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Abstract

Soil water dynamics within a thick vadose (unsaturated) zone is a key component in the hydrologic cycle in arid regions. In
isotopic studies of soil water, the isotopic composition of adsorbed/pore-condensed water within soils has been assumed to be
identical to that of bulk liquid water. To test this critical assumption, we have conducted laboratory experiments on equilib-
rium isotope fractionation between adsorbed/condensed water in mesoporous silica (average pore diameter 15 nm) and the
vapor at relative pressures p/po = 0.3–1.0 along the adsorption–desorption isotherm at 30 �C. The isotope fractionation fac-
tors between condensed water in the silica pores and the vapor, a(2H) and a(18O), are smaller than those between liquid and
vapor of bulk water (1.074 and 1.0088, respectively, at 30 �C). The a(2H) and a(18O) values progressively decrease from 1.064
and 1.0083 at p/po = 1 to 1.024 and 1.0044 at p/po = 0.27 for hydrogen and oxygen isotopes, respectively, establishing trends
very similar to the isotherm curves. Empirical formulas relating a(2H) and a(18O) to the proportions of filled pores (f) are
developed. Our experimental results challenge the long-held assumption that the equilibrium isotope fractionation factors
for the soil water–vapor are identical to those of liquid water–vapor system with potential implications for arid-zone and glo-
bal water cycles, including paleoclimate proxies in arid regions.
� 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Arid regions, generally classified based on mean annual
precipitation (hyperarid, 0–50 mm; arid, 50–200 mm; and
semiarid, 200–500 mm), constitute much of the Earth’s land
between latitudes 18� and 40� north and south of the
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equator, where the patterns of atmospheric circulation
diverge or the lee sides of mountain chains create ‘‘rain
shadows”. These arid regions currently cover approxi-
mately 30% of the terrestrial land surface and account for
a significant fraction of global net primary productivity
(Grace et al., 2006). Under increasing human activities
and the prospect of climate change, including reoccurring
severe droughts in many parts of the globe, arid zones are
ever expanding and becoming drier (e.g., Feng and Fu,
2013).

The land surface system in arid regions of terrestrial envi-
ronments is located at a very critical interface within land–
atmosphere–vegetation continuum of the energy-water
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balance and ecological systems (Gat, 2010). The partitioning
of precipitation and soil water into fluxes of percolation to
the subsurface, surface runoff and evapotranspiration at
the land–atmosphere–vegetation interface is accompanied
by large changes in the stable isotopic (d2H and d18O) values,
due to temporal and spatial variations in the isotopic compo-
sitions of precipitation events and the isotopic fractionation
associated with the evaporation of water, both from open
surface water and subsurface soil water (Gat, 2010). The
two evaporation fluxes have distinct isotopic compositions
and the latter becomes an increasingly dominant flux in arid
regions (Good et al., 2015). On the other hand, the isotopic
composition of the transpiration flux is very similar to that
of soil water since the uptake by plant roots is usually not
associated with isotope fractionation (Flanagan and
Ehleringer, 1991). Thus, the isotopic compositions of soil
water and evaporation flux are the key parameters for our
understanding of the land–atmosphere–vegetation interface
in arid regions.

Soil pore space, which is the void within and between
soil particles, is a continuum of pores whose sizes and
shapes vary extremely. Recent studies revealed (Hajnos
et al., 2006; Ferreiro et al., 2010; Lu et al., 2014) that soil
pore sizes range from smaller than nanometers within soil
particles to the order of centimeters in shrinkage cracks.
Clay minerals also constitute a large fraction of matured
soils with interlayers in the range of 1–2 nm. In arid regions
strong evaporation from the surface dramatically decreases
the water content of soil much below the saturation value.
Many observations in desert vadose zones in the U.S.
Southwest and elsewhere (Scanlon et al., 1997; Scanlon,
2000; Flint et al., 2002; Duniway et al., 2007) show extre-
mely negative matric potentials of water (�10 to
�100 MPa) near the surface due to strong evaporation
from the soil surface. Under such dry conditions, large
interparticle pores are quickly drained and other mecha-
nisms of water adsorption in soils become dominant,
including mono-/multi-layer films on grain surfaces, narrow
pore throats, intraparticle pores, and clay interlayer pores.
The total reservoir capacity of the ‘‘tight” water is probably
limited, but large and varying fluxes of water vapor within
thick vadose zones make ‘‘tight” water an active and crucial
component of the water cycle in arid regions.

The structural layers of clay minerals have permanent
negative charges, counter-charged by exchangeable cations.
These cations adsorbed to clay particles interact with sur-
rounding water and change their properties, including iso-
tope ratios. Stewart (1972) performed experiments on
2H/1H isotopic fractionation between adsorbed water in
clays and water vapor. He determined the equilibrium frac-
tionation factors a = (2H/1H)adsorbed water/(

2H/1H)vapor to
be 0.93–1.06 with a median of 1.04, which are significantly
lower than that for bulk liquid water–vapor system with
aL–V = 1.079 at 25 �C (Horita and Wesolowski, 1994). Oxygen
isotope fractionation effects in the homoionic smectite-
water mixture were found to be positive for Mg2+ and
Ca2+ exchanged smectites and negative for K+ exchanged
smectite relative to the added water and these isotope effects
increase with decreasing water contents (Oerter et al., 2014).
Coplen and Hanshaw (1973) found that hydrogen and
oxygen isotopes fractionated in the ultrafiltration experi-
ments through a compacted clay membrane.

Oxides such as silica and alumina are major chemical
components of soil minerals. Richard et al. (2007) carried
out an experimental study on adsorbed water inside porous
silica tubes (10–16 nm pore diameter) at 20 �C and found
significantly lower 2H/1H fractionation factors between
adsorbed water and water vapor (a = 1.03 and 1.065 at
10 and 85% relative humidity, respectively) relative to the
bulk water (aL–V = 1.084 at 20 �C, Horita and
Wesolowski, 1994). Channel water in various micropore
(<2 nm) zeolite minerals (analcime, wairakite, chabazite,
laumonite, and modernite) may serve as an analog to cap-
illary condensed water in soil minerals. Limited and incon-
clusive experimental studies (Karlsson and Clayton, 1990;
Feng and Savin, 1993; Noto and Kusakabe, 1997;
Karlsson, 2001) suggest that channel water is depleted in
both 18O and 2H relative to bulk water at near ambient tem-
perature, except for modernite.

