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tant tests of geodynamic, structural, topographic and basin evolution models. The thermometer is based on the
13C-180 bond ordering in carbonates (mass-47 anomaly, A4;) and provides estimates of the carbonate formation
temperature independent of the §'%0 value of the water from which the carbonate grew; A4, is measured
simultaneously with conventional measurements of carbonate 6'3C and §'%0 values, which together constrain

lc(ﬁ,rzgz&isotope thermometry the isotopic composition of the parent water. Depending on the geologic setting of carbonate growth, this infor-
Carbonate mation can help constrain paleoenvironmental conditions or basin temperatures and fluid sources. This review
Paleoelevation examines how clumped isotope thermometry can shed new light on problems in continental tectonics, focusing
Digenesis on paleoaltimetry, basin evolution and structural diagenesis applications. Paleoaltimetry is inherently difficult,
Thermal history and the precision in carbonate growth temperature estimates is at the limit of what is useful for quantitative
Tectonics paleoelevation reconstruction. Nevertheless, clumped isotope analyses have enabled workers to address previ-

ously intractable problems and in many settings offer the best chance of understanding topographic change
from the geologic record. The portion of the shallow crust residing at temperatures up to ca. 200 °C is important
as host to economic resources and records of tectonics and climate, and clumped isotope thermometry is one of
the few proxies that can access this critical range with sensitivity to temperature alone. Only a handful of studies
to date have used clumped isotopes to investigate diagenesis and other sub-surface processes using carbonate
crystallization temperatures or the sensitivity of A47 values to a sample's thermal history. However, the ther-
mometer is sufficiently precise to answer many important questions in this area, making the investigation of
sub-surface processes an excellent target for future investigations.

© 2015 Elsevier B.V. All rights reserved.
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The thermal history of minerals and fluids in both surface and
subsurface environments on continents is a fundamental prediction of
geodynamic, structural, topographic, and basin evolution models.
Recently, the toolkit of thermochronometers and temperature proxies
used to test such models has grown to include carbonate clumped
isotope paleothermometry, a technique based on the thermodynamic
tendency of the heavy isotopes of carbon and oxygen to bond, or
“clump” together in carbonate minerals (Ghosh et al., 2006a; Schauble
et al,, 2006). Unlike conventional carbonate thermometers (Epstein
and Mayeda, 1953; McCrea, 1950; Urey, 1947), clumped isotope ther-
mometry does not require assumptions about the composition of the
water from which the mineral grew. This feature makes the clumped
isotope thermometer especially well suited for reconstructions of both
surface and subsurface continental environments where such paleo-
waters typically are not preserved and their compositions are difficult
to estimate (e.g., Eiler, 2007, 2011).

Although the methods are technically challenging (e.g., Bernasconi
etal.,, 2013; Dennis et al., 2011; He et al., 2012; Hu et al., 2014; Hunting-
ton et al., 2009; Petrizzo and Young, 2014; Rosenheim et al., 2013;
Yoshida et al., 2013), carbonate clumped isotope analysis offers a wealth
of information that is not possible from conventional measurements of
the carbon and oxygen isotopic compositions (i.e., '>C and 630 values)'
of the carbonate alone. Combined with carbonate 530 values and ther-
mometry equations (e.g., Kim and O'Neil, 1997; Kim et al,, 2007), carbon-
ate growth temperatures determined from clumped isotope analysis can
be used to calculate the §'30 value of the water from which the carbonate
grew. Depending on the environment of carbonate growth, such informa-
tion can give quantitative estimates of paleoenvironmental conditions
(e.g., lake or soil temperatures, precipitation sources, aridity) or basin
temperatures and fluid sources. As a result, clumped isotope thermome-
try has been applied to a broad array of problems relevant to continental
tectonics, including terrestrial paleoclimate (Affek et al., 2008; Brand
et al,, 2014; Csank et al.,, 2011; Eagle et al,, 2013; Frantz et al., 2014;
Passey et al., 2010; Snell et al., 2013; Suarez et al., 2011; Tobin et al.,
2014; VanDeVelde et al., 2013; Wang et al., 2013); paleoaltimetry
(Carrapa et al.,, 2014; Fan et al.,, 2014; Garzione et al., 2014; Ghosh et al.,
2006b; Huntington et al., 2010, 2014; Lechler et al., 2013; Leier et al.,
2013; Quade et al,, 2007, 2011, 2013; Snell et al., 2014); structural geolo-
gy, diagenesis, fluid flow and water-rock interactions (Bergman et al.,
2013; Bristow et al,, 2011; Budd et al.,, 2013; Dale et al, 2014;
Huntington et al., 2011, 2014; Loyd et al., 2012, 2014; Sena et al.,
2014; Streit et al., 2012; Swanson et al., 2012); and metamorphism,
cooling rates and basin thermal histories (Dennis and Schrag, 2010;
Ferry et al.,, 2011; Henkes et al., 2014; Passey and Henkes, 2012;
Shenton et al., 2015).

This review examines the application of carbonate clumped iso-
tope thermometry to problems in continental tectonics, focusing
on paleoaltimetry, basin evolution, diagenesis and structural geology
studies. A growing number of studies explore other applications of
clumped isotope thermometry to topics including marine organisms
and paleoclimate (e.g., Brand et al.,, 2012; Came et al., 2007; Cummins
et al,, 2014; Dennis et al., 2013; Douglas et al.,, 2014; Finnegan et al.,

1 Isotopic compositions are defined by ratios of heavy to light stable isotopes in a sam-
ple, reported using delta notation relative to the isotopic ratio of a standard. The ratios are
small, and thus by convention they are multiplied by 1000 and reported in per mil (%.). For
example, 5'%0 = [0 / "®Ogampte + 0 / "®Ogandara — 1] x 1000%o.

Price and Passey, 2013; Saenger et al., 2012; Thiagarajan et al., 2011,
2014; Tripati et al., 2010), speleothems (Affek et al., 2008, 2013, 2014;
Daéron et al., 2011; Kluge and Affek, 2012; Kluge et al., 2014; Wainer
et al, 2011), meteorites (Guo and Eiler, 2007; Halevy et al., 2011),
and extinct vertebrates (Eagle et al., 2010, 2011). Many of these
studies are summarized in earlier comprehensive reviews (Eiler, 2007,
2013; Eiler et al., 2014) or reviews focused on paleoclimate applications
(Affek, 2012; Eiler, 2011; Passey, 2012) and are not discussed here.
Instead, the goal of this review is to equip researchers with the
background and perspective needed to design future studies and
critically evaluate the use of clumped isotopes to address problems in
continental tectonics.

2. Clumped isotope geochemistry and the carbonate clumped
isotope thermometer

Clumped isotope geochemistry investigates multiply-substituted
isotopologues,® which are molecules or moieties that contain more
than one heavy isotope (Eiler, 2007). Over the last decade, the theoret-
ical framework (Affek, 2013; Cao and Liu, 2012; Eiler, 2013; Eiler et al.,
2014; Guo et al., 2009; Hill et al., 2014; Ma et al.,, 2008; Schauble et al.,
2006; Tang et al., 2014; Wang et al., 2004) and analytical methods
(Bernasconi et al., 2013; Cao and Liu, 2012; Cui and Wang, 2014; Dennis
et al,, 2011; Eiler and Schauble, 2004; Eiler et al., 2013, 2014; Ghosh
et al., 2006a; He et al., 2012; Hu et al., 2014; Huntington et al., 2009;
Passey et al., 2010; Petrizzo and Young, 2014; Rosenheim et al., 2013;
Schmid and Bernasconi, 2010; Tsuji et al., 2012; Yeung et al., 2012;
Yoshida et al., 2013) in the field of clumped isotope geochemistry
have co-evolved rapidly. Recent analytical developments have enabled
clumped and site-specific isotopic measurements in a diverse array of
molecules (Eiler, 2013; Eiler et al., 2013, 2014; Ono et al., 2014;
Stolper et al.,, 2014a,b; Tsuji et al., 2012; Yeung et al., 2012), but by far
the most developed application of clumped isotope geochemistry is in
the area of carbonate thermometry. In carbonate minerals, clumping
of the heavy isotopes of carbon and oxygen is temperature dependent,
forming the basis of the carbonate clumped isotope thermometer
(Ghosh et al., 2006a). Eiler (2007) presents an overview of the history
and theoretical underpinnings of clumped isotope geochemistry, and
the reader is referred to Affek (2012) for a complementary primer on
carbonate clumped isotope thermometry.

Carbonate clumped isotope thermometry examines the proportion of
heavy-heavy isotope bonds in a sample relative to the number of heavy-
heavy bonds that would be predicted by probability (random chance)
(Ghosh et al,, 2006a; Schauble et al., 2006). An analogy with dice is useful
to illustrate the concept (Passey, 2012). The probability of rolling two dice
and getting “snake eyes,” or two ones, is dictated by the proportion of
faces on each die showing the number one (i.e., 1/6 » 1/6 = 1/36, or
0.0278). Similarly, if bonding of heavy carbon and oxygen isotopes into

2 Isotopologues are molecules of the same compound that are identical in chemical for-
mula but differ in isotopic composition. For example, 12C'®0,, 13C'°0,, and '2C'70'80 are
isotopologues of carbon dioxide; 12C'®0, is the isotopically light and most abundant
isotopologue, and '2C'®0'°0 is an example of a singly substituted isotopologue having
one heavy isotope ('80) substituted for a light isotope (°0). Multiply substituted
(clumped) isotopologues have two or more heavy isotopes substituted for light isotopes,
e.g., 12C'70'%0, 13C'80'0, and *C'70,. Clumped or multiply substituted isotopologues,
molecules, or moieties (i.e., a part or functional group of a molecule) containing multiple
heavy isotopes have lower vibrational energies, which makes them more thermodynam-
ically stable (see Eiler, 2007).
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pedogenic calcite
(rhyzolith)

calcite (CaCOg3)

“clumped” carbonate ion
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distribution is temperature dependent;
mass-47 COp > T(A47)

Fig. 1. Schematic of carbonate clumped isotope thermometry. The crystal lattices of carbonate minerals (e.g., pedogenic calcite, CaCO3) contain carbonate ions (CO3 ~) made up of carbon
and oxygen atoms. Isotopically normal, or most abundant, is '2C'®0'°0'°0. ‘Clumping’ refers to the thermodynamic tendency for heavy isotopes of C and O to bond together with a greater
proportion of 1*C-'80 clumping at colder temperatures. A4; refers to the measured abundance of 13*C-80 bonds in CO, gas derived from acid digestion of carbonate in excess of a random
(probability), or stochastic, distribution of '*C-'80 bonds. The A4 value derived from mass-47 CO, is used to calculate carbonate formation temperature (T(A47)).

the same molecule were simply a function of random chance, the number
of heavy-heavy 3C-'80 bonds in a carbonate mineral sample would be
dictated by the proportion of heavy carbon and oxygen isotopes in the
sample (i.e., the sample's bulk isotopic composition, described by its
8'3C and 680 values). As summarized by Eiler (2007), this would be
the case according to the “rule of the mean” (Bigeleisen, 1955). Bonds
that contain one or more heavy isotopes have lower vibrational ener-
gies than bonds containing only light isotopes, and the “rule of the
mean” assumes that the decrease in bond energy (increase in thermo-
dynamic stability) for a double heavy isotope substitution is exactly
twice that associated with a substitution of only one heavy isotope.
That is, the total vibrational energy would be the same for a system con-
taining a heavy-heavy isotopologue and a light-light isotopologue
(e.g., 8080 + 150'%0) as a system containing two heavy-light
isotopologues ('801°0 + '80'60). If this were strictly true, there
would be no energetic advantage for heavy isotopes to clump into
bonds with each other instead of being distributed into bonds with
light isotopes. However, in reality bonds containing two heavy isotopes
are slightly more than twice as thermodynamically stable as bonds
containing only one heavy isotope. As a consequence, the actual
number of heavy-heavy '>C-'80 bonds in a sample is slightly greater
at isotopic equilibrium than the number predicted by probability. In
other words, the isotopic dice are “weighted,” so that heavy-heavy
bonds (rolling snake eyes) are favored. Due to enthalpy the
“weighting of the dice” decreases with increasing temperature,
resulting in fewer clumped isotopologues (relative to the number
predicted by probability) for carbonates formed at high temperature.
Thus the excess of clumped isotopologues in a carbonate mineral pro-
vides a direct, thermodynamically based estimate of the temperature
of mineral growth.

