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ABSTRACT

New Mexico (especially the southern part of the state)
is heavily dependent on ground water for agricultural
irrigation, municipal supply, and economic development. The
quantification of recharge is thus very important to scien-
tists, engineers, and water resource planners.

We present a technigue to model the transport of the
stable isotopes 2H and 180 This technique is based upon
work by Barnes and Allison (1984). The model developed here
can predict the shape of the stable isotope profiles in the
vadose zone, and also quantify the vapor flux portion of
soil-water movement. Through a non-linear least~-squares
approach, the model is matched to an observed isotope profile
by optimizing the values of specified variables. The
optimized parameters are then used to numerically solve for
the vapor flux as a percentage of the deep flux of water
below the root zone. This technique of modeling the isotope
species transport is much more robust than conventional heat
and moisture flow modeling techniques. This conclusion stems
from the fact that the effective isotopic diffusivities vary
little with water content, whereas hydraulic diffusivity is
strongly dependent on water content.

Based upon the model results, in the top 2.7 meters of
the soil profile a depth-averaged estimate of 15 to 33
percent of the total soil-water movement is in the vapor
bhase. This implies that the liquid flux of water is most
important in the recharge process. However, the vapor flux
is substantial enough to strongly influence the solute
transport characteristics of the system. The strong downward
vapor flux is also confirmed qualitatively by the pronounced
minimum in the isotope profiles. The lighter isotopes, 160
and lH, are preferentially transported in the vapor phase and
condensed at depth, thereby causing the depletion of the
isotope ratios.

A vacuum distillation procedure has been developed to
extract soil water from soil samples without isotopic
fractionation. This new technique is an alternative to the
azeotropic toluene distillation method used by other investi-
gators.

Key Words: stable isotopes, ground water, recharge, water
vapor, deuterium, oxygen, tritium, chlorine
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INTRODUCTION

Ground water constitutes the sole water supply in much
of New Mexico. Long-term availability of ground water is
thus the primary limitation to economic development in many
cases. This hydrologic reality has long been recognized by
New Mexico water law through its control of ground-water
withdrawal in basins which are threatened by overdraft. The
goal of the legal regulation of pumping is to provide the
maximum sustainable long-term water yield. This long-term
yield is dependent not only on pumping rates, but also on the
ground-water recharge rate. Knowledge of the recharge rate
has important implications for the economic development of
the state.

Many authors (e.g., Falconer et al. 1982: Mann 1876)
have maintained that there is no direct recharge of ground
water by infiltration of precipifation through the vadose
zone of arid regions. Although this concept may be valid for
some circumstances, localities exist in arid (and even
hypeférid) environments which act as aquifer recharge
areas due to incident precipitation (Verhagen et al. 1979;
Dincer et al. 1974; Bergstrom and Aten 1965). The extent
and importance of this type of recharge has probably been

obscured due to misunderstanding of the behavior of soil



water in desert regions. Recent, detailed investigations in
New Mexico (Stephens et al. 1985; Stephens and Knowlton
1986; Mattick et al. 1986; Phillips et al. 1988) have

shown that direct recharge does take place in the arid
portions of this state, and have shed light on the nature of
the recharge process. Phillips et al. (1988) found that
bomb~-pulse chlorine-36, 3601, and tritium, 3H, have signifi-
cantly different travel time characteristics in the vadose
zone at two arid sites in New Mexico. They theorized that
the movement of tritium was enhanced in the profile due to
vapor transport. A solute such as 36Cl would only travel in
the liquid phase of water, and, therefore, would appear to be
retarded with respect to the tritium movement. The downward
movement of tritiated soil water appeared to be greater

than twice the rate of the chlorine-36 movement at the

study site. The soil-water movement in the upper portion of
the profile is thus enhanced by a vapor phase flux of water.
This vapor flux does not extend to the water table and
contribute directly to recharqe.. The vapor flux does,
however, enhance movement of soil water at shallower depfhs,
thus contributing to the overall movement of soil water which
eventually\becomes recharge. Therefore, from a water
resources planning perspective, vapor phase contributions to
ground-water recharge may be important. Also, from a
hazardous waste siting perspective, if vapor phase movement

of soil water is significant, then volatile pollutants may



travel more rapidly through the vadose Zone to an underlying
aquifer than the dissolved constituents in the liquid-phase.
Hence, non-volatile solutes may appear to be retarded
relative to the movement of volatile constituents. There-
fore, it may be important for engineers and water resource
planners to quantify both the liquid and vapor flux in
designing a hazardous waste facility.

This study uses the stable isotopes of hydrogen and
oxygen, deuterium (2H or D) and oxygen-18 (180), in the water
molecule, to evaluate the relative importance of the vapor
phase movement of water in the recharge process. A method to
quantify the vapor phase contribution to soil-water movement
is presented and appears to confirm the hypotheses presented
by Phillips et al. (1988). It is expected that the enhanced
understanding of the recharge process resulting from this
research may allow more accurate estimation of ground-water
recharge in New Mexico. It may also permit evaluation of

methods for enhancing natural recharge in the state.



RELATED RESEARCH

Estimates of recharge rates in New Mexico under arid or
semiarid conditions have been made by several investiga-
tors (Stephens et al. 1985; Stephens and Knowlton 1986;:
Mattick et al. 1986; Phillips et al. 1988). Stephens
and Knowlton (1986) applied soil-physics techniques to
quantify the amount of areal recharge through the vadose
zone. They concluded that the recharge flux might be on the
order of a few percent of the precipitation rate. This
result is quite significant, considering that many previous
studies in other arid environments have concluded that
recharge is negligible. However, the soil-physics techniques
employed in the Stephens and Knowlton (1986) study have
statistical measurement errors as large as an order of
magnitude.

Phillips et al. (1988) investigated the same site as
that used by Stephens and Knowlton (1986). Phillips et
al. (1988) used bomb-pulse 36Cl and tritium as thirty year
tracers for the estimation of water and conservative solute
movement. One of their most interesting results was the
relative positions of the bomb-36Cl and bomb-tritium peaks in
the soil profiles. Bomb 3°Cl and bomb tritium were both

released by atmospheric nuclear weapons tests; the bomb-36c1



fallout peaking in about 1958 and the tritium fallout in
1964. The bomb 36Cl was incorporated in precipitation and
dry deposition and has been infiltrating slowly through the
soil dissolved in the liquid soil water (Phillips et al.
1983; Phillips et al. 1984). The bomb tritium was incor-
porated into atmospheric water vapor (as the molecule
HTO) and has also been moving downward with the soil water.
If piston displacement is assumed, one would expect to
find the bomb-tritium peak in the soil water at a slightly
shallower depth than the bomb-36Cl peak due to the timing of
the fallout peaks. This has not proved to be the case.

Figure 1 shows the positions of the tritium and 36c1
peaks for one soil profile measured at the Sevilleta National
Wildlife Refuge, near Socorro. The bomb-36c1l peak is found
at a depth of about one meter, whereas the bomb-tritium peak
is located at almost two meters. Thus, although the tritium
entered the soil after the 36cl, it has penetrated deeper.
Figure 1 also contains a graph of depth versus chloride age,
based upon chloride mass-balance calculations. The chloride
mass-balance appears to accurately predict the depth of the
bomb-36C1 peak. Limitations of the radio-isotope approach
have been discussed by Phillips et al. (1988) .

’These results lead to the conclusion that tritiated
water is moving downward faster than chloride. Two hypothe-~
ses offer likely explanations: (1) chloride is retarded

relative to water by interaction with soil grains during
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Figure 1. Predicted position of the bomb-36cl and 3H peaks
compared to the observed position. Chloride age is calculated
by chloride mass balance method. (after Phillips et al.1988)



liqﬁid flow, and (2) the tritium moves faster than the
chloride because it is transported in both liquid and vapor
phases whereas the chloride can travel only in the liguid
phase.

Laboratory column experiments were devised by Mattick
et al. (1986) to test the first hypothesis. The experimental
conditions were designed so that only liquid flow of water
and chloride was allowed and vapor transport was prevented by
maintaining a zero vapor-pressure gradient. The chloride was
observed to move relatively uniformly along with the mois-
ture, indicating that the tracer had little chemical interac-
tion with the porous media.

