM1992-P2(9)-A° Kaiserstuhl, Germany 16 3 -9.5 18.2 0.539 +£0.014 69
NMNH._109369-21 Tororo, Uganda 40 4 -3.2 73 0.362 4 0.005 198
NMNH._117247-194 Bearpaw Mountains, MT 50 6 -7.6 8.6 0.426 4 0.013 133
NMNH_117247-194-A Bearpaw Mountains, MT 50 3 -7.5 8.8 0.407 + 0.028 149
NMNH_117247-194-B Bearpaw Mountains, MT 50 2 -7.6 9.0 0.465 + 0.003 104
NMNH. 117247-194-C Bearpaw Mountains, MT 50 3 —-7.4 8.9 0.443 +£0.012 119
NMNH_117247-194-D Bearpaw Mountains, MT 50 3 -7.4 9.0 0.441 +£0.019 121
NMNH._117216-209¢ Bearpaw Mountains, MT 50 4 -7.9 8.7 0.489 + 0.007 90
NMNH_117216-209-A Bearpaw Mountains, MT 50 2 —-8.2 8.3 0.406 + 0.010 150
NMNH. _117216-209-B Bearpaw Mountains, MT 50 3 -8.3 8.3 0.453 +£0.010 112
MC3 Magnet Cove, AK 99 5 -5.2 8.7 0.420 = 0.011 138
NMNH._109369-49 Panda Hill, Tanzania 116 5 —4.3 8.5 0.309 4 0.015 293
OL-Ic Oka, Canada 117 3 -53 6.9 0.3854+0.014 170
BOK-6¢ Oka, Canada 117 3 -5.8 7.1 0.398 4+ 0.013 157
BOK-7¢ Oka, Canada 117 3 -5.2 7.1 0.342 4+ 0.002 228
BOK-7 Oka, Canada 117 3 -52 73 0.365 4 0.007 195
NMNH_109369-38 Kangankunde, Malawi 123 4 -2.3 8.5 0.439 +0.013 123
SEA-JAC Jacupiranga, Brazil 131 5 —6.1 7.4 0.402 +0.014 153
NMNH_109369-37 Chilwa, Malawi 131 4 -2.9 7.9 0.428 +0.012 131
SEA-MCC McClure Mountains, CO 528 4 74 7.4 0.438 £+ 0.001 124

# Identified by loaner as lava.
® Identified by loaner as lapilli tuff.

¢ Excluded from Fig. 5 due to evidence of contamination or alteration.

ranging from 7.7%, to 9.4%, and 7.0%, to 19.0%,, respec-
tively. No such correlation exists for samples from Bearpaw
Mountains or Oka and these sites have variability in 5'0
of less than 19,. Samples from Bearpaw Mountains, MT
range in 5'%0 from 8.3%, to 9.0%,, while those from Oka,
Canada range from 6.99,, to 7.3%,,

4. DISCUSSION

4.1. Standards and inorganic precipitation experiments

An Italian marble has also been measured by Ghosh et al.
(2006b) and yields 0.341 £ 0.0199,, or 0.007%, heavier than
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Fig. 4. Plot showing the relationship between §'%0 and A4, at the
four sites where multiple samples were analyzed. The light grey
shading encompasses the §'%0 field denoted by Taylor et al. (1967)
and Keller and Hoefs (1995) as primary igneous carbonatites
(8180 = 5.5-8.5%,). Samples are from Kaiserstuhl, Germany (black
circles), Homa Mountain, Kenya (dark grey circles), Bearpaw
Mountains, MT (light grey triangles), and Oka, Canada (grey
squares). The R? values for linear regressions of A7 onto 8'%0 for
Kaiserstuhl (black line) and Homa Mountain (grey line) are 0.970
and 0.887, respectively.

the signature of CM2 measured here (Ay4;=0.334 +
0.004%,). Carrara marble is used here as a gross measure of
inter-lab reproducibility, but labs measuring clumped iso-
topes are also developing a full set of inter-lab working stan-
dards. This network of standards will better enable labs to
work in the same reference frame, use the same calibration
curves and directly cross-correlate results.