Measuring clumped isotopes in carbonate minerals (e.g., calcium
carbonate, CaCOs) (Fig. 1) involves a modified version of the approach
used to measure conventional or bulk carbon and oxygen isotope ratios
(880 and §'3C values). Measurements are made not on the carbonate
directly, but on CO, produced by reaction of the mineral with anhydrous
phosphoric acid (HsPO,4). Because only two out of the three oxygen
atoms in carbonate are released as CO, in this reaction, kinetic oxygen
isotope fractionation® accompanies the process; this causes the degree
of 13C-'80 “clumping” (and the §'80 value) to differ between the
reactant carbonate and product CO, by an amount that varies with
acid digestion temperature (Defliese et al., 2015; Guo et al., 2009;

3 Isotopic fractionation refers to the enrichment of one isotope relative to another in a
chemical or physical process. The extent of fractionation can be expressed by a fraction-
ation factor (), defined as the factor by which the abundance ratio of two isotopes will
change during a chemical reaction or a physical process.

Passey et al., 2010; Wacker et al., 2013). The CO, is analyzed with a
mass spectrometer, which measures the ratios of CO3 ions of different
masses. For conventional analyses, 5'>C and §'80 values of CO, are cal-
culated from the ratios of the mass-45 and mass-46 CO, signals to the
mass-44 CO, (2C'%0'%0) signal, respectively, as per Santrock et al.
(1985) and assuming specific mass-dependent fractionation between
170 and '80. For clumped isotope analyses, the mass spectrometer is
modified to also measure mass-47 CO, (mostly 13C'80'%0), as well as
mass 48 and sometimes 49 to screen for contaminants. The measured
47 /44 ratio is compared to the calculated ratio predicted by probability
to define the mass-47 anomaly (A47; see Affek (2012) for a review of
notation and details of A4; calculation). The A4; value describes a
sample's heavy-heavy isotope bond enrichment, which depends only
on the temperature of carbonate formation. Temperature (T(A47)) is
then calculated from the A4; value of CO, released from phosphoric
acid digestion of carbonate using an empirical calibration (e.g., Dennis
and Schrag, 2010; Ghosh et al., 2006a; Passey and Henkes, 2012;
Wacker et al., 2014; Zaarur et al,, 2013).

General agreement between theoretical and empirical Ag7-
temperature calibrations suggests that most natural (biogenic and abio-
genic) and synthetic calcites conform to conditions of mineral precipita-
tion at isotopic equilibrium (Eiler, 2011). Speleothems are a notable
exception (Affek et al., 2008; Daéron et al., 2011; Eiler, 2011; Kluge
and Affek, 2012; Kluge et al., 2014; Meckler et al., 2009), with disequi-
librium attributed to kinetic isotope effects associated with CO,
degassing-driven calcite formation and/or high precipitation rates
(e.g., Affek and Zaarur, 2014). Kinetic isotope effects during carbonate
precipitation are also recognized in some corals (e.g., Ghosh et al.,
2006a; Saenger et al., 2012), and may be important for some carbonate
materials used to study continental interiors (e.g., caliche and other car-
bonate crusts). Detailed discussion of kinetic effects on clumped isotope
compositions is beyond the scope of this paper. But as with any
geothermometer based on equilibrium exchange reactions, including
conventional carbonate-water 680 thermometry, potential departures
from equilibrium mineral growth must be considered for clumped iso-
tope study.

Usefully precise measurements of carbonate A4 values are consid-
erably more challenging than conventional 6'%0 and 6'3C analyses,
with practical implications for applied clumped isotope thermometry
studies. Challenges arise because the dice are only slightly weighted
to favor heavy-heavy bonds, and the weighting of the dice changes
only subtly with temperature. For natural carbonates, this results in
very small A4 values—typically less than 1/1000, or 1%.—that vary
only ~0.005%. per degree. Measuring such small A4 values precisely
enough to estimate carbonate formation temperature + 1-2 °Crequires
large samples (3-8 mg of calcite per analysis; but c.f.,, Hu et al., 2014;
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Schmid and Bernasconi, 2010), stringent purification procedures, hours
of measurement time, replication of analyses on multiple aliquots of
sample, and analysis of a large number of reference CO, gases and car-
bonate standards (e.g., Dennis et al., 2011; Huntington et al., 2009).

Although limits of sample size and throughput and precision and
accuracy of temperature estimates impact experimental design and
data interpretation (see Section 5, User's Guide), clumped isotopes
can provide important, often unique constraints that make these
challenges worth the effort. The following sections review recent ap-
plications to paleoelevation, diagenesis, basin evolution and struc-
tural geology, highlighting effective ways to exploit the advantages
of clumped isotope thermometry to address problems in continental
tectonics.

3. Clumped isotope thermometry in paleoelevation reconstructions

Carbonate formation temperature and paleo-water 8'80 values
obtainable through A4 analysis can be used to infer paleoelevation
by exploiting the systematic decrease of surface temperature and
the 6'80 value of meteoric water with elevation, provided samples
record original depositional conditions and appropriate context
exists for interpreting T(A45) and 6'80 values. Clumped isotope
thermometry provides a measure of temperature and the paleo-
water 620 value at the time and place of carbonate formation
(e.g., inlakes or soils), which may or may not represent average
meteoric water 680 values or convenient climate variables
such as mean annual surface temperature. Because of the com-
plexity of relating isotopic values to earth-surface conditions
and the influence of climate and other factors on temperature-
and 6'80-elevation gradients through time, expanding informa-
tion from carbonates to orogen-scale paleoelevation estimates
is non-trivial. The accuracy of T(A7)-derived paleoelevation es-
timates benefits from calibrations of T(A47)-environment relation-
ships in comparable modern carbonate systems and consideration
of T(A47) and 8'80 records in the context of global and regional
climate change and variability.

3.1. Previous methods and challenges of reconstructing paleoelevation

Topographic change impacts regional and global climate and is
one of the best available measures of continental dynamics and
deformation, yet reconstructing paleoelevation remains extremely
difficult due to a lack of direct elevation proxies in the geologic
record. Methods for reconstructing paleoelevation are diverse, rely-
ing on records of deposition, erosion or environmental variables
that reflect the magnitude and timing of land surface elevation
change. Where present and datable, depositional markers of elevation
change including uplifted marine and terrestrial reference surfaces
(e.g., Abbott et al., 1997; Bookhagen et al., 2006; Cosentino et al.,
2009; Merritts and Bull, 1989; Perg et al., 2001; Schildgen et al., 2012)
can provide precise constraints on surface uplift. Paleosurfaces dissect-
ed by river incision also can record the timing and magnitude of surface
uplift (e.g., Clark et al., 2005; Gubbels et al., 1993; Schildgen et al., 2007),
provided incision can be dated and the influence of other factors such as
climate on river erosion is taken into account (e.g., Lease and Ehlers,
2013).

To investigate paleoelevation in cases where diagnostic reference
paleosurfaces are not present, a range of methodologies have been pro-
posed and used (see Kohn, 2007 for a complete review). Two of the few
climate-independent measures of past elevation that have been pro-
posed rely on estimates of paleo-atmospheric pressure at the site and
time of basalt flow emplacement as recorded by basalt vesicularity
(e.g., Sahagian et al.,, 2002; Xia et al., 2012; see also review by Sahagian

and Proussevitch, 2007) or “fossil” cosmogenic nuclide production rates
(Blard et al., 2005; Riihimaki and Libarkin, 2007). Basalt flows are
straightforward to date radiometrically. However, the requirement of
well-preserved basalt flows with simple emplacement histories precludes
wide application of vesicularity methods, and paleoelevation interpre-
tations derived from them remain controversial (e.g., Bondre, 2003;
Libarkin and Chase, 2003; Sahagian et al., 2003a,b). Due to large uncer-
tainties associated with the quantification of fossil cosmogenic nuclide
production rates, cosmogenic paleoaltimetry techniques have been
similarly limited in terms of application. The most commonly applied
methods to infer paleoelevation exploit the systematic decrease of
surface temperature and the oxygen and hydrogen isotopic composi-
tions of meteoric water with elevation (Fig. 2), but they too suffer
from important limitations (see reviews by Blisniuk and Stern, 2005;
Meyer, 2007; Quade et al., 2007; Rowley, 2007; Rowley and Garzione,
2007).

Temperature-based methods for reconstructing paleoelevation
are attractive for their apparent simplicity. The general approach is to
combine estimates of surface paleotemperature with estimated
temperature-elevation gradients (“lapse rates”). In the simplest case,
the paleoelevation (in km) of a presently high-elevation surface can
be estimated by dividing the difference in paleotemperature between
that surface and an isochronous surface near sea level (°C) by the tem-
perature lapse rate (°C/km) (see review by Meyer, 2007). Since the
steepest climate gradients on earth are not latitudinal but vertical,
with land surface temperatures decreasing 5.5 °C/km on average globally
(Fig. 2b; e.g., Meyer, 1992, 2007), this approach can in theory yield
usefully precise paleoelevation constraints if paleotemperature can be
estimated with precisions of ~1-2 °C. But other uncertainties in the
method are difficult to quantify; paleoelevation estimates depend
critically on the choice of temperature lapse rate, which can vary from
4 to 8 °C/km regionally (e.g., Meyer, 2007), and on the often untestable
assumption that all temperature change reflects elevation change.
Moreover, obtaining precise and accurate paleotemperature estimates
represents a significant hurdle in itself. Paleobotany-based tempera-
ture estimates have the longest history of application to paleo-
elevation reconstruction (e.g., Axelrod, 1997; Gregory and Chase,
1992; Gregory-Wodzicki, 2000; MacGinitie, 1953; Meyer, 1992;
Spicer et al., 2003; Wolfe et al., 1997, 1998) but are limited by the re-
quirement of pristine, dense fossil leaf assemblages and by debate over
how to accurately quantify uncertainties in reconstructed temperature
(e.g., Peppe et al., 2010; but c.f. Spicer and Yang, 2010).

A wide variety of geological materials archive isotopic information,
making stable isotope paleoaltimetry by far the most extensively ap-
plied paleoelevation method. Conventional approaches reconstruct
paleoelevation by taking advantage of the decrease in the heavy stable
oxygen (680 ) and hydrogen (6?Hyyw OF 6Dy ) isotopic compositions
of meteoric water (i.e., precipitation and precipitation-derived surface
and shallow groundwaters) with increasing elevation (e.g., Blisniuk
and Stern, 2005; Craig and Gordon, 1965; Dansgaard, 1964; Poage and
Chamberlain, 2001; Rowley and Garzione, 2007). Paleolevation esti-
mates are then derived from inferred 6'®0,,,, and/or 6D, values
interpreted using either a conventional ‘lapse rate’ approach based on
empirical 680, (or 6Dmw)-elevation gradients (global averages
are ~— 2.8%./km for 5'0,, and ~— 15 to — 20%o/km for 8Dyw; Fig. 2b;
Poage and Chamberlain, 2001; Rowley, 2007) or Rayleigh distillation
models, which describe the effects of evaporation-condensation on the
oxygen and hydrogen isotopic compositions of cloud vapor and conden-
sate as air masses cool and rise over high topography (e.g., Rowley and
Garzione, 2007; Rowley et al., 2001). The ubiquity of paleo-meteoric
water proxies in orogenic sedimentary basins makes this an attractive
method, and stable isotopic evidence has played an important role in
the development of paleotopographic records for the world's high-
elevation landscapes (e.g., Cassel et al., 2009, 2014; Chamberlain et al.,
1999; Dettman and Lohmann, 2000; Garzione et al., 2008; Lawrence
and Rashkes Meaux, 1993; Leier et al., 2013; Mix et al., 2011; Mulch
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Fig. 2. Elevation dependence of Earth surface temperature and the oxygen (5'®0,) and hydrogen (8D, isotopic compositions of meteoric water. (a) Topography forces air masses to
rise and lose moisture, leading to a decrease in temperature and in 8'80,,,, and 6Dy, values with increasing elevation. Samples (circles) deposited on top of an uplifting surface through
time (t; to ts) should record progressively cooler temperatures and lower 6'80,,,,, and Dy, values, all else being equal (schematic modified after Poage and Chamberlain, 2006).
(b) Surface temperatures decrease with elevation by 5 to 6 °C/km on average, but local temperature ‘lapse rates’ can vary considerably (e.g., Meyer, 2007, and references therein). Globally,
5'80mw values decrease with elevation on average by 2.8%./km (Poage and Chamberlain, 2001), with significant scatter around this average (Blisniuk and Stern, 2005).

et al,, 2008; Polissar et al., 2009; Rowley and Currie, 2006; Rowley et al.,
2001; Saylor et al., 2009).