The second hypothesis is based on the fact that water
(both Hy0 and the isotopically labeled HTO) is volatile and
can thus move as a gas, whereas chloride is not volatile and
thus can be transported only when it is dissolved in liquid
water. Net water vapor transport in the soil (due to
gradients of partial pressure of water vapor) could, in turn,
result from gradients of temperature, matric potential,
osmotic potential, or a combination of these. Preliminary
calculations suggest that average temperature and osmotic
potential gradients are, by themselves, not sufficient to
accou;t for the observed difference between the 3H and 36¢1
peaks. The matric potential gradients may work together with
seasonally fluctuating temperature gradients to enhance

downward vapor movement and restrict upward movement.



A recent laboratory study conducted by Grismer et
al. (1986) has suggested that at low to moderate moisture
contents the vapor-phase component of water flow may be
significant. If the inferences made in Grismer's study,
along with the radionuclide tracer work described above, are
borne out, they will imply that in arid regions vapor-phase
movement is at least as important as liquid-phase movement in
transporting soil water below the root zone, where it can
become groundwater recharge. In general, such a major role
for vapor transport has not been previously recognized, and
it has important implications for determining ground-water
recharge in desert soils. Commonly-used soll-physics methods
of measuring recharge, based on Darcy's law, normally only
involve liquid-phase flux calculations. The often-used
chloride mass~balance method (Stone and McGurk 1985) also
accounts only for liquid flow. Thus, actual recharge amounts
may be larger than those determined by these methods, by at
least a factor of two.

Differentiation of liquid and vapor fluxes by standard
physical measurements is quite difficult, due to the large
variation of matric potential with water content at high
soil-water suctions. This is not the case when applying
direct tracing techniques using the stable isotopes of
hydrogen and oxygen in the water molecule. This technique
takes advantage of the fact that the diffusivities of the

isotopic species vary little with water content (unlike



hydraulic conductivity) and thé method is thus more robust at
low water content than calculations based on Darcy's law
(Barnes and Allison 1984).

The systematics of oxygen and hydrogen isotope variation
in precipitation (Dansgaard 1964) have been understood for
over twenty years. However, understanding of the isotopic
systematics in soils has lagged considerably. The founda-
tions were laid by Zimmerman et al. (1967). The basic
mathematical formulations they developed are still used,
however, they limited their theory and experiments to
evaporation from saturated soils. More recent investigations
in humid climates by Thoma et al. (1979), Bath et al. (1982),
and Saxena (1984) have been able to apply the theory of
Zimmerman et al. (1967) with little modification.

The much more difficult problem of isotope distribution
in dry, desert soils was not addressed until the work of
Allison (1982). Since then, this topic has been further
treated by a formal theoretical description for isothermal
soils (Barnes and Allison 1983), laboratory experiments
involving dry soils (Allison et al. 1983), field investi-
gations in a semiarid region (Allison and Hughes 1983), and
a theoretical development for non-isothermal soils (Barnes
and Allison 1984). The last citation is most pertinent to
the study presented here, inasmuch as the theory allows for
downward diffusion of water vapor under temperature gradi-

ents. This phenomenon may have been observed under labora~-



tory and field conditions,(Allison 1982; Bath et al. 1982;
Allison and Hughes 1983), but these investigators were unable
to analyze their results for non-isothermal conditions due to
a lack of temperature data. Examples of the application of
these stable-isotope techniques in field situations can be
found in Allison et al. (1984) and Allison et al. (1985).
Most of this previous work has concentrated on quantifying
evaporation rates from the soil surface, and not the downward
flux of vapor through the profile. Hence, our goals require

an advance in the application of these techniques.
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SITE DESCRIPTION

The field site comprises an area of about 1.3 square
kilometers in the Sevilleta National Wildlife Refuge about 24
kilometers north of Socorro, NM (Figure 2). The site lies
within the Rio Grande drainage basin on the south side of the
Rio Salado, an ephemeral, braided tributary to the main-
stream. The area receives about 20 cm of precipitation per
year and the gross annual lake evaporation is about 178 cm
(U.S. Department of Agriculture 1972).

The surficial geology has been mapped by Machette
(1978), and consists mostly of fluvial sands and dune
sand (Figure 3). A few discontinuous, ﬁhin silt and clay
layers exist beneath parts of the area. Vegetation is
relatively sparse, consisting of salt cedar along the
ephemeral drainage, saltbush, creosote, juniper and grasses
on the ancient flood plain, and only a few juniper near the
edges of the sand dune. Greater'vegetation density is
suggested where a shallow low-permeable layer is beneath the
sand-covered, ancient, flood plain. The predominant vegeta-
tion éround our sampling locations are saltbush and grasses.
Depth of saltbush rooting appears to be limited to the upper
1.0 to 1.5 meters (Stephens et al. 1985).; however, quantifi-

cation studies are needed. The topography varies from
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moderate slopes near the sand dunes (Qsa) and sandstone
outcrop (QTsa) to nearly flat lands on the ancestral flood
plain (Qab).

In the lowland areas, the depth to less permeable
Pleistocene sediments is about 17 meters and the depth to
ground water is only about 3 meters. Near soil-moisture
station 1 (see Stephens et al. 1985 for complete instrumenta-
tion description) the depth to ground water is approximately
6 meters. The aquifer consists mostly of unconsolidated sand
with some cobbles. The hydraulic gradient is eastward in the
direction of the grade of the Rio Salado channel.

No evidence of runoff from the sampling site has been
observed since monitoring began in November 1982, based
on field observations (Stephens et al. 1985). The Rio Salado
flows mostly during August and September in response to |
intense thunderstorms in the mountains to the west. Approxi-
mately half of the annual rain and snow falls during the
winter. Precipitation does not generate runoff, owing to the
infiltration characteristics of the sandy surficial deposits
(Stephens et al. 1985).

The monitoring network that exists at the site includes
a weather station; a number of observation wells, some with
conti;uous recorders; and fifteen soil-water monitoring
stations. For a more detailed discussion of this instrumen-
tation see Stephens et al. (1985). The radioisotope work.

conducted by Mattick et al. (1986) was done in close proximi-

14



ty to soil-moisture station 1. Work carried out in this
study was also performed within 15 meters of this station.

Of course, there is always the consideration of spatial

and temporal variability, and the correlation of results from

one site to another.
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METHODS AND PROCEDURES

Field and Laboratory Methods

Field Sampling. Seven coreholes were drilled at the
Sevilleta National Wildlife Refuge in the course of this
study. Two methods were employed to obtain soil samples:
rotary hollow-stem augering with a drill rig, and hand
augering. The first two coreholes drilled at the site used a
drill rig, a Mobile B-~60, owned by the State of New Mexico,
Environmental Improvement Division (NMEID). A continuous
profile of soil samples was obtained from the coreholes by
sampling with shelby tubes just ahead of the auger. The
samples collected ranged from land surface to 5.0 meters in
depth. The shelby tubes were sealed to prevent evaporation
and transported back to the laboratory. In the laboratory
these samples were sectioned immediately into smaller
subintervals. The soil samples were then sealed in glass
jars to prevent evaporation of the soil water. The jars were
refrigerated to minimize any biological activity.

A hand augering technique was also used to obtain
continuous soil sampling. Once the soil was removed from the
corehdle, the sample was immediately placed in a glass
canning jar and sealed to prevent evaporation. At each depth
interval sampled, a thermistor was lowered down the hole and

temperature recorded for later use in numerical modeling.
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Depth of sampling was generally from land surface to approxi-
mately 4.5 meters. |

Distillation Techniques. Two techniques are now
available for distilling soil water from a soil sanmple
without appreciable isotopic fractionation. The two tech-
niques are azeotropic toluene disti}lation and vacuum
distillation. The first technique is discussed briefly by
Allison et al. (1985).

