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Abstract
While a great deal is known about the interaction between water and rhyolitic glasses and melts at temperatures above the
glass transition, the nature of this interaction at lower temperatures is much more poorly understood. This paper presents the
results of a series of isotopic exchange experiments aimed at further elucidating this process and determining the extent to
which a point-by-point analysis of the D/H or 18O/18O isotopic composition across the hydrated rim on a geological or
archaeological obsidian sample can be used as a paleoclimatic monitor. Experiments were performed by ﬁrst hydrating the
glass for 5 days in water of one isotopic composition, followed by 5 days in water of a second composition. Because waters
of near end-member compositions were used (nearly pure 1H216O, 1H218O, and D216O), the relative migration of each species
could be ascertained easily by depth-proﬁling using secondary ion mass spectrometry (SIMS). Results suggest that, during
hydration, both the isotopic composition of the waters of hydration, as well as that of intrinsic water remaining from the initial formation of the glass vary dramatically, and a point-by-point analysis leading to paleoclimatic reconstruction is not
feasible.
Ó 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
The interaction of water with rhyolitic glasses and melts
has long been of geologic interest, both in terms of how
water eﬀects the properties of magmas (Goranson, 1931;
Tuttle and Bowen, 1958; Stolper, 1982a,b, 1989; Zhang
et al., 1991, 1997a,b, 2003; Dingwell et al., 1996), and
how obsidians weather (Anovitz et al., 1999, 2004,
2006a,b, 2008; Friedman and Smith, 1959, 1960; Riciputi
et al., 2002). Obsidian hydration rates have been used as
a chronometer (Friedman and Smith, 1959, 1960; Friedman
et al., 1966, 1968; Friedman and Trembour, 1980, 1983;
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Ridings, 1996; Anovitz et al., 1999; Riciputi et al., 2002)
and for analysis of paleoclimates (Anovitz et al., 2006b).
It has also been suggested (Friedman et al., 1993a,b) that
the isotopic compositions of hydrated volcanic glasses can
be used to constrain ancient climatic conditions.
The use of obsidian hydration rates for archaeochronometry received a major new direction when Anovitz
et al. (1999) suggested that the hydration proﬁles be measured using secondary ion mass spectrometry (SIMS) rather
than the optical techniques traditionally used at that time.
The success of the SIMS approach also suggested, however,
that the isotopic approach to obsidian paleoclimatology
(Friedman et al., 1993a,b) might be enhanced by analyzing
changes in the stable isotopic composition across the hydration proﬁle, rather than by analysis of the bulk-hydrated
perlite. Friedman’s approach relies on the fact that once
the glass is fully hydrated, there is no driving force for
diﬀusion. Thus, as long as the relative humidity of the
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environment remains high, further isotopic exchange
would, therefore, be stochastic and, likely, slow. If the
water forming the perlite was structurally bound, this
would further slow the process. In order to assess whether
this approach would work at the scale of SIMS analysis,
however, it was ﬁrst necessary to determine whether the
individual hydrogen and oxygen isotopes added to the glass
during hydration remain ﬁxed to a speciﬁc location in the
glass, or whether they continue to move and exchange during further hydration. Such a phenomenon would require
that the water react with the glass in such a way as to bind
it strongly to the structure. This would be consistent, for instance, with the conclusion of Zhang et al. (1991) that hydroxyl groups, once formed, are no longer mobile, as
long as such hydroxyls do not exchange with ‘‘matrix”
water. Answering this question, in turn, requires a fundamental understanding of the nature of the hydration process under low-temperature conditions.
In order to test this question we have performed a series
of two-part obsidian hydration experiments. In each, polished glass samples were ﬁrst hydrated for 5 days in water
of one isotopic composition (pure D2O, for example), then
for ﬁve more days in water of a diﬀerent isotopic composition. In this way it was possible to determine whether the
hydrogen or oxygen atoms that diﬀuse into the glass remained ﬁxed during subsequent hydration, and thus to further elucidate the nature of the low-temperature hydration
process.
The possible (end-member) results of these experiments
are shown schematically in Fig. 1. Fig. 1A shows two proﬁles, the shallower representing the single-isotope proﬁle
after the ﬁrst experiment, and the deeper the summed isotope proﬁle after the second experiment. Fig. 1B shows
the expected isotopic concentrations with depth in a case
where the ﬁrst isotopic species is strongly bound to the glass
structure. In this case, that isotopic species, once locked in
the glass structure, would not move from its initial position,
and the second isotopic species would have to pass through
it, bonding to the glass in the deeper parts of the structure.
In this case the isotopic composition as a function of depth
would reﬂect the temporal evolution of the isotopic composition of the external ﬂuid. The second alternative (Fig. 1C)
is for the case in which the ﬁrst isotopic species is more
weakly bound. In this case the ﬁrst isotopic species can both
exchange out of the glass with the second ﬂuid, and move
into deeper parts of the glass structure, being replaced in
the shallower parts of the proﬁle by the second isotopic species. In this case the isotopic proﬁle does not directly represent changes in the isotopic composition of the external
ﬂuid with time. The purpose of the present experiments
was to assess these alternatives.
2. STARTING MATERIALS
All experiments were performed using obsidian from the
Pachuca source, located in the Sierra Madre Oriental northeast of the Basin of Mexico. The geology and archaeology
of the Pachuca source and the chemistry of the obsidian
have been summarized by several authors (Holmes, 1900;
Garcı́a-Barcena, 1975; Lopez-Agilar et al., 1989; Cobean

