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RATIONALE: The fast and accurate measurement of H and O stable isotope compositions (δ2H and δ18O values) of soil and

sediment pore water remains an impediment to scaling-up the application of these isotopes in soil and vadose hydrology.
Here we describe a method and its calibration to measuring soil and sediment pore water δ2H and δ18O values using a
water vapor-permeable probe coupled to an isotope ratio infrared spectroscopy analyzer.
METHODS: We compare the water vapor probe method with a vapor direct equilibration method, and vacuum extraction
with liquid water analysis. At a series of four study sites in a managed desert agroecosystem in the eastern Great Basin of
North America, we use the water vapor probe to measure soil depth proﬁles of δ2H and δ18O values.
RESULTS: We demonstrate the accuracy of the method to be equivalent to direct headspace equilibration and vacuum
extraction techniques, with increased ease of use in its application, and with analysis throughput rates greater than
7 h1. The soil depth H and O stable isotope proﬁles show that soil properties such as contrasting soil texture and
pedogenic soil horizons control the shape of the isotope proﬁles, which are reﬂective of local evaporation conditions within
the soils.
CONCLUSIONS: We conclude that this water vapor probe method has potential to yield large numbers of H and O stable
isotope analyses of soil and sediment waters within shorter timeframes and with increased ease than with currently
existing methods. Copyright © 2016 John Wiley & Sons, Ltd.

Hydrogen and oxygen stable isotopes (2H and 18O) in the
water molecule have been used to trace water movement in
soils since the pioneering work of Zimmermann et al.[1] There
have been numerous applications of H and O stable isotope
analyses in soil hydrology since then, from quantifying the
inﬂuence of evaporation on H and O stable isotope
composition proﬁles (δ2H and δ18O values) with soil depth,[2,3]
studies of plant water use,[4,5] and a variety of applications in
catchment hydrology.[6,7] Several recent reviews summarize
the state of isotope hydrology in soils and the vadose
zone.[8–10] Soil water H and O stable isotope signatures (δ2H
and δ18O values) can also be preserved in pedogenic minerals
such as calcium carbonate[11] and phyllosilicates (clays),[12]
and thus can provide information on soil water conditions
during pedogenesis.[13]
The sampling and subsequent determination of δ2H and
δ18O values in soil water has proven to be an obstacle in their
routine use as hydrologic tracers because of the difﬁculty in
reliably removing water from the soil matrix without H
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and/or O isotope fractionation. Distillation of soil water with
heat under vacuum with cryogenic collection and subsequent
liquid water analysis has been considered to be the best
approach, despite evidence that it is prone to unreliable results
and artefacts induced during extraction.[14,15] Mechanical
squeezing and centrifugation have also been used as
alternative methods for physical extraction of soil water.[16–18]
Equilibration of in-matrix soil water in the laboratory with a
headspace gas was initially introduced by Hsieh et al.[19] who
used CO2 for equilibration, and subsequent analysis by
Isotope Ratio Mass Spectrometry (IRMS) for 18O abundance
in the same way that Epstein and Mayeda[20] developed for
liquid water analysis. The advent of laser-based Isotope Ratio
Infrared Spectroscopy (IRIS) allowed for the simultaneous
analysis of 2H and 18O in water vapor in equilibrium with soil
water.[21] The coupling of IRIS with vapor-permeable
membranes[22] has enabled the in situ sampling and
measurement of 2H and 18O in water vapor with everincreasing spatial and temporal resolution, in both laboratory
column experiments with sand matrix[23,24] and ﬁeld
studies.[25–28] While membrane-inlet based approaches have
been demonstrated for in situ measurement and monitoring,
the potential for application to individual ﬁeld-collected
samples has not been explored.
The fast and accurate measurement of H and O stable
isotope compositions (δ2H and δ18O values) of soil and
sediment pore water remains an impediment to scaling-up
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the application of these isotopes in soil and vadose
hydrology. The analysis of pore water δ2H and δ18O values
with high sample throughput would open new avenues for
the generation of large datasets, thus beneﬁtting studies of
soil and vadose hydrology at scales from reconnaissance to
whole landscapes. In this study, we develop the use of a
water vapor permeable tubing-based probe and analytical
system to measure δ2H and δ18O values of soil water in
individual ﬁeld-collected samples with an analysis
throughput rate of one sample per 8 min. We compare this
approach with the commonly used methods of direct vapor
headspace equilibration, and vacuum-extracted liquid
water analyses, to establish its efﬁcacy. We then
demonstrate the utility of this approach to measure soil
depth proﬁles of δ2H and δ18O values of soil water at four
sites in a managed desert landscape in northern Utah
(USA). We conclude that this water vapor probe method
is a useful addition to the array of methods used to
measure soil and pore water δ2H and δ18O values, and that
this method can enable the analysis of large numbers of
samples with relative ease and with high sample
throughput.

