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Abstract

The field of isotope geochemistry began with the study of oxygen isotope geothermometry, most notably for carbonates.
For traditional oxygen isotope geothermometry only the relationship between one rare isotope, oxygen-18, and the common
isotope, oxygen-16, is used because for most terrestrial processes the 17O-16O relationship scales with the 18O-16O relationship
and is thought to not grant any new information. However, theoretical analysis predicts a small temperature-dependence of
the equilibrium triple oxygen isotope relationship and instrumentation and techniques now allow for high-precision determi-
nation of the oxygen isotope composition for all three oxygen isotopes for a variety of sample types. To set the groundwork
for triple oxygen isotope geothermometry, here we present new calibrations based on statistical thermodynamics and density
functional theory for both the traditional two isotope and the recently introduced triple isotope thermometer for pairs of
quartz, calcite, dolomite, fluorapatite, hematite, magnetite and liquid water. The results compare well with previous studies
on 18O/16O fractionation where theoretical and experimental data are available. Of the models given here, pairs of quartz,
calcite, dolomite and fluorapatite with water, hematite or magnetite show promising temperature sensitivities as triple isotope
thermometers with acceptable uncertainties for surface and low-T hydrothermal environments.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The potential for isotope fractionation to be used as a
geothermometer dates back to the work of Harold Urey
who recognized the temperature dependence of oxygen iso-
tope fractionation between carbonate and water (Urey,
1947). At the time, isotope ratio mass spectrometry was
in its infancy and precisions of only one part per thousand
were possible for the ratio of the two most abundant iso-
topes of oxygen, 16O and 18O. For low temperatures, this
precision allowed for the carbonate geothermometer, with
assumptions on the isotope composition of the water
(Urey, 1947). Early on, it was assumed that isotope
https://doi.org/10.1016/j.gca.2018.05.032
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fractionation for the 17O-16O system would scale with
18O-16O system due to the mass dependent isotope fraction-
ation (Clayton et al., 1973) and so it was thought that mea-
suring the 17O/16O ratio would provide no useful further
information. The discovery of 17O deviation in meteorites
from the terrestrial fractionation line and later large non-
mass-dependent isotope effects associated with ozone chem-
istry in Earth’s atmosphere changed this paradigm and led
to a newfound need in measuring the triple isotope compo-
sition of various oxygen reservoirs (Clayton et al., 1973;
Heidenreich and Thiemens, 1983; Thiemens, 2013). Over
time, analytical precision and techniques improved to the
point where much smaller mass-dependent variations are
resolvable and can be related to chemically and geochemi-
cally relevant parameters (Pack and Herwartz, 2014;
Liang and Mahata, 2015; Bao et al., 2016; Sharp et al.,
2016). What has become apparent is that much like with
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the two isotope systems, fractionation in triple isotope sys-
tems is temperature dependent (Cao and Liu, 2011; Pack
and Herwartz, 2014; Bao et al., 2016; Hayles et al., 2017).
This extra dimension of temperature dependency led to
the suggestion by Pack and Herwartz (2014) that the value
of the mass dependence exponent, h, can be used as a sep-
arate geothermometer for low temperature systems.

For the oxygen triple isotope system, h is given by;

h ¼ ln 17aA�B

ln 18aA�B
ð1Þ

where a is the fractionation factor which for measurement
purposes is given by:

18aA�B ¼
18bA
18bB

¼ ½ 18n= 16n�A
½18n= 16n�B

ð2Þ

where ½ 18n= 16n� is the molar ratio of the rare/heavy isotope
18O and the common/light isotope 16O, which can be mea-
sured relative to a standard and b is a theoretical parameter
relating to a hypothetical equilibrium between the phase in
question and an oxygen species with no thermodynamic
bias for one oxygen isotope over another. b is therefore a
theoretical parameter which describes the ‘‘affinity” of a
species for one oxygen isotope relative to another. In both
equations, the superscript indicates the isotope system and
the subscript indicates the species involved in equilibrium
(e.g. A-B => Calcite-H2O(L)).