A) H+D profiles at two times

B) isotope locations fixed

(1H+2H)/29Si
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C) isotope locations mobile

Depth
Fig. 1. Qualitative picture of possible results. (A) Total hydrogen
plus deuterium proﬁles at two diﬀerent times, representing the
hydration proﬁles after the ﬁrst and second parts of the two-part
experiments reported here. The red indicates the integrated location
of the isotope used for the ﬁrst run after that run. (B) Case one,
where the hydrogen/deuterium is strongly bonded so that the
isotope added in the ﬁrst run (red) remains ﬁxed during the second
run. The second isotope (blue), therefore, would pass through the
ﬁrst, and be concentrated in the deeper parts of the proﬁle. (C)
Case two, where the hydrogen/deuterium is weakly bonded to the
glass structure. In this case, the isotope from the ﬁrst run (red) is
forced deeper into the glass, and some may be lost due to exchange
with water outside the glass structure. The shallower parts of the
proﬁle are then dominated by the second isotope.

et al., 1991; Cruz, 1994; Cruz and Pastrana, 1994; Pastrana,
1996; Tenorio et al., 1998; Lighthart, 2001). The outcrops
cover a large area near the town of Huasca, Hidalgo, and
most of the mining was on the southern slopes of a mountain called Cruz del Milagro. Cobean et al. (1991) note that
the Pachuca source ‘‘was probably the most important
obsidian quarry in northern Mesoamerica during Prehispanic times”. Optically the glass is green, and it shows a
slight schiller in some directions due to microscopic vacuoles. The materials used for our experiments are essentially
free of vacuoles and macroscopic ash inclusions, although a
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few exist that were avoided during sample selection. Trace
element data show that Pachuca obsidian is relatively rich
in Mn, Zr, Hf and Cl, and relatively low in Ba relative to
many other Mesoamerican obsidians.
Our experiments used small blocks of Pachuca obsidian
2–3 mm on a side polished on two parallel faces. The waters
used included a distilled, deionized water obtained from a
Barnstead NANOpure ion exchange ultrapure water system
with a conductivity of approximately 18.3 M ohms prepared initially for isotopic exchange studies (water W1,
dD = 45.036&, d18O = 7.516, Horita et al., 2002), a
sample of nearly pure D2O (99.26% D), and a sample of
95–98% pure H218O obtained from Cambridge Isotopes.
3. EXPERIMENTAL METHODS
The experimental and analytical techniques used in this
study have been described elsewhere (Anovitz et al., 1999;
Riciputi et al., 2002; Anovitz et al., 2004, 2006a,b). Thus,
except for the method used for isotopic exchange, they will
only be described brieﬂy here.
Experiments were conducted in reaction vessels fabricated from VCRÒ-type vacuum ﬁttings. To prepare the
vessels, seals were polished and the vessels subsequently
washed with water, acetone and ethanol, and baked dry
at 150 °C. All experiments described herein were carried
out at 150 °C, and initiated simultaneously. To do so, vessels were placed in a covered aluminum block containing
wells for 10 vessels in a convection oven. Temperatures
were monitored by three resistance temperature detectors
(RTD’s) inserted into tight-ﬁtting wells in this block.
Additional thermal mass for temperature stability was obtained by setting the aluminum block on a 2” thick steel
plate.
Prior to assembly, suﬃcient water was placed in a Teflon cup seated in the vessel bottom to form a saturated
two-phase liquid–vapor system at the temperature of interest. The amount used was small enough, however, that the
samples on the mesh were suspended in the vapor phase,
above the liquid water. This prevented direct contact between the steel and the liquid phase during the experiment
and limited steel corrosion. As has been noted previously
(Stevenson et al., 1989; Mazer et al., 1991), under these
conditions the chemical potential of water at the surface
of the glass remains identical to its value in the liquid,
but the solubility of the glass in the vapor is several orders
of magnitude less than in the liquid (Cohen, 1980; Lindsay,
1989 Fig. 7–30 for a summary). Thus, this experimental
design allows diﬀusion to be studied independently from
dissolution. The samples are then placed on the mesh,
and the vessel sealed.
In our earlier studies it was determined that the initial
heating time was relatively long if all 10 vessels at room
temperature were placed simultaneously into an Al-block
pre-heated to the experimental temperature. In order to increase the rate of heating, the vessels were ﬁrst placed in
boiling water (at t = 0 min) prior to insertion into the furnace, and the Al block was pre-heated to 170 °C. The beginning of each experiment was somewhat arbitrarily deﬁned
as the time at which the block/vessel assembly reached
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148 °C. After the initial heating period temperatures recorded over the lifetime of the experiment varied by less
than 0.5 °C. The experiments were terminated by removing
the vessels from the block and quenching them in cold
water. The total duration of the ﬁrst run was 4 days, 20 h
and 31 min, while the total duration of the second run
was 4 days, 23 h, 53 min. After each vessel was quenched
it was opened and the samples were placed in small plastic
‘‘freezer bottles” sealed with an O-ring and transferred as
quickly as possible to a freezer at approximately 25 °C.
All samples were stored in this freezer from the time of
the experiment until the time of analysis in order to limit
any changes during storage.
As the goal of these experiments was to use isotopic exchange to study the hydration of obsidian, most were performed in two steps. The ﬁrst involved an initial 5-day
hydration using one of the isotopically labeled waters described above. Several glass blocks were used in each experiment, and a period of 5 days was selected because previous
experiments at this temperature had suggested that this
would yield a reasonable hydration depth. After these ﬁrst
experiments were quenched, one block was removed from
each vessel and stored for analysis. The remaining blocks
were then hydrated for an additional 5 days using a second
water whose isotopic composition was usually, but not always, diﬀerent from the ﬁrst. A summary of these runs is
given in Table 1.
4. ANALYTICAL TECHNIQUES
To prepare samples for SIMS analysis, 5 to 6 holes were
drilled in 1 in. diameter, 3/8 inch thick aluminum disks.
Epoxy was used to mount the obsidian samples in these
holes with the hydrated surface exposed. A sample of
freshly polished Pachuca obsidian was also mounted in
each disk to (a) ensure the availability of a ﬂat surface to
aid with calibrating sputter depths (see below) and (b) provide an internal standard. The ﬁnished disks were coated
with a thin layer of gold to provide surface conductivity.
To minimize the presence of adsorbed water, samples were
baked at 45 °C for 12–18 h before introduction into the vacuum system of the ion microprobe, which occurred a minimum of 12 h before analysis. As shown previously
(Riciputi et al., 2002) these steps result in minimization of
adsorbed water prior to analysis without signiﬁcantly eﬀecting the proﬁle.
The distributions of hydrogen (1H), deuterium (2H),
18
O, and 29Si as a function of depth were measured using
a Cameca 4f secondary ion mass spectrometer. The SIMS
technique utilizes a focused, mass-selected beam of primary
ions accelerated to sputter the surface of the obsidian. For
these analyses, negatively-charged, 16O primary ions were
accelerated at 12.5 keV. The primary beam, with a diameter
of 50 lm and a current of 130 nA, was rastered over an area
of 150 lm2. This has been shown (Riciputi et al., 2002) to
produce well-shaped craters with ﬂat bottoms. Positively
charged secondary ions with 80 ± 20 eV of excess kinetic
energy were analyzed. This energy oﬀset permitted analysis
of 18O using an oxygen beam, but not 16O. Use of the
150 lm diameter transfer lens and a 400 lm diameter ﬁeld
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Table 1
Oxygen and hydrogen proﬁle characteristics for each experiment.
Run time
days