EXPERIMENTAL
Field methods
The soils studied are located in an agricultural ﬁeld used for
alfalfa production, and are arranged along a 0.5 km transect
oriented northwest-southeast (centered at: 40° 48′ 21. 89″ N,
112° 2′ 40.88″ W, 1283 m.a.s.l.). Four soils were sampled, each
spaced 125 m along the transect (Fig. 1). The northwestern sites
(A and B) are located in a portion of the ﬁeld that was not
irrigated within the prior ~3 months before soil sampling
(personal correspondence with landowner), whereas the ﬁeld
hosting the southeastern sites (C and D) had been irrigated,
and alfalfa harvested, within the prior ~3 months before soil
sampling.

Soils at sites A–D were sampled in October 2015 by soil
auger, and soil samples were collected in 10 cm depth
intervals. Bulk soil samples were quickly collected into
doubled 3.8-L polyethylene (0.07 mm thickness) zipper
closure bags, with no headspace to avoid soil water
evaporation. For comparison with vapor-based methods,
sub-samples of the 10–20 cm, 30–40 cm, and 90–100 cm depth
soil samples were collected into 20-mL glass vials with
polyseal caps, wrapped in Paraﬁlm, and stored under
refrigeration until vacuum extraction and IRIS analysis
(detailed below).
Laboratory and analytical methods
Gravimetric water content (GWC, g water g1 soil) is reported
throughout because the soils were sampled with a soil auger,
thus preventing depth-resolved soil bulk density (SBD)
measurements on intact soil samples. The GWC was measured
on ~50 g of soil material from each 10 cm soil depth increment
by weighing before and after overnight drying at 105°C. The
carbonate abundance was qualitatively estimated by reaction
with dilute HCl. Soil water was extracted from ~20 g of wet
soil by distillation, and cryogenic collection in a Pyrex glass
U-trap, with boiling water for heating on the distillation side
of the trap and liquid N2 cooling on the collection side, under
vacuum (<60 mTorr), until no additional water was
recoverable (extraction time > 90 min). The extracted water
samples were measured for their δ2H and δ18O values using
a Picarro L-2130i cavity ring down water isotope analyzer
(Picarro, Inc., Santa Clara, CA, USA) following protocols
described in Good et al.[29] and the data were screened with
ChemCorrect software (Picarro, Inc.) to identify potential
artefacts associated with spectroscopic interferences. In
general, the sample processing and analysis cycle time for
the vacuum extraction method is ~3 h for the extraction
(although several samples can be processed simultaneously,
depending on the extraction system layout), and ~40 min IRIS
analysis time (4 injection replicates) for each extracted water
sample. Based on the results from standard waters analyzed
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Figure 1. (1) Small-scale map of Utah with major physiographic features and area of
map (2) labeled; (2) intermediate-scale map of study site location in Salt Lake City
valley, with area of map (3) labeled; (3) large-scale map of study transect with soil
sites labeled; base image of (3) was acquired ~3 months before sampling, showing
fallow growth of sites A and B (non-irrigated), and recently harvested alfalfa in area
of sites C and D (irrigated). (map data: (1): commons.wikimedia.org/wiki/File:
USA_Region_West_relief_location_map.jpg, (2) and (3): Google).
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concurrently, the analytical precision for these liquid
water analyses is ±0.3‰ for δ2H values and ±0.03‰ for δ18O
values (± 1 S.D.).
The isotope values are reported in δ notation: δ = (Rsample/
Rstandard – 1), where Rsample and Rstandard are the 2H/1H or
18
O/16O ratios for the sample and standard, respectively,
and values are reported in per mille (‰). The liquid and vapor
H2O δ2H and δ18O values are referenced to the Vienna
Standard Mean Ocean Water (VSMOW) standard.[30] We use
Dansgaard’s[31] “deuterium excess” parameter, calculated as
d-excess = δ2H – 8 × δ18O, to evaluate the degree to which a
sample has undergone evaporation, with lower values
indicating more evaporation.
Soil samples from depth intervals were combined based on
their color and textural similarity, resulting in grouping
samples from 0–20, 20–40, and 40–100 cm depth, in agreement
with pre-existing soil survey data.[32] These aggregated soil
samples were used for particle size analysis by the hydrometer
method,[33] and an aliquot of each aggregated sample was used
to create the calibration standards for the water vapor probe
and direct vapor equilibration methods (detailed below).