The objective of this study is to test the hypothesis that
equilibrium isotope fractionation between adsorbed/pore-
condensed water within soils and water vapor differs signif-
icantly from that of the bulk liquid water–water vapor sys-
tem (aL–V) at the same temperature, due to complex
hydrophilic interactions between the soil surface and water
molecules. We conducted a series of laboratory experiments
to systematically and accurately determine the associated
2H/1H and 18O/16O isotope fractionation factors between
adsorbed/condensed water in a mesoporous silica sample
and water vapor from very low vapor pressure to near
the saturation pressure.

2. MATERIAL AND EXPERIMENTAL SETUP

2.1. Material

Soils are mixtures of various minerals of different com-
positions, sizes, and textures, including organic matter
and bacteria. These natural soils are too complex to use
in this experimental study. Quartz grains are often used in
soil physics studies (e.g., Ottawa sand and Accusand), but
they have low surface areas with very limited internal pores
(<0.1 m2/g). Mesopores (2–50 nm, as defined by the Inter-
national Union of Pure and Applied Chemistry, IUPAC)
are our main interest as soil analog materials because of:
(a) an increasing recognition of their occurrence in soils
and various rock types (Gruszkiewicz et al., 2001; Hajnos
et al., 2006; Chen et al., 2007; Nielsen and Fisk, 2010)
and (b) their strong hysteresis in adsorption–desorption
isotherm of water over a wide range of the water
activity (p/po where po is the saturation pressure).
Macropores (>50 nm) fill up only at near saturation and
micropores (<2 nm) are not of relevance except at extremely
dry conditions (p/po < 0.2).

We used a high-purity grade amorphous silica sample
with an average pore diameter of 15 nm from Sigma–
Aldrich (CAS No. 112926-00-8, Product No. 243981, Dav-
isil Grade 62, 15 nm pore diameter, 75–250 lm particle size,
pore volume 1.15 cm3/g, surface area 300 m2/g). The char-
acteristics of simple chemical composition and variable,
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yet controlled pore size distributions make mesoporous sil-
ica materials excellent analog materials for natural soils.
When fully hydroxylated, the surface of amorphous silica
is covered with several types of silanol groups („SiAOH).

2.2. Experimental setup

An experimental system for water adsorption–desorp-
tion was built mainly of Pyrex glass and is evacuated with
mechanical and diffusion pumps down to <10�3 Torr
(Fig. 1). The equilibration unit consists of a lower flask
for adsorbent solids and an upper glass bulb (5 L) for
adsorptive water vapor, which are separated by a large-
bore Teflon stopcock. The lower flask is specially designed
to have a small petri dish in the center to hold the porous
material and leave enough space at the bottom for a mag-
netic stir bar to mix the water vapor between the upper
and lower chambers. The lower part of the equilibration
unit was controlled at 30 ± 0.1 �C by a water bath. We have
chosen the experimental temperature of 30 �C since it is
close to soil temperature in arid regions and can be readily
controlled in laboratory. The glass bulb and the glass vac-
uum line were wrapped by heating elements to a slightly
higher temperature (30–35 �C) to avoid condensation. The
vapor pressure inside the equilibration unit can be deter-
mined to a precision of 0.01 Torr with a MKS Baratron
capacitance manometer. To the right side of the equilibra-
tion unit, water of a known amount was injected by a syr-
inge through the septum port, then the air introduced was
Fig. 1. The experimental setup for determining the adsorption–desorptio
water vapor and adsorbed water on silica.
evacuated after freezing the water with liquid nitrogen
(LN2), finally the water was transferred into the equilibra-
tion unit. To the left side of the equilibration unit, water
vapor in the upper glass bulb and adsorbed water in the
lower flask of the equilibration unit can be separated by
closing the large stopcock, frozen into a U-trap and trans-
ferred to Pyrex sample tubes separately. The equilibration
unit was tested by liquid–vapor equilibration of bulk water.
At 30.0 ± 0.1 �C, saturation vapor pressure of 31.85 Torr
was observed, which agrees well with the literature value
of 31.88 ± 0.2 Torr (Harvey, 1998).

3. CHARACTERIZATION OF MESOPOROUS SILICA

3.1. Scanning electron microscopy

An electron micrograph of the mesoporous silica gel was
obtained by Hitachi SEM S-5000 scanning electron micro-
scopy at 3 kV in scanning mode (Fig. 2). Before the imag-
ing, the silica sample powders were fixed onto a piece of
carbon tape and coated with iridium to minimize charging.
From Fig. 2, the silica particles are typically spherical and
relatively evenly sized. Pores with diameters of �10–
20 nm occupy space between the silica particles.

3.2. Adsorption–desorption isotherm

To remove any adsorbed salts on the silica gel and fully
hydroxylate its surface, about 10 g of the silica sample was
n isotherm of water and the isotope fractionation factors between



Fig. 2. An SEM image of mesoporous silica (15 nm) sample
(Davisil Grade 62).
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fully soaked in W-1 water (nanopure water from Oak Ridge
National Laboratory) with an isotopic composition of
�42.0‰ (d2H) and �6.8‰ (d18O). After several days, the
water was decanted and the porous silica gel was dried in
a desiccator at room temperature with phosphorous oxide
(P2O5) as a desiccant to avoid dehydroxilation of the silica
surface.

3.2.1. Nitrogen isotherm

An N2 adsorption–desorption isotherm at LN2 temper-
ature (�196 �C) was determined for the silica sample using
a Quantachrome NOVA 2200e analyzer. Specific surface
areas were determined by the multipoint Brunauer, Emmett
and Teller (BET) method using NOVA Win2 software.
Total pore volume and average pore size can be calculated
by different methods within NOVA (Table 1).