10
10
10
10
5
5
5
10

18

O

Water used

H

H+D

H + D half-fall

Run 1

Run 2

Background

Surface

Concentration

Depth
(nm)

Half-fall
concentration

Half-fall depth
(nm)

Integrated

D2O
D2O
D2O
W1
D2O
W1
H218O
W1

H218O
D2O
W1
D2O
–
–
–
H218O

0.0408
0.0432
0.0427
0.0471
0.0274
0.0404
0.0420
0.0422

0.6000
0.5600
0.6100
0.5580
0.5800
0.6020
0.6020
0.5530

0.3204
0.3016
0.3264
0.3025
0.3037
0.3212
0.3220
0.3126

2.5983
2.7914
2.6426
2.7199
2.2001
2.0007
1.9517
2.7999

0.00294

0.465

0.003805

0.00709
0.00609

0.550
0.550

0.009574
0.009114

Depths are in microns, concentrations in (H + D)/29Si.
Half-fall concentrations and depths for 18O are based only on the main part of the ﬁtted proﬁle, not on the two near-surface ﬁts or the proﬁle
as a whole.

5. RESULTS AND DISCUSSION
5.1. Hydrogen-deuterium diﬀusion and exchange
Hydrogen and deuterium depth proﬁles measured in the
experimental products are shown in Figs. 3–5. The data

0.7
0.6
1H/29Si or 2H/29Si

aperture restricts transmission so that only ions from the
central 33 lm of the sputter crater are transmitted through
the secondary mass spectrometer. Selected masses were
analyzed by cycling the secondary ion magnet through the
masses of interest. Secondary ion signals were monitored
using an electron multiplier, with count times of 1–3 s per
cycle per element of interest. The intensity of 29Si was used
as a reference species to correct for variations in secondary
ion intensities due to changes in primary ion beam intensity
between diﬀerent analyses.
Crater depths were measured using a Tencor Alpha-Step
200 proﬁlometer. For most samples, the craters are very
regular in shape with wide, ﬂat, bottoms, indicating that
depth resolution was optimized during the analysis. Repeated depth measurements on craters sputtered on ﬂat
samples indicate that reproducibility of the depth measurement is better than 3%.
Comparison of hydrogen and deuterium ﬂuxes in each
experimental run product is complicated by the fact that
the ionization eﬃciencies of hydrogen and deuterium are
not identical. Thus, equal 1H/29Si and 2H/29Si count ratios
do not necessarily imply equal hydrogen and deuterium
concentrations. To correct for this, and to allow total
1
H + 2H proﬁles to be obtained, a correction factor had
to be determined. This was obtained by assuming that the
maximum concentrations of 1H and 2H will be identical
in two, single-isotope experiments run for equal lengths of
time. That is, the equilibrium saturation concentrations
are not isotope-dependent. The results of this assumption/
correction are shown in Fig. 2, which shows the original
and corrected 5- and 10- day deuterium proﬁles in comparison to hydrogen proﬁles run for identical times. It should
be noted, however, that while the derived correction factor,
2.57, allows direct comparisons to be made between deuterium and hydrogen data, it does not yield an actual concentration for either isotope.