Before beginning an azeotropic distillation, the soil
sample must be split, one subsample used for distilling soil
water, and the other to determine gravimetric water content.
A special distillation apparatus is needed to perform the
extraction. The soil sample is placed in a boiling flask
and toluene is added until it just covers the top of the
s0il. The boiling flask is tﬁen connected to a conden-
sing column, and a heating element set under the flask. The
soil/toluene mixture is heated to just below the boiling
temperature of water, < 100°C. The soil water and toluene
form an azeotrope, and are boiled off and condensed without
isotopic fractionation between 84 and 100°C (Kirk-Othmer
1983). Because there is no fractionation during the process,
the technique does not require distillation of all the soil
water. When the water/toluene mixture is condensed in the
sidearm of the apparatus, the two constituents separate, but
some residual dissolved toluene is left in the water. The

water obtained from each sample is purified of any toluene
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contamination by introducing paraffin wax into the sample and
heating. The paraffin is supposed to absorb the dissolved
toluene from the water. The paraffin wax then cools above
the water in the sample bottle to form a seal. These sample
bottles are then put in refrigerated storage until they can
be analyzed. Through repeated experimentation it was found
that the effectiveness of the paraffin in purging the sample
of toluene was inadequate. The residual toluene contamina-
tion carried through the other gas preparation techniques,
causing contamination in the mass spectrometric analyses.
Therefore, an alternative method for distilling soil water
was necessary.

The second method for distilling soil water was deve-
loped, tested, and evaluated for this project. The technique
employs the use of a.distillation line, liquid nitrogen,
gaseous nitrogen, a heating element, and a vacuum pump.
Figure 4 illustrates the distillation line setup schematical-
ly.

The vacuum distillation procedure consists of three
steps. First, the soil water is frozen. Next, a vacuum is
applied to the distillation line. Third, the soil water is
boiled over to a collection flask cooled with liguid nitro-
gen. "The distillation continues until all the water is
extracted from the soil. A more detailed discussion of the
procedures involved in this vacuum distillation technique

follows.

18
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In the first step, the glass flasks and the distillation
line are purged of any atmospheric gases and water vapor by
flooding with gaseous nitrogen from a compressed gas cylin-
der. This purging minimizes any potential atmospheric
contaminants, such as CO, or water vapor, from entering
the soil water. A soil sample is placed in the boiling/-
freezing flask and the distillation line is assembled. With
‘the distillation line completely sealed, a liguid nitrogen
bath is placed around the soil flask. The soil water is
frozen for a period of approximately 10 minutes.

Next, a vacuum line is attached and a vacuum pulled on the
distillation line. All the residual gases are pumped from
the system. The pressure is decreased to a vacuunm pressure
of 100-200 millitorr, which speeds the distillation process.
The distillation line is again sealed, the liquid nitrogen
taken away, and a heating element applied to the soil flask.
A liquid nitrogen filled dewar is then placed around the
capture vessel. The distillation of soil water from the soil
flask to the capture vessel then proceeds under a diffu-
sion/thermal gradient. This procedure may take several hours
depending on the amount of soil water in the sample, and the
soil texture. When all the soil water has been condensed
into the capture flask, as evidenced by the cessation of
condensation, the distillation line is flooded with gaseous
nitrogen again. This step minimizes atmospheriq contamina—-

tion. The capture flask is removed and immediately capped.

20



If moisture contents were desired, the weighing of flasks
before and after distillation facilitates that calculation,
inasmuch as all the water is distilled from the soil. It is
imperative that the soil water be stored in sealed sample
bottles, with an additional paraffin seal around the top, to
prevent any evaporation or contamination.

Some precautions must be taken to ensure proper distil-
lation results. If the soil water vield is not within 99.75
to 100% of the total water in the subsample, there can be an
appreciable amount of fractionation. Figure 5 illustrates
the relationship between the change in isotopic composition
of §2H and the residual fraction of water distilled, for
several values of temperature. The curves were calculated
using a simple Rayleigh distillation equation. A similar set
of data could also be prepared for the change in §180 with
residual fraction. In addition to adequate yield, if there
is significant atmospheric contamination during the proce-
dure, the isotopic composition of the water may change.

Another factor contributing to possible error is the
method by which the soil-water sémples are stored after
distillation. The soil water is stored in glass jars with
teflon caps. If the integrity of the seal is not maintaineg,
the soil water may evaporate from the bottle. If the water
sample stored in the bottle is small, and enough time
elapses, fractionation has been obgerved to occur. There-

fore, for soil water storage, a paraffin seal is formed
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around the outside of the bottle cap.

This vacuum distillation technique requires great care
and more time than the toluene distillation method. However,
due to the dissolved toluene contamination of the extracted
soil water with the toluene distillation method, it is
advantageous to use the vacuum distillation technique.

€0, /Hp0 Equilibration Technigque. To analyze a water

sample for its 180,160 ratio, the water must be equilibrated
with CO5, and the CO, analyzed on a mass spectrometer. The
CO,/H0 equilibration technique used in this study was not
previously used at the New Mexico Institute of Mining and
Technology Stable Isotope Laboratory. Therefore, the equili-
bration setup for this technique was constructed during this
project.

The apparatus and procedures for this equilibration
technique were outlined by Roether (1970). Roether's proce-
dure is a variation of the standard technique employed by
Epstein and Mayeda (1953). The technique involves equili-
brating a CO, gas of known isotopic composition with the
water sample of interest in a spécial glass equilibration
vessel. Water volumes of 1 to 10 milliliters are generally
applicable. The equilibration vessel is placed in a constant
tempéfature shaker bath. This step is not included in the
Epstein and Mayeda technique. The shaker bath must be
capable of shaking at a frequenc& greater than the resonance

frequency of water, about 3.8 cycles/sec, to optimize the
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equilibration time. Typically, the frequency of the shaker
bath is set at 5.0 cycles/sec. Equilibration times Ffor the
Roether technique are therefore on the order of 2 hours, as
compared to several days with the Epstein and Mayeda tech-
nique. The equilibrated CO, gas is then purified and trans-
ferred to a sample bottle on an extraction line  That sample
bottle is then mounted directly on the inlet system of the
mass spectrometer for isotopic ratio analysis.

Hy Reduction Technigue. To determine the 2H/H ratio of
the water, a reduction technique must be employed to generate
hydrogen gas from the water sample. A relatively newly
developed zinc reduction technique has been set up for this
project (Kendall and Coplen 1985).

The hydrogen reduction technique involves the heating of
the soil water in a reaction vessel in the presence of zinc.
Special reaction vessels and an aluminum block heater are
needed, as outlined by Kendall and Coplen (1985). The zinc
used in this reduction procedure must have special additives
in order to reduce the water sample without fractionation.
The altered zinc is considered to be 'optimally contami-
nated'. A sample of 'optimally contaminated' zinc, obtained
from Indiana University, is placed in the bottom of a
reaction vessel. Approximately 0.25 grams of zinc is used
with a water sample of 5 microliters. At the start of the
procedure, the vessel is sealed and pumped on by a high

vacuum system. The zinc is heated with a heat gun to drive
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off any adsorbed atmospheric water vapor. The vessel is
attached to a special port on the line which allows the
syringe injection of the water sample through a septum. A
dewar of liquid nitrogen is placed around the base of the
vessel, covering the zinc. When the water is injected into
the apparatus, it is condensed down to the zinc. A heat gun
is used to speed the transfer process. The vessel is then

' sealed and removed from the vacuum line. It is then placed
in the aluminum block heater at a temperature of 500°C for 30
minutes. Almost immediately after entering the heater, zinc
oxide and hydrogen gas are formed. The vessel is then ready
for direct connection to the inlet system of the mass
spectrometer for analysis.

Mass Spectrometry. Several laboratories have been
employed to measure the isotopic compositions of the gases
prepared from these soil samples. Samples have been run at
Yale University, the U.sS. Geological Survey Laboratory in
Reston, VA, the University of Missouri at Columbia, the
University of New Mexico, and recently at the New Mexico
Institute of Mining and Technology. Disappointingly,
problens with inter-laboratory calibrations, toluene contami-
nation, early vacuum distillation procedures, and mass
specttometry analyses resulted in the exclusion of the data
from labs other than the New Mexico Institute of Mining and
Technology in the numerical analyses. These data did help fo

refine the preparation techniques so that the samples
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analyzed at the New Mexico Institute of Mining and Technology
were of good quality. Most of the 180 and deuterium data
reported here have been collected on the New Mexico Institute
of Mining and Technology's Finnegan-MAT Delta E mass spectro-
meter. Analytical precision on the Delta E is +0.1 %/ o0

(permil) for CO, and +0.5 ©/,, for hydrogen.

Numerical Modeling Methods

The main objective of this study was to estimate the
relative contribution of the water vapor flux to soil-water
movement. Phillips et al. (1988) have shown that bomb-
pulse 36cl and 3H have markedly different travel path/time
characteristics. They attributed the discrepancy in peak
depths for these two tracers to enhanced vapor phase movement
of the tritium. Therefore, a technique for quantifying the
vapor flux was needed.