3.2.2. Water isotherm

Once the surface of the porous silica gel is fully hydrox-
ylated as described above, physisorption (reversible adsorp-
tion, in which the forces involved are intermolecular van
der Waals forces rather than valence forces) is the main
mechanism of water adsorption. It has been reported that
this physisorption of water is totally reversible, and the hys-
tereses of water adsorption–desorption on the mesoporous
materials close (Gregg and Sing, 1982; Naono and
Hakuman, 1991, 1993; Naono et al., 2000; Likos and Lu,
2006; Likos et al., 2011). The closure of hysteresis is of crit-
ical importance in conducting experiments for accurately
determining isotope effects in the adsorption–desorption
and capillary condensation of water molecules in soil and
other geologic materials.
Table 1
The properties of the mesoporous silica (average pore diameter of 15 nm

Adsorptive Total pore volume (cc/g) Average pore diameter (nm) S

N2 3
1.11

14.70
1.09 15.18 2

Water 1.13 14.0 2
The adsorption–desorption isotherm of water on the sil-
ica (15 nm pore diameter) was determined in the entire
range of p/po = 0–1. The purpose is to determine the
amounts of water adsorbed on the samples and the extent
of adsorption–desorption hysteresis as a function of p/po.
Only about one monolayer of water is adsorbed on the sur-
face of new Pyrex glass when vapor pressure is 50% of sat-
urated value (Burnett et al., 1996). This amount of water
adsorption on the inner wall of the equilibration unit
(�5 � 10�2 mg in a 5 L bulb) is negligible. After loading
a pretreated sample (hydroxylated by W-1 water and desic-
cated by P2O5) into the petri dish of the lower flask, the
entire system was evacuated to <10�3 Torr to remove all
physisorbed water. A LN2 dewer was loaded under the
U-trap to facilitate this process. Then, a given amount
(10–100’s of mg) of the W-1 water was introduced over
20 steps to the equilibration unit until p/po = 1. At each
step, the pressure within the equilibration unit was moni-
tored until the pressure became stable (about 2–4 h). The
amount of water adsorbed on the silica gel at each step
was calculated by subtracting the amount of water vapor
determined by the ideal-gas law from the total amount of
water injected. An entire adsorption isotherm was thus con-
structed incrementally from p/po = 0 upwards. After reach-
ing p/po = 1, the desorption curve was also determined by
withdrawing a small amount of water vapor out of the equi-
libration unit to a Pyrex finger tube for weighing and by
recording the stabilized pressure in the unit until p/po = 0.

4. EXPERIMENTS FOR ISOTOPE EFFECTS

ASSOCIATED WITH WATER ADSORPTION

After determining the adsorption–desorption isotherm
of water on the silica sample, a series of separate experi-
ments was carried out with the purpose of determining iso-
tope effects associated with the condensation of water in
pores of the mesoporous silica sample at 30 �C. After equi-
libration, samples of water vapor and adsorbed water on
the mesoporous silica were collected in Pyrex finger tubes.
Then the water samples were immediately transferred into
2 ml autosampler vials for isotope analyses. If the analyses
were not done the same day, the water samples were flame-
sealed inside the finger tubes. Each water sample was
injected by a PAL autosampler into a FinniganTM TC/EA
high-temperature reactor to convert water to carbon
monoxide (CO) and hydrogen gas (H2) at 1390 �C, which
were further analyzed by a FinniganTM Delta V Plus Isotope
Ratio Mass Spectrometer (IRMS). We set up the autosam-
pler to rinse the syringe with a water sample several times
) determined from N2 and water adsorption–desorption isotherms.

pecific surface area (m2/g) Method used

02.94 Multipoint BET

76.8 BJH (adsorption branch)

93.8 Kelvin Equation (desorption branch)
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and to carry out several flush injections to get rid of mem-
ory effects within the TC/EA reactor. A set of SMOW
(Standard Mean Ocean Water) and SLAP (Standard Light
Antarctic Precipitation) standards was run daily in order to
normalize the data to the SMOW–SLAP scale. The internal
precisions (standard deviation of 5–6 analytical runs of the
same sample) of d2H and d18O values are generally <±1‰
and <±0.1‰ (1r), respectively. The precisions of isotopic
fractionation factors, a(2H) and a(18O), are ±0.001 and
±0.0001 (1r), respectively, where:

a ¼ 1 þ dAdsorbed water

1 þ dVapor

ð1Þ
4.1. Isotopic integrity

In addition to the quantitative recovery of water, possi-
ble isotope exchange between adsorbed water and the sur-
face AOH group of the mesoporous silica is a major
concern. Thus, the isotopic integrity of the adsorbed water
is also a prerequisite to the accurate measurements of iso-
tope effects in adsorption–desorption in mesoporous mate-
rials. We investigated the isotopic integrity of water in
adsorption and desorption processes by first introducing a
given amount of water with a known isotopic composition
(W-1 water in this study) to reach a given p/po value along
the adsorption curve and then recovering water vapor and
the adsorbed water together. We carried out an experiment
at a relative pressure of p/po = 0.8, and found the recovered
water to have d2H and d18O values of �41.49‰ and
�6.69‰, respectively, identical to the W-1 isotopic compo-
sition of �41.97‰ and �6.82‰ within experimental uncer-
tainties. This criterion of isotopic integrity was applied to
all experimental data reported in this study.
Fig. 3. The isotope reversal experiment: converging of isotopic
fractionation factors over �48 h from the introduction of a heavy
(W7) and a light (Edmonton) water into the equilibration unit that
contained W-1 adsorbed in silica sample. (a) a(2H); (b) a(18O). The
curves show general trends only.
4.2. Isotope equilibration

The attainment of equilibrium of physical adsorption–
desorption of water, which can be readily monitored by
the changes in vapor pressure, took from 2 to 4 h, but iso-
tope equilibrium between water vapor and adsorbed water
is expected to take longer to reach. Richard et al. (2007)
showed that hydrogen isotope equilibrium was reached
between about 4 and 17 h depending on the vapor pressure.
In this study, we carried out isotope equilibrium experi-
ments first to determine the duration of time that it takes
to reach steady values of both oxygen and hydrogen iso-
topic fractionation factors between water vapor and
adsorbed water in the mesoporous silica (15 nm), then to
verify the attainment of isotopic equilibrium by an isotopic
reversal experiment using waters of different isotopic com-
positions (O’Neil, 1986).

In the first set of experiments, a given amount of W-1
water was introduced into the equilibration unit containing
the silica sample to reach p/po = 0.9. After selected time
durations, the upper bulb and the lower flask were isolated,
and then water vapor and the adsorbed water were
extracted separately. We varied the equilibration time at
19 h, 41 h, and 89 h, and found the values of a(2H) and a
(18O) were constant within uncertainties: 1.058, 1.057,
1.061 and 1.0080, 1.0078, 1.0081, respectively.