The water vapor probe analytical system is an adaptation of
the system developed by Rothfuss et al.[23,24] for use in
laboratory column experiments, and it has been implemented
in a utility cart such that the system can be mobilized for
portable operation in the lab or ﬁeld. Dry N2 gas is supplied
from a compressed gas tank regulated to 7 kPa and is carried
through the system by H2O vapor-impermeable tubing
composed of polyethylene liner with ethyl vinyl acetate shell
(6.35 mm O.D., 1.6 mm wall thickness, Excelon Bev-A-Line;
Thermoplastic Processes Corp., Georgetown, DE, USA).
The N2 gas supply is split into primary and diluter ﬂows
after exiting the tank regulator. The primary N2 stream is
controlled to 60 standard cubic centimeters per minute
(SCCM) ﬂow rate and held constant by a mass ﬂow
controller (MFC 1 in Fig. 2(B); Sierra Instruments, Monterey,
CA, USA). This primary N2 ﬂow is directed to the soil water
vapor probe, which is constructed of a 12 cm length of
gas-permeable Accurrel PP V8/2HF polypropylene tubing
(8.65 mm o.d., 1.55 mm wall thickness, 0.2 μm nominal
porosity; Membrana GmbH, Wuppertal, Germany) attached
to H2O vapor-impermeable Bev-A-Line tubing that supplies
dry N2 to one end of the water vapor probe. Another length
of Bev-A-Line tubing carries N2 and water vapor from the
exhaust end of the vapor probe and is joined by the diluter
ﬂow of N2 (regulated by an adjustable mass ﬂow controller,
MFC 2 in Fig. 2(B)) before entering the CRDS instrument.
The sampling lines are 2 m in length, thus allowing easy
hand-held use of the probe while minimizing sample gas
travel distance and time. Excess water vapor and N2 are
vented to the atmosphere after the CRDS pump system
inducts a portion of the sample stream into the CRDS
instrument (Fig. 2(B)). The system is self-contained in a small
utility cart and is powered by 120-V line power.
When the soil water vapor probe is fully inserted into wet
soil (done inside the sample bag), water vapor from the soil
crosses the tubing wall membrane due to the humidity
gradient between the moist soil and the dry N2 inside the
probe and is carried by the N2 stream through the return

tubing. In order to regulate the water vapor mixing ratio
received at the analysis system, the diluter N2 stream joins
the primary sample stream upstream of the CRDS isotope
analyzer (L2130-i, Picarro, Inc.). For samples analyzed in this
study at 22°C under isothermal laboratory conditions, a
dilution ﬂow of 20 SCCM resulted in consistent measured
water vapor mixing ratios in the CRDS instrument of
approximately 20,000 ppmV H2O.
The water vapor probe method is conducted in continuous
ﬂow mode, and the measurement sequence initiates with
establishing a dry ﬂow of N2 through the system, with water
vapor mixing ratios ([H2O]) at the CRDS of <7000 ppmV,
reﬂecting ambient atmosphere from the laboratory crossing
the vapor probe membrane. The water vapor probe is fully
inserted into the soil sample or calibration standard along with
a thermometer probe, the bag is purged of headspace by
squeezing, and it is reclosed immediately around the probe
gas lines. It is important to seal the bag closure around the
probe lines as completely as possible, and a reusable strap or
Velcro tie is typically adequate to prevent vapor loss and/or
exchange with ambient air. A measurement duration of
~5 min is typically sufﬁcient to achieve >2 min of stable
[H2O] and δ2H and δ18O measurements. The water vapor
probe is then removed from the soil. At the end of the sample
measurement, either the vapor probe can be replaced with a
new probe, or the probe can be rinsed with deionized H2O
and dried between analyses via carrier N2 gas ﬂow. In the case
of replacing the probe, ~3 min of carrier gas N2 ﬂow is
sufﬁcient to allow the CRDS system to stabilize to [H2O]
<7000 ppmV, and results in a measurement cycle time of
~8 min. Used probes are rinsed with deionized water,
internally dried with a continuous ﬂow of compressed air
for >10 min, and reused in a rotating set of probes. If the same
probe is rinsed, dried, and reused for the subsequent analysis,
~7 min of carrier gas N2 ﬂow is required to return the CRDS
system to [H2O] <7000 ppmV (thus increasing analysis cycle
time and decreasing sample throughput).
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Water vapor probe analytical methods