Not long after the introduction of the h based triple iso-
tope thermometer, the concept of using the temperature
dependence of the difference in D017O between minerals
and water as a geothermometer was introduced. This was
independently suggested by Bao et al. (2016) based on pre-
vious theoretical work for calcite-water equilibrium and
Sharp et al. (2016) based on measurements of natural
quartz and silica. The core concept of D017O is given by
the equation:

D0 17O ¼ d0 17O� 0:5305d0 18O ð3Þ
where isgivenby :is given by:

d0 18O ¼ ln
18n= 16n½ �sample
18n= 16n½ �standard

ð4Þ

Using Eqs. (2) and (4), the difference on d018O (or Dd18O)
between two phases given by;

Dd0 18OA�B ¼ ln 18aA�B ð5Þ
The similar expression for the difference in D017O (or

DD17O) between two phases is then given by;

DD017O=Dd
017O�0.5305Dd

018O ð6Þ
Based on prior use (Pack and Herwartz, 2014; Wiechert

et al., 2004) as well as the arguments put forth by Hayles
et al. (2017) and Bao et al. (2016), here the suggested
0.5305 is used for Eqs. (3) and (6) as opposed to other com-
monly used values (e.g. 0.52, 0.528). This value is very
nearly equal to the high-temperature limit of h for oxygen
isotope fractionation under the harmonic approximation
and allows for a monotonic, or very near monotonic behav-
ior for the temperature dependence of DD017O.
Although mathematically equivalent, in practice, the use
of DD017O has three primary advantages over the use of h.
(1) Application of simple the D017O thermometer is similar
in practice to the commonly used d18O thermometer. (2)
Covariance between the measurements of d018O and d017O
lead to a higher precision for D017O than would be expected
from the uncertainties of d018O and d017O. (3) The tempera-
ture dependency of DD017O is simple and does not deviate
from a finite range for small values of Dd018O. This is as
opposed to h which can be very uncertain and fundamen-
tally hold any value for small enough values of Dd018O
(Hayles et al., 2017).

Sharp et al. (2016) empirically calibrated the SiO2-H2O
system and compared to natural samples. A sound interpre-
tation, however, would first require the confirmation of the
mineral-water equilibrium, for which a reliable theoretical
calibration of both a and h variability with T is a prerequi-
site. Furthermore, to extend triple oxygen isotope ther-
mometer to the diverse mineral assemblages in surface-
temperature or hydrothermal systems, we need equilibrium
h-T or DD017O-T relationships for many other common
oxygen-bearing minerals. At this time, however, we only
have theoretical predictions for quartz and calcite without
the needed models at the same level of theory for liquid
water (Cao and Liu, 2011; Hill et al., 2014).

Therefore, in this study we investigate the viability of a
triple isotope thermometer based on the 16O-17O-18O sys-
tem from a theoretical perspective. Here the temperature
dependency of DD017O (Bao et al., 2016; Sharp et al.,
2016) is used as a mass-dependent fractionation descriptor
for its ease of use. New theoretical calculations for equilib-
rium pairs of hematite, magnetite, fluorapatite, calcite,
dolomite, quartz and liquid water and water vapor were
carried out for both the d018O and D017O systems. The struc-
tures for minerals and liquid water are represented by
molecular clusters, and the Volume Variable Cluster
Method is adopted here to allow for optimizing the struc-
tures for minerals at different theoretical levels (Li and
Liu, 2015). It is found that using the assumption of isotope
equilibrium: fluorapatite-H2O(L), calcite-H2O(L), dolomite-
H2O(L), and quartz-H2O(L) can be effective triple isotope
thermometers for surface to hydrothermal environments.
Both hematite and magnetite can be used in place of
H2O(L) for the above pairs with only minor reduction in
temperature sensitivity.
2. METHODS