In the isotope reversal experiment, in which waters of
different isotopic compositions are used to approach an
equilibrium isotope fractionation from opposite directions
(O’Neil, 1986), W-1 water was first introduced into the
equilibration unit containing the silica sample to reach p/
po = 0.78. After �48 h of equilibration, the upper bulb
and the lower flask were isolated and the vapor in the upper
bulb was extracted, leaving the adsorbed water on the silica
gel intact. Then, Edmonton, Alberta tap water
(d2H = �154.94‰, d18O = �19.66‰) was injected into
the equilibration unit to reach the same vapor pressure with
an initial isotope fractionation factor between the adsorbed
W-1 water and Edmonton water vapor much larger than
the expected equilibrium value. After �48 h of equilibra-
tion, the vapor and the adsorbed water were extracted sep-
arately and were analyzed for both oxygen and hydrogen
isotopic compositions. A second part of the isotope reversal
experiment was similar to the first one, also at a vapor pres-
sure p/po = 0.78 but injecting W7 water (d2H = 24.36‰,
d18O = 2.07‰) instead of Edmonton water. This gave a
much smaller initial isotope fractionation factor between
the adsorbed W-1 water and W7 water vapor, relative to
an equilibrium value. After equilibration, the oxygen and
hydrogen isotopic fractionation factors measured for the
subsets of isotope reversal experiment were very close: a
(2H) = 1.060 and 1.059, a(18O) = 1.0084 and 1.0081 for
Edmonton and W7 injections, respectively, verifying that
isotope equilibrium was attained after a duration of
�48 h, or approximately two days (Fig. 3).



Table 2
The experimental results at 30 �C to determine the isotope fractionation factors (a) between adsorbed water in silica (15 nm) and water vapor. Fractionation factors of liquid–vapor equilibrium of
bulk water are also listed for comparison.

d2H (‰) d18O (‰) Amount of adsorbed
watery (g/g-silica)

Corrected
d2H� (‰)

Corrected
d18O� (‰)

a(2H) a(18O) Pressure
(Torr)

Relative
pressure (p/po)

ln[a(2H)]/ln[a(18O)] Pore
filled (f)

L–V eq. #1 Liq �40.06 �6.81 – – – 1.0740 1.0088 31.85 1 8.15 –
Vap �106.2 �15.47 – – –

L–V eq. #2 Liq �39.67 �6.65 – – – 1.0756 1.0090 31.85 1 8.13 –
Vap �107.18 �15.47 – – –

Exp#1 Ads§ �27.59 �4.81 1.07 �25.90 �4.57 1.06381 1.00831 31.88 1.00 7.48 0.96
Vap** �84.33 �12.78 0.35 �84.33 �12.78

Exp#2 Ads �28.44 �4.91 1.02 �26.71 �4.67 1.06366 1.00815 31.15 0.97 7.61 0.92
Vap �84.96 �12.71 0.34 �84.96 �12.71

Exp#3 Ads �26.85 �4.66 1.00 �25.09 �4.41 1.06494 1.00831 30.4 0.95 7.60 0.9
Vap �84.53 �12.62 1.07 �84.53 �12.62

Exp#4 Ads �34.14 �5.64 0.98 �33.01 �5.48 1.06412 1.00827 29.14 0.91 7.55 0.88
Vap �91.28 �13.64 0.17 �91.28 �13.64

Exp#5 Ads �30.70 �5.53 0.67 �29.12 �5.31 1.06313 1.00817 27.98 0.87 7.52 0.60
Vap �86.77 �13.37 0.17 �86.77 �13.37

Exp#6 Ads �30.25 �5.13 0.59 �28.46 �4.88 1.06006 1.00780 27.6 0.86 7.51 0.53
Vap �83.50 �12.59 0.18 �83.50 �12.59

Exp#7 Ads �27.13 �5.15 0.53 �25.22 �4.89 1.06231 1.00799 27.6 0.86 7.60 0.47
Vap �82.40 �12.78 0.17 �82.40 �12.78

Exp#8 Ads �25.82 �4.55 0.38 �23.33 �4.21 1.05769 1.00732 27.48 0.86 7.69 0.34
Vap �76.60 �11.45 0.17 �76.60 �11.45

Exp#9 Ads �24.09 �4.17 0.27 �20.94 �3.71 1.05460 1.00751 26.9 0.84 7.11 0.24
Vap �71.63 �11.14 0.16 �71.63 �11.14

Exp#10 Ads �33.63 �4.74 0.33 �31.92 �4.47 1.04485 1.00645 26.12 0.82 6.82 0.30
Vap �73.48 �10.85 0.15 �73.48 �10.85

Exp#11 Ads �28.24 �4.74 0.26 �26.30 �4.43 1.04068 1.00610 25.16 0.79 6.56 0.23
Vap �64.36 �10.46 0.15 �64.36 �10.46

Exp#12 Ads �32.32 �4.67 0.19 �30.35 �4.34 1.03776 1.00600 23.33 0.73 6.20 0.17
Vap �65.63 �10.28 0.13 �65.63 �10.28

Exp#13 Ads �26.76 �4.44 0.08 �24.56 �4.06 1.03451 1.00555 21.2 0.66 6.13 0.07
Vap �57.10 �9.56 0.06 �57.10 �9.56

Exp#14 Ads �32.44 �4.68 0.07 �30.42 �4.29 1.02960 1.00542 19.95 0.62 5.40 0.06
Vap �58.30 �9.66 0.06 �58.30 �9.66

Exp#15 Ads �33.49 �4.59 0.06 �31.53 �4.20 1.02774 1.00527 17.13 0.54 5.21 0.05
Vap �57.67 �9.42 0.05 �57.67 �9.42
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4.3. Determination of equilibrium fractionation factors

After verifying the isotopic integrity and the attainment
of isotopic equilibrium in the adsorption–desorption pro-
cess, we determined equilibrium 2H/1H and 18O/16O isotope
fractionation factors between water vapor and the adsorbed
water as a function of p/po (p/po = 0.3–1.0) along the
adsorption isotherm. These values should cover conditions
for soils in semiarid to arid regions. For each experiment, a
specific amount of W-1 water was injected and transferred
into the equilibration unit containing a specific amount of
the silica. After two days of equilibration, water vapor
and adsorbed water were recovered for isotopic analysis.
Since the isolation of the upper bulb and the lower flask
before the collection leaves some vapor in the lower flask,
we applied small corrections to the amounts of water vapor
and adsorbed water collected and to the isotopic composi-
tion of the adsorbed water (Table 2).

