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The Effect of Pressure on Deuterium-Hydrogen
Fractionation in High-Temperature Water

T. Driesner*

The pressure dependence of deuterium-hydrogen (D-H) fractionation in water to 500°C
and 200 megapascals has been calculated from high-temperature, high-pressure spec-
troscopic data. Pressure effects have 2 maximum at the critical temperature of water (20
per mil between 22 and 200 megapascals). Even larger effects are predicted for vaporlike
densities from molecular dynamics simulations and molecular orbital calculations. Pres-
sure effects explain many of the large discrepancies in published mineral-water D-H
fractionation curves. Possible applications to natural examples include mineral-water

isotope geobarometry.

The stable isotopes of oxygen and hydro-
gen have been the most commonly used
geochemical tracers in the study of both
fossil and modern fluid-rock interaction
processes for more than 30 years (1). The
most fundamental prerequisite for a suc-
cessful application of D/H and '#0Q/'%0
ratios to the reconstruction of fluid sourc-
es, fluid quantities, flow directions, or sta-
ble-isotope geothermometry is the experi-
mental or theoretical determination of ac-
curate mineral-fluid isotope fractionation
factors (2).

From statistical mechanical expressions
that were derived in the 1940s to calculate
equilibrium constants for isotope-ex-
change reactions between molecular spe-
cies (3), it appeared that the equilibrium
constants (and hence, fractionation fac-
tors) are a function of temperature only,
because for free molecules and solid phases
(that is, the favorite objects of theoretical
studies and isotope geothermometry, re-
spectively), the vibrational frequencies do
not change significantly with pressure.
Only for large pressure differences of sev-
eral gigapascals, shifts of the vibrational
frequencies of solids may lead to measur-
able effects on isotope fractionation (4).

However, unlike the case of solids, the
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vibrational frequencies of water undergo
significant changes even at low to moder-
ate pressures at temperatures of interest to
many fields of stable-isotope geochemistry
(5-9). Hence, at any given temperature,
the fractionation of hydrogen (and oxy-
gen) stable isotopes in systems involving
water must be pressure dependent. Here, |
quantify the pressure dependence and
demonstrate its geochemical importance.

Inspection of the characteristics of
the water spectra reveals that the effect
of pressure on the D-H isotope fraction-
ation in water may be quantified in a
good approximation, even though only
parts of the spectrum have been studied
at elevated temperatures and pressures.
This is possible because only the changes
in the reduced partition function ratio
of water with increasing pressure at a giv-
en temperature need to be calculated,
rather than the complete reduced parti-
tion function.

The reduced partition function ratio of
water can be split into the various contri-
butions by

(Qp/ Q) ol =
(Qp/Q1) streeen (QD/Qi) bend(Qo/Qui)iy. - (1)

with subscripts denoting stretching, bend-
ing, and librational mcdes. Each of the
terms is in turn a product of the reduced
partition function ratios of several individ-
ual bands, for example, for n O-H stretching
modes v:
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Qs = 11(QuQ, ()

v=1
A convenient definition of the pressure

effect L, is (10)
[y = (Qu/Qi) e ptren! (Qu/Qi) vt

with subscript P(ref) denoting a reference
pressure and P the pressure of interest. Then,
substitution of Egs. 1 and 2 into Eq. 3 shows
that the contributions of all frequency bands
that do not shift with pressure will cancel
out in the calculation of I',. Hence, only a
simple spectral model rather than a full
model of the vibrational density of states is
required to calculate the pressure effect (11).

Using Eq. 3, I calculated the pressure
effect to 500°C and 200 MPa. The results
indicate a significant pressure effect at all
temperatures. The curves in Fig. 1A are
smoothed to remove undulations on the
order of 1 unit in 1000 In I';, (that is, 1 per
mil in 8D) resulting from the limited pre-
cision of the spectroscopic data. The
strongest effects are observed at near-crit-
ical temperatures and pressures below
about 100 MPa (12). This becomes more
obvious when the results are plotted as
contour lines of equal pressure effect in a
P-T diagram (Fig. 1B). Whereas the vari-
ations are rather small below 350°C, steep
gradients can be seen between 350° and
450°C. This result is not surprising, be-
cause most physical properties of water
show small gradients in the low-tempera-
ture region and steep gradients near the
critical point that are reduced at higher
temperatures (13).