The results of inorganic precipitation experiments
shown in Table 1 and Fig. 3 deviate from the original cali-
bration curve (Ghosh et al., 2006b; Eq. (2)) at temperatures
below 20 and above 60 °C. Linear regression of the inor-
ganic precipitation data generated here yields the following
relationship between A4; and temperature (Kelvin) with a
R? value of 0.9074:

(0.0337 £ 0.0018) x 10°
72
Also shown in Fig. 3 is the theoretical calibration of the
clumped isotope thermometer for calcite corrected for acid
digestion at 90 °C (Eqgs. 18 and 23 of Guo et al. (2009)). This
theoretical calibration closely aligns the data generated in
this study. Although the results shown suggest the slope of
the calibration could be shallower than initially predicted
by Ghosh et al. (2006b) (Eq. (2)), extensive analysis of mod-
ern natural carbonates continue to fall on the original cali-
bration curve (Eiler et al., 2009), therefore continued use of
the original calibration for natural carbonates precipitated
between 1 and 50 °C is justified. For higher temperature car-
bonates, such as the carbonatites measured here, the theoret-
ical calculation of Guo et al. (2009) is the most appropriate
calibration. Again, these discrepancies in calibration curves
point to the need for an inter-lab set of standards.

Ay =

+(0.2470 £0.0194)  (4)

Two possible explanations for deviations from the origi-
nal calibration of Ghosh et al. (2006b) include (i) material
precipitated was not single-phase calcite, but also included
aragonite and amorphous carbonate and (ii) precipitation
proceeded out of isotopic equilibrium with water. First,
the precipitates were not analyzed by XRD, therefore we
cannot be certain of mineralogy and deviations in slope
may be attributable to changes in carbonate phase, espe-
cially as theoretical studies predict small offsets in the
clumped isotope signature of calcite, aragonite and other
metal-carbonates at equal precipitation temperature (Scha-
uble et al., 2006; Guo et al., 2009). Second, to test for equi-
librium precipitation the isotopic composition of the
carbonates and the deionized water from which the carbon-
ate precipitated was compared to the oxygen isotope pale-
othermometer of Kim and O’Neil (1997) (Table 1).

CO,-H,0 equilibration of lab deionized water at 25 °C
yields 3'*0 = —36.48%, (V-PDB). Using this oxygen isoto-
pic composition of water, inorganic precipitates have
3180 carbonate signatures within 1.2 °C of that expected
for the Kim and O’Neil (1997) thermometer, with the
exception of inorganic CaCQOj; precipitated at 70 and
77 °C, and the repeat precipitation experiment at 30 °C.
The repeat precipitation experiment at 30 °C is heavier by
2.5°C (ca. 0.5%,) and was precipitated under high calcite
saturation (Qcaicice = 13.7), while the inorganic carbonates
precipitated at 70 and 77 °C are heavier than expected by
7-11 °C (ca. 1.4-2.29,,). Disequilibrium may have occurred
due to insufficient pre-equilibration of the initial NaHCOj3
solution, and therefore these inorganic carbonates could
have inherited the isotopic composition of the NaHCO;
powder. We consider this unlikely as all carbonates were
prepared by the same method, and for the majority of the
inorganic carbonates, disequilibrium precipitation does
not appear to be the reason for discrepancies between Eq.
(4) and the initial calibration of Ghosh et al. (2006b) (Eq.
(2)). It may be appropriate to give lower confidence to the
results above 70 °C based on oxygen isotope disequilib-
rium, although removing them from the data set produces
a regression within error of Eq. (4).