5. RESULTS

5.1. Adsorption–desorption isotherms

Both N2 and water isotherms of the silica sample
(15 nm) (Figs. 4 and 5) show type IV isotherm and Type
H1 hysteresis based on the IUPAC classification (Sing
et al., 1985). Type IV isotherm is typically found for meso-
porous adsorbents. The initial part is attributed to mono-
layer–multilayer adsorption, the hysteresis loop is
associated with capillary condensation, and the plateau
part indicates limiting uptake at high p/po. In type H1 hys-
teresis, the two branches are almost vertical and nearly par-
allel over a wide range of p/po. A feature common to many
hysteresis loops is that the steep region of the desorption
branch leading to the lower closure point occurs at a rela-
tive pressure which depends mainly on the nature of the
adsorptive gas (Sing et al., 1985).

At low pressures (p/po = 0–0.4), an adsorbate mono-
layer of N2 or water is first formed on the pore surface of
the silica gel, followed by the multilayer formation. The
number of molecules adsorbed on the external sample sur-
face is negligible in comparison to the pore walls, due to the
very large internal surface of the mesoporous silica gel
(Gregg and Sing, 1982). The onset of the hysteresis loop
at p/po = 0.4 (water) or 0.6 (N2) marks the beginning of
the capillary condensation in the pores (15 nm diameter).
The closure of hysteresis in the water adsorption–desorp-
tion isotherm at p/po = 0.4 is an indication of quantitative
recovery of the adsorbed water. The lower closure point
of hysteresis for water relative to that for N2 is probably
due to the difference in their molecular sizes (water:
�2.75 Å and N2: �3.00 Å). At the external vapor pressure
corresponding to the upper closure point of the hysteresis
loop (p/po = 0.95), the pores are completely filled with liq-
uid. Diffusion processes also vary along the isotherm
(Naumov, 2009).

The properties of the silica sample calculated from the
desorption branch of the water isotherm using a method
based on the Kelvin equation (Lowell et al., 2010), together
with the material properties calculated from the N2-silica
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Fig. 5. The adsorption–desorption isotherm of water on meso-
porous silica (15 nm).

Fig. 6. Isotope fractionation factors (a) between water vapor and
adsorbed water in silica (15 nm) at 30 �C with varying relative
pressures (p/po): (a) a(2H). Data from Richard et al. (2007) are
shown in the open circles; (b) a(18O); (c) ln[a(2H)]/ln[a(18O)]. The
solid squares represent data for bulk water liquid–vapor fraction-
ation. The solid and dashed lines are for guidance only.
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isotherm, are summarized in Table 1. Different methods
give consistent results with average pore diameters of 14–
15.2 nm and specific surface areas of 277–303 m2/g. Based
on the N2-silica isotherm, pore radii are found to spread
the range of 3–160 Å with a sharp peak at 75 Å, or 7.5 nm.

5.2. Equilibrium isotope fractionation

We first carried out experiments to determine equilib-
rium isotope fractionation factors for bulk water. The
results from two liquid–vapor (L–V) equilibration experi-
ments of bulk water show that average values of aL–V(2H)
and aL–V(18O) at 30 �C are 1.075 and 1.0089, respectively
(Table 2). These values are identical within experimental
uncertainties to those of Horita and Wesolowski (1994)
(1.074 and 1.0089, respectively).

We present the results only from the experiments that
had quantitative recovery of water (within a mass fraction
of 0.3%) and attained the isotope integrity of both oxygen
and hydrogen (mostly within ±2 and ±0.2‰ for d2H and
d18O, respectively) (Table 2 and Fig. 6). The equilibrium
isotope fractionation factors, a(2H) and a(18O), between
adsorbed water and water vapor increase from 1.024 to
1.063 and from 1.0044 to 1.0082, respectively, with p/po ris-
ing from 0.27 to 0.87. Afterward, the fractionation factors
do not vary much. At p/po very close to 1, a(2H) and a
(18O) are 1.064 and 1.0083, respectively. These values are
lower than those of liquid–vapor (L–V) equilibration of
pure water (Fig. 6). The changes in the fractionation factors
with varying p/po are quite similar to the adsorption iso-
therm, with an exponential rise at the region of hysteresis
and a plateau approaching saturation.

The only relevant literature study is Richard et al.
(2007), in which equilibrium 2H/1H fractionation factors
between water vapor and adsorbed water on porous silica
tubes at room temperature were determined. The average
pore diameter of the silica tubes (12–16 nm) is similar to
the silica used in this study. The experimental precision
for d2H is ±2‰, and oxygen isotopic compositions were
not determined due to the low amount of the extracted
water. The variation of a(2H) with p/po exhibited a trend
similar to ours (from 1.025 at p/po = 0.1 to 1.065 at



Fig. 7. The exponential increase of a values with increasing
proportions of the pores filled (f) at 30 �C: (a) a(2H). Data from
Richard et al. (2007) are shown in the open circles and are fitted
with a dashed curve; (b) a(18O). The solid squares represent data
for bulk water liquid–vapor fractionation taking f = 1. See Eqs. (2)
and (3) for the fitted solid curves.
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p/po = 0.85), showing a steep slope at the region of hysteresis
(Fig. 6a). However, due to the relatively low precision and
the range of p/po explored by Richard et al. (2007), the
trend was not smooth and the plateau approaching the
saturation vapor pressure was not observed. The variation
of a(2H) with water quantity also exhibited a similar trend
to ours, but again, much more scattered (Fig. 7a).

The change of ln[a(2H)]/ln[a(18O)] values with p/po exhi-
bits a similar trend, with an exponential rise at the region of
hysteresis and a plateau approaching saturation (Fig. 6c).
The values of ln[a(2H)]/ln[a(18O)] increase from 5.25 at p/
po = 0.27 to �7.60 at p/po P 0.85, and then remain nearly
constant. These values are lower than the average ln[a
(2H)]/ln[a(18O)] value of bulk water of 8.14.