A theoretical model for predicting the vapor flux of
water during steady evaporation from a water table was
developed by Barnes and Allison (1984), hereafter referred to
as the 'non-isothermal evaporatioh model!, or 'NIE' model.
Their model also predicts the shape of the H2180 and H2HO (or
HDO) profiles under non-isothermal conditions. With some
modifications to the Barnes and Allison (1984) theory, a
formulation can be derived to relate downward vapor flux to
total recharge.

Prior to developing a model, some basic assumptions must
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be made to characterize the system to be modeled. First, the
movement of water is occurring in both the liquid and vapor
phases in response to both thermal and moisture gradients.
Formulations describing heat and moisture flow have previous-
ly been presented by Philip and de Vries (1957) and Taylor
and Carey (1964). The main problem in applying these two
theories is in estimating the various diffusivities. This is
not as difficult however, if one is modeling the relative
fluxes of the isotopic species in the water molecule, rather
than the bulk fluid movement. The diffusivities of the
isotope species vary little with changes in moisture content,
unlike the liquid moisture diffusivity which can vary over
orders of magnitude. The system under consideration is
described as follows: quasi-steady, one-dimensional vertical
flow of water vapor from a plane of zero flux at the evapora-
tion front downward to the water table, and a downward
advective liquid flux. These conditions occur at the
Sevilleta site during the summer months when the vapor flux
is probably greatest.

The various fluxes need to be separated into liquid- and
vapor-phase components. Within the liquid phase, an advec-
tive-diffusive process is assumed. However, in the vapor
phase there is only a diffusive component, which can be
modeled according to Fick's law.

Other factors related to the behavior of the isotopes

must also be addressed. Isotopic fractionation- occurs when
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the water changes state between a liquid and vapor phase.
This is due to differences in chemical potentials between the
isotopic species. The heavier isotopes tend to fractionate
into the liquid phase relative to the lighter vapor phase.
The result is a concentration gradient in the isotopic
species. Differences in the isotopic diffusivities will also
enhance the concentration gradient. Temperature effects on
the model parameters can be accounted for by making these
parameters functions of temperature.

Development of a model to describe the isotope profile
and quantify the vapor flux is based on the works of Philip
and de Vries (1957) and Barnes and Allison (1984). Assuming
one-dimensional vertical flow, the equation for the liquid
flux is given by Darcy's law, where:

al/p = -Ki = -Kd®/dz = -Kd(-z+y)/dz (1)
The symbols are defined in Table 1. For the minor isotopes
of hydrogen and oxygen in water, given a symbol i, there is

both an advective and diffusive flux, such that:

at = glR; - ppidR;/dz (2)
The effective diffusivity of species i in the liquid water is
determined by:

D = 7iD; (3)
where'Di is the molecular diffusion coefficient of species i
in liquid water. The pore geometry factor, 74, accounts

for the effect of tortuosity and changing water content.

Barnes and Allison (1984) discuss the determination of
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TABLE 1 - LIST OF SYMBOLS

Description

(effective=*) self-diffusion coefficient of

water [m</s]

(effective=+*) diffusion coefficient of

isotopic species i in liguid phase [m2/s]

(effective=*) diffusivity of water vapor in

air [m2/s]

(effective=+*) vapor diffusivity of isotopic

species i in air [m?/s]

relative humidity

subscrigt to denote isotopic species, either
O or “H

unsaturated hydraulic conductivity [m/s)

sub— or super-script to denote liguid phase

saturated water vapor density in air [kg/m3]
porosity

mass flux of water or isotopes [kg/m?s]
isotope ratio

sub~- or super-script to denote vapor phase
recharge rate [m/s)

depth below land surface [m]
characteristic length [m]

equilibrium fractionation factor

pore geometry factor

delta value

equilibrium enrichment

diffusion ratio excess

volumetric water content

mass flow factor

density of liquid water [kg/m3]
diffusion ratio factor

total potential [m]
hydraulic or pressure head [m]
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For the water vapor movement, Fick's law of diffusion is
applicable, where:

qV = -DV*q(nnSaty sz (4)
Refer to Table 1 for parameter definitions. Both the
effective diffusivity of water vapor, DV¥, and the saturated
vapor density, NSat,6 are dependent on temperature. Under
non-isothermal conditions (i.e., where temperature changes
with depth) these parameters will change with depth. The
effective diffusivity of water vapor is defined as follows:

DV* = 4V (4)vDV | (5)
A discussion on the determination of the mass flow factor,
v, and the pore geometry factor, 4V, is given in Barnes
and Allison (1984). The molecular diffusivity of water vapor
in air, DV, as a function of temperature, is given by Jaynes
and Rogowski (1983).

For the minor isotopes of hydrogen and oxygen in water,
the following vapor flux equation holds:

qf = -DY*d(RYhNSAT) /qz (6)
Equation 5 can be adjusted for the isotope species to
determine DY.

The following equation relates the liquid to vapor
isotope ratio:

RY = ofRj (7)
The diffusiviéy of water vapor in air is related to the

isotopic vapor diffusivity as:
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oY = DV*/DY* = 4VDV/9YDY (8)
The equilibrium fractionation factor can be expressed as
follows:

1 = ¢f =af (9)
The diffusion ratio excess is presented as:

1+ 1y =04 (10)
A vapor-length factor is given by:

zy = NSatpv* y, (11)
The corresponding liquid-length factor is given as:

z1 = D*/w (12)
The isotope ratio is related to a standard, SMOW, and
expressed as:

1 + 63 = Rj/R¥
Again, consult Table 1 for definitions of these parameters.
The recharge rate, W, is equivalent to the deep flux of water
below the root zone which eventually recharges the underlying

ground water. The total recharge flux, g, can be represented
as:

q = -W = ql + qv (14)
and

qi = -WpRY®S = gl + gV (15)
Using the relationship defined by equation 11, equation 4 can

-

be rewritten as:
q¥/ (Wp) = -hzyd[1n(hNSat)]/qz (16)

from equation 6, and the expressions in equations 7, 8,

and 11:
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a¥/ (Wp) = ~hzyRjaf/oVd[1n(e¥r;nNSat) /47 (17)

from equation 2, and the relations in equations 8 and

12 we obtain:

al/ (W) = q'Ri/(Wp) - 2z1Rj/0id[1n(R;)]/dz (18)

Combining equations 14 through 18 to eliminate the flux terms

and obtain an expression describing the profile shape yields:
hzyRi( (1-af/o¥)d[1n(hNSat) 1 /47 -

(a}'_/a\l’)d[ln(a?_Ri)]} = R; - RI®S 4+

(z1/04)dR;/dz _ (19)
Making additional substitutions from parameters defined
above, dropping terms of second order, assuming n; does
not vary with depth, h is close to unity, and rearranging:

dsj/dz + [(8§1-65%5) /(27 + 2y)] =

zyl (el + nj) /(21 + zy) 1d[1ln(NSat (¥ 4+

n1)) ] ' (20)
Equation 20 is useful in determining the shape of the
profile for a given isotopic species of hydrogen or oxygen in
water, preferably deuterium. This equation can be solved
numerically, taking into account the temperature dependence
of the various parameters. ‘

Equations 14 through 18 may also be combined to obtain
the ratio of the total vapor flux to the total recharge
flux.’ The following expression is the result:

~aV/ (W) = (ef + ny)7Lisy -
6§85 + (zy + 21)dsj/dz - zydef/az) (21)

The last term in equation 21 is the non-isothermal component
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to the vapor flux.

If the recharge flux is estimated by an independent
method, then the quantification of the vapor flux can be made
quite readily. 1In this study the recharge flux can be
estimated through the use of the bomb-pulse tritium as a
tracer. The rate of tritium movement has been quantified by
Phillips et al. (1988).

A numerical model has been written to solve equations 20
and 21. In solving equation 20, a non-lihear least-squares
optimization approach has been used to fit the model to an
observed set of data. A Marquardt solution was used for the
least-squares approach. Certain parameters may be specified
as fitted variables: vapor tortuosity Ffactor, liquid tortuo-
sity factor, §1®S, recharge rate (W), and the slope and
intercept of an exponential temperature versus depth rela-
tion. Limits may be placed on the bounds of each fitted
variable, or the variables may be held constant at the users'
discretion. This numerical approach is henceforth referred
to as the 'non-isothermal recharge' model, or 'NIR' model.