However, several challenges can prevent the simple translation of
isotopic records into quantitative paleoelevation estimates. Isotopic
fractionation between minerals and the waters from which they form
is temperature dependent (e.g., Kim and O'Neil, 1997; Kim et al,,
2007); thus for carbonate records, which to date have been the most
common type of records used for isotopic paleoaltimetry studies,
temperatures of carbonate formation must be assumed in order to re-
construct §'80,,,,. Carbonate formation temperature uncertainties of
5-10 °C (a conservative range for many settings in which carbonates
form) equate to 6'80,,,, uncertainties of ~1-2%., or up to + 1 km for
calculated paleoelevations using average 6'80.,-elevation gradients
of ~—1.5 to —3%/km (Lechler and Niemi, 2011; Poage and
Chamberlain, 2001). Furthermore, the reconstructed 5180, values
may be higher than the actual values of precipitation because the oxygen
isotopic values of surface waters are sensitive to modification (i.e., 80
enrichment) by evaporation. Evaporation is especially important for
shallow water bodies and/or in arid regions and can lead to significant
(=2 km) over- or under-estimates of paleoelevation (e.g., Quade et al.,
2007).

Even when 6'80,,, can be reliably reconstructed, extracting
paleoelevation information from isotopic records is not straightforward.
Values of 880, (as well as §?Hpw, 01 8Diyw) are sensitive to climate
state (e.g., pCO, and associated feedbacks; Jeffery et al., 2012) and de-
pend not only on elevation but also on moisture source, air mass tem-
perature and trajectory, convection and seasonality of precipitation
(e.g., Dansgaard, 1964; Galewsky, 2009; Garzione et al., 2000; Lechler
and Galewsky, 2013; Rohrmann et al., 2014; Rowley and Garzione,
2007)—each of which can vary through time as a function of climatic
and topographic change (Ehlers and Poulsen, 2009; Insel et al., 2012;
Poulsen et al., 2010). As a result, it is inherently difficult to infer
paleoelevation from the §'80 values of carbonate samples deposited
atop surfaces subject to climatic and elevation change, during which
surface temperatures, 5'80,,,~elevation relationships, and evaporative
influence may change simultaneously (e.g., Blisniuk and Stern, 2005;
Ehlers and Poulsen, 2009; Poage and Chamberlain, 2001). These effects
make it particularly challenging to isolate the influence of elevation on
proxy 6'80 values in orogenic plateau and continental interior settings
(e.g., Tibet, Basin and Range, Colorado Plateau, Altiplano), which are
common targets for paleoaltimetry investigation. Consequently, the
paleoelevation histories of many of the world's prominent high eleva-
tion regions remain equivocal (e.g., Lechler and Niemi, 2011; Quade
et al., 2011), leaving the questions of how such high topography is
built and sustained relatively open-ended.

3.2. Paleoelevation reconstruction using carbonate clumped isotope
thermometry

3.2.1. Overview

Carbonate clumped isotope thermometry benefits investigations of
continental paleoelevation by providing direct measures of surface tem-
perature at the time and site of carbonate mineral precipitation, which,
in turn, can help tease apart the contributions of elevation, climate and
seasonality to continental 6'0,,,, and T(A47) records (e.g., Quade et al.,
2007). The first improvement is that independent T(A47) measures
eliminate the need to assume the temperature of carbonate growth,
making possible the direct calculation of '80,, from carbonate §'%0
values. A second important advantage of clumped isotope thermometry
is that it also provides paleoelevation estimates that are independent of
5'80mw, based on the comparison of carbonate growth temperatures
with inferred altitudinal gradients in surface temperature.

Previous workers have used a range of approaches to put these de-
ceptively simple sounding concepts into practice, including:

(1 Applying conventional stable isotope paleoelevation approaches
using paleo-6'80y,,, values calculated directly from carbonate
T(A47) and 630 values and appropriate carbonate-water fraction-
ation equations (e.g., Carrapa et al., 2014; Ghosh et al., 2006b;
Huntington et al., 2014; Leier et al., 2013; Quade et al., 2007, 2011).

(1 Integrating T(A47) data from analogous modern and ancient
environments/carbonate systems to isolate respective influences of
topographic and climatic change to T(Ay47) records (e.g., Huntington
et al, 2010, 2014).

[J Comparing carbonate T(A47) values at a known low paleoelevation,
or near-sea-level, location with T(A47) values at a contemporaneous
site of unknown paleoelevation, and calculating paleoelevation
using an assumed adiabatic lapse rate or surface elevation-
temperature gradient (e.g., Carrapa et al., 2014; Fan et al., 2014;
Garzione et al.,, 2014; Huntington et al., 2010; Lechler et al., 2013;
Snell et al., 2014).

(] Estimating mean annual air temperature (MAAT) from proxy T(A47)
using published transfer functions (e.g., Hren and Sheldon, 2012;
Quade et al., 2013) and comparing T(A47)-derived MAAT estimates
with climate station data and GCM output (e.g., Garzione et al.,
2014) and/or contemporaneous proxy MAAT estimates derived
from independent (e.g., paleobotanical, MBT/CBT branched
tetraether) methods (e.g., Lechler et al., 2013).

[] Interpreting measured T(A4;) and calculated §'80,,,, values in the
context of regional or global atmospheric models that simulate
paleoclimate-topography scenarios (e.g., Leier et al., 2013).
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In the following subsections we highlight examples from the Andes,
western North America, and Tibet that showcase a range of sampling
strategies and approaches for reconstructing paleoelevation using
T(A47) data. The examples illustrate the importance of evaluating
(1) the influence of both topography and climate on surface tempera-
tures and 6'%0, values, (2) the fidelity of the proxy based on analyses
of modern carbonates, and (3) the method of translating carbonate
temperature estimates into paleoelevation estimates, and provide in-
sight into the mechanisms responsible for the rise of high topography.

3.2.2. Strategies for reconstructing paleoelevation: proof-of concept studies

The first clumped isotope paleoelevation investigations in the Andes
and Colorado Plateau mapped out the basic “solution space” of sampling
strategies for subsequent applications. Adapting the strategies of previ-
ous paleobotanical and stable isotopic paleoelevation studies, they
quantified paleoelevation differences or changes through time, using
either changes in T(A47) and 880y, documented at a single site
through time (Ghosh et al., 2006b) or comparison of T(A47) at contem-
poraneous sites of known near-sea-level and unknown paleoelevation
(Huntington et al., 2010).

Ghosh et al. (2006b) recognized that in some areas the effects of
elevation and climate change can be discriminated based on the corre-
lation between T(A47) and 6'80,,,, values in a suite of related samples.
They collected a chronosequence of Miocene pedogenic (i.e., formed
in the soil) calcite from the Altiplano of the Bolivian Andes (Fig. 3a)
and found that the pattern of T(A47) and 680y, values inferred from
clumped isotope analysis of the Miocene samples parallels the temper-
ature versus 880, trend observed along a modern elevation transect
(Fig. 3b). Changes in variables other than elevation would result in an
oblique T(A47) versus 680, trend (Fig. 3¢), supporting the authors' in-
terpretation that the observed decrease in both T(A47) and 680
values with time primarily reflects surface uplift over the sampled inter-
val. The creative approach used by Ghosh et al. (2006b) and refined by
Quade et al. (2007) illustrates the power of combining carbonate 5'0
and T(A47) data to constrain paleoelevation—provided both surface

temperature and 6'20 values of meteoric waters in the region of interest
are sensitive to elevation.

However, 5'20 values are not good proxies for elevation in some re-
gions of interest, a limitation Huntington et al. (2010) circumvented by
distinguishing changes in climate and elevation using A4; temperature
records alone. In the arid southwestern USA, evaporative '0 enrich-
ment prevented §'80-based paleoelevation reconstructions of the
Colorado Plateau. Instead, Huntington et al. (2010) based their esti-
mates on measured T(A47) values of Miocene-Pliocene lacustrine
carbonates from the ~2 km-elevation plateau surface and adjacent
near-sea-level lowlands, as well as modern lacustrine carbonates from
arange of elevations in the region (Fig. 3d). The T(A47) values for middle
Miocene samples from the plateau surface record significantly warmer
T(A47) values than modern carbonates from similar elevations. If the
warmer plateau paleotemperatures reflected deposition at low eleva-
tion prior to plateau uplift, paleotemperatures of contemporaneous
plateau and lowland samples should be similar (Fig. 3e). Instead, the
T(A47) values for ancient lowland samples are warmer than the ancient
plateau samples, and warmer than modern carbonates collected at low
elevation today (Fig. 3f). Huntington et al. (2010) observed indistin-
guishable Miocene-Pliocene and modern carbonate temperature-
elevation gradients, which they interpreted to indicate that topographic
gradients changed little over this interval, suggesting Late Cenozoic
cooling rather than plateau uplift was responsible for the warm middle
Miocene T(A47) values.

As well as providing a framework for more recent T(A47) studies of
paleoelevation, these initial studies hinted at the complexities of
clumped isotope proxy interpretation and paleoelevation reconstruc-
tion. Both Ghosh et al. (2006b) and Huntington et al. (2010) examined
the potential for diagenetic alteration of depositional isotopic values in
their samples—an important issue that led to follow-up work on related
sample suites (Eiler, 2007; Huntington et al., 2011) and that we discuss
at length in Section 4. Ghosh et al. (2006b) acknowledged the potential
for systematic errors due to bias toward an extreme of the seasonal
variability in temperature, and the pairing of ancient and modern
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Fig. 3. Sampling strategies for reconstructing paleoelevation from clumped isotope thermometry data. (a) Ghosh et al. (2006b) collected a chronosequence of Miocene pedogenic carbon-
ate samples from the Andean Altiplano in Bolivia. The authors compared paleosol temperatures and &'20 values of soil waters inferred from clumped isotope analysis of the samples with
modern altitudinal gradients in surface temperature and 6'%0,,,, to distinguish the potential effects of elevation change versus other variables (i.e., changes in global climate or in the sea-
sonality or amount of precipitation) on the isotopic record. (b) Both T(A47) and §'80yy,,, values inferred from their samples decrease with time, paralleling the temperature versus 5'0,y
trend observed along a modern elevation transect. (c) Changes in variables other than elevation would result in an orthogonal T(A47) versus &'80,,,, trend. (d) Huntington et al. (2010)
investigated the uplift history of the Colorado Plateau by collecting Miocene-Pliocene lacustrine carbonates from the plateau surface and adjacent lowlands, as well as modern lacustrine
carbonates from a range of elevations in the region. The authors found T(A47) values for Late-Miocene samples from the plateau surface (~2 km a.s.l.) were significantly warmer than
T(A47) values for modern carbonates collected at similar elevations. (e) If the warmer paleotemperatures reflected deposition at low elevation prior to plateau uplift, similar
paleotemperatures would be observed for the ancient lowland samples. (f) However, T(A47) values for ancient lowland samples are also warmer than modern carbonates collected at
similar elevations, suggesting Late Cenozoic cooling, not uplift is responsible for the temperature-elevation patterns.
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lacustrine carbonate T(A47) analyses in the study of Huntington et al.
(2010) demonstrated a seasonal bias in lake carbonate formation and
the need to understand modern systems in order to reliably interpret
ancient T(A47) records. The possibility that soil and lacustrine carbonate
does not grow evenly throughout the year has important implications
for paleoelevation (and terrestrial paleoclimate) studies.

3.2.3. Relating carbonate formation temperature to earth
surface temperature

For any T(A47)-based paleoelevation (or paleoclimate) study, one
must consider what it takes for carbonate to form in the relevant terres-
trial environment (e.g., lake or soil) and how the processes of carbonate
formation impact the relationship between proxy T(A47) and environ-
ment variables (such as MAAT, lake or soil temperatures) in these
settings. Studies of modern carbonates and the environments in which
they form elucidate such relationships and highlight the tendency for
carbonate formation to be seasonally dependent (e.g., Hough et al.,
2014; Huntington et al., 2010; Peters et al., 2013; Quade et al., 2013).
As shown by the general reaction describing carbonate (calcite) precip-
itation (to the right) and weathering (to the left):

Ca™?(aq) + 2HCO 3(aq) = CaCOs(s) + CO,(g) + H,0 (1)

carbonate formation is driven by evaporation and CO, degassing, both
of which vary seasonally in lakes and soils. Since CO, solubility de-
creases at higher temperatures, carbonate formation also is favored by
seasonal increases in soil and lake water temperature. In addition, the
pH of the lake water or soil solution is a factor, and in general increasing
pH (basic) promotes carbonate precipitation. In many earth surface
environments, carbonate formation is likely concentrated when condi-
tions are warm, evaporation is high, and CO, concentrations are reduced
due to changes in photosynthetic activity.