Fig. 7 shows that a(2H) and a(18O) values increase
rapidly with increasing proportions of pore filled (f, volume
fraction of water-filled pores over total pores). With
increasing f from 0.03 to 0.96, a(2H) and a(18O) values
increase asymptotically from 1.024 to 1.064 and from
1.0044 to about 1.0083, respectively (Table 2):

að2HÞ ¼ 1:0140 þ 0:0498 � ð1 � e�6:7392�f Þ ð2Þ
að18OÞ ¼ 1:0037 þ 0:0045 � ð1 � e�6:9975�f Þ ð3Þ
All of the above results strongly suggest that the equilib-
rium fractionation factors between adsorbed water in pores
of the mesoporous silica (15 nm) and water vapor are lower
than those of bulk water at 30 �C, and decrease with
decreasing relative pressures (p/po) or water contents in
the pores.

6. DISCUSSION

6.1. Structure and dynamics of interfacial/confined water

The intermolecular hydrogen bond of bulk liquid water
is established between two oxygen atoms through a proton
and the electronic distribution called a ‘‘lone pair”, which is
due to the hybridation of the electronic orbitals (Bellissent-
Funel, 2008). A high directionality of H-bond gives rise to a
locally tetrahedral coordination of water molecules
(Walrafen, 1981). The microscopic structure of ‘‘confined
water” or ‘‘interfacial water” in porous geologic (soil, rock,
clay minerals), engineered (zeolite and other mesoporous
catalysts), and biological materials (living cells and mem-
branes) is modified by the distortion of hydrogen bonds
among the water molecules and more extensive hydrogen
bonding with the pore surfaces. In the case of porous silica,
hydrophilic silanol groups („SiAOH) present at the inter-
face form hydrogen bonds with water (Scheme 3 in Musso
et al., 2015). Many experimental and molecular-simulation
studies on mesoporous silica and related materials (Vycor,
MCM-41, and others) (Smirnov et al., 2000; Bellissent-
Funel, 2002; Gallo et al., 2002; Crupi et al., 2003;
Takahara et al., 2005; Yumaguchi et al., 2007; Mancinelli
et al., 2009; Jelassi et al., 2011; Yoshida et al., 2012) suggest
a strong reduction of the tetrahedral order (water–silica H-
bonds substitute the water–water H-bonds), leading to the
distortion of the H-bond network and a slow dynamics of
confined water, affected by both the nature of the geomet-
rical confinement and the interaction forces at the pore
walls (Bellissent-Funel, 2005, 2008; Jelassi et al., 2010). A
decrease in pore size leads to increasing distortion of the
tetrahedral water structure and/or breaking down of hydro-
gen bonds among water molecules in confined water
(Smirnov et al., 2000).

The infrared (IR) spectrum of liquid water consists of
four main bands: (a) stretching motion of the covalent
intramolecular OH bands (�3400 cm�1) sensitive to the
H-bonding environment; (b) the intramolecular HOH
bending band (�1650 cm�1) not sensitive to H-bonds; (c)
the intermolecular libration band (�675 cm�1) or frustrated
rotation, associated with the rupture and rearrangement of
the H-bonds; and (d) the connectivity/hindered translation
band (�200 cm�1) that characterizes the level of H-bonding
between neighboring water molecules (e.g., Bergonzi and
Mercury, 2013). The vibrational mode associated with
stretching motion of the intramolecular OH bond is sensi-
tive to the strength of H-bonding between molecules and
the wavenumber increases (blue-shifts) with increasing dis-
tance between O atoms of two molecules linked by an H-
bond, when local coordination weakens (e.g., Bratos
et al., 2009). This stretching OH band can be divided into
three Gaussian components, ascribed to three different
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types of water molecules. From lower to higher frequencies
these are: (a) fully coordinated Network Water (NW); (b)
Intermediate Water (IW) with a coordination number close
to two; and (c) Multimer Water (MW) with a low coordina-
tion number (e.g., Le Caër et al., 2011; Bergonzi and
Mercury, 2013).

Huang et al. (2009) studied Raman spectra of water
within the mesoporous Vycor glass (average pore diameter:
6.9 nm) during both adsorption and desorption processes.
Reversible red-shifts and blue-shifts in the OH stretching
frequency (between �3400 cm�1 and �3500 cm�1) were
observed with increasing hydration levels during adsorption
and decreasing hydration during desorption, respectively.
Upon dehydration, the relative proportion of the fully
coordinated NW component decreases, reflecting weaker
and less ordered H-bonds with surrounding water mole-
cules. Similar red-shifts with increasing hydration levels
were also observed on other materials (porous SiO2,
c-Al2O3, GelSil, NaA zeolite, and sodium bis-(2-ethylhexyl)
sulfosuccinate reverse micelles) (Onori and Santucci, 1993;
Goodman et al., 2001; Al-Abadleh and Grassian, 2003;
Crupi et al., 2005).

6.2. Isotope fractionation of interfacial/confined water

The evidence from experimental and simulation studies
discussed above strongly suggests a distorted H-bond net-
work of adsorbed/confined water in porous materials and
a red-shift in the OH-stretching vibrational frequency upon
the hydration of porous materials, such as the mesoporous
silica used in this study. As discussed by Jancso and Van
Hook (1973), the red-shift in the OH stretching frequencies
does occur upon condensation, decreasing the reduced par-
tition function ratios for isotopes due to a ‘‘compression”
of the difference in the zero-point energy (DZPE), namely
an inverse isotope effect (a < 1). However, three rather large
librational frequencies appear upon condensation in the
rotational–vibrational spectrum of water due to stronger
intermolecular H-bonding in the liquid (e.g., Gupta and
Meuwly, 2013). Therefore, the net isotope effect upon con-
densation of water remains normal (a > 1) (Jancso and Van
Hook, 1973).

We observed that the values of both a(2H) and a(18O) in
the fully hydrated mesoporous silica (15 nm) are smaller
than those of bulk liquid water and that they decrease with
decreasing p/po. These experimental observations are con-
sistent with the red-shift of the OH frequency upon conden-
sation (or blue-shift upon dehydration), indicating the
growth of more coordinated NW components with stronger
H-bond network upon condensation. The fully coordinated
NW component with lower frequency has a Gaussian peak
close to that of ice (3250 cm�1), while the IW component
with a coordination number of two has a peak close to that
of liquid water (3400 cm�1). The high-frequency MW com-
ponent with low coordination number has a peak close to
that of vapor (3500 cm�1) (Bergonzi and Mercury, 2013).