0.5
10 days

0.4
5 days

0.3
0.2

D2O
not normalized

0.1

10 days
5 days

0
0

1

2
3
Depth (microns)

4

5

Fig. 2. Original and corrected 5- and 10-day deuterium proﬁles
compared to hydrogen proﬁles run for identical times, showing the
eﬀect of correction for diﬀerential ionization eﬃciencies. Heavy
lines: normalized D2O values.

making up the proﬁles are provided in the electronic annex.
It is apparent from these ﬁgures that neither the H2O nor
the D2O proﬁles remain constant when the second isotopically labeled ‘‘water” diﬀuses into the glass. Comparison of
results in Figs. 4A and B with Fig. 5C, or Fig. 3B with Figs.
5A and B indicates that, if D2O is diﬀused into the glass for
5 days following an initial 5 days of H2O hydration, or if
H2O is diﬀused into the glass for 5 days following an initial
5 days of D2O hydration, the proﬁles of the material initially diﬀused into the glass no longer match those seen
after the initial 5 days. Rather, they appear to have been
displaced by the addition of the latter species. This is true
not only of the H2O or D2O initially diﬀused in at low temperatures during the ﬁrst part of each experiment, but of the
hydrogen initially in the glass as well. This ‘‘intrinsic water”
was probably locked into the glass during its quench from
the melt. In experiments in which only D2O was added to
the glass (Figs. 4A and 5C), the intrinsic hydrogen content
is lower than its initial value (the value beyond the diﬀusion
proﬁle) over most of the hydrated zone, but tends to ‘‘pileup” and is at larger-than-initial values in the deepest part of
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the hydrated rim. This behavior is also manifested as a
small hump in the hydrogen proﬁles in which H2O was also
added to the glass (Figs. 4B and C). Thus it appears clear
that neither intrinsic nor diﬀusion-derived water remains
ﬁxed in place as additional water is added during diﬀusion
(Case C, Fig. 1).
These results also imply that, as hydration progresses,
the hydrogen isotope ratios at any point in the glass are
constantly changing if the exterior isotopic values change,
and that isotopic proﬁles in the glass do not directly represent changing isotopic ratios in the exterior ﬂuid with time
(although it might be possible to deconvolute such results).
Similarly, even if the diﬀusion-derived water were to be
somehow removed, the isotopic composition of the intrinsic
water no longer represents the initial isotopic concentration
of the high-temperature quenched glass. Therefore, since
high-temperature partitioning studies (Stolper, 1982b) suggest that this intrinsic water is likely present mostly as hydroxyl groups bound to the glass structure, a result
consistent with our own FTIR analyses of these materials
(Anovitz et al., 2008), our experiments show that even relatively tightly-bound hydroxyl groups are not exempt from
isotopic exchange with later hydration waters.
Thus, water that enters the glass remains isotopically mobile, regardless of whether that water is present as molecular
water, the likely species entering at low temperatures (Anovitz et al., 2008), or as hydroxyl groups. This could imply
that, at least in Pachuca obsidian, both molecular water
and hydroxyl groups are mobile, even at relatively low temperatures. It is more likely, however, that the isotopic composition of the intrinsic hydroxyl groups is being modiﬁed
by exchange with the diﬀusion-derived molecular water.
The hydrogen from the intrinsic hydroxyl groups then
moves down the chemical potential gradient into the glass,
causing the apparent ‘‘pile-up” at the diﬀusion front.
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Although we have shown experimentally that the half-fall
depth does not quite follow the simple square-root-of-time
dependence implied by this equation (Anovitz et al., 2006b),
its use is consistent with our previous studies (Anovitz
et al., 1999; Riciputi et al., 2002; Anovitz et al., 2004,
2006a,b; Anovitz et al., 2008) and it provides a convenient
method of characterizing and comparing hydration depths.
The half-fall depth used in these calculations is deﬁned as
the depth at which the concentration is equal to the average
of the background and maximum concentrations. Half-fall
depths for the proﬁles shown in Figs. 3–6 are listed in Table
1. As can be seen, the half-fall depths and concentrations
within both the 5- and 10-day experimental sets are remarkably similar, yielding averaged half-fall depths for the
hydrogen proﬁles of 2.05 ± 0.13 lm at 5 days and
2.71 ± 0.09 lm at 10 days, and essentially identical half-fall
concentrations of (1H + 2H/29Si) of 0.32 ± 0.01 at 5 days
and 0.31 ± 0.01 at 10 days (standard deviations are given
as 1r). By comparison, the half-fall depths predicted by
our previous work on Pachuca obsidian (Anovitz et al.,
2006b) for the 5- and 10-day runs, 2.16 ± 0.03 and
2.91 ± 0.03 lm (1r) are slightly higher, but in reasonable
agreement at the 2r level, especially as the data from the
present paper contain both hydrogen and deuterium data
and those of Anovitz et al. (2006b) do not.
Table 2 shows the integrated water and deuterium concentrations, as appropriate, for both the ﬁrst and second
hydrations, the hydrogen plus deuterium curve and, where
possible, for the intrinsic water (all in units of counts/

A) 5 days W1 + 5 days H218O

0.8
0.7
0.6
0.5

DCH ¼

x2HF
t

ð1Þ

0.4
0.3
0.2
(1H+2H)/29Si

5.1.1. Quantitative evaluations
In addition to the individual hydrogen and deuterium
depth proﬁles, Figs. 3–6 also show the concentration of
hydrogen plus deuterium as a function of depth. In those
experiments in which two isotopes diﬀused into the glass,
the summed proﬁle is nearly identical both in shape and
depth to proﬁles in which only a single isotope was used.
This behavior is consistent with results reported previously
(Anovitz et al., 2008) that, under these conditions, there appears to be little observable diﬀerence between the diﬀusion
rates of H2O and D2O in Pachuca obsidian.
We can quantify these results by characterizing each
proﬁle with a half-fall depth. As we have demonstrated in
our previous work (Riciputi et al., 2002; Anovitz et al.,
2004), the depth of the diﬀusion proﬁle can be conveniently
represented in terms of one of several ‘‘characteristic
depths” that characterize the proﬁle as a single point. This
point can be any value, such as the half-fall distance or the
distance to the inﬂection point, that is consistently identiﬁable for any proﬁle of interest, and can be converted into a
characteristic diﬀusion coeﬃcient as:

0.1
0
0.8

B) 5 days W1 + 5 days D2O

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.01

0.1

1

10

Depth (microns)

Fig. 3. Ten-day isotope exchange experiments in which water W1
was used for the ﬁrst 5 days of the experiment. Squares: uncorrected D/29Si, Triangles: corrected D/29Si, Diamonds H/29Si,
Circles: (H + D)/29Si. (A) Five days in water W1 followed by 5
days in H218O. (B) Five days in water W1 followed by 5 days in
D2O. All experiments were conducted at 150 °C at a pressure on
the liquid–vapor curve.
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0.8

0.8

A) 5 Days D2O + 5 Days D2O

0.7

0.7

0.6

0.6

0.5

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

0
0.8

0
0.8

B) 5 days D2O + 5 Days W1

(1H+2H)/29Si

0.6

(1H+2H)/29Si

B) 5 days H218O

0.7

0.7

0.5
0.4

0.6
0.5
0.4

0.3

0.3

0.2

0.2

0.1

0.1

0
0.8

0
0.8

C) 5 day D2O + 5 Day H218O

0.7

0.7

0.6

0.6

0.5

0.5

C) 5 days D2O

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1
0
0.01

A) 5 days W1

0.1

1

10

Depth (microns)

Fig. 4. Ten-day isotope exchange experiments in which D2O was
used for the ﬁrst 5 days of the experiment. Squares: uncorrected
D/29Si, Triangles: corrected D/29Si, Diamonds H/29Si, Circles:
(H + D)/29Si. (A) Five days in D2O followed by a second 5 days in
D2O. (B) Five days in D2O followed by 5 days in water W1. (C)
Five days in D2O followed by 5 days in H218O. All experiments
were conducted at 150 °C at a pressure on the liquid–vapor curve.

counts 29Si, with 2H values corrected for ionization eﬃciency as described above). Data are given both with and
without corrections for the near-surface features described
below. These corrections were made by projecting the data
linearly from beyond the surface features to zero depth, and
using this curve to integrate the near-surface region of the
proﬁle instead of the measured near-surface values. As
can be seen in Table 2, in many cases this correction was
relatively small.
The ﬁrst feature that is apparent when examining the
integrated concentrations is that not all of the water diffused into the glass in the ﬁrst run is retained in the second.
The average integrated hydrogen isotope contents of the 5
day D2O and W1 runs, with or without a surface correction, is 1.03 ± 0.02. In all cases in which a diﬀerent isotopic
ﬂuid was run in the second 5-day cycle, the integrated content of the ﬁrst isotope after the second experiment was signiﬁcantly reduced. These experiments yield an average
integrated concentration of the ﬁrst isotope of

0
0.01

0.1

1

10

Depth (microns)

Fig. 5. Five-day, single-isotope experiments. Squares: uncorrected
D/29Si, Triangles: corrected D/29Si, Diamonds H/29Si, Circles:
(H+D)/29Si. (A) Five days in water W1. (B) Five days in water
H218O. (C) Five days in D2O. All experiments were conducted at
150 °C at a pressure on the liquid–vapor curve.

0.52 ± 0.02. Thus almost half of the ﬁrst isotope diﬀused
out of the glass during the second part of the hydration
experiment.
As described above, the two experiments in which only
D2O was used allow examination of the behavior of intrinsic water during hydration. This is because intrinsic water
contains the low terrestrial deuterium content common in
natural waters. Unfortunately, because the overall integrated concentrations are relatively low the relative eﬀects
of proﬁle changes in the near-surface are relatively large.
Thus, on a percentage basis, these values are less accurate.
The average intrinsic hydrogen isotope concentrations in
these two proﬁles are 0.04 1H/29Si and 4E-5 2H/29Si. Subtracting this initial value from each point of the surfaceuncorrected proﬁle and integrating yields small positive values, as expected from the obvious water addition in the
near-surface portions of each proﬁle (Table 2). Repeating
this procedure using surface-corrected proﬁles yields a
slight gain at 5 days, and a slight loss after 10 days. This
is well within the expected uncertainty in the surface-correction procedure, and thus it is unclear whether the bulk
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Fig. 6. Summary of H2O/D2O exchange experiments, showing details of variations in near-surface behavior. Group 1 (shallowest surface
proﬁles): solid – 5 day D2O, dashed – 10 day D2O, grey – 5 day W1 followed by 5 day D2O. Group 2 (intermediate depth surface proﬁles):
solid – 5 day W1, dashed – 5 day H218O, grey – 10 day W1. Group 3 (deepest surface proﬁles): solid – 5 day D2O followed by 5 day W1,
dashed – 5 day D2O followed by 5 day H218O.