2.1. Calculation of bh for minerals

Periodic boundary conditions are typically used to rep-
resent the crystal environment and have been used to pre-
dict inter-minerals isotope fractionation factors for many
systems (Schauble, 2011; Huang et al., 2013). However, this
method is challenged when dealing with systems involving
aqueous species. In order to use consistent methods for
the representation of both minerals and aqueous species,
molecule-like clusters were introduced to predict mineral-
aqueous isotope fractionation factors (Gibbs, 1982;
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Rustad et al., 2010). Cao and Liu (2011) employed small
cluster models to investigate theta values for calcite-water
and quartz-water pairs (Cao and Liu, 2011). However, their
cluster models, particularly for calcite, were too small to be
expected to generate accurate fractionation values.
Although smaller clusters do generate approximate results,
in general, larger clusters will produce more accurate results
because the chemical/crystal environment simulated by lar-
ger cluster better simulates what is expected in a real sys-
tem. This would make the previous results less accurate
than the current models for mineral-water equilibrium at
a given level of theory.

Here, the Volume Variable Cluster Method (Li and Liu,
2015) is used for the calculation of values of b under the har-
monic approximation (bh) for all minerals. VVCM is similar
to the embedded cluster method (Rustad et al., 2010). The
original mineral structures are taken from American Miner-
alogist Crystal Structure Database (Downs and Hall-
Wallace, 2003). The modeled clusters are cut from these
mineral structures with the atoms of interest (e.g. O-atoms
or PO4 groups) at the core. For example, if the O or C atoms
in carbonate minerals are of interest, a CO3 group is placed
at the core of the clusters and surrounded by six metal atoms
as the second shell, the third shell is made of CO3 with the O
atoms at the edge. As with any cluster model, ideally larger
clusters would be used, but computation costs increase
exponentially with each additional shell. Cluster size may
have effects on the frequencies and therefore the value of
bh, but isotope effects are dominantly local to the substituted
atom and each subsequent shell has a diminishing influence
on bh at an increasingly significant computational cost. To
test the influence of cluster size, two cluster sizes are tested
for quartz, the least computationally costly mineral
investigated.

In order to maintain a neutral environment for the
modeled clusters, hundreds of virtual point charges are
added at the edge of clusters by bonding to the outer O
atoms at certain bond lengths. Rustad et al. (2010) sug-
gested an embedded cluster method with outermost point
charges bond to outer fixed O atoms at a distance of 1 Å,
however, this distance may significantly influence the bh
values.

In our model scheme, the outermost virtual point charges
may have different valences which are determined by the
bonding environment. For example, in the calcite cluster
model, there are 48 point charges each with a valence of
1/6, these charges are bound to the bridging O which con-
nects the Ca atom and outer C atom. There are another 81
point charges each with a valence of 2/9, these point charges
are bond to the outer O atoms. In our model scheme, the
point charges are fixed at different distances, and the full-
cluster is optimized accordingly to locate the most stable
configuration. The calcite cluster has two kinds of point
charges, so the searching procedure is conducted twice to
find the optimal distance for each. The point charges are
adjusted in increments of 0.01 Å. As a result of this, we pro-
vide that the optimal point charge distance may differ from
the chosen value by this degree. An analysis of the uncer-
tainty associated with this variation on the calculated values
is provided in of the supplemental information.
Once optimal point charge distances are found, the clus-
ters are optimized, the outer atoms are fixed to avoid con-
tamination by rotational and translational degrees of
freedom and the harmonic frequencies are calculated using
GAUSSIAN09 (Frisch et al., 2016) to the B3LYP/6-311g
(d) level of theory for all minerals including the larger
quartz cluster. As a test of the sensitivity to the basis set,
the smaller quartz cluster model is also calculated to the
B3LYP/6-311 g+ (2df, p) level of theory. bh values are cal-
culated from the resulting harmonic frequencies through
application of the B-GM-U model (Bigeleisen and
Goeppert-Mayer, 1947; Urey, 1947):