The practical usage of Fig. 1B is that to
determine the effect of pressure on a min-
eral-water equilibrium fractionation factor
at a given temperature, the difference be-
tween the contour lines at any two pressures
has to be added to the fractionation factor
when going up in pressure, or subtracted
when going down.

To estimate the effect of pressure on the
fractionation of the other important pair of
stable isotopes in fluid-rock interaction
studies ('80/1°0), 1 carried out similar cal-
culations using the data of Frantz et al. (5),
and assuming that the O-H stretching fre-
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Fig. 1. Pressure effect on D-H fractionation in high-temperature water. (A) Pressure effect as defined in
Eq. 3 for various temperatures [calculated from Raman data of Frantz et al. (5) and Kohl (6)). (B) Contour
lines of the pressure effect in a P-T diagram. Values are relative to saturated vapor pressure (s.v.p) below
the critical point (c.p.) and relative to the critical pressure (22.1 MPa) above.
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Fig. 2. Epidote-water D-H fractionation. (A) Comparison between Vennemann and O’Neil (V and O)
data (76) and Graham et al. (15). Solid line with open circles: V and O epidote-vapor; data “points” at
200° and 350°C are interpolations. Dotted, dash-dotted line, and thick gray dashed line show stepwise
correction procedure to V and O epidote-vapor curve. Dotted line: Vand O + ideal-real vapor correction;
dash-dotted line: V and O + ideal-real vapor + liquid-vapor corrections; thick gray dashed line: V and
O after complete correction (ideal-real + liquid-vapor + pressure effect from Fig. 1). Agreement with the
200 MPa curve of Graham et al. (solid line, black triangles) is excellent. The 400 MPa curve of Graham
et al. (dashed line, open triangles) is shown for comparison. Symbol size and thickness of gray dashed
line refer to uncertainties in 1000 IN otgpote-water- (B) Epidote-water D-H fractionation as a function of
pressure and temperature with the experimental results of Graham et al. (15), Vennemann and O’Neil
(76), and the results of the present study. Minor uncertainties have been smoothed. Curve labels denote
pressure in MPa (s.v.p., saturated vapor pressure).

Table 1. Theoretical D-H fractionation in high-temperature water vapor. Values are the fraction (in
percent) of the denoted species in the vapor phase as derived from molecular dynamics simulations (27).
Numbers in parentheses are D-H fractionations 1000 IN &, qer-monomer 85 Obtained from density
functional calculations of the vibrational spectra of the clusters (27). The factor 1000 In _monomer IS
directly calculated from these data (assuming that the D-H fractionation of higher clusters can be taken
as similar to that of the hexamer). Uncertainties in 1000 IN e ,50,-monomer fE€SUIt mainly from uncertainties
in the fractions of the clusters (27).

Temperature (°C) 200 250 300 350 400

Density (g cm™9) 0.005 0.02 0.06 0.1 0.13
Monomer 86 (0) 66 (0) 40 (0) 27 (0) 22 (0)
Dimer 9 (+16) 16 (+11) 18 (+8) 18 (+6) 15 (+2)
Trimer 2(+19) 6 (+10) 9(+3) 12(-2) 10 (—4)
Tetramer 0.7 (0) 3(-9) 5(—15) 9(—18) © 8(—20)
Pentamer 0.3(-11) 2(-18) 3(—23) 7 (—26) 7 (—29)
Hexamer 1.5(—115) 7(=111) 15 (—106) 27 (—101) 38 (—94)

and higher
1000 Ina +2+1 -6*1 -17 £ 2 -30+3 -39+5

(vapor-monomer)
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quencies shifted by a factor of 0.996 on
substitution of 180 for 0. The maximum
effects are on the order of 0.4 per mil, and
the contour lines closely follow the topolo-
gy obtained for D-H fractionation. These
low values explain why the only experimen-
tal study about pressure effects on 80-160
fractionation did not find any measurable
effects: Clayton et al. (14) carried out their
studies at 500°C above 0.1 GPa where pres-
sure effects can be expected to be small (less
than about 0.2 per mil over the range of
pressures of their study). In general, the
pressure effect on 80-10 fractionation in
pure water is small and will hardly be de-
tectable in natural samples.