hydrogen isotopic concentration of intrinsic water in the
glass can be changed during subsequent hydration,
although it clearly changes on a point-by-point basis.
These data have important implications for our understanding of the mobility of waters of hydration in obsidian
under these conditions. As was also implied by the proﬁle
shapes, it is clear that both waters of hydration and intrinsic
waters are very mobile. Not only are the hydrogen or deuterium atoms from water that initially diﬀused into the glass
forced deeper by addition of later water, but earlier-diﬀused
isotopic species also clearly exchange with water outside of
the glass itself. In addition, even intrinsic hydroxyl groups,
those initially in the glass prior to low-temperature hydration, exchange with water added during hydration. If this
sort of exchange occurs in days at 150 °C, it is reasonable
to assume that it occurs more rapidly at higher tempera-

tures and therefore the isotopic compositions of hydroxyl
groups at high temperatures are not ﬁxed, even if the hydroxyl groups themselves do not diﬀuse. In addition, isotopic
exchange between diﬀusing water and intrinsic hydroxyls
may also occur over modest periods of geologic time under
ambient conditions, although the temperature dependence
of this process is, as yet, unknown.
5.1.2. Near-surface eﬀects
While proﬁles deeper than approximately 0.5 lm all
show the s-shape commonly observed in hydrated obsidians, the portions of the proﬁles nearer the surface show a
rather diﬀerent geometry (cf. Anovitz et al., 1999). Despite
the potential distortion of the near-surface proﬁles due to
ion-bean energetics, there are a number of consistencies in
the features of both the summed (1H + 2H) proﬁle, and

Table 2
Integrated values for hydrogen isotope concentrations for each experimental proﬁle.
Run
Time
days

Water Used

1st isotope integrated

2nd isotope integrated

Intrinsic 1H integrated

Total H + D integrated

Run 1

Run 2

Surface
correc.

Not surface
correc.

Surface
correc.

Not surface
correc.

Surface
correc.

Not surface
correc.

Surface
correc.

Not surface
correc.

10
10
10
10
5
5
5
10

D2O
D2O
D2O
W1
D2O
W1
H218O
W1

H218O
D2O
W1

0.5019

0.8327
1.3083
0.8519
0.7480

0.8859
1.2822
0.9007
0.7183

0.0081

0.0411

0.0382

0.0809

0.8327
1.3003
0.8519
1.2652
1.0907
1.0118
0.9107
1.3545

1.3879
1.3233
1.4013
1.2721
1.0876
1.0461
1.1543
1.3858

–
–
–
H218O

0.5171
1.0525
1.0118
0.9107
1.3545

0.5006
0.5538
1.0067
1.0461
1.1543
1.3858
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its individual (1H and 2H) components that may be assessed. As can been seen in Fig. 6, both the 5-day and 10day proﬁles fall into three groups. The ﬁrst, exhibiting the
shallowest near-surface eﬀect, comprises the 5 day D2O
run and the two experiments in which the second run used
D2O. In each case deviation from the s-shaped proﬁle begins at a depth of about 0.25 lm, and consists of a single,
error-function-like addition to the main proﬁle. The second
group is represented by one experiment in which H2O was
used for both runs, and two in which either H2O (W1) or
H218O, was run for 5 days. In these experiments the nearsurface eﬀect is deeper, beginning at about 0.35–0.4 lm,
and there is a region of constant, or slightly declining concentration from about 0.15 lm depth toward the surface.
The third group consists of two 10-day experiments in
which D2O was run for the ﬁrst 5 days, and either W1 or
H218O for the second 5 days. The near-surface proﬁles in
these samples are essentially identical in shape to those of
group two, but reach a higher near-surface maximum concentration and extend deeper into the sample, beginning at
0.45–0.5 lm. In fact, the shapes of these regions for both
the second and third groups look much like that of the
overall proﬁle – but narrower and with a higher projected
surface concentration.
One possible explanation for the observed near-surface
phenomena is post-experimental D/H exchange. In all three
groups the near-surface increase reﬂects increases in the
hydrogen concentration. Deuterium, by contrast, always
drops near the surface regardless of whether it was used
in the entire experiment, or only in the second run. The
depth at which this decrease is detected, approximately
0.15–0.25 lm, is similar to that of the error-function-like increase in the overall proﬁle in the ﬁrst group, and the nearconstant section in the second and third sets. This ﬂattening
cannot be solely due to post-experimental eﬀects, however,
because it was also observed: (a) in the 10-day experiments
in which no D2O was used, and (b) in experiments where
D2O was only used for the ﬁrst 5 days. In both cases the
concentration of D2O in the near-surface at the end of
the experiment was very low, and thus a signiﬁcant D2O/
H2O exchange is not possible. In fact, the only three experiments in which the near-surface downturn in D2O can affect the shape of the near-surface curve are in group one.
Even in that group, however, if the near-surface behavior
was due solely to D/H exchange, then the summed curve
should be ﬂat, which it is not.
A second near-surface feature is observed in the deuterium proﬁles in experiments where 5 days of hydration with
D2O was followed by 5 days of hydration with W1 or
H218O. In both cases the D2O proﬁle does not decrease
monotonically from its interior maximum towards the surface, but shows a slight ‘‘bump” near 0.25 lm depth. As can
be seen more clearly in Fig. 7, this may, in fact, represent a
change in the slope of the D2O depth proﬁle at about
0.45 lm depth. This correlates reasonably well with the
boundary between the two sections of the overall proﬁle,
suggesting this is another part of the same feature.
In two of the group-one experiments the glass was only
exposed to D2O. Nonetheless, both show an error-functionlike near-surface feature that is primarily caused by an in-