Allison et al. (1984) preseﬁted an independent technique
for calculating the recharge flux from stable-isotope-profile
data. The system under consideration is one in which piston
dispfacement and mixing are the primary mechanisms causing
the recharge flux. Their technique will henceforth be
referred to as the 'piston displacement/mixing! model, or

'PD/M' model. The PD/M model assumes-that a series of
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precipitation events, all with the same isotopic composition,
infiltrate episodically into the soil. Between rainfall
events the soil water has a chance to evaporate, and hence
become more enriched isotopically. The next precipitation
occurrence displaces this heavier water downward in the
profile, and the waters mix. If this cycle happens with some
degree of regularity, the composition of the soil water on
average should be displaced relative to the meteoric water
line, but still maintain the meteoric water line slope.
Therefore, a plot of 2H versus 180 should contain a linear
array of data that is some distance to the right of the
meteoric water line. The difference in deuterium excess
values for this data versus the meteoric water line can then
be used to estimate recharge.

Allison et al.(1984) have plotted the displacement of
¢D from the meteoric water line against the inverse of
the square root of recharge. Their recharge estimates for
calibrating this model are from tritium and chloride mass
balance techniques. The lower the recharge rate, according
to this model, the greater the reiative deuterium displace=-
ment. Conversely, the higher the recharge rate the closer
the isotope values will lie to the meteoric water line. For
rechafge rates greater than 1 cm/yr, the deuterium displace-
ment becomes so small that the technique loses its sensitivi-

ty.
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RESULTS

In order to use the theory presented in the previous
section, a number of soil profiles were obtained throughout
the term of the project. The seven profiles sampled cannot
all be used in evaluating the vapor flux contribution to re-
charge, inasmuch as some of the earlier data were needed to
refine pPreparation and analytical techniques. Data obtained
in the sampling of these profiles, both isotopic and soil
moisture related, ‘are presented in Appendix A. All profiles
were collected at the Sevilleta National Wildlife Refuge
research site. More specifically, the cores were taken at
the same locale that Phillips et al. (1988) sampled for
bomb-pulse 36¢l and 3H, and adjacent to the site investigated
by Stephens and Knowlton (1986).

The first core was taken during the fall of 1986. The
Sevilleta Stable Isotope Profile 1, SSIP1, was sampled
from land surface to a depth of 5.0 meters with the NMEID
auger rig. The soil water was diétilled from each subsample
with the azeotropic toluene distillation technique, described
above. The CO,/H,0 equilibration technique was used to
obtaiﬁ COz gas to analyze at Yale University. These samples
contained enough toluene contamination so as to interfere
with the mass spectrometric analyses. Owing to the relative-

ly small water volumes obtained from these subsamples,
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additional isotopic work could not be performed on this core.

The second core from the site, SSIP2, was also obtained
with the aid of the EID drill rig. This core was drilled to
a depth of 5.0 meters in September 1987. Again, azeotropic
toluene distillations were performed to extract the soil
water from the subsamples. Special precautions were taken in
purifying the soil water of dissolved toluene. This involved
~the repeated application of a paraffin absorbent. Oxygen
analyses were performed at the University of New Mexico.
Despite the added precautions, these samples also proved to
be contaminated with toluene. The azeotropic toluene
distillation procedure was then considered inadequate
for consistent reproducibility. At this point a new vacuum
distillation procedure was developed and tested, as discussed
above.

The third core, SSIP3, was hand augered on April 20,
1988 to a depth of 4.40 meters. The new vacuum distillation
technique was used to obtain the soil-water samples. The
oxygen=-18 data were analyzed at two'different laboratories,
the University of Missouri laboratory at St. Louis, MO, and
the U.5. Geological Survey (USGS) laboratory in Reston, VA.
The depth versus 180/160 ratio for this core is shown in
Figure é. The hydrogen was obtained from these samples using
the zinc reduction technique, discussed above. The 2H/H
ratios were obtained at the University of New Mexico. Figure

7 shows the depth versus 2H/H ratios for SSIP3. Appendix A
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contains the isotopic, water content, and temperature data
versus depth for this core.

Data from SSIP3 were not of sufficiently high quality to
use for the determination of recharge, for several reasons.
First, considerable scatter in the isotope ratios with
depth is apparent from Figures 6 and 7. This scatter is
probably due to the inadequacies of the distillation tech-
nique at the time. Refinements in the distillation procedure
were made to correct for this problem, as discussed in the
distillation section above.

In addition, the data obtained from the University of
Missouri were potentially in error due to a machine malfunc-
tion. Unfortunately, the mass spectrometer at Missouri had
developed a leak in the inlet system, causing fractionation
of the standard gas, and consequently erroneous results.
Correction factors were formulated and applied to the ratio
data. These data, in conjunction with the data obtained from
the USGS lab, make a very irregular plot of depth versus
oXygen-18. Also, several duplicate samples were sent
to both labs, with markedly different results. The Missouri
data are considered most suspect, owing to the machine
breakdown. However, the number of oxygen-~18 data from
the USGS analyses is insufficient to adequately define the
profile,

The hydrogen data from SSIP3 also exhibit considerable

scatter with depth, even though all isotopic analyses were

39



performed at UNM. Again, this is probably due to developmen-
tal problems with the distillation procedure at the time. In
addition, the profile does not have an adequate depth
discretization within the top 30 cm or so to define the
characteristic shape of the profile. Therefore, this

core was considered a test case for defining better sampling
and preparation techniques for the next profile.

The fourth soil profile collected, SSIP4, was sampled to
a depth of 5.0 meters by hand augering on May 17, 1988. This
profile was sampled a few days after a precipitation event
(Stein, T., personal communication, May 17, 1988). Figure
8 shows the precipitation versus time at the Sevilleta
site over several months of this year. Refinements in the
vacuum distillation technique were applied during preparation
of these samples. The oxygen-18 and deuterium analyses were
performed at the New Mexico Institute of Mining and Technolo-
gy. Figures 9 and 10 show the depth versus 180 and depth
versus 2H, respectively, for SSIP4.

The data presented in Figures 9 and 10 show some
scatter, in comparison to the relétively smooth profiles
reported previously in the iiterature (e.g. Allison et al.
1984). Sources of error probably include insufficient
distillation times and/or improper sealing of the soil-water
storage bottles. These problems have been addressed in the
methods section above.

On August 4, 1988, two soil cores were obtained at the
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Sevilleta research site, SSIP5 and SSIP6. The two borings
were made approximately 70 cm apart. The reason for obtain-
ing duplicate cores was to assure reproducibility in the
sampling and processing of soil cores. The concern over
reproducibility stems from the variability observed in the
SSIP4 profile. The SSIP5 and SSIP6 cores were hand-augered
to depths of 4.55 and 3.40 meters, respectively.

The vertical discretization of sampling within the
SSIP5 core was increased, relative to the other profiles
collected at the site, to define better the characteristic
shape of the isotope profiles. Figures 11 and 12 show the
depth versus 180 and depth versus <2H profiles, respectively,
for the SSIP5 core. The variability within these profiles is
relatively small. Figure 13 depicts both the 180 and
deuterium against depth, showiﬁg the relative differences in
behavior for both isotopic species within the profile.
Figure 14 is a plot of deuterium versus oxygen-18, with the
corresponding meteoric water line (MWL) for this area (Vuataz
and Goff 1986).

Data from the SSIP6 profile corroborate the SSIPS
profile. Figure 15 depicts the depth versus water content
for both the SSIP5 and SSIP6 cores. There is considerable
variability in moisture content between the two cores,
despite their close proximity to each other. These differ—
ences in moisture are attributed to spatial variability.

Figure 16 shows a plot of depth versus deuterium for both the

44



DEPTH (m)

Figure 11.