Figure 2. (A) Schematic detail of water vapor probe and (B)
schematic layout of the water vapor probe system, arrows
indicate carrier gas (N2) flow direction.
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Values of δ2H and δ18O on water vapor (δ2Hvap and δ18Ovap)
were calculated by averaging 2 min of measurements collected
at 1 Hz frequency. Although the manufacturer’s data indicate
that instrumental drift in the CRDS instrument used here (L2130i) has been nearly eliminated over the course of a ~ 6 h
analysis session (Picarro Inc., 2016), the instrument stability
was monitored by repeated analysis of the same standards
at the beginning and end of the session, with no drift recorded.
Rothfuss et al.[23] demonstrated that the Accurrel PP V8/2HF
polypropylene tubing used for the water vapor probes does
not exert isotope fractionation on either the δ2Hvap or the
δ18Ovap values of water. Water vapor probe measurements
of δ2Hvap and δ18Ovap were made on soil samples from
10 cm depth increments from 0–70 cm depth, and on the 90–
100 cm depth samples (80–90 cm at site A), and on soil-water
calibration standards at 22°C under isothermal laboratory
conditions (constant ambient air, sample, and analytical
system temperature). Analyses were made within 2 days of
sample collection.
Direct vapor equilibration analytical methods
Each soil sample bag was inﬂated with ~2 L of dry N2 and
allowed to equilibrate for ~12 h at 22°C under isothermal
conditions. For the direct vapor equilibration method,[21]
the CRDS system is conﬁgured with a vacuum pump at the
vent terminus in Fig. 2, which draws the bag headspace N2
and water vapor into the system at 0.25 L min1. The N2
and water vapor ﬂow is not diluted with N2 as in the water
vapor probe method, and N2 and water vapor are drawn into
the CRDS instrument until stable [H2O] (~34,000 ppmV), δ2H
and δ18O measurements are reached for >2 min, resulting in
a measurement duration of ~5 min. Between samples, dry N2
is used to ﬂush the sampling line until the [H2O] values at the
CRDS are <1000 ppmV. The total sample cycle times with
this method are ~8 min (not including bag inﬂation time of
~90 min for 32 samples, and 12 h headspace equilibration).
The values of δ2Hvap and δ18Ovap are calculated by averaging
2 min of measurements collected at 1 Hz frequency. Direct
vapor equilibration measurements of δ2Hvap and δ18Ovap
were made on soil samples from 10 cm depth increments
from 0–100 cm depth, and on soil-water and calibration
standards at 22°C under isothermal laboratory conditions
(constant ambient air, sample, and analytical system
temperature). Analyses were made within 3 days of sample
collection.
Evaluation of CO2 spectral interference correction
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The presence of CO2 in the analytical system carrier gas has
been found to exert confounding effects on measured δ2H
and δ18O values of water vapor in CRDS instruments.[34] In
order to evaluate CO2 levels during sample and standard
analyses, we used the spectral line width variable “h2o_vy”,
the value of which is related to carrier gas composition, and
which is available in the CRDS analyzer system diagnostic
ﬁles.[34] We used h2o_vy values measured on silica sand-water
samples prepared in the same way as the calibration standards
(that should have no CO2 beyond that which is incorporated
into the standard from atmosphere air, ~400 ppmV) for
comparison with h2o_vy values measured on soil samples
and calibration standards.

wileyonlinelibrary.com/journal/rcm

Calibration of measured δ2H and δ18O values
Using the aggregated soil samples that were combined from
grouping samples from 0–20, 20–40, and 40–100 cm depth
based on similarity of soil properties at those depths,
calibration standards for the water vapor probe and direct
vapor equilibration methods were created by adding water
with known δ2H and δ18O values (AB-type: δ2H = 64.7‰
and δ18O = 9.62‰ (VSMOW); UT-type: δ2H = 122.8‰
and δ18O = 16.46‰ (VSMOW); ±0.3‰ for δ2H values
and ±0.03‰ for δ18O values (±1 S.D.) for both water types;
to oven dried (105°C for >12 h) soil material at 7%, 18%,
26% GWC (g water g1 soil), n = 18 calibration standards
(3 soil depth groups (7% to 11% clay content) × 3 GWC
contents × 2 water types)). Water was distributed within
each calibration standard evenly, the water-soil mixtures
were homogenized by physical mixing, and the saturation
state inside each standard bag or container was allowed to
equilibrate overnight, thus ensuring even distribution of
water throughout the soil in the standard. These calibration
standards were made in either 3.8-L polyethylene (0.07 mm
thickness) zipper closure bags used in both the water vapor
probe and the direct vapor equilibration methods, or in
473-mL polyethylene containers with water vapor probes
installed into the screw-top lids for the water vapor probe
method.
Analyses of the soil-water calibration standards with the
water vapor probe method (at 22°C), and linear correlation
modeling of the analytical results with the “nlme” package[35]
in R[36] yielded the following relationships between the δ2H
and δ18O values of water vapor (δ2Hvap and δ18Ovap) and those
of liquid water (δ2Hliq and δ18Oliq), and gravimetric water
content (GWC, as g water g1 soil), and clay content (CLAY,
as g clay g1 soil):
δ2 Hliq ¼ 82:074 þ 20:120GWC þ 71:891CLAY
þ1:122δ2 Hvap

(1a)

δ18 Oliq ¼ 6:718 þ 6:199GWC þ 11:090CLAY
þ1:019δ18 Ovap

(1b)