In lakes, carbonate saturation conditions are most commonly met in
the epilimnion (near surface water) photic zone during the warm half of
the year. During the spring to fall, evaporative water loss and near-
surface water temperatures are high, and algal blooms reduce pCO-, in-
crease pH and provide nucleation sites for growth of abiotic microcrys-
talline carbonate (micrite) (Dean and Megard, 1993; Duston et al.,
1986; Effler and Johnson, 1987). The few clumped isotope data of
Huntington et al. (2010), who analyzed modern carbonate from five
lakes in the southwestern USA, give empirical evidence that bias toward
warm season carbonate precipitation is in fact common for abiotic lake
calcite. For different reasons, lacustrine aquatic snails from Tibet also ap-
pear to be biased toward warm-season shell aragonite growth
(Huntington et al., 2014). This preliminary evidence of a warm season
bias for both biogenic and abiogenic lake carbonate precipitation helps
guide interpretations of lacustrine T(A47) records. However, biogenic
and abiogenic stromatolite microfabrics may grow under disparate
lake conditions (Frantz et al., 2014). Additional systematic study is
needed to confirm these trends and to assess how lake carbonate sea-
sonality varies for different proxy materials in different physiographic
and climatic settings (e.g., Mitsunaga et al., 2014).

More extensive calibration work has been performed in soils, show-
ing warm season bias in most settings. By comparing the stable isotopic
compositions of soil CO,, soil water and modern pedogenic carbonate in
New Mexico, Breecker et al. (2009) showed that carbonate formation
conditions occur when soils are warm and dry. Initial clumped isotope
thermometry observations of Passey et al. (2010) suggested a similar
warm season bias in most settings. Later studies presented empirical
evidence that pedogenic carbonates can be up to 10-15 °C warmer
than mean annual air temperatures as a result of radiative solar heating
effects and seasonality of carbonate growth, which commonly occurs
during the warmest summer months (e.g., Burgener et al., 2013;
Hough et al., 2014; Quade et al., 2013). Argentinian soils that receive
extended warm-season precipitation are the exception, showing that

pedogenic carbonate growth can occur at other times of the year
(i.e., late fall) depending on when soil drying occurs (Peters et al., 2013).

Workers have used this basic understanding of carbonate proxy
seasonality to reduce uncertainties in paleoelevation reconstructions
by accounting for systematic offsets between T(A47) and mean annual
air temperature. In the case of lacustrine carbonates, Hren and
Sheldon (2012) provided context for this exercise by documenting the
relationship between seasonal air and lake water temperatures. Using
a compilation of modern monitoring data from around the world, they
produced transfer functions for calculating MAAT from mean annual
or seasonal average lake surface water temperatures (Hren and
Sheldon, 2012). Lechler et al. (2013) used these functions to estimate
MAAT for Paleocene-Eocene lacustrine basins in the proto-Basin and
Range for which T(A47) values were measured, assuming different
seasonal periods of lacustrine carbonate growth. Converting lacustrine
carbonate T(A47) to MAAT allows for direct comparison with published
MAAT estimates obtained from other proxy records (Lechler et al.,
2013). Garzione et al. (2014) used a similar T(A47)-to-MAAT conversion
for paleosol carbonates (equation of Quade et al., 2013) to add new
constraints on the Miocene surface uplift history of the Central
Andes Altiplano of South America. Huntington et al. (2014) integrat-
ed this MAAT-transfer function approach with modern calibrations
of gastropod-lake water temperature relationships to estimate Late
Miocene-Pliocene elevation change on the southwestern Tibetan
Plateau.

3.2.4. Converting surface temperature estimates to paleoelevation estimates
Proxy A47 values provide a direct measure not of paleoelevation, but
of carbonate formation temperature—it is from temperature differences
that (paleo)elevation difference or change through time can be quanti-
fied, assuming the appropriate surface temperature-elevation gradient
can be estimated. For such T(A47) differences to be interpreted in
terms of (paleo)elevation, proxy T(A47) should be compared to equiva-
lent measures of surface temperatures (i.e., an ‘apples-to-apples’ com-
parison). The most simple apples-to-apples approach is to compare
T(A47) records from similar materials (e.g., pedogenic carbonate nod-
ules). But the ability to translate T(A47) from carbonate proxies into
convenient climate variables like MAAT affords the opportunity to com-
pare clumped isotope records with MAAT records derived from paleo-
botanical, MBT/CBT branched tetraether, and other methods.

While estimating temperature differences is simple in theory, in
practice it is easier said than done, and recent studies illustrate how rea-
sonable choices of reference temperature can lead to vastly different
paleoelevation estimates interpreted from equivalent T(A47) data. For
example, Lechler et al. (2013) and Snell et al. (2014) obtained equiva-
lent T(A47) values for lacustrine carbonates of the Late Cretaceous—
Eocene Sheep Pass Basin of east-central Nevada, an encouraging result
suggesting a high degree of interlaboratory consistency. However,
Lechler et al. (2013) compared T(A47)-derived Sheep Pass Basin MAAT
with published MAAT estimates for the near-sea-level Eocene northern
Sierra Nevada region derived from other proxy records (Fricke and
Wing, 2004; Hren et al.,, 2010; Yapp, 2008), whereas Snell et al.
(2014) used significantly warmer low-elevation paleosol T(A47) values
from central Utah for comparison. This difference in choice of low-
elevation reference temperature resulted in calculated Sheep Pass
Basin paleoelevations that differ by as much as 2 km between the two
studies. In southwestern Tibet, Wang et al. (2013) and Huntington
et al. (2014) obtained similar T(A47) for aragonitic gastropod shells
from the Zhada Basin. Wang et al. (2013) compared mid-Pliocene car-
bonate T(A47) directly to modern MAAT, whereas Huntington et al.
(2014) used measurements of modern gastropod shell T(A47) and mod-
ern lake water temperatures to inform paleoelevation interpretations of
Late Miocene-Pliocene lacustrine gastropod T(Ay47). The difference in
approach resulted in paleoelevation calculations that vary by up to
2 km despite equivalent ancient T(A47) values.
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In some instances, reference paleotemperatures from these and
other proxy records are difficult to interpret or do not exist. A potential
workaround is to interpret T(A47) data in the context of paleoclimate-
topography models that predict MAAT, precipitation seasonality
(which may be an indicator of potential carbonate growth seasonality),
and precipitation 6'%0 values during the paleoclimate interval of inter-
est. Leier et al. (2013) integrated climate model output (Insel et al.,
2012; Poulsen and Jeffery, 2011) with 6'80,,,., estimates derived from
clumped isotope analysis to infer multiple pulses of rapid surface uplift
of the Central Bolivian Andes during the Neogene, and the success of
this approach presents a viable method that should be considered for
future paleoelevation studies.

3.2.5. Implications for continental dynamics

Advances in paleoelevation research have been made possible by in-
corporating carbonate clumped isotope thermometry into the research
toolkit, improving understanding of continental dynamics in the west-
ern US Cordillera, Andes and Tibet.

Several studies have shed light on the mechanisms responsible for the
rise and support of high topography in the western US Cordillera. The
Colorado Plateau is an icon of the North American Southwest that has
motivated over a century of debate regarding the geomorphic, tectonic
and geodynamic processes that shape landscapes, but until recently con-
straints on its elevation history remained sparse and controversial
(e.g., Pederson et al., 2002; Poulson and John, 2003). The clumped isotope
data of Huntington et al. (2010) appear to rule out significant elevation
gain or loss of the southwestern plateau since ~16 Ma. The inferred
early (pre-middle Miocene) plateau uplift is consistent with paleorelief
constraints for the southwestern plateau (e.g., Flowers and Farley,
2012; Flowers et al., 2008; Young, 1999) and favors explanations for to-
pographic development including crustal thickening by lateral flow of
deep crust (McQuarrie and Chase, 2000), hydration of the mantle litho-
sphere accompanying Laramide flat slab subduction (Humphreys et al.,
2003), and/or dynamic topography associated with slab removal (Liu
and Gurnis, 2010). Some of these mechanisms, specifically dynamic
effects of Farallon slab removal, may also explain recent clumped
isotope-derived interpretations of high mean topography in the Central
Rockies during Eocene time (Fan et al., 2014). Even coarse constraints
on the timing and magnitude of elevation change in the Basin and
Range province provide important information about the region's
geodynamic evolution. The T(Ay47)-derived interpretations from Lechler
etal. (2013) indicate low-moderate paleoelevations, comparable to mod-
ern, in the pre-extensional Death Valley-domain of the central Basin and
Range. These observations require that mass was not conserved in the ex-
tending lithospheric column during Middle Miocene-to-present exten-
sion of the region and imply that a compensation mechanism of
synextensional magmatic addition likely played a major role in the
geodynamic evolution of the region. Although interpretations of the
pre-Miocene paleolevation history for the adjacent northern Basin and
Range remain equivocal at present (Lechler et al., 2013; Snell et al.,
2014), T(A47) paleoelevation methods are among the most promising
ways to investigate the existence of a proto-Basin and Range orogenic
plateau in the early Paleogene western US Cordilleran interior.

Extensive data in South America point to spatial variability in the
timing of Andes-Altiplano surface uplift and provide new constraints
on the protracted history of crust-upper mantle interactions in the
Nazca subduction zone. Initial estimates of rapid late Miocene surface
uplift of the north-central Altiplano in Bolivia provided by Ghosh et al.
(2006b) and refined by Quade et al. (2007) could be explained by grav-
itational loss of dense lower crust and/or lithosphere (Eiler, 2007;
Garzione et al.,, 2008; Ghosh et al., 2006b), consistent with the patterns
of crustal thickening in the region (Elger et al., 2005; McQuarrie, 2002).
The study of Leier et al. (2013) in the Eastern Cordillera to the northeast
suggests multiple pulses of rapid surface uplift that do not correlate
with the timing of upper crustal deformation. Far to the south in NW
Argentina, Carrapa et al. (2014) suggest that the Puna Plateau likely

attained its present height earlier than the Altiplano, and that the histo-
ry of surface uplift in the Eastern Cordillera correlates with active short-
ening. Taken together with the extensive middle to late Miocene record
of Garzione et al. (2014) for the southern Altiplano/Eastern Cordillera,
clumped isotope studies in the region suggest that rapid surface uplift
progressed from south to north, potentially caused by piecemeal litho-
spheric delamination or lower crustal flow (Garzione et al., 2014).

In contrast, T(A47) paleoelevation study in the Himalayan-Tibetan
Plateau system has been relatively limited. Quade et al. (2011) used in-
sight from modern lacustrine and pedogenic carbonate clumped isotope
temperatures in Tibet to recalculate %0y, values and 6'80,,-based
paleoelevation estimates, and suggest that much of Tibet attained its
modern elevation by the mid-Eocene. The data are sparse, but may be
consistent with high elevation inherited from orogeny prior to Indo-
Asian collision (e.g., Kapp et al., 2007; Murphy et al., 1997; Volkmer
et al., 2007). In the Zhada basin in southwestern Tibet, Huntington
et al. (2014) added to the gastropod shell 620 dataset of Saylor et al.
(2009) and T(A47) dataset of Wang et al. (2013) to derive independent
estimates of paleoelevation based on the temperature difference
between modern and Miocene-Pliocene shells and on revised paleo-
580w values. Both estimates call for a higher-than-modern south-
western Tibetan Plateau during the Late Miocene consistent with the
5'80,w-based estimate of Saylor et al. (2009), and the authors suggest
subsequent elevation loss probably related to local expression of east-
west extension across much of the southern Tibetan Plateau at this
time (Huntington et al., 2014). As discussed in Section 4, attempts at
T(A47) paleoaltimetry in the Nima basin in central Tibet failed due to
diagenetic alteration (Huntington et al,, 2014). Nevertheless, the pres-
ence of terrestrial carbonate proxies of desirable age and setting in
this region make this a viable prospect for future T(A47) studies.