Huang et al. (2009) observed that the fractions of the
fully coordinated NW and low-coordinated MW decrease
and increase rapidly, respectively, with decreasing fraction
of filled pores. The fraction of IM remains nearly constant.
The observed patterns of a(2H) and a(18O) varying with the
proportions of filled pores (f) in this study (Fig. 7) are very
similar to the change in the fractions of NW with water
contents (Huang et al., 2009). Using data of the area frac-
tions of NW, IW, and MW water on Vycor (pore diameter:
6.9 nm) at different filling fractions (Huang et al., 2009), we
have estimated for our porous silica sample (15 nm diame-
ter): NW = 0, IW = 0, and MW = 1 at the monolayer stage
(p/po near 0); NW = 0.605, IW = 0.375, and MW = 0.02
near saturation (p/po � 1); and NW = 0.405, IW = 0.375,
and MW = 0.22 at the hysteresis (p/po � 0.8). Applying
the area fractions and our experimental results of a(2H)
and a(18O) between adsorbed water in the porous silica
and water vapor at the corresponding p/po values (1.01
± 0.01 and 1.003 ± 0.002 at p/po � 0, 1.063 and 1.0083 at
p/po = 1, and 1.045 and 1.0065 at p/po = 0.82 for a(2H)
and a(18O) values, respectively), we obtained the equilib-
rium fractionation factors between the three components
of the pore water and vapor: 1.01 ± 0.01 (MW), 1.01
± 0.01 (IW), and 1.10 ± 0.01 (NW) for a(2H) and 1.003
± 0.002 (MW), 1.003 ± 0.003 (IW), and 1.012 ± 0.002
(NW) for a(18O). For comparison, a(2H) and a(18O) values
for liquid–vapor equilibrium is 1.074 and 1.0088 (this study;
Horita and Wesolowski, 1994) and values for ice-vapor
equilibrium are 1.133 and 1.0145 at 0 �C (Ellehoj et al.,
2013). Our estimated fractionation factors for ‘‘ice-like”
NW are indeed close to ice-vapor fractionation factors.
However, the estimated values for ‘‘liquid-like” IW and
‘‘vapor-like” MW, which are very close to each other, are
much closer to those of vapor rather than to those of liquid
water.

7. IMPLICATIONS

Processes of isotope fractionation in soils have impor-
tant implications for our understanding of terrestrial
hydrology in general. Firstly, the stable isotopic composi-
tion of soil water has been used to trace water movements
within the thick vadose zone, estimate the evaporation
rate, and trace groundwater recharge (Allison and
Barnes, 1983; Barnes and Allison, 1988; Cane and
Clark, 1999; Gat, 2010). Secondly, the isotopic composi-
tion of soil water is useful to identify plant water sources
(e.g., Ehleringer et al., 1999; Huang and Zhang, 2015)
since the isotopic composition of water in stems and roots
usually reflect the isotopic composition of plant-available
soil water (Flanagan and Ehleringer, 1991). At the regio-
nal and global scale, the isotope composition of soil water
can be used to explore land–atmosphere interactions (e.g.,
Hoffmann et al., 2000), to constrain primary productivity
and ecosystem exchange (e.g., Welp et al., 2011; Werner
et al., 2012), and to reconstruct the past environmental
and climate parameters (surface temperature and relative
humidity) (e.g., Helliker and Richter, 2008; Oerter et al.,
2014). The results from this study, revealing that equilib-
rium isotope fractionation factors between adsorbed water
in the mesoporous silica and water vapor differ signifi-
cantly from those of bulk water liquid–vapor, prompt us
to re-examine several major issues of vadose-zone isotope
hydrology.
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7.1. Analytical methods for the isotopic composition of soil

water

Conventional analytical methods for the isotopic com-
position of soil water include the extraction of soil water
by techniques such as high-pressure squeezing, vacuum dis-
tillation, or high speed centrifugation from soil (Gilg et al.,
2004). These processes are time-consuming and suffer from
possible sampling-induced fractionation when water from
the soil matrices is not recovered quantitatively
(Wassenaar et al., 2008; Garvelmann et al., 2012). Hsieh
et al. (1998) tested the direct H2O–CO2 equilibration
method for the d18O analysis of soil water. McConville
et al. (1999) and Koehler et al. (2000) measured d2H of pore
waters from clay-rich soil samples by equilibration of the
sample with H2, using a Pt catalyst at 25 �C. Wassenaar
et al. (2008) developed pore water H2O(liquid)–H2O(vapor)

equilibration technique followed by isotope analysis of
vapor samples by laser spectroscopy. This H2O(liquid)–H2O(-

vapor) pore water equilibration with laser spectroscopy has
advantages, including field-based hydrogeologic profiling
(Garvelmann et al., 2012).

The equilibration methods discussed above have poten-
tial problems. In Hsieh et al. (1998) and Wassenaar et al.
(2008), the effect of water contents on the d2H and d18O val-
ues of soil water was investigated by adding different
amounts of water with a known isotopic composition to
the soil sample. The measured isotopic compositions of soil
water systematically change with water contents. Hsieh
et al. (1998) suggested that water in soils may be partitioned
into different ‘‘compartments” or ‘‘pools” such as bulk liq-
uid water, water adsorbed onto mineral surfaces and
organic matter, and structural water bound in minerals,
each with different isotopic compositions. The isotopic
composition of soil water calculated using a fractionation
factor between CO2/H2/water vapor and liquid water is
an operationally defined value for a liquid water ‘‘compart-
ment” (Hsieh et al., 1998). Our study shows that the equi-
librium isotope fractionation factors between
adsorbed/confined water in the mesoporous silica and
water vapor are smaller than those of bulk liquid water–
vapor.

7.2. Multiple subsurface water pools with different isotopic

compositions

Recent stable isotope studies reveal that two separate
water bodies with different isotopic characteristics exist in
trees and streams (Brooks et al., 2010; Goldsmith et al.,
2012). Plant xylem water has similar stable isotope values
as soil water, while the stream and ground water has similar
stable isotope values as precipitation. The two pools of sub-
surface water were distinguished: the former is a pool of
tightly bound soil water from precipitation, which is then
taken up by plants, and the latter is a highly mobile precip-
itation pool that quickly infiltrates through the highly por-
ous soil and eventually contributes to the stream. They
attributed the differences in d18O and d2H values between
the two pools to evaporation. They also observed that the
isotope compositions of soil waters varied parallel to the
local meteoric water line, with soil water at depth having
lower isotope ratios than those of the upper soil, stream
water and annual average precipitation.