crease in H2O, rather than D2O. Thus, this part of the proﬁle can neither have formed during the experiment itself,
nor during quenching while the vessel remained sealed.
Either this water must have come from the initial, intrinsic
water in the glass, which is primarily H2O, or this part of
the proﬁle must have formed after the experiment. Fitting
the hydrogen in this part of the proﬁle using the rate equation of Anovitz et al. (2006b) to derive diﬀusion coeﬃcients
yields a half-fall distance of 0.071 lm, and background and
surface 1H/29Si concentrations of 0.03 and 0.50, respectively. Extrapolation of the experimental data to 25 °C
yields a diﬀusion coeﬃcient of 1.28E-09 lm2/s. For this diffusion rate at this temperature the group-one near-surface
proﬁle would have required 44.5 days to form, clearly suggesting that this part of the proﬁle was not produced by
post-experimental exchange. Similarly, integration of the
hydrogen proﬁle suggests that the surface section comprises
an addition of water to that initially in the glass, and thus it
is unlikely that this results from redistribution of the intrinsic water. The possible origins of this feature will be discussed further below.
5.1.3. H/D ratios
Fig. 8 shows the H/D ratios in the ﬁve experiments in
which D2O was used. As expected, the H/D proﬁles for
the two experiments in which D2O was run for 5 days, followed by either H2O or H218O for 5 days are nearly identical. Similarly, the proﬁle shapes of the 5- and 10-day runs
are also essentially identical, although the 10-day proﬁle
is understandably deeper. All three experiments in which
D2O was the second ﬂuid show a nearly identical decrease
in the ﬁrst 0.2 lm of the proﬁle. In the 10-day run in
which D2O was run after H2O, however, D2O penetrates
less deeply, and the background H/D value is achieved at
shallower depths compared to experiments in which D2O
was run in the ﬁrst part of the experiment. However, the
half-fall distances for these two runs diﬀer by only
0.07 lm (Table 1). Conversely, background H/D values
are achieved at a greater depth in this run than in that in
which D2O was run for 5 days alone. This latter observation probably reﬂects the increase in the diﬀusion coeﬃcient
for water caused by the initial hydration of the glass, allowing D2O to penetrate that glass more deeply after 5 days in
one experiment than in the other. As was noted above,
however, it is also apparent that once D2O has entered
the glass it continues to penetrate further during later
hydration with H2O.

5.2. Oxygen diﬀusion and exchange
The constraints involved in interpreting oxygen isotope
exchange proﬁles are diﬀerent from those involved with
hydrogen and deuterium. As pointed out by Doremus
(1995, 1996, 1998a,b), an oxygen atom entering a glass matrix as part of a water molecule is surrounded by a large
number of oxygen atoms with which it can exchange. Thus,
if the two oxygen populations (water and glass) are free to
exchange, oxygen in the water molecule can undergo partial
or complete isotopic equilibration with the glass while the
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Fig. 8. H/D ratios in the ﬁve experiments in which D2O was used.
Each curve is labeled with the ﬂuid used for each half of the
reaction in the order in which they were run.

water molecule itself continues to diﬀuse. Thus the oxygen
proﬁle may appear to be signiﬁcantly shallower than the
accompanying hydrogen or deuterium proﬁle.
Three experiments conducted with H218O allow examination of the diﬀusion of water into the glass matrix. In
the ﬁrst, H218O was run for 5 days, in the second, 5 days
of H218O followed an initial 5 days of W1, and in the third,
5 days of H218O followed an initial 5 days of D2O. These
three proﬁles are shown in Fig. 9 as a function of log10 distance, which more clearly shows details near the surface. In
all three cases, most of the proﬁle can be ﬁt with a simple
error function, and the calculated 18O/29Si diﬀusion coeﬃcients based on the half-fall distances are nearly identical

(7.0E-7 lm2/s, 7.0E-7 lm2/s, and 5.0E-7 lm2/s, respectively), although the surface value of the D2O + H218O
experiment is signiﬁcantly smaller (surface 18O/29Si values
of 0.014, 0.012 and 0.0057, respectively). As with the 1H
and 2H proﬁles, however, all of these proﬁles show a deviation from a simple error function near the surface. This
portion of each curve can be ﬁtted as the sum of two additional error functions with diﬀerent surface concentrations
and diﬀusion coeﬃcients. In the case of the 10-day runs,
the surface concentrations of the second additional error
functions are identical to that of the ﬁrst (deepest), while
in the 5-day run this function has a slightly lower value
(0.008). The surface values for the third error functions
(5 day H218O = 0.04, 10 day (H2O + H218O) = 0.06,
10 day (D2O + H218O) = 0.024) vary somewhat, with the
value for the D2O + H218O experiment again being the
smallest. The diﬀusion coeﬃcients (calculated at 150 °C)
for all three runs calculated from the second (all equal to
4.0E-8 lm2/s) and third (all equal to 1.0E-9 lm2/s) error
functions are remarkably similar, although they require
slightly diﬀerent surface values. As can be seen from the
surface compositions described above, however, and from
the integrated values in Table 1, the overall amount of
18
O added in the 10-day run after D2O (part of hydrogen
proﬁle group three) was decidedly less that added in
the other two runs, which fall in hydrogen proﬁle group
two.
The depths of the near-surface regions in the 18O proﬁles
are also remarkably similar to those observed in the hydrogen proﬁles. In all three cases the second error function
reaches one percent contribution to the overall concentration at a depth of about 0.5 lm. This suggests that the oxy-
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Fig. 9. 18O proﬁles for experiments using H218O. (A) Five day
H218O. (B) Five days W1 + 5 days H218O. (C) Five days D2O + 5
days H218O. Solid lines are calculated 18O proﬁles, dashed lines are
the three pieces of the ﬁtting equations. Note that the apparent
parallel data sets at larger depths and lower concentrations in ﬁgure
C are due to the analytical precision, and appear separate due to
the log concentration scale.