4. Clumped isotope thermometry of carbonates altered or formed in
the sub-surface

Post-depositional modification of clumping can confound efforts to
reconstruct paleoelevation using paleotemperature and paleowater
5'80 values, but clumped isotope thermometry of samples altered
or formed in the sub-surface can also provide new insights into dia-
genetic processes and fluid—rock interactions. Primary clumped iso-
tope values can be altered either by solid-state C—O bond reordering
or by dissolution and re-precipitation of the carbonate. Alteration
may not modify the bulk isotopic composition of the sample or
cause changes in sample mineralogy and texture, making it difficult
to identify altered samples. Nevertheless, in some cases T(A47) and
8'80 data for altered samples can be interpreted in the context of
models that predict bond reordering as a function of a sample's
thermal history or describe the isotopic evolution of water-rock
systems under different diagenetic conditions. In other cases,
T(A47) and 8'80 values record conditions of carbonate formation
in the sub-surface—accessing a critical temperature range for
studying the influence of tectonics and structures on fluid flow
and the thermal evolution of the shallow crust.

4.1. Previous constraints on the thermal and diagenetic histories of
carbonates in the shallow crust

Although the shallow crust makes up a volumetrically tiny portion of
our planet, it is disproportionately important as host to economic re-
sources and records of climate and tectonic processes. Both the preser-
vation of these records and the evolution of hydrocarbons, mineral
deposits, aquifers and geothermal reservoirs depend on the thermal
and diagenetic histories of rocks and fluids in this realm. Diagenesis re-
fers to the chemical, biological or physical (e.g., mineralogical and
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textural) alteration of sediments, not only during lithification but also
during deeper burial at temperatures up to ~300 °C and pressures less
than those required for metamorphism (e.g., Milliken, 2003). Post-
depositional alteration of authigenic carbonate can modify a sample's
bulk stable and/or clumped isotopic composition, potentially erasing
any useful information about the original depositional environment or
paleoelevation—a long-standing problem in paleoenvironmental recon-
struction from isotopic proxies (e.g., Brand and Veizer, 1980; Marshall,
1992). Diagenesis also plays an important role in the thermal and chem-
ical evolution of basins (e.g., Morad et al., 2000) and fault systems
(e.g., Laubach et al., 2010) and merits study in its own right—both for
tectonics research (e.g., Eichhubl et al., 2004) and for a wide range of ap-
plications including subsurface carbon sequestration (e.g., Dockrill and
Shipton, 2010), hydraulic fracturing (e.g., Cosgrove, 2001; Lee and
Yasuhara, 2013) and hydrocarbon exploration (e.g., Olson et al., 2009).

Of particular concern to paleoaltimetry (and paleoclimate) studies is
the diagenetic alteration of depositional carbonate stable isotopic com-
positions. Diagenetic alteration of carbonate 680 and 6'3C values can
occur by mineral dissolution-reprecipitation or diffusional mass ex-
change with pore water or other phases (Brand and Veizer, 1980;
Land, 1967; Schroeder, 1969). Recrystallization and cementation occur
at or near earth-surface conditions during compaction and lithification
of sediments (Bathurst, 1975), for example during the transformation
of lime mud into limestone, and can continue after lithification during
deeper burial. Open-system mineral recrystallization involves exchange
of carbon and oxygen among the mineral, water and dissolved inorganic
carbon species, which can cause changes in bulk isotopic composition
and may be accompanied by changes in mineralogy, fabric, structure
or the chemical distribution of minor and trace elements. This ex-
change also results in reordering of the carbonate clumped isotopic
composition to reflect ambient conditions at the time and place of re-
crystallization (e.g., Huntington et al., 2011; Suarez and Passey,
2014). In the absence of recrystallization or diffusional mass ex-
change with co-existing phases, carbonate 20 and 6'3C values are
not altered, but C-0 bond reordering can still occur; at elevated tem-
peratures (> ~100 °C), bond ordering is susceptible to modification
by diffusion of carbon and oxygen through the solid mineral lattice
(e.g., Bergmann, 2013; Dennis and Schrag, 2010; Ghosh et al., 2006a;
Passey and Henkes, 2012).

Many approaches have been developed to identify diagenetic alter-
ation of authigenic carbonate. For example, thin section inspection
using petrographic and cathodoluminescence microscopy is commonly
used to distinguish obvious secondary phases of carbonate from dense
micrite, which is typically interpreted to be primary (e.g., Budd et al.,
2002; Driese and Mora, 1993; Snell et al., 2013, 2014; Wieder and
Yaalon, 1982). Such textural changes as well as mineralogical and
chemical changes that accompany dissolution and re-precipitation of
an original carbonate assemblage can be identified by petrographic or
scanning electron microscopy (SEM); X-ray diffraction (XRD) and
other methods sensitive to mineralogical changes (e.g., from aragonite
to calcite, or from high-Mg calcite to low-Mg calcite); and measure-
ments of minor and trace element variations (e.g., Brand and Veizer,
1980; Machel and Burton, 1991; Solomon and Walkden, 1985). Patterns
of carbonate 6'20 and 6'>C values have also been used to screen for al-
teration, based on the idea that homogenization of isotopes in initially
heterogeneous phases or structures would be expected if the carbon
and oxygen bulk isotopic compositions of samples had been diageneti-
cally altered since original deposition. This logic has been used to
argue for excellent isotopic preservation of shell growth layers that ex-
hibit inter-annual and seasonal variations in 6 values (Ivany and
Runnegar, 2010) and samples that pass an ‘isotopic conglomerate test’
of initially heterogeneous pedogenic carbonate and recycled marine
limestone clasts (Leier et al., 2009). However, such approaches are im-
perfect indicators of sample recrystallization (e.g., Cummins et al.,
2014; Cusack et al., 2008; Huntington et al., 2014; Pérez-Huerta et al.,
2014) and remain insensitive to solid-state reordering.

These methods to assess sample preservation as well as a variety of
temperature proxies also give insight into diagenetic processes, fluid
flow and the origin of carbonates formed in sub-surface environments.
Temperature constraints in basin evolution and diagenesis studies can
be given by low-temperature thermochronometry (e.g., Farley, 2002;
Gleadow et al., 1986; Green et al., 2004; Wolf et al., 1996), fluid-
inclusion microthermometry (Goldstein, 2001), oxygen isotope ther-
mometry of co-precipitating phases (Richards et al., 2005; Sharp and
Kirschner, 1994), vitrinite reflectance (Barker and Pawlewicz, 1986) or
other organic maturation indices (Tissot et al., 1987). However, few of
these proxies provide information on shallow crustal conditions with
sensitivity to temperature alone, and others are not applicable
(e.g., thermochronology) or complicated to apply (fluid inclusion
microthermometry) in carbonates. As a consequence, the difficulty of
obtaining thermodynamically based mineral crystallization tempera-
tures and thermal history constraints from carbonates presents a chal-
lenge to many basin evolution, diagenesis and structural geology
investigations that are relevant to continental tectonics research.

4.2. Shallow crustal investigations using carbonate clumped isotope
thermometry

4.2.1. Overview

Recent studies show that the ability to constrain both temperature
and fluid 6'80 values using A4, data can shed light on processes of
sample alteration relevant to paleoenvironmental reconstruction, and
provide new constraints on basin thermal and diagenetic histories rele-
vant to questions in continental tectonics. Nearly all clumped isotope
studies of paleoelevation and paleoclimate address the possibility of
diagenetic alteration to some degree, but published studies that seek
to screen for or explain alteration of depositional T(A47) values in detail
or study sub-surface processes using clumped isotope thermometry are
relatively limited. Published clumped isotopes research in these areas
has focused on:

[1 Detailed screening for or study of the alteration of authigenic car-
bonate (e.g., Came et al., 2007; Douglas et al., 2014; Eiler et al.,
2006; Huntington et al.,, 2011; Snell et al., 2013, 2014; VanDeVelde
et al, 2013) and bioapatite (Eagle et al., 2010, 2011; Suarez and
Passey, 2014) using a variety of approaches including A4 data.

[J Experiments to recrystallize or reorder calcite at high temperature
(Ghosh et al., 2006a; Henkes et al., 2014; Passey and Henkes, 2012;
Stolper and Eiler, in revision).

(1 Analyses of high-temperature natural carbonates including region-
ally metamorphosed calcite and dolomite marbles (e.g., Eiler,
2007; Ferry et al., 2011; Ghosh et al., 2006a), carbonitites (Dennis
and Schrag, 2010; Stolper and Eiler, in revision) and hydrothermal
vein calcite (Bristow et al., 2011), with A4; values that may reflect
“blocking” temperatures or metamorphic events.

[J Experiments to quantify the Arrhenius behavior of C-O bond
reordering in carbonate minerals (Henkes et al., 2014; Passey and
Henkes, 2012; Stolper and Eiler, in revision).

[ Interactions of geologic structures, fluid flow and cementation
(Bergman et al., 2013; Budd et al., 2013; Swanson et al., 2012) and
the evolution of basin fluid and temperature conditions recorded
by concretion formation (Dale et al., 2014; Loyd et al., 2012, 2014).

[J A47 constraints on subsurface water-rock reaction processes (Ferry
et al, 2011; Huntington et al, 2011, 2014), low-temperature
serpentinization and carbonation (Streit et al., 2012) or dolomitiza-
tion (Sena et al., 2014).

[1 Modeling A47 values as a function of thermal history (Henkes et al.,
2014; Huntington et al., 2014; Passey and Henkes, 2012; Shenton
et al,, 2015; Stolper and Eiler, in revision).

Previous reviews by Eiler (2007, 2011) give perspectives on behav-
iors of the carbonate clumped isotope thermometer and on the value
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Fig. 4. Predictions of the isotopic evolution of water-calcite systems during open and closed sys

tem diagenesis at temperatures of 0-200 °C. Oxygen isotopic values for calcite and water are

calculated using the methods of Banner and Hanson (1990) for open (water-buffered) and closed (rock-buffered) diagenetic scenarios in panels (a) and (b), respectively. The models
assume a constant initial water 5'0 value of 0% (VSMOW) and an initial calcite 5'%0 value of —10%. (VPDB), and contours show solutions for different values of the water-to-rock
ratio (W/R). Note that for the scenario shown in panel (a), because the water is replaced at each step of the reaction in the model, the effective water-to-rock ratio is much higher

than indicated by W/R. Blue and orange arrows show how the modeled relationship betwee

n temperature and the 530 values of pore water and diagenetic calcite, respectively, vary

between a water-buffered and rock-buffered system. The dashed blue line in (b) corresponds to the dashed blue line in (c). (c) Solutions to the calcite-water thermometry equation of
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unchanged while pore water §'®0 values and temperature increase (blue arrow).

of A4 constraints on the temperature and oxygen-isotopic composition
of calcite and water during burial diagenesis and early metamorphism
(e.g., Figs. 3 and 5 in Eiler, 2011). We build on these perspectives to dis-
cuss calcite-water stable isotope systematics and solid-state C-O bond
reordering during burial diagenesis, and highlight recent applications
of clumped isotope data to quantify the conditions and duration of
fluid flow, diagenetic reactions and thermal histories in the shallow
crust.

4.2.2. Changes in T(A47) and 6'%0 during diagenesis and subsurface
water-rock interaction

Clumped isotope-based temperature estimates can provide straight-
forward constraints on conditions of diagenesis that are not possible
using conventional oxygen isotope values alone. Whereas the 580
value of a carbonate mineral can be consistent with a wide range of
physical environments and water sources (e.g., Eiler, 2011), due to the
limited temperature range (~0-40 °C) in which carbonates precipitate
at earth's surface, higher T(A47) values provide a simple and direct
indicator that authigenic carbonate has been subject to post-
depositional alteration. Many applied studies have used clumped isotope
temperatures or relationships between T(Ay47) and burial depth or sam-
ple texture to evaluate the likelihood of alteration (e.g., Came et al.,
2007; Carrapa et al., 2014; Eiler et al., 2006; Huntington et al., 2010,
2014; Lechler et al., 2013; Quade et al., 2015). For instance, T(A47) values
well in excess of plausible earth-surface temperatures have confounded
paleoelevation reconstruction in studies of the Westwater Formation of
the Colorado Plateau (Huntington et al., 2010), Goler Formation of the
Basin and Range (Lechler et al., 2013), Nima basin of central Tibet
(Huntington et al., 2014), and Angastaco Basin (Carrapa et al., 2014)
and Yacoraite Formation (Quade et al., 2015) of Argentina. In other
cases, high T(A47) values enable new interpretations. For example,
Bristow et al. (2011) observed extremely high T(A47) values for Marinoan
‘snowball Earth’ cap carbonates of south China that point to a post-
depositional hydrothermal origin for *C-depleted calcites, ruling out pre-
viously proposed calcite deposition in equilibrium with sea water linked
to methane oxidation (e.g., Kennedy et al., 2001), and instead supporting
reduced anaerobic oxidation of methane in Precambrian oceans. When

interpreted together, the combination of T(A4;) and 6'80 data can pro-
vide even better leverage for describing the isotopic evolution and diage-
netic conditions of subsurface water-rock systems.