b�
h ¼

Y3n�6 5ð Þ

i

u�i
ui

� �
TRPR

e�u�i =2

e�ui=2

� �
ZPE

1� e�ui

1� e�u�i

� �
EXC

ð7Þ

u� ¼ ht�

kBT
ð8Þ

where t is the vibrational frequency of an individual degree
of freedom and ‘‘*” indicates parameters relating to the
heavy isotope (i.e. 17O or 18O). Eq. (7) is equivalent to a
ratio of the quantum contributions to the vibrational parti-
tion functions for the heavy substituted and non-
substituted isotopologues. Other contributions effectively
cancel when the ratio of partition functions are taken for
different isotopologues for the same molecule. The excep-
tions to this can be found at particularly low temperatures
where rotation may deviate from classical behavior and for
molecules which contain hydrogen where anharmonic
effects become significant. All calculations of bh from fre-
quencies are conducted in R (R Core Team, 2012).

2.2. Calculation of bh for liquid water

The primary difficulty in modeling liquid water for the
purposes of isotope fractionation calculations is the need
to incorporate anharmonic correction terms to achieve
accurate bh values. Currently there is not a good solution
for liquid water to be accurate enough for our purposes.
Fortunately, isotope fractionation between water vapor
and liquid water has been well studied experimentally to
good precision and sufficiently accurate anharmonic correc-
tions are possible for water vapor. Anharmonically cor-
rected 18b values for liquid water are calculated using
18aH2O(l)-H2O(v) values from a best fit curve given by
Horita et al. (2008). The empirical best fit 18aH2O(l)-H2O(v)

values are multiplied by calculated 18b values for a lone
water molecule which accurately represents water vapor
under most conditions. The 18b values for water vapor
include the anharmonic correction to zero point energy
and are calculated at the B3LYP/6-311g (d) and
B3LYP/6-311g+ (2df, p) levels of theory corresponding to
the appropriate mineral models. By addressing liquid water
in this way, contributions from the anharmonic correction
as well as configurational disorder of liquid water (e.g.
non tetrahedral coordination of some waters, transient
hydrogen bonds, etc.) are considered for 18O-16O
fractionations.

Experimental work has been done on the equilibrium
triple oxygen isotope relationship between liquid water
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and water vapor (Barkan and Luz, 2005), but data are

sparse. For this reason, j (¼ ln 17b=ln 18b) values for liquid
water must be theoretically calculated. This is addressed by
generating a theoretical model for H2O(l)-H2O(v) triple oxy-
gen isotope equilibrium which does not include the anhar-
monic correction. Based on the assumption that the
anharmonic corrections to liquid water and water vapor
follow a similar mass dependency, this method will more
accurately reflect real H2O(l)-H2O(v) equilibrium values
due to partial cancelation. For j, the anharmonic correc-
tion is small because any anharmonic contribution to j fol-
lows a similar mass dependency to harmonic contributions
with the effect scaling with correction’s fractional contribu-
tion to ln(b) which is typically on the order of a few percent
for hydrogen bearing molecules (Cao and Liu, 2011; Hayles
et al., 2017). Because of this and owing to the previously
identified cancelation of errors in calculations of isotope
fractionation using the harmonic model, a slight inaccuracy
in this assumption is expected to have a minimal impact on
the calculated value of j (Webb and Miller, 2014). This pro-
cedure, however, does not consider the configurational dis-
order of liquid water.

The theoretical liquid water model for j consists of ele-
ven cluster models with different initial geometries. Each
water cluster consists of twenty two water molecules
arranged and optimized to the B3LYP/6-311g (d) and
B3LYP/6-311+g*(2df,p) levels of theory. Individual 17bh
and 18bh values from substitutions of each water molecule
in the cluster are calculated using the B-GM-U model and
the results are averaged to give b values for that cluster.
The results of these models are combined with the results
from a non-anharmonically corrected water vapor model
calculated at the same level of theory to determine theoret-
ical values for 18aH2O(l)-H2O(v) and h to the harmonic
approximation. The resulting ln(18aH2O(l)-H2O(v)) are
increasingly higher than the experimental results with
increasing temperature but stay within 1‰ of the experi-
mental results up to about 200 �C. This is likely due to
the increasing importance of dimers and trimers in the
structure of water vapor at higher temperatures, but
may also relate to differences in the structure of liquid
water (Driesner and Seward, 2000). The resulting theoret-
ical hH2O(l)-H2O(v) values agree with the values given by
Barkan and Luz (2005) of 0.529 ± 0.001 for 11.4 �C to
41.5 �C. The theoretical hH2O(l)-H2O(v) values are paired
with the experimental vapor-liquid equilibrium results to
calculate semi-empirical 17aH2O(l)-H2O(v) values which are
in turn used to calculate 17bH2O(l) values the same manner
as was done for 18bH2O(l) and j values using the equation:

j ¼ ln 17b
ln 18b

ð9Þ
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3. RESULTS

Rather than reporting functions for ln(18a) and h values
as is typical, here high order polynomial fits to functions of
1/T are reported for ln(18b) and j (Tables 1 and 2). These
can be converted to 18a and h values using the equations:
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aA�B ¼ bA

bB
ð10Þ

and,

h ¼ jA þ ðjA � jBÞ lnb�
B

lna�A�B

ð11Þ

Fits to these parameters are used in order to avoid com-
plications with crossover scenarios which are exhibited for
all mineral-water exchange models given here at some tem-
perature. The fits presented here are accurate to the models
for temperatures ranging from �100 �C to 1400 �C except
for the water models which are constrained by experimental
results from Horita et al. (2008). The standard deviation of
the residuals for all seventh-order polynomial fits to ln(18b)
is 5 � 10�6 or smaller which amounts to a precision of the
fits to 0.005 or better for 1000ln(18a). The standard devia-
tion of the residuals for the fifth-order polynomial fits for
j of liquid water is the largest at 4.5 � 10�6 with other fits
having standard deviations one to two magnitudes smaller.
Precision of the fits to the models was the only factor in
choosing polynomial order.

4. DISCUSSION

4.1. Mineral pairs with H2O(L)

By far, the most common application of oxygen isotope
geothermometers relates to equilibrium between minerals
and liquid water. The most common mineral-H2O(L) ther-
mometers utilize carbonate minerals, but geothermometers
have been proposed using silicate and phosphate minerals
as well (Longinel and Nuti, 1973; Lecuyer et al., 2013;
Pack and Herwartz, 2014; Sharp et al., 2016). Fig. 1 illus-
trates the theoretical relationship between Dd018O
(=1000‰ln(18a)) and temperature (Fig. 1a) as well as
DD017O and temperature (Fig. 1b) for mineral-H2O(L) equi-
librium for quartz, fluorapatite, calcite, dolomite, hematite
and magnetite. As expected, based on previous literature,
the predicted difference between the d018O values of quartz
and liquid water is the greatest, followed by dolomite, cal-
cite, fluorapatite hematite and magnetite. A previous exper-
imental study has found only small fractionations for
oxygen isotopes between hematite and water at surface tem-
peratures (Bao and Koch, 1999) which is in rough agree-
ment with the new theoretical results presented here.
Comparisons of the Dd018O values with previous literature
are provided in the supplemental information. Similar to
the Dd018O trends between minerals, DD017O values are
greatest for quartz and liquid water, followed by dolomite,
calcite, fluorapatite hematite and magnetite.

Analytical precisions for D017O have recently been signif-
icantly improved due to newly adopted methods of sample
processing and purification. For silicates and most simple
oxides, laser fluorination using BrF5 vapor or F2 gas is
the preferred technique as it can generate 100% yield of
O2 from the sample. Purification of this O2 to remove
NF3 and other contaminants coupled with analysis on
modern mass spectrometers has allowed workers to achieve
precisions of 0.005‰ for D017O. Phosphate minerals can be