All predictors in Eqns. (1a) and (1b) are signiﬁcant to
p < 0.01, except CLAY with p < 0.05 (n = 18). The explanatory
power of the GWC and CLAY terms was evaluated by
calculating the reduction in variance of the residuals when
each was added individually to Eqns. (1a) and (1b). GWC
explains 56% and 32% of the residual variance in the H and
O isotope calibration experiments, respectively, and CLAY
explains 9% and 19% for H and O. When the full versions of
Eqns. (1a) and (1b) are applied to the δvap measurements made
by the water vapor probe method to predict the δliq values of
the calibration standards, the residuals (model – actual) are
distributed almost normally, but with a small positive bias
(average 0.08‰ ±2.0‰ (1 S.D.)) for δ2Hliq values, and
normally for δ18Oliq values (average of 0‰ ±0.39‰ (1 S.D.))
(Supplementary Fig. S1, Supporting Information). We
therefore estimate the analytical uncertainty of measurements
with the water vapor probe method to be ±2.0‰ for δ2Hliq
values and ±0.39‰ for δ18Oliq values.
Similar analyses of the same soil-water calibration
standards using the direct vapor equilibration method (at
22°C) yielded the following calibration relationships:

Copyright © 2016 John Wiley & Sons, Ltd.
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δ2 Hliq ¼ 84:808 þ 22:079  GWC – 48:872  CLAY (2a)
þ 1:069  δ2 Hvap
δ18 Oliq ¼ 5:264 þ 5:229  GWC þ 9:609  CLAY
þ 0:966  δ18 Ovap

(2b)

All predictors in Eqns. (2a) and (2b) are signiﬁcant to
p < 0.001, except CLAY with p < 0.05 (n = 18). For the bag
method, GWC explains 59% and 46% of the residual variance
for H and O isotopes, respectively, and CLAY explains 10% for
each isotope system. When used to predict the δliq values of the
calibration standard, the residuals of Eqns. (2a) and (2b) are
distributed normally, with an average of 0 ± 1.7‰ (1 S.D.)
for δ2Hliq values, and an average of 0 ± 0.31‰ (1 S.D.) for
δ18Oliq values (Supplementary Fig. S2, Supporting
Information). We interpret the residuals between model and
actual to represent the uncertainty of measurements with the
direct vapor equilibration method and these are ±1.7‰ for
δ2Hliq values and ±0.31‰ for δ18Oliq values.

RESULTS
Soil properties and water contents

Figure 3. Comparison of gravimetric water content (g water
g1 soil) for soil samples with soil depth from each site. Solid
squares and solid line are site A data, solid circles and
medium dashed line are site B data, empty squares and
dotted line are site C data, and empty circles and long
dashed line are site D data.
and δ18Oliq values from both methods display exponentially
declining trends from the surface to 40 cm depth, and are
nearly constant below 40 cm.
Evaluation of the spectral line width variable “h2o_vy” as
an indicator of the presence of elevated levels of CO2 in the
analytical system carrier gas was used to evaluate whether a
CO2 correction was necessary. In mixtures of N2-CO2 the
presence of CO2 does not begin to exert effects on δ2H and
δ18O values that are larger than the precision of both vapor
measurement methods (ca ±2‰ for δ2Hliq values and ±0.4‰
for δ18Oliq values) until CO2 mixing ratios ≥2% (20,000
ppmV).[34] Values of h2o_vy ~0.45 are normal for standards
made with silica sand and water (which should have no CO2
content beyond ~400 ppmV contributed by the atmosphere)
at a variety of water content levels analyzed with the same
instrument and analytical system as used in this study. In
comparison, no soil sample or calibration standard made with
ﬁeld soil displayed h2o_vy values greater than ~0.5.
Therefore, based on the similarity of h2o_vy values from silica
sand standards to those measured on soil and calibration
standards, no CO2 correction was applied to the δ2Hliq and
δ18Oliq values.

Soil water δ H and δ O values

Comparison of soil water δ2H and δ18O measurement
methods

When calibration Eqns. (1) and (2) are applied to δvap
measurements of soil samples from the ﬁeld sites via the water
vapor probe and direct equilibration methods, respectively,
using the GWC and clay content values measured in the soil
samples, the depth proﬁles of the δ2Hliq and δ18Oliq values
shown in Fig. 4 are calculated (Supplementary Table S1,
Supporting Information). The soil depth proﬁles of the δ2Hliq

The soil water δ2Hliq and δ18Oliq values determined by the
water vapor probe and direct vapor equilibration methods
are compared with those measured on vacuum-extracted
liquid water samples in Fig. 4. The agreement between the
δ2Hliq and δ18Oliq values determined by the water vapor probe
or direct equilibration methods and vacuum-extracted water
can be expressed as the root mean squared error statistic