The 15, 30 and 70 °C repeat precipitation experiments
were conducted approximately 2-3 months after the first
round of experiments, were much slower to precipitate
(>24 h) and yielded less CaCO;. The repeat experiments
at 15 and 30 °C were also those that required higher satura-
tion states to precipitate carbonate (Qcajcite = 19.4 and 13.7,
respectively). We conjecture that changing laboratory con-
ditions, including increasing humidity and temperature, due
to the experiments being conducted in August, compared to
May and early June, may explain these discrepancies. These
three repeat experiments yield heavier carbon isotope
signatures than the initial CaCOj precipitated at the same
temperature, but the clumped isotope signature was repro-
duced to within the standard errors of replicate analyses.
This is possible because A47 is a measure of the deviation
in mass 47 CO, from that expected from a sample’s bulk
stochastic distribution. Therefore, any two carbonates pre-
cipitated at the same temperature should yield the same A47
value, even if 8'3C varies.
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Finally, another possible explanation for discrepancies
between the inorganic precipitation study of Ghosh et al.
(2006b) and this study could be inter-lab differences in sam-
ple preparation and IRMS analysis. Although raw clumped
isotope data is corrected in the same way as that of other
labs (Huntington et al., 2009), further inter-lab compari-
sons are required to fully understand if differences between
labs are due to precipitation experiments, samples prepara-
tion or isotopic analysis. This work is ongoing among the
labs conducting clumped isotope research, and includes
the measurement of samples with known clumped isotopic
compositions and CO, gas standards.

4.2. Carbonatites

Sample contamination and the bulk isotopic composition
of carbonatite samples can explain some of the variability in
A47; (Table 2). For example, the two samples from Fort
Portal, Uganda (UG6 and BM1998_P21_20) have been
excluded from further discussion because of contamination
and evidence of post-depositional alteration. Sample
BM1998 P21_20 is designated contaminated because of
the high mass 48 voltages associated with the sample, poor
reproducibility on A4, (standard error of 5 mass spectromet-
ric analyses is +0.0269,,) and a visibly high silicate content
(slow reaction time upon acid digestion and residual silicate
remaining in the acid bath). Several mass spectrometric anal-
yses of BM1998 P21_20 yielded mass 48 voltages greater
than 5 V and memory effects in the source suggest the con-
taminant is sulfur (e.g., recombinations yielding **S'®0O in
the source). The second sample from Fort Portal, UG6, is ex-
cluded from further discussion based on its bulk stable isoto-
pic composition (8'°C = —9.6%, and §'%0 = 18.4%,) which
falls outside of the primary igneous carbonatite field defined
as 8'°C = —8.0%, to —5.0%, and §'%0 = 5.5-8.5%, (Taylor
et al., 1967; Keller and Hoefs, 1995). This sample has likely
undergone post-depositional alteration and therefore Ay;
will not be recording the primary clumped isotope signature.

Bulk recrystallization of carbonatites is assessed by a
cross-plot of 880 and A4; (Fig. 4). Data from the four sites
with multiple samples analyzed (Kaiserstuhl, Homa Moun-
tain, Bearpaw Mountains and Oka) show a positive corre-
lation between §'%0 and A4, when samples depart from the
primary igneous carbonatite range. The correlation (R* =
0.970) is most apparent for Kaiserstuhl carbonatites which
range from §8'80 =79, and A4; = 0.32%, to 5'%0 =199,
and Ay7 = 0.559,. A similar correlation is present in Homa
Mountain samples, but the slope is steeper when Ay is re-
gressed onto 8'80 and its significance lower (R =0.887).
Samples from Bearpaw Mountains and Oka show variabil-
ity in A47 on the order of 0.07%, with little change in 51%0,
and the bulk isotopic composition of these samples pre-
dominantly fall into the primary igneous carbonatite range.
Six samples from Bearpaw Mountains fall outside of the
5'%0 primary igneous carbonatite field by up to 0.5%,
but we do not consider alteration as the cause because no
positive correlation exists between 830 and A47. An excep-
tion is sample NMNH_117216-209 which has a heavy A4y
value of 0.489 while still retaining a light oxygen isotopic
composition at §'%0 = 8.7%,- High mass 48 voltage read-
ings for this sample suggest a contaminated sample, and
it is excluded it from further discussion.

Using the criteria discussed above, Fig. 5 shows the
clumped isotope signature of samples with no evidence
for broad-scale fluid-rock interaction (5'%0 < 10%,) plotted
against the age of the carbonatite. The data covers much of
the past 150 Ma and shows no clear trend towards heavier
A47; with increasing age, although there is significant vari-
ability in the clumped isotope signature both between and
within sites.