Fig. 1. Theoretical results for (a) D0d18O and (b) DD017O temper-
ature dependence for Mineral-H2O(L) equilibrium. In both figures
three lines, with the larger basis set and larger cluster model lines
overlapping, are plotted for quartz-water fractionation.
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analyzed in the same manner as simple oxides, but give
incomplete oxygen yields for fluorination. As a result,
uncertainties in D017O from phosphate minerals are larger
than for simple oxides but have been reported as low as
0.010‰ (Pack et al., 2013). For carbonates, the most accu-
rate method to date is to convert to CO2 using phosphoric
acid digestion, the CO2 is then reacted with hydrogen gas to
generate methane and water vapor, and resulting water
vapor is then reacted with CoF3 to yield O2 which is then
purified and analyzed with a precision within ±0.01‰
(Passey et al., 2014). Because the DD017O-Temperature
curve is approximately linear on the scale of these analytical
uncertainties, the uncertainty of temperature determined
using the D017O alone can be estimated by simply multiply-
ing the analytical uncertainty by the derivative of DD017O
with respect to temperature assuming that the D017O of
water can be constrained with a greater accuracy than ana-
lytical uncertainty. For this idealized scenario, the pure
D017O carbonate and phosphate mineral thermometers yield
an uncertainty of about ±8 �C for minerals precipitated at
equilibrium near 25 �C and larger uncertainties of about
±20 �C for minerals precipitated at equilibrium near 100 �C.
For quartz-H2O(L), the higher precision for analysis com-
bined with the greater temperature dependence of the triple
isotope effect allows for precisions of ±3 �C for minerals
precipitated at equilibrium near 25 �C and ±7 �C for miner-
als precipitated at equilibrium near 100 �C. This result
makes the quartz-H2O(L) pair the most promising of the tri-
ple isotope geothermometers. For marine environments,
this would most likely find an appropriate usage with opals
and cherts.

4.2. Comparison of Quartz- H2O(L) model to previous

literature

Fractionation curves for triple isotope relationships are
rare in the literature at this time. The most robust work
to date on the triple isotope fractionation relationship for
a mineral-water system is the work of Sharp et al. (2016)
which provided a calibration for the triple isotope silica-
water thermometer based on measurements of natural sam-
ples of quartz, amorphous silica sinter and diatoms (opaline
silica). Using results from previous work as well as new
samples with temperature constraint, Sharp et al. (2016)
calculated a curve for silica-water 18O/16O fractionation
as a function of temperature. There is an agreement to bet-
ter than 1‰ between all of our theoretical predictions for
quartz-H2O(L) equilibrium here and the results of Sharp
et al. (2016) for 18O/16O. Fig. 2 shows a comparison our
new theoretical results for quartz-water equilibrium with
the results of Sharp et al. (2016) as well as curves from
Zheng (1993), Sharp and Kirschner (1994), and Meheut
et al. (2007). Additional plots of the comparisons of the
18O/16O fractionation results of this study to literature for
fluorapatite, calcite, magnetite and hematite can be found
in the Supplementary Information.

The DD0 17OSiO2�H2Oðliq:Þ values from the work of Sharp

et al. (2016) are close to but more negative than the theoret-
ical calibration presented here by <0.03‰ with better agree-
ment at higher temperatures (See Fig. 3). The reason for
this discrepancy could be related to kinetic isotope fraction-
ations or, in part, vital effects and slight differences between
the SiO2-H2O(L) fractionation for opaline silica and quartz.

4.3. The triple oxygen isotope thermometer

If a mineral is in equilibrium with water with respect to
d18O then it must also be in equilibrium with respect to
D’17O. In one view, the triple oxygen isotope composition
gives two ‘‘pure” geothermometers based on different
parameters, d18O and D017O. Similarly to the d18O based
mineral-water geothermometer, a pure thermometer based