2

18
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The mean annual air temperature (MAAT) at the site is 11.6°C,
and the mean annual precipitation (MAP) is 393 mm.[37] The
soils are surveyed as loamy mixed superactive mesic shallow
Natric Durixeralfs,[32] and ﬁeld observations and soil samples
from each site are similar to the survey data. The soil has
loamy-silt E horizons from 0 to 20 cm (30% sand, 63% silt,
7% clay), sandy-clay Bt horizons from 20 to 40 cm depth
(44% sand, 47% silt, 9% clay), which includes a carbonate-rich
Btk horizon from 30 to 40 cm depth, and sandy-clay C horizons
beyond 40 cm depth (45% sand, 44% silt, 11% clay). Soils B
and C had similar water content trends with depth and
were driest from 0–30 cm with 7% to 13% GWC. The
GWC increased steadily below 30 cm to ~25% at 100 cm
depth (Fig. 3). Soils A and D also had lower water contents
in the upper 20 cm with 8%–18% GWC, which increased
abruptly to 22%–24% between 30 and 50 cm depth. Soils
A and D had local GWC minima at 50–60 cm depth, and
water contents increased below this with depth to 22%–25%
GWC (Fig. 3; Supplementary Table S1, Supporting
Information). The high water content and the trend towards
greater water contents of the deep soil below 70 cm (Fig. 3)
suggest the presence of shallow groundwater. This is
probably related to the sites’ proximity (~9 km east) to
the Great Salt Lake (Fig. 1), which had a surface elevation
of 1277.4 m.a.s.l. (5.6 m below the ground surface) during
the soil sampling.[38]

E. J. Oerter et al.

Figure 4. Comparison of soil water δ2H and δ18O values determined by water vapor probe
(solid squares, solid line), direct vapor equilibration (solid circles, dashed line), and vacuumextracted soil water (empty circles), with soil depth for sites A–D. Analytical uncertainty in each
vapor measurement methodology is denoted by horizontal whisker marks (±2.0‰ for δ2Hliq
values and ±0.39‰ for δ18Oliq values for the water vapor probe method, and ±1.7‰ for δ2Hliq
values and ±0.31‰ for δ18Oliq values for the direct vapor equilibration method). Precision for
the liquid water analyses is ±0.3‰ for δ2H values and ±0.03‰ for δ18O values (±1 S.D.).
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(RMSE). The RMSE for the water vapor probe method is 1.7‰
for δ2Hliq values and 0.62‰ for δ18Oliq values (when the
vacuum-extracted outlier from site C at 15 cm depth is
excluded; the very low d-excess value, 39‰, for this
sample suggests that it may have experienced evaporation
after collection), and is lower than that of direct vapor
equilibration measurements for δ2Hliq values at 3.1‰, and
equivalent for δ18Oliq values at 0.62‰. The lower RMSE
of the vapor probe method for δ2Hliq values supports the
visual conclusion that it outperforms direct vapor
equilibration in matching the δ2Hliq values of vacuumextracted soil water (Fig. 4). Both vapor measurement
methods are biased slightly toward higher δ2Hliq, and lower
δ18Oliq values than the vacuum-extracted soil water method
(average mean error for the water vapor probe method
compared with vacuum-extracted soil water is 0.3‰ for
δ2Hliq values and 0.55‰ for δ18Oliq values, and for direct
vapor equilibration measurements compared with vacuumextracted soil water is 0.1‰ for δ2Hliq values and 0.21‰
for δ18Oliq values).
The estimated analytical uncertainty of the water vapor
probe method is ±2.0‰ for δ2Hliq values and ±0.39‰ for
δ18Oliq values, and thus a bit higher than that of direct vapor
equilibration (±1.7‰ for δ2Hliq values and ±0.31‰ for δ18Oliq
values). This represents a trade-off between the water vapor
probe and the direct vapor equilibration methods: the water
vapor probe offers better measurement “trueness” for δ2Hliq
values (lower RMSE than vacuum-extracted water), and
which is equivalent for δ18Oliq values, but more variability in
each measurement (higher analytical uncertainty). This
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assessment is based on vacuum-extracted water having the
“true” δ values, and ignores any uncertainties associated with
vacuum extraction of soil water.[14,15]
The soil depth proﬁles of deuterium excess (d-excess) are
shown in Fig. 5, and the values generally increase with soil
depth. The relationship between the δ2Hliq and δ18Oliq values
in soil water at the study sites and that in precipitation
collected 17 km east of the study sites at the University of Utah
campus[39] is shown in Fig. 6. The soil water δ2Hliq and δ18Oliq
values plot along a line with a slope of ~5, indicating that the
soil waters all show some degree of evaporation compared
with precipitation.