15 -10 -5 0 5 10

2180 (pelrmil)

Depth versus 6180 for ssIps core

45

15



BEPTH (m)

3 L3

T T
-60 -40 -20

92H (plermil)

Figure 12. Depth versus §2H for SSIP5 core

46




0
-1 -
..2--
E
—c’
= i
fones
O i
L
e
-3
-4
-5 T 7 T T T T Y Y T Y T 8
15 10 -5 0 5 10 15 080
-110 -90 -70 -55 -40 -20 0 $2H
. (permil)

Figure 13. Depth versus §2H and §180 for SSIP5 core

47



ma

20

10

1 i
[=] Q
@ $

40 -

(Hwuad) HzQ

Figure 14. §2H versus §180 for SSIP5 core

48

-120

-20

080 (permil)



0 1K
-1
-2 -
E
= ]
o
=Y -
=
-3
1 ---@--- SSIP5 g
-] a‘"h‘
,] —— ssiPe el
"] both on 8/4/88 g
1
2
1 o
'5 ! | ' i ' I v H v
0.01 0.02 - 0.03 0.04 0.05 0.06

IDATER CONTENT (cc/cc)

Figure 15. Depth versus water content for SSIP5 and SSIPé6
cores

49



-1 =
: ---g--  SSIP5
o}
-0 Yo
_ ¥ ——e—  SSIPG
£ 8
= | ‘ both on 8/4/88
=
s
w1 o
=
-3 .
o]
]
7 o]
i
1 2
¥
3
J jol
\
-4 - Y
| :
b
1 o}
-5 Y Y T Y Y H T T T
-100 -80 -60 -40 .20 0

?22H (permil)

Figure 16. Depth versus §2H for SSIP5 and SSTP6 cores

50



SSIP5 and SSIP6 cores. The two profiles are markedly
similar, despite the observed variability in water content.
All the data obtained from these cores are presented in
Appendix A.

On October 27, 1988 a seventh core, SS5IP7, was taken at
the Sevilleta site. During the 'rainy season', August
through October, 1988, there was an appreciable amount of
precipitation occurring at the site. Figure 17 shows a plot
of depth versus water content for both the SSIP5 and SSIP7
cores. The SSIP7 profile exhibits a pronounced elevation in
moisture content above a 1 meter depth, relative to the SSIPS
profile. This increase in moisture is indicative of an
infiltration and mixing process occurring between August 4
and October 27. Figure 18 is a plot of depth versus deuteri-
um for the SSIP5 and SSIP7. The differences in isotopic
composition between the two profiles in the upper meter is
also supportive of an infiltration and mixing process, the
implications of which will be discussed below.

Application of the numerical tecﬁniques outlined in the
previous section on numerical modeling methods will yield an
estimate of the vapor flux contribution of the soil-water
movement that leads to recharge. The NIR model is limited to
quasi-steady state conditions. Of the seven cores collected,
only the SSIP5 and SSIP6 profiles satisfy this criteria. of
these two profiles, both of which were collected on the same

day, the SSIP5 core was discretized into finer sampling
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intervals and consequently has more data associated with

it. The SSIP5 core is therefore preferred for analysis over
the SSIP6 core. The SSIP7 core was collected at a time when
the soil-water movement is presumed to be under transient
conditions, during which redistribution is taking place.
Therefore, SSIP7 is not suitable for analysis with the NIR
model. The first step in the NIR modeling procedure is a
determination of input parameters to equation 20. Equation
20 describes the shape of the isotope profile. Figure

12 shows the results of sampling for depth versus deuterium
for the SSIP5 core. Deuterium is preferred over oxygen-18
for this analysis (Barnes and Allison 1984). Their conclu-
sion was based on the fact that the kinetic fractionation is
relatively insensitive to temperature, and 180 is much less
sensitive than deuterium. Therefore, the effect of tempera-
ture on the isotope profiles is relatively greater for
deuterium than 180, Matching the observed deuterium data
with the theoretical model should provide a qualitative
estimate of the reliability of the input parameters to £he
model. For this analysis, the curve-matching technique was
performed over the 0.12 to 2.70 meter depth interval. This
zone corresponds to the liquid- and vapor-phase flow region
below the evaporation front, but above_the zone in which the
water table influences the stable isotopic composition in the
profile.

Many of the parameters required for the numerical
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solution to equation 20 can be expressed as functional
relationships with temperature or depth. Parameters such as
¢h, NSat_ pvV  ang pl are given in the literature as functions
of temperature (from Majoube 1971; Weast 1975; Jaynes and
Rogowski 1983; and Mills 1973; respectively). The water
content versus depth relationship determined from field
sampling may be regressed and expressed mathematically. This
is also true of the temperature versus depth relation. The
diffusion ratio excess, np, 1is taken from Merlivat (1979) .
The parameter estimations with the least degree of confidence
are probably the mass flow factors and tortuosity terms. The
recharge rate, W, is assumed to be equivalent to the specific
flux determined from the bomb tritium over the past 20 years,
0.84 cm/yr (Phillips et al. 1988).

A non-linear least-squares optimization approach was
taken to evaluate the goodness of fit between equation 20 and
the observed deuterium data. The fitted variables in this
analysis were §5®%, the liquid tortuosity factor, and the
vépor tortuosity/mass flow factor. Two realizations of the
temperature profile have been utilized to investigate the
effect of temperature on the curve=fitting procedure and the
vapor flux determinations. The depth versus temperature
profiles for cases A and B are shown in Figures 19A and B.
Case B has a larger temperature gradient in the upper portion
of the profile than case A.

Figures 20A and B show the results of the curve-fit-
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ting, for the fitted versus observed deuterium profile. The
curve-fitting statistics for the case B temperature realiza-
tion yielded a slightly lower sum of the squares of the
residuals than for case A. In other words, the case B data
were a better fit to the observed data than case A data.

The resultant values of §5%% were -80.5%°%/,, (permil) for case
A, and -75.30/OO for case B. The tortuosity factors for the
effective vapor diffusivity were estimated at 0.423 and
0.611, respectively for case A and B. Barnes and Allison
(1984) suggested a value of 0.667 for the vapor tortuosity
factor. The effective tortuosity/mass flow factor for the
liquid diffusivity was minimized at 0.03 in both cases, as
calculated by Phillips et al. (1988) using previously
published techniques. The implications of these differences
will be discussed below.

Having achieved an adequate fit between the model and
observed data in both cases, the next step was to estimate
the relative contribution of the vapor flux to the recharge
process. Equation.21 was solved numerically using the input
and fitted parameters mentioned above for the same two
cases. The liquid flux was computed using equation 14.

The liquid and vapor fluxes are computed as fractions of the
deep Tlux of soil water, or recharge. Figures 21 and 22 show
the results of these analyses for cases A and B, respec-
tively. 1In summary, the results indicate that between the

0.12 and 2.70 meter depths, the vapor flux component of
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soll-water movement, expressed as a vapor flux/deep flux
ratio, exponentially decreases from 120 to 3% for case A, and
290 to 6% for case B. A depth-averaged approximation of this
data yields values of 15 to 33 percent for the vapor/deep
flux ratio. The negative values of the liquid/deep flux
fraction are indicative of upward soil-moisture movement. As
mentioned earlier, these results are for a profile sampled at
only a single time, and not necessarily indicative of the
long term average flux at the site.

The final technique discussed in the numerical modeling
methods section above involves the calculation of the
recharge flux by the PD/M model. Figure 14 shows the 2H
versus 180 data from the SSIPS core plotted with the meteoric
water line. A line could be drawn through the lightest
portion of this data, parallel to the meteoric water line (a
slope of 8), to define the deuterium displacement. The
deuterium displacement is estimated at 22°/55. The corres-—
ponding recharge flux, from the graph in Allison et al.
(1984), is estimated at 0.083 cm/yr. This estimate is one
order of magnitude smaller than ﬁﬁe estimate of recharge

based on the tritium transport.
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DISCUSSION

The quantitative numerical analysis of the vapor flux
presented above for the NIR model contains several assump-
tions worth discussing. First, the model assumes a one-
dimensional vertical flow. The vapor flux is downward in
response to temperature induced vapor pressure gradients.

The liquid flux contains both an advective and diffusive
component. The advective liquid flux (below the zone of
evaporation) is assumed to be vertically downward. This
condition is probably met during the summer months, when the
vapor flux is greatest.” Therefore, data from the SSIP5 core,
sampled at the beginning of August 1988, can be used to model
the vapor flux with these model criteria.