Fig. 2. Theoretical results for 1000ln(18a)-temperature dependence
for Quartz-H2O(L) equilibrium (black solid lines) with the mostly
experimental curves (red dotted lines) from Sharp et al. (2016) and
Sharp and Kirschner (1994) as well as a theoretical curve (purple
dashed lines) from Meheut et al. (2007) and a theoretical curve
assembled from previous literature by Zheng (1993). The new
theoretical results are a near exact fit to the results given by Sharp
et al. (2016) and Zheng (1993). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Theoretical results for DD017O-temperature dependence for
the three new Quartz-H2O(L) equilibrium models (Black solid lines)
with the empirical curve from Sharp et al. (2016) (red dotted line).
(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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on D017O requires knowledge or assumptions on the D017O
of the water that the mineral precipitates from. However,
because these two pure geothermometers are linked
through equilibrium by a common parameter of tempera-
ture, when d18O and D017O compositions are used together
it is possible that the system of equations can be solved by
the assumption or knowledge of the relationship between
d18O and D017O rather than the absolute values themselves
with the degree of constraint being limited by the precisions
described above for the pure D017O geothermometer. In
cases where the assumption of equilibrium holds true, there
is a solution to the system of equations allowing for the cal-
culation of both the d18O and temperature of the water the
mineral was in equilibrium with. This relationship between
the parameters is in many cases, easier to know a priori,
(e.g. modern meteoric water), or may be calculated in the
future (e.g. ancient seawater). This makes an understanding
of the relationship between d18O and D017O critical for the
future utility of the triple oxygen isotope thermometer.

As the most geologically significant water reservoir, the
potential for variability of the d18O of seawater has been an
important topic of study but little has been determined
about the variability of the D017O of seawater. Pack and
Herwartz (2014) argued that the triple isotope composition
of seawater should not be constant through geologic time
since it is controlled by two dominant processes (1) low
temperature mineral interaction during chemical weather-
ing, which should in concept include terrestrial weathering
and (2) high temperature hydrothermal exchanges. In both
cases, seawater is assumed to be interacting with minerals
with a composition similar to MORB glass (d18O =
5.60‰; D017O = �0.05‰) (Pack and Herwartz, 2014; Pack
et al., 2016). It is argued that high temperature exchanges
would have a higher value of h (assumed 0.527) and will
lead to higher seawater d18O values and that the low tem-
perature exchanges would have a lower value of h (assumed
0.523) and will lead to lower seawater d18O (Pack and
Herwartz, 2014). The expectation of high h values for high
temperature processes and low h can be justified theoreti-
cally in a general, but not absolute, way (Cao and Liu,
2011; Hayles et al., 2017). As a result of these two general
processes, the triple oxygen isotope composition of seawa-
ter at any given time exists in a steady state dictated by
the relative contributions of high and low temperature
mineral-water interactions. Although this is a simple model
representing a truly complex system, it is a first step toward
determining the history of seawater D’17O.

For meteoric waters, D’17O is determined by equilibrium
between liquid water and vapor, the kinetic isotope effect
contribution to evaporation which is a function of relative
humidity, the effects of Rayleigh distillation and the isotope
composition of seawater (Bao et al., 2016). Generally this
leads to the relationship Dd017O = 0.528 Dd018O for the
average comparison of any two meteoric waters with mete-
oric waters having a higher D017O value than seawater rela-
tive to VSMOW. This relationship is valid for the modern
Earth system but is expected to be a function of global cli-
mate conditions. A dominant factor controlling the D017O
of meteoric waters is the D017O of seawater for that time.
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The history of the triple isotope composition of seawater is
therefore a critical unknown needed for the future applica-
tion of the triple oxygen isotope geothermometer.

5. CONCLUSION

Theoretical calibrations for several geologically impor-
tant mineral-water triple isotope equilibrium thermometers
can be done by utilizing well developed quantum chemical
methods combined with a semi-empirical approach to
model liquid water. The results presented here compare well
with previous for 18O/16O fractionation where data is avail-
able. Of the models given here, pairs of quartz, calcite,
dolomite and fluorapatite with water show promise as triple
isotope thermometers with acceptable uncertainties for
Earth surface and low-T hydrothermal environments.

There is a critical need to determine the history of sea-
water D017O on geological timescales. The calibrations pro-
vided here with appropriate marine samples, make this
possible. The process of determining the history of seawater
D017O using the presented calibrations will result in a his-
tory of seawater d018O that is better constrained and more
reliable than when using two isotope techniques alone.
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