The extent to which bulk stable isotope values are altered during dis-
solution/recrystallization depends on the conditions of water-rock re-
action in the diagenetic environment. Fig. 4 illustrates how changes in
the 530 value of the water and calcite that accompany changes in tem-
perature can be modeled using the method of Banner and Hanson
(1990). In an open system, continuous addition of water buffers the ox-
ygen isotope budget of the rock and co-existing pore water (Fig. 4a).
Therefore during burial or hydrothermal heating, the isotopic composi-
tion of the pore water reflects the source of the fluid circulating through
the rock (a constant source 60 composition is shown in the example
in Fig. 4a). In a rock subject to open-system diagenesis, the 6'%0 values
of precipitating calcite evolve as the calcite temperature increases
and A4 value decreases (e.g., Fig. 4a), such that carbonate '%0 values
taken alone or interpreted together with T(A47) values can indicate al-
teration. In the other end-member scenario of a closed, rock-buffered
system with low water-to-rock ratio, the 6'80 value of the water
increases with increasing temperature while the 620 value of the car-
bonate remains constant (Fig. 4b,c). This lack of variation in carbonate
5'80 values can make recrystallization difficult to detect on the basis
of carbonate oxygen isotopic compositions alone in rocks that undergo
rock-buffered diagenesis (e.g., Cummins et al., 2014).

In contrast, clumped isotope constraints on changes in the §'30
values of calcite and co-existing water that accompany changes in tem-
perature can indicate the conditions of alteration for both closed and
open-system diagenesis. The evolution of calcite and pore-water 580
values with temperature is sensitive to the relative water-to-rock ratio
(e.g., Fig. 4b) and the bulk isotopic compositional difference between
the calcite and the water. Huntington et al. (2011) exploited this sensi-
tivity by combining T(A47) and 6'80 data and modeling with petro-
graphic observations of early Eocene limestones from the Colorado
plateau to explain the history of calcite precipitation and replacement
via early lithification and later alteration associated with emplacement
of a nearby lava flow in the late Miocene. But for many applications,
end-member diagenetic behavior can be evaluated simply by plotting
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clumped isotope temperatures versus calculated 530 values of water
for a suite of related samples on a contour plot showing solutions to
the calcite-water oxygen isotope thermometry equations for constant
carbonate 530 values; if closed-system reordering is responsible for
the elevated clumped isotope temperatures, T(A47) is expected to in-
crease along contours of constant §'80 of carbonate (Fig. 4c).

Workers have used the combination of carbonate temperature and
fluid 8'80 constraints in a wide range of applied studies. Ferry et al.
(2011) used this approach to suggest that calcite associated with the
Latemar carbonate buildup in the Dolomites of Italy formed from sea-
water and experienced later closed-system alteration during dolomiti-
zation. Plots of T(A47) vs. 8'80 were combined with petrographic
screening of dolomitic paleosols from the Paleocene-Eocene boundary
in Utah by VanDeVelde et al. (2013) to identify primary nodules that re-
cord warm soil paleotemperatures and heightened aridity. In other
studies, T(A47) vs. 580 water data support interpretations of closed-
system alteration in continental settings (e.g., Henkes et al., 2014;
Huntington et al., 2014). In Oman, the combination of paleo-water tem-
perature and 6'80 constraints shed light on low-temperature dolomiti-
zation and weathering. Sena et al. (2014) studied Lower Cretaceous
shallow-water limestones from Oman, using T(A47) and 6'80 water
values and other evidence to suggest early formation of dolomite affect-
ed by evaporated seawater and subsequent re-equilibration with fluids
in a shallow burial setting. Alteration of the Samail Ophiolite, Oman, was
shown to have occurred in a near-surface weathering environment by
Streit et al. (2012) on the basis of carbonate vein T(A47) and 5'80 values
consistent with precipitation from groundwater. These examples illus-
trate the potential for clumped isotope thermometry to impact tectonics
research by providing insight into the alteration of carbonates deposited
at earth's surface and the burial histories of basins.

4.2.3. Impact of thermal history on solid-state reordering of >C-"80 bonds

Carbonate A4 values are more susceptible to alteration than bulk
carbon and oxygen isotopic compositions, both during recrystalliza-
tion and in the absence of recrystallization due to thermally activat-
ed diffusive C-0 bond reordering. However, it is difficult to predict the
behavior of C-0 bond ordering under geologically relevant diagenetic
conditions using extrapolations of high temperature experiment-
derived C and O diffusion coefficients (Anderson, 1969, 1972; Farver,
1994; Kronenberg et al., 1984; Labotka et al., 2004). Clumped isotope
analysis of natural carbonates gets around this difficulty and provides
first-order constraints on the temperature dependence of carbon and
oxygen diffusion rates in carbonates. Measurements of marbles
metamorphosed at ~500 °C and carbonatites cooled from temperatures
of ~650 °Cyield clumped isotope temperatures of ca. 100-300 °C, with
the higher T(A,47) values corresponding to the more rapidly cooled sam-
ples (Dennis and Schrag, 2010; Ghosh et al., 2006a). These observations
show that diffusion of C and O atoms within the carbonate lattice can be
sufficiently rapid over million-year timescales at elevated temperatures
(typically >100 °C) to modify A47 values, and that the longer a sample
resides at high temperature the more rearranging of >C-'80 bonds
can occur.

Passey and Henkes (2012) and Henkes et al. (2014) made the first
attempts to quantify this temperature sensitivity of clumped isotope
reordering rates experimentally. They heated calcites with relatively
high original A4 values to study order-disorder kinetics and observed
a rapid initial change in A47 values followed by a slower change with
progressive heating. Proposing a defect-annealing model to explain
the initial rapid change in A4; values, they used the experimental re-
sults to constrain Arrhenius parameters describing the relationship
between temperature and reaction progress over geologically relevant

200} .@ 200t b 2 200 C ]
_ § final T(A47) § L i
o160 §160(7 B §160 .
S 2 g + J
3120 @ 120 D 2120 - RS .
© Qo Qo
] [e] o - 4
g 80 T 80 = 80} .
2 ) 2 L ]
= = =
£ 40 40 40 L _
_8 depo. —> 5 depo 4

0 temp. 0 temp.” 7
L 80 60 40 20 0O B¢ "0 40 80 120 160 200 °¢ 0 40 80 120 160 200
j‘gg‘;jg"jg fg time (Ma) burial temperature (°C) burial temperature (°C)
3
Tmax: ~

200} d = = 200 € 200 | f
. T g T(Asr)obs =170 °C 5 T(Aar)obs = 170 °C
0160 161 °C 2 160 < 160
~ Q N ©
o Trax = o N o
5120 130°C =120 £ 120
@ 4 2
& g0 " 80 8 80
§ S’;‘H:} T(Aiobs =61 °C 5 T(Asr)obs = 61 °C
T T(A =2 100 °
g 40 - <100°C (B47) 20 | 1,10 16°C 40 | T(awlons
Qa depo. ¢:16“C

0 temp. 0 0 /’ /1 |
25 20 15 10 5 0 BC "0 40 80 120 160 200 0 40 80 120 160 200

deposition at
26 Ma,15 °C

time (Ma)

burial temperature (°C)

max. burial temperature (Tmax) (°C)

Fig. 5. Impact of thermal history on diffusive C-O bond reordering and T(A47) values in calcite. Panels (b, c, e, f) show solutions to the first-order reordering model of Henkes et al. (2014)
for the thermal histories shown in (a) and (d). The purple curves in panels (a) and (b) are modified after the schematic in Fig. 5 of Henkes et al. (2014). After an initial period of heating
during which the depositional T(A47) value remains unchanged (points 1 to 2), reordering commences and the sample T(A47) value begins to approach the ambient temperature of the
burial environment (points 2 to 3). Once T(A47) reaches equilibrium with ambient temperature it continues to match ambient temperature above this threshold (points 3 to 4) and during
retrograde cooling (points 4 to 5) following the 1:1 line. As the sample cools further the rate of reordering slows (points 5 to 6) and then effectively ceases (points 6 to 7), at which point the
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trajectory (c). Panels (d-f) show a subset of the scenarios modeled by Huntington et al. (2014) for the Nima basin, Tibet, constrained by the depositional age (26 Ma) of the carbonate and an
assumed depositional temperature of 15 °C. See text for explanation. All solutions were calculated using the Arrhenius parameters for WACB13 (Henkes et al., 2014).
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timescales. Using an elegant analogy to conventional solid-state diffu-
sion studies in the field of thermochronology, Passey and Henkes
(2012) developed an analytical solution for apparent equilibrium tem-
perature analogous to Dodson's (1973) closure temperature equation.
Unlike closure during cooling of a thermochronometer system that
was previously open to the diffusive loss of radiogenic isotope decay
products (i.e., daughter isotopes) via volume diffusion (e.g., Hodges,
2003), systems relevant to the reordering reaction:

Ca®c’®0; + Ca'*c’®0"0,= ca"’c**0"°0, + ca”c'0, 2)

remain closed throughout the cooling process; nevertheless, both pro-
cesses can be reasonably described by a first-order rate law given by a
linear Arrhenius relationship between temperature and the log of diffu-
sivity or reaction rate (Henkes et al., 2014; Passey and Henkes, 2012;
but c.f. paired “reaction-diffusion” model of Stolper and Eiler, in
revision). Arrhenius parameters determined for different calcites com-
bined with a numerical model to predict A4; values as a function of sam-
ple thermal history show that calcite will undergo diffusional C-O bond
reordering and associated A4; change when subjected to temperatures
in excess of ~100-120 °C over million-year timescales (Henkes et al.,
2014; Passey and Henkes, 2012). The uncertainties are large, but
observed A4; values for marble, hydrothermal calcite and brachiopod
calcite from sedimentary basins with independently constrained tem-
perature histories generally agree with modeled A47 values, suggesting
the experimental results are relevant to geologic time and temperature
scales (Henkes et al., 2014; Passey and Henkes, 2012). Ongoing experi-
mental work and natural case studies (e.g., Piasecki and Eiler, 2014;
Lloyd et al., 2014; Clog et al., 2015; Stolper and Eiler, in revision) aim
to better quantify reordering kinetics for calcite and other carbonate
minerals.

These studies provide a useful framework for understanding sample
alteration and constraining basin thermal histories by modeling A47
values of carbonates that have undergone solid-state reordering during
burial heating and exhumation. Following Henkes et al. (2014), the top
panels in Fig. 5 show the model predicted behavior of the A47 value of a
calcite sample that is entirely reset by burial heating. After an initial
period of heating during which the depositional T(A47) value remains
unchanged, reordering commences and the sample T(A47) value begins
to approach the ambient temperature of the burial environment. Once
T(A47) reaches equilibrium with ambient temperature it continues to
match ambient temperature at all temperatures above this threshold.
As the sample cools below this threshold the rate of reordering slows
and then effectively ceases, at which point the mineral “locks in” a
final apparent T(A47) value. As shown in Fig. 5, the rates and threshold
temperatures at which reordering commences and ceases depend on
the particular sample thermal history. As a consequence, this type of
model can be used with A4 data for samples that did not undergo re-
crystallization to place new constraints on cooling rates (Passey and
Henkes, 2012) and the burial histories of sedimentary basins (Henkes
et al.,, 2014; Shenton et al., 2015).