The tortuosity and mass flow factors determined in the
modeling procedures are different from those reported in the
literature. The tortuosity/mass flow factor for the effec-
tive liquid diffusivity was minimized at 0.03, as calculated
by Phillips et al. (1988). For the effective vapor diffusi-
vity there is a slight difference between fitted versus
publiéhed tortuosity/mass flow factor values. The fitted
model values for this term were 0.423 and 0.611 for cases A

and B, respectively. Barnes and Allison (1984) have sug-

gested a tortuosity/mass flow factor of 0.667. The differ-
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ence in these estimates implies that the actual vapor flow
has a slightly more tortuous path than can be accounted for
by empirical estimation techniques.

The quantitative estimates of the vapor flux are
consistent with the findings of Phillips et al. (1988).
The vapor flux estimates within the 0.12 to 2.7 meter depth
interval are 15 to 33 percent of the deep flux of soil-water
movement, or recharge flux. In Figures 21 and 22, the point
at which the liquid and vapor flux curves intersect is
indicative of the separation between the vapor and liquid
dominated transport zones. 1In other words, above this point
of intersection the vapor-phase component of soil-mois-
ture movement is dominant, and below it the liquid flux
prevails. For cases A and B, the point of change for
vapor versus liquid dominance is approximately‘o.35 éhd 0.55
meters, respectively. As mentioned above, the zone in which
the liquid flux curve in Figures 21 and 22 is negative
constitutes upward flow. The point at which the ligquid/deep
flux ratio equals zero is indicative of a divergence of flow,
a null point or point of zero flux. TIn other words, the
ligquid flux above this null point is upward, and below it the
flow is downward. For cases A and B, the liquid flux null
point’.is estimated at 0.20 and 0.35 meters depth, respec-
tively.

The analyses just presented allow us to draw some

conclusions with regard to the relative importance of the
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vapor flux contribution to soil~water movement. During
summer months in arid soils, the downward soil-water movement
in the top meter of the profile is predominantly in the vapor
phase. The liquid flux is upward above a null point some
0.20 to 0.35 meters below the land surf@ce in response to
capillary pressure gradients brought about by the evaporative
demand. Therefore, in the upper portion of the profile,
water may be moving downward during summer months (in the
vapor phase), while solutes are moving upward (in the liquid
phase). This phenomenon has been investigated previously by
Rose (1968) through conventional numerical modeling tech-
niques. Thus, a separation in volatile versus conservative
solute tracer movement would be expected. The radio~isotope
tracer results of Phillips et al. (1988) support this
assumption, based upon the distribution of 5omb~pulse 36¢1
and 3H in the soil profile. A conceptual model of soil-water
movement, as influenced under prevailing summer conditions,
is presented in Figure 23.

The liquid and vapor flux distributions with depth
should be seasonally variable due to changes in precipitation
and temperature. Data presented in Figures 17 and 18 show
the effect of changing climatic conditions between the August
4 and- October 27 samplings. Precipitation during this three
month period has both infiltrated into and evaporated from
the soil. A sample of water from one precipitation event in

Socorro was analyzed during this period, on August 23, 1988,
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Figure 23. Conceptual depiction of soil-moisture movement
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The §2H isotopic composition was =70°%/60- It is evident from
Figure 18 that the precipitation during this period has
infiltrated and mixed with soil water of enriched composition
from the previously developed evaporation zone. Also,
residual water is probably displaced ahead of the advancing
wetting front. Figure 17 shows that the profile has been
wetted to a depth of approximately 1 meter between August 4
and October 27. Figure 18 verifies that the isotopic
composition of the soil water has also changed within this
depth interval during the same time frame, verifying the
mixing process. The added soil moisture will redistribute in
the profile, both upwards due to capillary pressure gradients
stemming from e&aporation at the soil surface, and downwards
due to gravity drainage. Uptake of soil water by plant
transpiration should also alter the soil moisture regime.
These results imply that during seasons of the year other
than summer, different mechanisms may be important in the
transport of soil water.

The 36C1 profile presented in Figure 1 has a distribu-
tion which-is worthy of discussion. At the land surface, the
36Cl/Cl ratio is at a maximum. Just above a 1 meter depth
there is an elevated ratio, or peak. The data below this
lower” peak exhibits a relatively uniform decrease down to a
depth of 3.5 meters. The distribution of 36¢cl is therefore
markedly different than the tritium distribution, with its

broad peak between 2 and 3 meters depth. A similar distribu-
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tion of both 36cl and 3H was presented by Phillips et

al. (1988) for a site in southern New Mexico, near Las
Cruces. In addition, Figure 24 presents a plot of depth
versus 36Cl/Cl for a site in Gnome, New Mexico (F.M.Phillips,
written communication, January 1989). The same characteris-
tic profile is exhibited in this plot, as at the other two
sites mentioned. Namely, there is a maximum ratio at the top
of the profile, and an elevated ratio at around one meter in
depth. All three sites are located in arid environments.
This distribution of 36cl with depth implies that there is a
very complicated history of soil water movement at each

site.

The compilation of data just presented leads to some
interesting conclusions. During periods of high precipita-
tion enough water may infiltrate into the soil to signifi-
cantly increase the soil-moisture storage in the top meter of
the profile, and undoubtedly transport solutes to depth.
Subsequent redistribution of soil water causes the solutes to
move both upward and downward in the profile. A maximunm
3601/01 is maintained at the soii.surface, and an elevated
level is observed at about one meter depth. During the
spring and early summer months the precipitation is small
compéfed with the evapotranspiration demand. The soil water
profile develops into a quasi-steady state condition by
mid-summer. The downward vapor flux movement of soil water

in the top meter of the profile causes water to be trans-
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ported to depth while solutes are moving upward toward the
dry surface layer in response to capillary pressure gradi-
ents. The entire process is controlled by highly complicated
and episodic (diurnal and longer) forcing. The vapor flux
portion of soil water movement cannot be ignored in any
rigorous treatment of unsaturated flow under natural arid
conditions.

Another factor related to the shape of the isotope
profiles in the SSIPS core is the influence of the water
table. In Figure 13 it is evident that the 180 ang 2g
profiles deviate relative to each other between the 2.70
meter depth and the bottom of the profile. The bottom of the
profile is very near the present water table elevation. This
displacement implies that the 180-2y relationship is changing
due to factors different from those influenéing the upper
portion of the profile. Figure 14 depicts the 2H versus 180
relationship. The data from above 2.7 meters in depth plot
on a straight line with a slope of 3.3, indicative of
evaporation through an unsaturated soil profile. The data
for the deeper depths are shown as deviating from this trend
toward the meteoric water line. This deviation is attributed
to a mixing of isotopic compositions between the areal
rechakge water infiltrating through the profile from the land
surface and the water table at depth. The water table
elevation at the site varies in response to stream induced

recharge along the reach of the Rio Salado. Therefore the
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isotopic composition of the ground water influences the
composition within the unsaturated portion of the profile.
This water table influence is alsc shown in Figure 1 for the
tritium data. Bomb-pulse levels of tritium occur below a
depth of 3.5 meters. Just above the 3.5 meter depth, tritium
is at background levels. The elevated levels of tritium at
depth are an artifact of the changing water table and
capillary fringe elevations (Phillips et al. 1988).

The shapes of the SSIP5 profiles in Figures 11 through
13 imply certain qualitative information about the distribu-
tion of liquid and vapor fluxes. The maximum enriched value
of the isotopic species in the upper 12 cm of the profile is
indicative of the evaporation front. The depth of this
evaporation front corresponds to a plane of zero flux for
water vapor movement at ;he time this profile was sampled.
The flux of water above this depth is predominantly in the
vapor phase, i.e., the liquid flux is essentially negligi-
ble. This portion of the profile is generally very dry (very
low liquid moisture content). The unsaturated hydraulic
conductivity of the porous media at these low water contents
is very small, and hence negligible when there are long time
intervals between precipitation events. The vapor flux in
this ﬁpper region is upward in response to the lower atmos-
pheric humidity.

Below the plane of zero vapor flux the vapor movement is

downward. Several factors contribute to this downward vapor
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transport process. Two of these mechanisms are a concentra-
tion gradient of the isotopic species, and a thermal gradi-
ent, which in turn influences the vapor pressure gradient.
Under guasi-steady state conditions with no appreciable
temperature influence an exponentially decaying isotopic
profile would develop due to concentration driven diffusion
(Allison et al. 1984). 1IFf, however, a strong temperature
gradient exists, there should be a minimum in the profile.
Figure 16 shows the depth versus deuterium profiles for the
SSIP5 and SSIP6 cores. The minimum in the SSIP5 and SSTIPG
isotope profiles is indicative of a strong downward vapor
flux within the zone of 0.12 to 1.25 meters depth. The
lighter isotopes of water, 160 ang H, are condensing out at
the deeper portion of this zone, and therefore decreasing the
ratios of 180,169 ang 2H/H. A minimum in the isotope profile
is a result of strong a temperature gradient (and therefore
vapor pressure gradient) which enhances the effect of the
concentration-driven diffusive process mentioned previously.