Due to the interactions between matric and gravitational
potential, the smallest pores are the last to drain and con-
tain water that is relatively immobile compared with water
in larger pores (Selker et al., 1999). Brooks et al. (2010)
measured mobile soil water and bulk soil water (containing
both mobile and matrix-bound water) collected at the same
depth and location. They found that bulk soil water was
always more depleted in heavy isotopes than mobile water,
indicating that matrix-bound water is more depleted in
heavy isotopes than mobile water. Oerter et al. (2014) sug-
gested that the cation isotope effect of clay minerals under
dry conditions may be relevant to the isotopic composition
of plant available water in soils. Our results suggest that
adsorbed/confined water in pores of different sizes in soils
may have different isotopic compositions due to the effect
of hydrophilic interaction between the water molecules
and the pore surfaces.

7.3. Evaporation models

Due to practical difficulties in sampling soil water vapor,
the isotopic composition of soil vapor or evaporation flux
has traditionally been modeled rather than measured. In
situ, direct isotope analysis of soil vapor by laser spec-
troscopy (Soderberg et al., 2011) is likely to be affected by
sampling-induced mixing/evaporation within soils. Mea-
surements of the isotopic composition of water vapor flux
above ground (Yakir and Sternberg, 2000; Yepez et al.,
2003; Wang et al., 2010) suffer from the difficulty in differ-
entiating the evaporation flux from bare ground and the
transpiration flux from vegetation within the area
(Rothfuss et al., 2010; Wang et al., 2010; Good et al., 2012).

The Craig-Gordon evaporation model (Craig and
Gordon, 1965), which was originally developed to calculate
the isotopic composition of the evaporation flux from an
open water body, has been extensively applied without
modification to evapotranspi aK ration from bare soils
and vegetation:

dE ¼
1

aL–V

� �
� dL � �h � dA � ðe� þ eKÞ
ð1 � �hÞ þ 10�3eK

ð4Þ

where dE, dL and dA are the isotopic compositions of an
evaporation flux, liquid water, and the ‘‘free atmospheric”
water vapor, respectively. �h ¼ h=aH2O, where h is the rela-
tive humidity of ambient air normalized to the saturation
vapor pressure at the temperature of the water surface

and aH2O is the activity of water. The eK ¼ 103ð1 � aKÞ,
where is the kinetic fractionation factor, representing a bun-
dled, total kinetic isotope effect that arises from the trans-
port of water vapor through the three layers (interface,
laminar layer and turbulent section).

Natural and experimental studies for depth profiles of
the isotopic composition of water in soils under evaporitic
environments showed maximum enrichments of heavy iso-
topes (1H2HO and 2H18O) at the water–air interface of soil
columns by evaporation and an exponential decrease with
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depth by diffusional transport. Much smaller slopes (2.6–
3.4) were observed for soil water in the d2H-d18O diagram,
compared to the slopes (4–6) of evaporitic open water bod-
ies (Zimmermann et al., 1967; Gat, 1971; Allison et al.,
1983). The isotopic composition of leaf water is also char-
acterized by high and variable degrees of the enrichments
of 1H2HO and 2H18O with smaller slopes (1.5–2.5) in the
d2H-d18O diagram (Allison et al., 1985). These isotopic pro-
files within soils and leaves have been interpreted within the
framework of the Craig-Gordon model. The Craig-Gordon
evaporation model has been further incorporated into
numerical land-surface isotope models such as SiSPAT-
Isotope and Soil-Litter-Iso to model the isotopic composi-
tion of regional to global soil moisture (Shurbaji and
Phillips, 1995; Mathieu and Bariac, 1996; Melayah et al.,
1996; Braud et al., 2005, 2009; Haverd and Cuntz, 2010).

In applications of the Craig-Gordon model to soil water,
the fundamental assumption that the liquid–vapor phase
transition of soil water in the vadose zone has the same iso-
tope fractionation as for bulk water (aL–V in Eq. (4)). Our
experimental results in this study demonstrated that the
equilibrium isotope fractionation factors between adsorbed
water in the mesoporous (15 nm diameter) silica and water
vapor are significantly smaller than those of bulk liquid
water, affected by the interaction between the water mole-
cules and the hydrophilic pore surface. Thus, in the applica-
tion of Craig-Gordon evaporation model (Eq. (4)) to soil
(and plant) water, the equilibrium isotope fractionation
between water vapor and adsorbed/pore-condensed water
within porous materials (soils and plant tissue), varying
with pore sizes and saturation levels, cannot be assumed
the same as that between bulk liquid water and vapor.
The equations developed for the mesoporous silica
(15 nm) (Eqs. (2) and (3)) may be used as guidance for
silica-rich soils.

8. CONCLUSIONS

Our experiments on equilibrium isotope fractionation
between adsorbed water in the mesoporous silica (pore
diameter: 15 nm) and water vapor at 30 �C demonstrated
that equilibrium isotope fractionation factors a(2H) and a
(18O) at p/po = 1 are lower than those of bulk water and
decrease rapidly with decreasing p/po. These isotope effects
of interfacial/confined water are caused by the weakened
hydrogen-bond network due to hydrophilic interactions
with the silica surface relative to bulk liquid water. Of the
three components of pore waters (MW, IM, and NW),
low-coordinated MW and fully-coordinated NW are indeed
‘‘vapor-like” and ‘‘ice-like,” respectively, in terms of their
reduced partition function ratios. However, IM behaves
more ‘‘vapor-like” rather than ‘‘liquid-like.”

Our results suggest that the long-held assumption in
modeling the isotopic composition of soil water in vadose
zones may not be valid. The equilibrium isotope fractiona-
tion between adsorbed/pore condensed water within soils
and water vapor is not the same as that for bulk liquid
water–water vapor system. Our results also have implica-
tions for improving the equilibration methods to obtain
the isotopic compositions of soil water and for understand-
ing different pools of subsurface water that contribute to
plants and streams. Further experiments are needed on dif-
ferent materials (silica, alumina, clay) with different pore
sizes to fully understand the cause of the observed isotope
effects of water at interface and in confinement and to gen-
erate model equations that can be readily applied to soil
water in arid and semi-arid zones.
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