I reviewed the available experimental
mineral-water D-H fractionation curves to
find experimental evidence for pressure ef-
fects, to check the accuracy of the present
results, and to possibly resolve the huge
discrepancies between the individual cali-
brations, as well as to understand the un-
usual shape of many of the calibration
curves. Evidence for pressure effects of the
same magnitude as calculated was found for
most experimentally studied mineral-water
fractionations. The epidote-water calibra-
tions will be discussed as an example. Two
data sets are available: Graham et al. (15)
did their experiments at 200 MPa and 150°
to 400°C, and at 400 MPa and 250 to
650°C, by direct epidote-water exchange.
Vennemann and O’Neil (16) used an indi-
rect determination by H,-epidote equilibra-
tion at 0.3 to 2 bars.

The two calibrations differ from about
15 per mil at 200°C to almost 70 per mil at
400°C. Vennemann and O'Neil (16) com-
bined their low-pressure epidote-H, frac-
tionation factors with low-pressure experi-
mental (17) or theoretical H,-H,O fraction-
ation factors (18), respectively. They as-
sumed that this gives an epidote-water
vapor fractionation that can be combined
with experimental water liquid-vapor frac-
tionation factors (19) to calculate the epi-
dote-liquid water fractionation. However,
there are two steps missing in this approach
to compare their results with Graham et al.
(15). First, the theoretical H,-H,O fraction-
ation of Richet et al. (18) that they used
applies to an ideal water vapor consisting of
water monomers only. The real water vapor
at the liquid-vapor curve above about
200°C, however, is quite dense and consists
of water clusters (dimer, trimer, ...) (20)
that fractionate D-H differently. This is
equivalent to a density (and hence pressure)
effect on isotope fractionation in the vapor
phase. Because no experimental data are
available, molecular dynamics simulations
were used to determine the abundance of
clusters in the vapor phase, and ab initio
methods were used to calculate the vibra-
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tional frequencies and hence the isotope
fractionation of the various clusters (21).
The results are summarized in Table 1. Sec-
ond, pressure effects in the liquid as derived
‘above have to be taken into account. As
shown in Fig. 2A, the agreement of the two
data sets after the correction steps is excel-
lent (22). Figure 2B shows the position of
the fractionation curve for various pressures.
The subhorizontal section above about
300°C points to a possible geobarometer.

The calculated pressure effects have also
been applied to other published mineral-
water fractionations and appear to quanti-
tatively explain the apparent discrepancies
in the fractiomation curves for muscovite
(16, 23), hornblende (16, 23, 24), boehmite
(15, 23), kaolinite above 200°C (16, 25),
and possibly also biotite (16, 23). Further-
more, they also explain why most experi-
mental D-H fractionation curves do not
follow the simple 1/T? temperature depen-
dence. This dependence was predicted for
phases and species with a fixed set of fre-
quencies (3), which is not true for most of
the experiments because the water frequen-
cies change with temperature and pressure.
Most “unusual” mineral-water fractionation
curves (15, 16, 23-26) show a normal be-
havior when they are corrected to a pressure
of 1 bar with the present results.

The impact of these results pertains to
many applications of stable-isotope geo-
chemistry. Until now, the choice of an
appropriate fractionation curve was subject
to the researcher’s preferences, and hence
the interpretation of field data was unavoid-
ably biased (if a choice between different
curves had to be done) or quantitatively in
errot (depending on the pressure difference
between the actual field example and the
laboratory calibration). This is of particular
importance for the application to the re-
construction of fluid sources. The pressure
effects (up to 20 per mil) and the effects of
dissolved salts on hydrogen stable-isotope
fractionation in aqueous solutions [up to 30
per mil at salt saturation (10, 27)] are ad-
ditive. Thus, the present models derived for
the origin of highly saline fluids at low to
moderate pressures should be reconsidered.
The effects could be particularly important
in interpreting the early stages of develop-
ment of porphyry copper deposits, which
have highly saline fluids in the temperature
range between 350° and 450°C and possible
large pressure fluctuations, for example,
during boiling.

The definitions of magmatic water types
and genetic interpretations may also be af-
fected, because some of these are based on
application of mineral-water fractionation
factors. Pressure effects'may become signif-
icant during the release of fluids in subduc-
tion zones and the subsequent formation of
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arc magmas. Also, many geothermal sys-
tems are operating at temperature-pressure
conditions where the largest pressure effects
are to be expected. Particularly large errors
when applying high-pressure mineral-water
calibrations are to be expected in vapor-
dominated (or even undersaturated) zones
where strong variations in 8D at near con-
stant 8'%0 may occur.