Results for pristine carbonatites (Fig. 5) indicate the
clumped isotope proxy is not recording the formation or
crystallization temperature of the carbonatites, but instead
the temperature at which isotope exchange ceases during
cooling. The lightest A4; values recorded, samples
NMNH_110903-A from Homa Mountain at 0.312 4
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Fig. 5. Clumped isotope signature of well-preserved carbonatite samples plotted against the age of that given carbonatite suite. Error bars
denote the average standard error of the mean of all mass spectrometric analyses of a given carbonatite site. The McClure Mountains
carbonatite, with an age of 528 Ma, has been plotted to the right of the figure in line with its A4; value. Using the temperature-A,; relationship
of Guo et al. (2009), the approximate temperatures inferred from A4; = 0.250%,, 0.3509%, and 0.450%, are shown on the right y-axis.
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0.004%, and NMNH_109369-49 from Panda Hill at
0.309 4+ 0.0159,, correspond to temperatures no greater than
293 °C, and are significantly lower than the temperatures of
carbonatite crystallization. Similarly, the Carrara marble
standard, a pristine metamorphosed carbonate, records a
temperature of 241 °C (A47 = 0.334 + 0.004%,). This sug-
gests the temperature at which solid-state exchange ceases
is in the range of 250-300 °C, and that these temperatures
may represent an upper limit on temperatures recorded by
the clumped isotope proxy in natural carbonates. This result
aligns with earlier work suggesting an apparent ‘blocking
temperature’ for slowly cooled marbles at ~200 °C and evi-
dence for intracrystalline isotope exchange resulting in par-
tial re-equilibration at temperatures <350 °C (Eiler et al.,
2009).

Although solid-state diffusion may be controlling the ex-
change of isotopes above this temperature, there is no sys-
tematic trend in the clumped isotopic signature of the
pristine carbonatites with age (Fig. 5). Some of the older
samples (e.g., NMNH_109369-38 from Kangankunde, Ma-
lawi) record temperatures only in the range of 120 °C
implying closed system re-equilibration at burial tempera-
tures may have occurred, while other samples, also from
the Lower Cretaceous (e.g., NMNH_109369-49 from Pan-
da Hill, Tanzania and BOK-7¢ from Oka, Canada) record
temperatures above 200 °C. The oldest sample, SEA-
MCC from the Early Paleozoic McClure Mountains in Col-
orado, records a Ay; signature of 0.438 +0.0019,,, or
approximately 120 °C. It is not possible to base a conclu-
sion on this one data point in the Early Paleozoic, but it
suggests re-equilibration to progressively heavier clumped
isotopic signatures, without bulk alteration, is not occur-
ring even over a 0.5 x 107 year timescale. Even so, re-equil-
ibration can occur if a sample has been exposed to burial
temperatures for long periods of time. This implies solid-
state diffusion of O or C atoms within the carbonate lattice
is sufficiently slow to enable the use of A4; on 108 year time-
scales, but that caution should be used when interpreting
temperature data from samples exposed to burial tempera-
tures for millions of years.

Fission track data helps in understanding the cooling
regime and minimum ages of igneous rocks, and is used
here to interpret clumped isotope signatures. Mean apatite
fission track data represent the time when a rock cools
through 100 + 20 °C, the closure temperature for fission
track retention in apatite. For the Oka carbonatite, apa-
tite fission track data give a mean age of 122 Ma, coincid-
ing with other age constraints for Oka of 109-120 Ma
from K—Ar, Rb-Sr and U-Pb (Lentz et al., 2006). The fis-
sion track data suggests the complex has not been ex-
posed to burial metamorphism since its emplacement,
cooled relatively rapidly and/or that the intrusion temper-
ature was relatively low (Gold et al., 1986). Our analysis
gives Ay; values from 0.3429, to 0.3989%, (ca. 230-
150 °C) implying that the complex has not continued slow
re-equilibration to Earth’s surface temperatures since
being emplaced in the Mid-Cretaceous and, in conjunc-
tion, with the fission track data we can also rule out
the signature being acquired during a closed-system burial
metamorphism event.