Model predictions are useful for assessing potential diffusive resetting
of T(A47) values in paleoelevation and paleoclimate studies. For the
model of Henkes et al. (2014), calcite '*C-'80 bond reordering and A47
change is negligible during burial scenarios for which maximum burial
temperature is <100 °C on the timescale of 10°-~10® years. Modeling
the effect of likely burial heating scenarios on the A4; values of samples
that may have experienced temperatures above ~100 °C in advance can
help avoid wasted clumped isotope analyses. Alternatively, interpreting
above-earth-surface temperature clumped isotope data in the context
of models can help determine the cause of alteration after the fact. In an
attempt to investigate the Neogene paleoelevation history of the Nima
Basin in Tibet, Huntington et al. (2014) measured T(A47) values of up to
61 °C that are clearly indicative of post-depositional alteration.
Constrained by the 26 Ma depositional age of the samples, they used
the model of Passey and Henkes (2012) and Henkes et al. (2014) to

explore possible temperature-time paths that could have produced the
observed final apparent T(A47) value (e.g., Fig. 5d-f). Depending on the
shape of the temperature-time path (i.e., short or long residence time at
the maximum burial temperature, Trax), Tmax Of 145 to ~160 °C would
be required to reproduce the observations (Fig. 5e, f). Actual maximum
burial temperatures in the basin were likely no greater than 75-90 °C,
ruling out solid-state reordering and pointing to recrystallization as the
cause of the high T(A47) values.

This example is useful to illustrate the general behavior of A47 values
for samples heated to a lesser or greater degree. Fig. 5f shows the
relative insensitivity of A4 values to maximum burial temperatures
above ~180 °C (for the short residence time burial scenarios in
Fig. 5d), as well as the potential for depositional T(A47) values to be sub-
tly modified by solid-state reordering at much lower temperatures. In
this example, heating to Tih.x = 130 °Cwould cause observed and depo-
sitional carbonate temperatures to differ by 1 °C. Hotter temperatures
or longer residence times at depth would increase the discrepancy.
Clumped isotope temperatures consistent with earth-surface condi-
tions that exhibit no systematic relationship between burial depth and
temperature could indicate preservation of original depositional tem-
peratures (e.g., Eiler et al., 2006). However, one takeaway from this ex-
ercise is that assessing sample preservation on the basis of T(A47) values
may not be that straightforward; for a sample with this type of thermal
history, a clumped isotope temperature of 30 °C—well within the range
of plausible earth-surface temperatures—could reflect diffusive bond
reordering in or partial recrystallization of a sample originally deposited
at 15 °C. A similar difficulty would be expected if A4; values change in
two distinct steps with heating as predicted by the paired reaction-
diffusion model of Stolper and Eiler (in revision); for this model, burial
heating to moderate temperatures of ~80-100 °C can cause observed
T(A47) to increase by a small amount (0-25 °C) and then stabilize for
long periods of time. Whether a linear Arrhenius model (Henkes et al.,
2014; Passey and Henkes, 2012) or paired reaction-diffusion model
(Stolper and Eiler, in revision) applies, a second takeaway is that the sen-
sitivity of A4; values to temperature and time can be exploited to con-
strain plausible burial scenarios (e.g., Henkes et al., 2014), making
pairing of carbonate T(A47) study with conventional thermochronometric
approaches (e.g., apatite and zircon (U-Th)/He or fission track dating) an
intriguing potential avenue for future research focused on the thermal
evolution of basin systems.

4.2.4. Constraints on the conditions of carbonate formation in the
sub-surface

Carbonates formed in the sub-surface record a snapshot of the tem-
perature and isotopic composition of the fluids from which they precip-
itated. Distinct A4; crystallization temperatures can be preserved for
multiple phases of carbonate within the same sample, providing the
opportunity to develop detailed histories of temperature and fluid
composition (Huntington et al.,, 2011). Workers have used this feature
to assess the preservation of depositional temperatures and isotopic
values in specific phases (e.g., Bristow et al.,, 2011; Csank et al., 2011;
Douglas et al., 2014; Huntington et al., 2011; Snell et al., 2013, 2014;
VanDeVelde et al., 2013), for example shell material and co-occurring
void-filling or vein cement. But the potential is great for such informa-
tion to provide new insight into the interactions of faults, fractures
and fluid flow in basins (e.g., Bergman et al., 2013; Huntington et al.,
2011). Compared to reconstructions of earth-surface paleotemperature
(Affek, 2012; Eiler, 2011), applications of clumped isotope thermometry
to subsurface problems are few to date. Nevertheless, initial attempts to
apply clumped isotope thermometry to investigate fault systems and
“structural diagenesis” (i.e., the relationship between deformation or
deformation structures and chemical alteration of sediments; Laubach
etal., 2010) show that the thermometer is sufficiently precise to answer
many questions in this area—particularly when it is possible to target
well-studied, geologically significant systems for which previous stable
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isotopic and other work guide sampling and provide hypotheses to be
tested using clumped isotope data.

Clumped isotope analyses of fracture- and pore-filling cements and
concretions have been used to constrain fault temperatures as well as
paleo-fluid sources and pathways. In their study of carbonates in the
Mormon Peak detachment fault in southern Nevada, Swanson et al.
(2012) attempted to address two long-standing problems in structural
geology: the origin of low-angle normal faults (e.g., Axen, 2007) and
frictional heating of brittle faults during slip (e.g., Fulton et al., 2010;
Scholz, 2002). Clumped isotope data revealed the presence of high-
temperature (up to 139 °C) vein-filling carbonates in equilibrium with
very low 6'80 value waters; although these results do not provide direct
evidence of flash heating, they suggest the veins record deep (3-4 km)
circulation of meteoric fluids, ruling out surficial landsliding as the ori-
gin of the structure (Swanson et al., 2012). The clumped isotope study
of Bergman et al. (2013) targeted the Moab fault in Utah to study the re-
lationship between deformation structures and paleofluid sources and
pathways in what is arguably the best-studied brittle fault system in
clastic rocks (e.g., Eichhubl et al., 2009; Johansen et al., 2005).
Bergman et al. (2013) found cements derived from hot/deeply circulat-
ing fluids throughout the entire deformed zone, while cements from
cold, meteoric fluids were restricted to highly fractured fault intersec-
tions, showing the extraordinary ability of these fault zones to rapidly
conduct surface waters to 2 km depth.

Two recent studies have applied clumped isotope thermometry to
study cementation in the classic Permian carbonate platform locality
of the Guadalupe Mountains of New Mexico and Texas. Budd et al.
(2013) combined detailed stratigraphic mapping, cement petrography,
fluid inclusion analysis, stable isotopic data and clumped isotope tem-
peratures of 16 to 96 °C to show that syndepositional fracture networks
were repeatedly reactivated in younger diagenetic and fluid-flow
events involving meteoric water and oil-filled brine. Based on geo-
mechanical modeling of the cement-bearing fracture orientations,
Budd et al. (2013) hypothesized that reactivation most likely occurred
during Permo-Triassic burial and Miocene Basin and Range extension.
Lloyd et al. (2014 ) analyzed additional calcite spars from the same local-
ity and from a less fractured part of the platform, finding fluid penetra-
tion through the less fractured facies and a positive correlation between
30 and 75 °C temperatures and fluid 6'80 values indicating rock-
buffered behavior. They interpret low fluid 680 values to be meteoric,
and proposed that such waters would have infiltrated the basin during
Tertiary uplift rather than during burial. Other recent work has shown
the potential of concretion T(A47) values to understand pore water evo-
lution and alteration of original pore water 6'20 values (Loyd et al., 2012,
2014) and the role of lithologic barriers to fluid flow (Dale et al., 2014).

These early studies show the potential of clumped isotope con-
straints on diagenesis and paleofluid compositions and temperatures
to shed light on the geologic history of rocks and fluid flow in basins re-
lated to tectonic, topographic and/or structural events and processes.
Considerable effort has gone into understanding the thermal and per-
meability properties of faults and sedimentary basins, particularly
with application to hydrocarbon exploration. Future applications to
characterizing oil and natural gas genesis, fossil geothermal reservoirs,
mineral resources and crustal deformation could all benefit from
quantifying temperatures of carbonate formation in the sub-surface.
We expect our discussion of clumped isotope constraints in this area
will soon be out-of-date as an abundance of “low-hanging fruit”
makes this an excellent target for future study.

5. User's guide to applying carbonate clumped isotope thermometry
to problems in continental tectonics

Recent studies have demonstrated the utility of clumped isotope
thermometry for constraining the temperature and composition of
paleo-fluids in both earth surface and subsurface environments for ap-
plication to tectonic problems as well as the challenges inherent to the

measurement and interpretation of T(A47) data. In this section we
offer some perspective on the state of the art in carbonate clumped iso-
tope thermometry and recommendations for how to approach applying
the method to future investigations in continental tectonics. To design a
successful clumped isotope study one must:

[J select problems for which the precision and accuracy of the method
are sufficient to address the research aim

(1 account for analytical limitations to sample size and number of
analyses in the experimental design

[J provide appropriate context for interpreting isotopic data (e.g., to as-
sess sample preservation and homogeneity, evaluate the likelihood
of solid-state reordering, understand proxy behavior, etc.)

[ select the appropriate temperature-Ay calibration, and account for
the impact of calibration uncertainties and other uncertainties on
the results and conclusions.

Barring a radical change in analytical methods, T(A47) studies will
continue to be limited by analytical precision on the order of 0.01%.
(1 s.e.) for a single A47 sample analysis, which when subjected to n
replicate analyses results in a reported 1 s.e. A47 uncertainty equal to
0.01/sqrt(n)%.. In cases where n > 3, such A47 uncertainties typically
equate to minimum 95% temperature uncertainties of ~+2-3 °C. For
questions requiring high-precision temperature estimates and/or involv-
ing impure carbonate or inhomogeneous materials (e.g., pedogenic car-
bonate), at least three replicates per sample, and ideally five or more is
recommended. Two or three replicates may be sufficient for studies in-
volving pure, homogeneous carbonate (e.g., vein calcite) that require
lower precision (i.e., 410 °C) temperature estimates. In other cases, hero-
ic efforts (i.e., 10-12 replicates per sample) may enable small differences
in temperature between closely related materials to be resolved
(Thiagarajan et al., 2014).

Analytical time and sample size constraints also impact sampling
strategy and project goals. Average mass spectrometer analysis time
of ~2.5-3 h per sample limits the number of samples that can be run
in a single day to ~10; this number of analyses is routinely achievable
for laboratories with automated sample preparation and mass spec-
trometer inlet systems, but manually operated laboratories are typically
limited to half the sample throughput or less. Of these analyses, 10-20%
must be carbonate standards and reference CO, gases. Sample size
requirements (~8 mg carbonate equivalent for most mass spectrometer
setups; <4 mg for specialized configurations, e.g., Schmid and
Bernasconi, 2010; Zaarur et al., 2011) also impact experimental goals
and design. For example, high temporal resolution studies common
for conventional carbonate stable isotope analysis using micromilling
techniques (e.g., Dettman and Lohmann, 1995) may be limited by
these sample size requirements.

Taken together, these requirements limit the number of unique
samples that can be reasonably analyzed for a given T(A47) study. For
example, the number of samples in a clumped isotope study is more
along the lines of a bedrock thermochronology study (tens of samples)
than a detrital zircon U-Pb sampling strategy (hundreds to thousands of
grains). Moreover, compared to conventional carbonate stable isotope
analysis, for which sample throughput can be an order of magnitude
higher, researchers must be far more discriminating when selecting
and prioritizing clumped isotope samples. In most applications, this re-
quires preliminary isotopic analysis and screening (e.g., for diagenetic
influence and sample context) for the complete sample set prior to se-
lection of sample subsets for A4 analysis.