The results also imply that the isotope
fractionation curves (commonly taken as
“pressure independent”) have the potential
to be a sensitive geobarometer in the low-
to medium-pressure region above about
300°C. However, difficulties with natural
samples (for example, retrograde exchange,
inhomogeneities, and knowledge of the flu-
id’s isotopic composition) may exclude this
from becoming a routine tool. If pressure
effects in the liquid and vapor phases are
carefully calibrated by conventional hydro-
thermal techniques for one mineral (for
example, epidote), the resulting data can be
used directly in combination with the in-
novative H, equilibration technique of
Vennemann and O’Neil (16) to derive the
complete pressure-temperature systematics
of D-H fractionation of other minerals.

Hence, we may be optimistic that the
whole of mineral-water isotope fraction-
ation systematics can successfully be studied
experimentally within a relatively short
time in the near future. Although the dis-
covery of large pressure effects complicates
the interpretation of hydrogen isotope data,
it also shows that stable-isotope signals in
natural rock and mineral samples carry even
more information than previously thought.
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Paleostress in Cratonic North America:
Implications for Deformation of Continental
Interiors

Ben A. van der Pluijm, John P. Craddock, Brita R. Graham,
John H. Harris

Compressive paleostresses, as recorded by twinned calcite in carbonate rocks that
cover cratonic northwestern North America, are perpendicular to the orogenic front of
the Late Cretaceous to Early Cenozoic Sevier fold-thrust belt. Inferred differential stress-
es decrease from ~100 megapascals (MPa) at the orogenic front to ~20 MPa up to 2000
kilometers inland. New analyses near the Late Paleozoic Appalachian front refine earlier
results from the eastern Midcontinent. The Appalachian and Sevier stress data in North
America’s continental interior are remarkably similar in spite of distinctly different tectonic
propertiés. This suggests that continental interior stresses are largely insensitive to
tectonic characteristics of compressive plate margins and that far-field stress trans-
mission is filtered by deformation styles in mountain belts.

A basic tenet of plate tectonics is that
deformation is concentrated at plate mar-
gins, whereas plate interiors are rigid and
undeformable (1). This basic assumption is
supported by many geologic observations,
such as the location of major earthquake
activity, certain types of volcanism, and
present-day mountain-building processes.
However, continental interiors are increas-
ingly recognized as sensitive recorders of
plate tectonic activity (2, 3). For example,
Late Paleozoic plate interactions at the Ap-
palachian margin of North America pro-
duced fault reactivation, folds and detach-
ments, and joint and cleavage fabrics in the
eastern Midcontinent region of the United
States (4, 5). We present data from the
western part of the continent, which is
characterized by Mesozoic-Cenozoic con-
vergence between the Farallon and North
American plates that resulted in the forma-
tion of the Sevier fold-thrust belt (Sevier f.,
Fig. 1). In addition, we obtained results
from a 300-km section in the eastern Mid-
continent to better constrain the nature of
paleostress decrease near orogenic fronts
(Appalachian f., Fig. 1).

Our regional strain and paleostress his-
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tory uses the twinning of calcite in lime-
stone, cement, and veins of the Sevier fold-
thrust belt and its foreland, younger base-
ment-cored (Laramide) structures and old
adjacent tectonic provinces. Calcite grains
can twin mechanically at low differential
stress (<20 MPa) in a crystal-plastic process
that is largely independent of temperature
and normal stress magnitude at shallow
crustal conditions. Twinning occurs along
one of three glide planes, and calcite strain-
hardens once twins have formed; further
twinning is possible along either of the
remaining two planes at higher stresses, pro-
vided that stress is oriented >45° from the
initial stress orientation (6).

The orientation (7) and magnitude of
paleostresses responsible for twinning can
be calculated (8); magnitude errors are
within 20%. Strain determinations using
the Groshong method (9) are quite accu-
rate for finite strains less than ~15%. This
method also computes negative and posi-
tive expected values (NEVs and PEVs, re-
spectively) for all the twinned grains in a
sample. A NEV indicates that a grain was
unfavorably oriented relative to the stress
that caused most of the other grains in a
sample to twin. High NEV percentages
(>35%) may indicate that a second, non-
coaxial strain event occurred, and these two
events can be analyzed separately. We only
used samples that are characterized by low
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