Apatite fission track data can also be used to better
understand the clumped isotope signature of the McClure
Mountains complex. The McClure Mountain alkalic com-
plex, which is cut by carbonatite dikes, intruded into lower
Proterozoic metamorphic granitic and hornblende gneisses
and amphibolites in the early Cambrian (Lynnes and Van
Der Voo, 1984; Woolley, 1987), with K—Ar and Rb-Sr dat-
ing techniques giving ages ranging from 535 to 506 Ma
(Woolley, 1987). Apatite fission track dates give a much
younger age of 293 4+ 62 Ma (Lynnes and Van Der Voo,
1984), suggesting alteration of the complex occurred ca.
300 Ma. The clumped isotope signature of SEA-MCC from
the McClure Mountains is 0.4389%, (ca. 120 °C), a tempera-
ture that aligns with the apatite fission track closure tem-
perature, and suggests that solid-state diffusion has not
been playing an important role in controlling the clumped
isotope signature since approximately 300 Ma.

Although solid-state diffusion does not lead to a system-
atic trend in A4; with age, carbonatites record different de-
grees of clumping. The scatter in A4; among and between
sites (Fig. 5) suggests there is variability in the temperature
at which a clumped isotope signature is retained. Such vari-
ability could be explained by differences in cooling regimes,
water content and the rock’s mineralogy and silica content.
If cooling were fast, the clumped isotope signature should re-
cord a higher temperature, whereas if cooling were slow, ex-
change could continue over longer periods of time and at
lower temperatures. For example, sample NMNH_109369-
37 from Chilwa Island, Malawi (A4; = 0.428 4+ 0.012%,) re-
cords a heavy clumped isotope signature in comparison to
many other carbonatites measured. Fission track data and
field assessments suggest the complex at Chilwa Island was
emplaced shallowly in the crust and that it cooled slowly with
a residence time of ca. 60 my in the apatite partial annealing
zone (the zone which corresponds to a range in temperature
from 130 to 60 °C for apatite fission tracks) (Eby et al.,
1995). This implies slow cooling results in carbonatites
recording heavier clumped isotope signatures than carbona-
tites that cool quickly.

Other factors may also be important in determining a car-
bonatite’s clumped isotope signature. For example, higher
water contents will likely translate into faster exchange of
O isotopes, and therefore lower temperature clumped iso-
tope signatures, and variable mineralogy and silica contents
will also likely impact clumped isotope signature.

5. CONCLUSION

Inorganic CaCOj; precipitation experiments have been
conducted and provide a second calibration for the clumped
isotope paleothermometer over the range of 7.5-77 °C. The
calibration aligns with a recent theoretical calculation of acid
fractionation associated with the carbonate clumped isotope
thermometer, but discrepancies exist between our results and
the original calibration (Ghosh et al., 2006b). Work is ongo-
ing to develop an inter-lab comparison of clumped isotope
standards that may help to explain this discrepancy.

Carbonatites have been used as a geologic test for the
integrity of the clumped isotope proxy over greater than
107 year timescales. Carbonatites of various ages ranging
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from recent to the Early Paleozoic retain different clumped
isotope signatures, but those considered well preserved,
based on their §'20, show no trend in A4, with age. This sug-
gests re-equilibration to Earth’s surface temperatures is not
occurring over time, although re-equilibration to burial tem-
peratures can occur if a carbonatite has been exposed to
greater than approximately 100 °C for millions of years.
None of the high temperature carbonates measured record
signatures lighter than 0.319,, implying isotope exchange
continues during cooling until ca. 250-300 °C. Even exclud-
ing carbonatites that have undergone post-depositional
open-system exchange of oxygen, there is considerable vari-
ability in the clumped isotope signature of carbonatites. This
is likely due to differences in mineralogy, water content, cool-
ing rate and burial history. In conclusion, the solid-state re-
ordering of O and C atoms is sufficiently slow to enable the
use of clumped isotope paleothermometry on timescales of
108 years, although we encourage caution when interpreting
temperature data from samples exposed to burial tempera-
tures for long periods of time.
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