gen exchange between the diﬀusing water and the glass matrix (Doremus, 1995, 1996, 1998a,b) has probably reached
equilibrium in the near-surface. Thus the near-surface sections of each proﬁle represent further addition of water that
underwent little oxygen exchange with the matrix.
As with the hydrogen and deuterium data, it is reasonable to ask whether the near-surface phenomena might be
due to exchange after the experiment, thereby explaining
the features ﬁtted by the second and third error functions.
This would imply that the solubility increases with decreasing temperature in a manner not observed in our experiments to date, but such an eﬀect should, nonetheless, be
considered. If we use the equation for half-fall depth as a
function of time and temperature derived from our hydration experiments on Pachuca obsidian (Anovitz et al.,
2006b) we ﬁnd that at 25 °C the shallowest proﬁle (part
three, xch = 0.021 lm for the 5-day H218O experiment)
would require 2.5 days to form. As noted for the hydrogen

data, the deeper parts of this proﬁle would require even
longer to form, as would any changes occurring during
refrigeration. This again suggests that a post-experimental
exchange mechanism is an unlikely explanation for even
this shallowest part of the observed proﬁle. It is also unclear
why such a proﬁle would form under such conditions. Exchange of hydrogen for deuterium or H2O for D2O might
occur, but it is unclear why the total hydrogen plus deuterium or the 18O content should increase under such a
scenario.
One possible explanation for part of these phenomena
for both oxygen and hydrogen is that these analyses were
obtained using a relatively large beam-current. The absolute depth of this part of the proﬁle might, therefore, have
been artiﬁcially increased due to knock-on during SIMS
analysis. Two studies (Lovell et al., 1999; Richardson
et al., 2001) suggest, on the basis of neutron reﬂectometry,
that there is a narrow (approximately 50 Å thick) surface
layer in hydrated plate glass. This layer is water-rich relative to the rest of the proﬁle, forms relatively rapidly, and
does not increase in thickness with time. It is possible,
therefore, that, at least for this narrowest part of the proﬁle,
the observed depth has been artiﬁcially increased due to
knock-on phenomena. The actual depth of this eﬀect, in
the 0.01–0.02 lm range is, however, too small to signiﬁcantly aﬀect the rest of the proﬁle, and is unlikely to diﬀerentially aﬀect the near-surface proﬁles of the three groups
discussed above.
Fig. 10 shows the hydrogen to oxygen ratio as a function
of depth for the 5-day H218O experiment. The H/18O ratio
increases steadily with depth (with a small possible oﬀset at
the limit of the near-surface added hydrogen proﬁle at
about 0.3 lm) to approximately the depth at which the oxygen proﬁle reaches background (about 2.2 lm). The curve
then decreases due to a decrease in hydrogen concentration.
This curve reﬂects the exchange of 18O into the glass matrix.
The continuous rise with depth reﬂects the growing depletion of 18O relative to that originating with the hydrogen
as 18O exchanges with 16O in the glass matrix. The drop
in the deeper parts of the proﬁle is due to the fact that
the 18O proﬁle is shallower than the accompanying hydrogen proﬁle.
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Fig. 10. Hydrogen to oxygen ratio in the hydration proﬁle of the
experiment run for 5 days in H218O. Data are plotted as 21H/18O.
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6. CONCLUSION

APPENDIX A. SUPPLEMENTARY DATA

The goal of these experiments was to test whether hydrogen isotopes diﬀused into obsidian at relatively low temperatures become so strongly bound to their initial sites that
they remain in place during subsequent hydration. The results of our experiments clearly show that this is not the
case. Not only are isotopic proﬁles subject to change during
hydration, but even the overall isotopic content of the glass
changes due to exchange between the water in the glass and
external water.
In their work on isotopic exchange in volcanic glass
Friedman et al. (1993a,b) suggested that the D/H ratios
in hydrated obsidians could be used to monitor paleoclimatic conditions. They suggested that, once the glass is
fully hydrated little or no isotopic exchange occurs with
the environment. They based this on ﬁeld comparisons of
results from adjacent ash beds of diﬀerent ages, which appeared to retain diﬀerent isotopic signatures. In addition,
they found that samples of the Lava Creek ash (erupted
0.61 Ma) collected from a number of sites in the western
and central United States were in distinct isotopic disequilibium with modern local waters. This conclusion is not, in
fact, unreasonable, as the driving force for diﬀusion by
hydration, the chemical potential gradient, disappears once
the sample is fully hydrated. Further isotopic exchange will
then occur only by stochastic processes, and is likely to be
much slower as there is no chemical potential gradient to
drive them. While the absolute rate of such an exchange
will not, however, be zero, its magnitude cannot be determined from either Friedman et al.’s (1993a,b) data or our
own.
It is, however, clear from our study that extension of
Friedman et al.’s (1993a,b) technique to SIMS microanalysis of hydrated rims on obsidian samples is untenable. Our data clearly show that exchange during
hydration of an incompletely hydrated sample both modiﬁes the point-by-point isotopic composition of the sample, and the isotopic composition of the hydrated rim as
a whole. The latter occurs not only as a function of dilution by inﬁltrating water, but due to loss of isotopic
components from the hydrated rim to the environment.
Thus isotopic paleoclimatology based on hydrated glasses
would appear to be limited, at best, to fully hydrated
materials.

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.gca.2009.02.035.
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