DISCUSSION
Appraisal of the water vapor probe method
The water vapor probe method described here offers similar
analytical performance to direct vapor equilibration, and
increased utility in application compared with direct vapor
equilibration methods because bagged soil samples can be
brought to the water isotope analyzer, be it in the lab or ﬁeld,
and analyzed immediately without the need to inﬂate each
bag with N2 or dry air and allow time for equilibration. The
water vapor probe method is considerably faster than the
vacuum extraction method which requires from 1 to 6 h setup
and extraction time for complete water extraction.[40–42]
Although long setup and extraction times can be averaged
by simultaneous processing of several samples depending on

Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 5. Comparison of soil water deuterium excess
(d-excess) values measured by the soil vapor probe method
on soil samples with soil depth for each site. Solid squares
and solid line are site A data, solid circles and medium
dashed line are site B data, empty squares and dotted line
are site C data, and empty circles and long dashed line are
site D data.
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Figure 6. Soil water δ2Hliq and δ18Oliq values for 0–25 cm soil
depth (open circles) and for 25–100 cm depth (closed circles)
at all sites compared with those of local precipitation, with
δ2H and δ18O relationships denoted (solid line: Local
Meteoric Water Line = LMWL;[39] dotted line: Global
Meteoric Water Line = GMWL; dashed line: all soil water
samples, R2 = 0.96, n = 32).

the extraction system layout, each sample requires ~40 min
analysis time (4 replicate injections) after extraction. The water
vapor probe method also avoids problems during vacuum
extraction from leaky vacuum manifolds or incomplete
extractions.[14,15,41] The water vapor probe method allowed
quick and robust H and O stable isotope analyses of 32 ﬁeldcollected soil samples over the course of ~5 h in the lab.
Creation and analysis of the calibration standards took ~3 h,
resulting in a total time investment of ~8 h. This represents
an improvement over the direct vapor equilibration method
of ~30% considering that no time is required to inﬂate the bags
and wait for headspace vapor equilibration (≥ 3 h). The vapor
probe analytical system is more complex than that used for
direct vapor equilibration, however, with the addition of the
permeable membrane material and mass ﬂow controllers. An
additional consideration is that the probe itself must be
inserted into the sample, thus requiring that the sample
material be unconsolidated or friable, or made so by crushing,
or excavating a cavity in the sample to accommodate the probe.
Our assessment of method accuracy here assumes that
isotope ratios obtained from all three analytical methods
should be identical. However, it is also possible that the water
vapor probe and vapor equilibration methods may be
measuring a distinct portion of the total soil water (i.e. the
‘mobile’ soil water that is able to equilibrate with vapor
accessible to the vapor probe or the sample bag headspace)
that has a different isotopic composition from bulk soil water.
In contrast, vacuum-extracted soil water is typically thought to
represent the total soil water if extractions are run to
completion (all the water is extracted from the soil sample[15]).
Although this difference raises the exciting possibility that the
water vapor probe and vacuum extraction methods could give
different and complementary information on the partitioning
of soil water into separate ecohydrologic ‘pools’, in this study
we did not ﬁnd evidence for systematic differences in the
values measured by these methods. This suggests either that
there was no isotopic segregation between soil water pools
in the studied system or that the vapor probe method (and
headspace method) gave values that were representative of
the soil water as a whole.
The ‘true’ δ2Hliq and δ18Oliq values of soil water are difﬁcult
to determine. For example, Orlowski et al.[18] showed that for
standards made of oven-dried soil with added water, vacuum
extraction does not reliably yield extracted water with the
same isotope composition as the added water. This
phenomenon may inﬂuence our evaluation of analytical
‘trueness’ in which we use values measured on vacuumextracted waters to represent the true value of the soil waters.
In the case of this study, the close agreement between values
measured by all three methods (Fig. 4) suggests either that
the vacuum extraction method gave accurate results or that
all three methods exhibited similar biases relative to the true
isotopic values of the soil sample waters. Although the latter
explanation is not impossible it seems a less parsimonious
explanation given the different conditions of water extraction
employed by the methods.
Although the calibration standards are matrix-matched to
the soil samples because they are composed of the same soil
material, the use of oven-dried soil with added water for
standardization is not without its problems. The very small
positive bias in the residuals comparing the calibrated results
from the water vapor probe method with the known isotope
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composition of the water used to make the calibration
standards (0.08‰ for δ2H values, see section on calibration)
could be due to water remaining in the clay interlayer spaces
even after oven-drying at 105°C. However, there is a lack of
alternatives to calibrating isotopic measurements of water in
situ in a soil matrix. The use of oven-dried soil with added
water presents some advantages for calibration in terms of
explicitly incorporating soil-water interactions such as those
described below. In this study, the use of oven-dried soil with
added water as standards results in calibrations for the water
vapor probe and headspace equilibration methods that
generate results that agree across both methods and compare
favorably with results from vacuum-extracted waters (Fig. 4).
The use of gravimetric water content (GWC) in the
calibration of both vapor methods instead of volumetric water
content (VWC), which differs by the factor of soil bulk density
(SBD), presents some advantages and disadvantages. An
advantage is that use of GWC eliminates the need for SBD
sampling, which is not possible (at soil depths beyond the
surface) with auger sampling methods such as those used in
this study. This lack of depth-resolved SBD sampling
precludes conversion of GWC into VWC in soils that have
varying and contrasting soil horizons (and thus varying SBD
values), and the application of surface SBD values to samples
from greater depths would yield inaccurate VWC values.
Thus, GWC is the only way to create calibration standards
with similar water contents to those of the ﬁeld samples. A
disadvantage of using GWC instead of VWC is that soil
structure and pore saturation state are not evaluable, although
these soil properties are destroyed by auger sampling, and the
creation of calibration standards matched to these soil
properties does not seem to be presently possible. Although
the lowest GWC tested with the vapor probe method in this
study was 7%, it may be possible to obtain accurate δliq values
of soil and sediment pore water at GWC as low as 2% by
increasing the sample size.[43]
The incorporation of clay content into the calibrations (Eqns.
(1) and (2)) points to the inﬂuence of soil texture on both the
water vapor probe and the direct headspace equilibration
methods. This soil texture effect seems to indicate that water
isotopologue organization and partitioning at soil particlewater interfaces,[44] at the water interface with organic
material adsorbed to soil particle surfaces,[45] or around
cations adsorbed to the clay particle surfaces[46] may be
occurring in these soils, all of which can create isotopic
fractionation effects on the bulk soil water.
Application of the vapor probe method to field soils