Finally, the accuracy of temperature estimates depends on the
choice of empirical calibration based on analyses of synthetic or natural
carbonates used to convert A47 values to carbonate growth tempera-
ture. Synthetic calibrations vary by method of mineral precipitation
and analysis (Fig. 6), and recent workers have suggested that lab-
specific carbonate acid digestion methods are responsible for the
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Fig. 6. Compilation of published A47-temperature calibrations. (a, b) Calibrations derived from experimental methods using manual, ~8-12 h, 25 °C carbonate-acid digestion (Ghosh et al.,
2006a; Zaarur et al., 2013) are characterized by steeper A47-T slopes than calibrations derived from automated, ~10 min, 90-100 °C digestions (Dennis et al., 2011; Passey and Henkes,
2012; Tang et al., 2014). The thick solid black line represents the theoretical prediction of temperature-dependent clumping in CO3 (Ag3; Schauble et al., 2006), adjusted by a constant
offset to fit the A;; measurements made by Passey and Henkes (2012) of CO, derived from acid digestion of high-temperature equilibrium reordered calcites; see Passey and Henkes
(2012) for details and equation. The black line is in better agreement with calibrations derived from 90 to 100 °C acid digestions than from 25 °C acid digestions. (b) Inset plots show
the divergence of low-temperature (<100 °C) calibrations for temperatures outside the 20-30 °C T(A47) range (A47; = 0.68-0.71). All A47 data and A47-T regressions are presented in
the absolute reference frame (ARF) of Dennis et al. (2011). See original sources for calibration equations. See text for discussion and Tang et al. (2014) and Came et al. (2014) for similar

compilations.

discrepancy (e.g., Came et al., 2014; Tang et al., 2014; Wacker et al.,
2014). Manual sample preparation involves acid digestion at 25 °Cin re-
action vessels where the product CO, remains in contact with the acid
for ~8-12 h; automated devices perform ~10 minute reactions at
90 °C, with product CO, immediately isolated using a cold trap. Acid di-
gestion at different temperatures produces an offset in A4; values
(e.g., Guo et al., 2009) that is accounted for using a constant correction
factor (e.g., Defliese et al., 2015; Henkes et al., 2014; Passey et al.,
2010; Wacker et al., 2013). However, a discrepancy between the 25 °C
and 90 °C reaction calibrations remains (Fig. 6), with 90 °C-reaction cal-
ibrations in better general agreement with theoretical calculations (Guo
etal.,2009; Schauble et al., 2006). The possibility that different synthetic
calcite precipitation methods used in these studies may contribute to
calibration differences has not been ruled out (Fernandez et al., 2014;
Kelson et al., 2014). In addition, small sample size (4 mg, compared to
the more typical ~8 mg) may lead to systematically higher A4; values
for 25 °C reaction methods (Wacker et al., 2013; but c.f. Zaarur et al.,
2011). Calibrations for different natural and biogenic carbonates are in
general agreement with synthetic calibrations developed using similar
analytical methods (e.g., Eiler, 2011), but as discrepancies due to analyt-
ical procedures are resolved, subtle differences in calibrations for differ-
ent materials may prove to be robust.

For now the recommended best practice is to apply the A4-T calibra-
tion that most closely matches the materials and analytical methods
used for a particular study, and to explore how application of different
calibrations affects results in order to ensure the most robust interpreta-
tion is presented. Published calibrations based on data for synthetic
calcites grown at temperatures <100 °C agree in the ~20-30 °C range,
which encompasses many surface environments in both the present
and past. However, divergence of calibrations below and above this
20-30 °Crange (Fig. 6) significantly increases uncertainty for T(A47) in-
vestigations in cold (e.g., icehouse, high latitude, high elevation) climates

and high-temperature subsurface (i.e., diagenetic) environments.
Published calibration data for >100 °C calcites are relatively few, but
appear consistent with one another. These data include calcites recrystal-
lized or re-equilibrated (i.e., driven to clumped isotope equilibrium) at
temperatures of 450-1165 °C (Ghosh et al., 2006a; Guo et al., 2009;
Passey and Henkes, 2012; Stolper and Eiler, in revision). A calibration
for synthetic dolomite precipitated at temperatures of 25-350 °C has
been presented only in abstract form (Bonifacie et al., 2011) but appears
consistent with the calcite data (Bristow et al., 2011; Ferry et al,, 2011).
With multiple independent labs moving toward a common absolute ref-
erence frame (Dennis et al,, 2011) and working in parallel to investigate
calibration gaps and discrepancies, we expect rapid progress in this area.

Since the first A4;-temperature calibration data were published in
2006, the field has grown to more than a dozen labs worldwide capable
of making the extraordinarily high precision measurements required for
useful A47 analysis (Eiler, 2011). Yet carbonate clumped isotope analysis
is still not for the casual user—both because of stringent analytical require-
ments and because of rapid developments in methods of analysis and cal-
ibration associated with the novelty of the technique. The development of
methods that do not require a specialized mass spectrometer (e.g., ‘peak-
hopping’; Petrizzo and Young, 2014) and the potential for clumped
isotopologue measurements of CO, to be made by laser-spectroscopic
methods (e.g., Karlovets et al.,, 2014) may improve access in the future.
Until the field matures, clumped isotope studies can be performed in col-
laboration with an expert and associated lab. The following paragraphs
outline strategies for approaching such investigations.

Paleoaltimetry is inherently difficult, and the precision in carbonate
growth temperature estimates is at the limit of what is useful for quan-
titative paleoelevation reconstruction. Thus it is essential to first identify
a tractable and important question for which the obtainable tempera-
ture resolution is sufficient. Resolvable A4; temperatures with uncer-
tainties of 2-3 °C are currently the best-case scenario. Accordingly,
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even in cases for which surface lapse rates, carbonate seasonality, and
other factors impacting paleoelevation calculations (Section 3) are
known or can be controlled for, many sample replicates are needed.
With surface temperature lapse rates of 4-8 °C/km (e.g., Hren and
Sheldon, 2012; Meyer, 2007), uncertainties of + 2-3 °C result in mini-
mum paleoelevation uncertainties on the order of +0.25 to 0.5 km,
and more conservatively on the order of 4+ 1 km given inherent uncer-
tainties and variability in carbonate seasonality and setting.

Given the inherent uncertainties, careful experimental design and
sample screening can improve the odds of success. It is advisable to:
(1) obtain coeval samples (see Snell et al., 2014, for a viable method to
correct for cases for which coeval samples are not obtainable), (2) evalu-
ate potential diffusive resetting by modeling C-O bond reordering for dif-
ferent thermal histories and burial scenarios (e.g., Henkes et al., 2014;
Huntington et al., 2014), and (3) screen for diagenetic alteration. Even
basic screening for diagenesis (i.e., petrographic and CL microscopy of
thin sections, mineralogy, and isotopic analysis of apparently primary
and secondary phases) can decrease the number of suspect A4; analyses
and increase confidence (but not prove) that samples preserve earth-
surface temperatures. It is also important to complement ancient carbon-
ate A4; study with modern carbonate analysis and monitoring data for
analogous modern environments, as well as to integrate independent
geologic and environmental information, and climate model output
where appropriate. Extracting robust paleoelevation information from
A47 data is non-trivial, but the potential for understanding fundamental
tectonic and geodynamic processes makes the task worth the effort.

For many high temperature (>50 °C) applications (e.g., structural
diagenesis or basin evolution), lower precision temperature estimates
may be sufficient. For example, determining whether vein filling calcite
cement precipitated from shallow groundwater at 20 °C or at elevated
temperatures of >50 °C may rule out a suite of hypotheses; in such
cases precisions of 2-3 °C may be overkill, and since samples consisting
of a single generation of vein filling calcite tend to be homogeneous,
budgeting for 2-3 replicates per sample would be sufficient for this
type of investigation. This replicate advantage counterbalances the cur-
rent limitations resulting from uncertainty of A4;-temperature calibra-
tions at high temperatures (Fig. 6). Observed A4, values for calcites
that were reordered at high temperature combined with theoretical
predictions provide an initial calibration for high temperature studies
(Eq. (5); Passey and Henkes, 2012). We are aware of unpublished data
from two laboratories that support use of this or a similar calibration
for both calcite and dolomite, but accuracy of high temperature T(A47)
estimates will remain uncertain until consensus is reached among
published calibrations. For studies of metamorphism and basin thermal
history, A47 data do not provide the most sensitive cooling rate con-
straints (Passey and Henkes, 2012). Nevertheless, clumped isotope
data can help refine maximum burial temperature estimates and pro-
vide important burial history constraints where other proxy data are
lacking (Henkes et al., 2014). For such applications workers should
select the Arrhenius parameters for the materials (e.g., optical calcite,
Passey and Henkes, 2012; brachiopod calcite, Henkes et al., 2014) that
most closely match the studied samples, and explore the sensitivity of
A47 predictions to the choice of parameters and reordering model.

For subsurface investigations, sample context is the key to prioritiz-
ing analyses. The likelihood of success is enhanced by sampling strate-
gies that test a specific hypothesis generated from detailed geologic
and structural mapping, stable isotopic records, textural, CL, and/or
trace element analysis. It is also best to identify representative samples
to analyze for clumped isotope compositions based on structural
position, texture, and isotopic composition—realizing that A47 is an in-
dependent dimension and may be a more sensitive recorder of environ-
mental change than other analysis types. While still in its early stages,
diagenesis and basin history research using A47 methods is ripe for
expansion and will likely prove to be a fruitful endeavor given the
importance of accurate diagenetic and burial thermal histories for our
understanding of continental basin evolution.

6. Summary and opportunities for continental tectonics research

The field of clumped isotope geochemistry is rapidly evolving and
presents a wealth of research opportunities not only for carbonates
but for methane (Stolper et al., 2014a,b) and beyond. To date, applica-
tions of carbonate clumped isotope thermometry to studies under the
umbrella of continental tectonics research have mostly focused on
paleoaltimetry, but a handful of recent studies demonstrate the great
potential for applications to the shallow crust. These include both better
assessment of paleoenvironmental records relevant to paleoelevation
and paleoclimate reconstruction, and also understanding of diagenetic
processes, subsurface water-rock reactions, basin thermal histories
and the influence of deformation structures on fluid pathways.

Challenges associated with relating carbonate T(A47) to convenient
climate variables like mean annual air temperature and fundamental
uncertainties and variability for seasonality of carbonate formation
and terrestrial lapse rates limit the accuracy of paleoelevations derived
from carbonate T(A47) study. As a result, carbonate clumped isotope
paleoelevation studies should be complemented by independent
paleotemperature and paleoenvironmental datasets as well as relevant
climate models whenever possible. In addition, success of clumped iso-
tope paleoelevation studies requires careful evaluation of whether car-
bonate proxies retain primary (i.e., depositional) stable and clumped
isotope signatures or if T(A47), 5'3C and/or 6'80 values have been diage-
netically altered. Carbonate clumped isotope temperature estimates are
currently at the analytical precision limit necessary for quantitative
paleoelevation study, but, nevertheless, incorporation of the method
into the paleoaltimetry toolkit has enabled workers to address previ-
ously intractable problems and in many settings offers the most viable
approach to reconstructing paleoelevations from the geologic record.

Future applications of carbonate clumped isotope thermometry for
paleoelevation study should target several lines of research, including
but not limited to (1) developing robust methods to assess the degree
and type of diagenetic influence to carbonate proxies and (2) adding
to existing modern field calibrations and datasets in order to improve
understanding of how carbonate depositional environment impacts
T(A47)-environment relationships. The latter is complicated but vital
for translation of proxy T(A47) into paleoelevation estimates. For
T(A47) paleoaltimetry, the carbonate environments of interest are
most commonly soils and lakes. Modern lake systems are an especially
good target for future work because of the paucity of existing T(A47)
data from these settings, in addition to the fact that lake carbonate
6180 values are commonly evaporatively enriched which makes
temperature-based methods more viable than conventional isotopic
approaches for reconstructing paleoelevation.

In comparison to relatively well established paleoelevation applica-
tions, the field for T(A47) subsurface studies is in its early stages. In par-
ticular, new understanding of solid-state diffusive C-O bond reordering
in calcite in combination with the capability of carbonate '>C-180
clumping to record sub-surface crystallization temperatures opens up
new opportunities to examine thermal histories of basins and fluid
flow in the shallow crust. Recent work has used carbonate clumped iso-
tope thermometry to explore the thermal histories of faults and basins
and the interactions of deformation structures, diagenesis and fluid
flow—the sorts of constraints needed to develop predictive models of
subsurface carbon sequestration studies and the role of fault sealing
processes in maintaining injection reservoir stability. To maximize the
potential of these and related subsurface T(A47) studies, it is critical to de-
velop (1) a robust high temperature (>100 °C) T-A47 calibration; (2) a
better understanding of C-O bond reordering; and (3) a framework for
interpreting T(A47) data together with other temperature proxy data
commonly incorporated into basin evolution and diagenesis studies
(e.g., low-T thermochronometry, fluid-inclusion microthermometry, or-
ganic maturation indices and other proxies).

This is an exciting time in carbonate clumped isotope thermometry
research. More labs are coming online and contributing new expertise
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each year. Opportunities for researchers with backgrounds in sedimen-
tology, metamorphic petrology, structural geology, thermochronology
and other “staples” of continental tectonics research abound and it
will be from integration of these varied backgrounds that new research
avenues will emerge and the field will continue to grow and develop.
We hope the perspectives presented here serve as a point of departure
for tectonicists to embrace new research opportunities applying
carbonate clumped isotope thermometry to new and outstanding prob-
lems in continental tectonics.
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