82

Analysis of soil samples collected from the ﬁeld sites yields
interesting information about the hydrologic conditions
present in the soils during sample collection. At all sites, the
soil water at 100 cm depth has d-excess values of ~1.5 to 3,
which is lower than that of local precipitation except during
some summer months (Fig. 5; Supplementary Table S1,
Supporting Information), indicating that even deep soil water
has undergone some evaporation during inﬁltration, or that
inﬁltrating precipitation has mixed with existing soil water
that has undergone evaporation. At sites A–C the soil water
shows evidence of evaporative inﬂuence in the form of lower
d-excess values from the surface down to ~65 cm soil depth,
and to ~75 cm depth at site D (Fig. 5). The d-excess values at
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all sites are relatively constant from 25 cm to 55 cm depth
and decrease from the surface to 25 cm. This distinctive
‘S-shaped’ pattern in d-excess values is similar in all the soils,
although with some variability, especially at sites A and D.
The d-excess value patterns with depth suggest that the depth
of evaporative inﬂuence may be controlled by the Bt and Btk
soil horizons at 20–40 cm depth (Fig. 5). These soil zones
may have reduced permeability due to increased carbonate
content and clay accumulation, and may prevent migration
of the evaporation front deeper in the soil and limit
evaporation from below this level.
The water contents are highest in the soils from 35 to 100 cm,
and lower above 35 cm and upwards to the surface (Fig. 3). The
water content data combined with the d-excess depth proﬁle
suggests that the dominant zone of evaporative inﬂuence is
from 35 cm up to the surface. This scenario is supported by
the δ2Hliq and δ18Oliq depth proﬁles which do not show
deviation from deep soil water δ values below ~35 cm soil
depth (Fig. 4). Site A has a unique depth proﬁle of d-excess
values, and shows a lower d-excess value at 15 cm soil depth,
but higher d-excess values at shallower depths than the other
soils (Fig. 5). The d-excess depth proﬁle for site A suggests that
the zone of evaporation is deeper than in the other soils and
extends from the surface to 45 cm depth in the soil (Fig. 5). This
deeper zone of evaporation is also reﬂected in the δ2Hliq and
δ18Oliq depth proﬁles at site A, which exhibit deeper shifts
towards higher δ2Hliq and δ18Oliq values than the other soils
(Fig. 4).

CONCLUSIONS
The soil water vapor probe analytical method detailed here
has wide applicability to studies of soil water conditions and
ﬂuxes in soils and the vadose zone. The ease with which pore
water δ2H and δ18O values can be measured on discrete
samples of soil and unconsolidated sediments with this
method in the laboratory is demonstrated here. We
demonstrate the accuracy of the method to be equivalent to
direct headspace equilibration and vacuum extraction
techniques, with increased speed and ease of use in its
application.
The water vapor probe method can beneﬁt reconnaissance
or large-scale sampling campaigns that yield large amounts
of soil samples that need to be analyzed rapidly after
collection. The analytical approach described here has
potential to enable and streamline studies of pore water
conditions and ﬂuxes in soils and the vadose zone and seems
likely to increase the number and scope of water isotope
monitoring studies and their impact on efforts to characterize
liquid and vapor water ﬂuxes in the Critical Zone.
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