A determination of the slope of the isotope data in
Figure 14 can indicate a relative -evaporation effect.
Performing a linear regression on these data yields the
following relationship: 6D = 3.30(6180) - 54.5; where
R%2=0.95. A 6D versus 5180 slope of 5.0 would be representa-
tive of evaporation from a free water surface. A slope of
2.0 or less would be observed if there were a very thick

laminar layer associated with the vapor flux region of
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evaporation. The data for SSIP5 fall in between these two
extremes, as expected. Several techniques (Barnes and
Allison 1983) can be used to quantify the evaporation rate
from stable isotope profile data.

The estimation of the recharge flux was 0.083 cr/vyr,
from stable isotope data with the 'piston displacement/mix-~
ing' model of Allison et al. (1984). Phillips et al. (1988)
have estimated the recharge flux to be 0.84 cm/yr using
tritium as a 20 year tracer. Stephens and Knowlton (1986)
calculated the recharge rate at 0.70 cm/yr using soil physics
techniques. The estimate of 0.083 cm/yr from the PD/M model
is one order of magnitude smaller than the other reported
recharge rates.

The difference in the predicted recharge rates is
attributed to a violation of the governing assumptions in the
PD/M technique. The main assumption in the PD/M model is
that the recharge flux occurs due to piston displacement of
infiltrating soil water. This causes the displacement from
the meteoric water line. If different mechanisms control
the recharge flux, then this technique would be invalid.
Because the recharge rate is considered to be on the order of
0.84 cm/yr, but the deuterium displacement is large enough to
be indicative of a low recharge rate, then piston displace-~
ment is probably not the main mechanism affecting recharge.
This conclusion implies that the vapor flux component of

recharge may be important, and thus invalidates the use of
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the PD/M model for calculating recharge at this site.

The subject of spatial variability can also be addressed
with the existing data. Figure 15 depicted the moisture
content distribution for the SSIP5 and SSIPs cores, collected
70 cm apart on the same day. There is considerable variation
with depth between these two profiles. This implies that
there are textural differences between the two sampling
sites. The isotopic data presented in Figure 16 for the same
two cores are lacking in any appreciable variation, however.
The uniformity in the isotope profiles implies that the
slight textural differences have little to do with isotopic
changes. Allison and Hughes (1983) discuss the issue of
replication, and conclude that errors associated with limited
tracer data may not be as serious as expected. 1In addition,
Foster énd Smith-Carrington (1980) sampled six tritium
profiles over a sizeable area and found very good lateral
uniformity. Therefore we assume that these profiles,
although collected at only two points, are representative of

soil moisture movement over a larger area.

73



PRINCIPAL FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS

The stable isotope data obtained in this study have been
used to model quantitatively the vapor phase transport of
soil moisture as a proportion of deep recharge. Qualita-
tively, the isotope information has also been used to draw
conclusions about the relative importance of the downward
vapor flux.

A model was presented which predicts the shape of the
isotope profile and the vapor flux portion of recharge under
quasi-steady one-dimensional non-isothermal flow conditions.
The equation describing the relative shape of the isotope
profile was used to fit parameters to a known isotope profile
by means of a non-linear least-squares analysis. The
parameters determined from this fitting procedure were then
used in a model to quantify the vapor flux portion of
soil-water movement that eventually becomes recharge. The
depth-averaged vapor flux between 0.12 and 2.70 meters depth
ranged from 15 to 33 percent of the deep flux, or recharge
rate. During the summer months, there was a potential for
solutés to travel upward within the top meter of the profile,
due to capillary pressure gradients resulting from evapora-
tion at the land surface. Also, water movement was downward,

due to a strong vapor flux in response to downward vapor
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pressure gradients. This leads t§ a potential separation of
volatile versus conservative solute tracer movement. This
idea is consistent with the conclusions drawn by Phillips et
al. (1988) in their work with radioisotopes at this same
site. The magnitude of the vapor flux is such that it plays
a major role in solute transport in the system. The vapor
flux is of a sufficient size to influence the total recharge
flux. Therefore, the vapor phase flux should be accounted
for when determining recharge in water resources planning or
hazardous waste siting analyses. However, the vapor flux
portion of soil-water movement is important in the summer
months, but during the other seasons of the year liquid-phase
infiltration and redistribution are probably dominant
processes.

Qualitatively, the stable isotope profiles support the
conclusion that the vapor flux is appreciable (but the
liquid flux dominates) in the recharge process. The presence
of the minimum in the isotope profiles from SSIP5 is the
basis for making this statement. There is a strong diffusive
transport of lighter isotopes doﬁﬁward below the evaporation
front, where the lighter isotopes are condensed out to form
the minimum in the profile around one meter in depth (Figure
13). -

In addition to the vapor flux estimates, a new labora-
tory distillation technique has been developed during the

course of this study. This new vacuum distillation technique
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is an alternative to the azeotropic toluene distillation
procedure used to extract soil water from soil samples
without isotopic fractionation.

The work presented here should prove very useful to
scientists, engineers, and water resource planners. The role
of vapor phase water movement in the recharge process appears
to be very important. It is important from both a water
resources planning perspective, and a solute transport
perspective. For the water resource planner, the amount of
recharge calculated for a given area may be appreciably
larger when taking into account the vapor flux component.
Also, the transport of volatile contaminants in the vadose
zone may be greatly enhanced due to vapor phase flow, whereas
non-volatile constituents only travel within the liquid phase
at a slower rate. This could be very important in hazardous
waste siting.

Additional work on this topic might include such areas
as: a more rigorous treatment of the numerical modeling
approach, from both a theoretical and practical viewpoint; a
transient analysis of the isotopé profiles, including
seasonal effects in arid environments; and further study
into the effects of tortuosity on the ligquid and vapor flux

-

components of recharge.
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SUMMARY

We present a model which can predict the shape of the
stable isotope profiles in the vadose zone, and also quantify
the vapor flux portion of soil-water movement that leads to
recharge. Through a non-linear least-sqguares approach, the
model is matched to an observed isotope profile by optimizing
the values of specified variables. The fitted parameters are
then used to solve numerically for the vapor flux as a
percentage of the deep flux of water, or recharge. This
technique of modeling the isotope species transport is much
more robust than conventional heat and moisture flow modeling
techniques. This conclusion stems from the fact that the
effective diffusivities vary little with water content in the
former ‘analysis as compared with the latter.

A depth-averaged estimate of 15 to 33 percent of the
soil-water movement in the upper 2.7 meters of the soil
profile is comprised of a vapor-phase flux during summer
months. The liquid-flux component of recharge is, therefore,
the dominant transport mechanism. However, the vapor flux is
sufficient enough to influence strongly the solute transport
Characteristics of the system. This result is consistent
with conclusions made by Phillips et al. (1988). A qualita-

tive analysis of the isotope profiles also confirms this
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conclusion. The development of an isotope minimum.at depth
in the profile is indicative of a stroqg downward vapor
flux. This minimum in the profile is a result of the
condensation of the lighter isotope species.

A new vacuum distillation technique was developed during
this project. This new procedure is an alternative to the
azeotropic toluene distillation technique employed in
extracting soil water from soil samples without isotopic

fractionation.
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APPENDIX A

Field and Laboratory Data
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Depth
(m)

-0.075
-0.225
-0.375
-0.525
-0.675
-0.825
=-1.200
-1.525
-1.840
-2.225
-2.465
~-2.735
~2.970
=-3.275
-3.640
-3.970
-4.220
~-4.375

Field and Laboratory Data

Sevilleta Stable Isotope Profile 3

§2H
(permil)

-50.0
-68.0
-60.1
-61.0
-67.7
-66.0
-62.7
-72.8

-56.6

-70.0
-62.4
~65.0
-60.0
~64 .7
~63.1
-66.0

§180
(permil)

-4.6
-2.7
~-4.3
-7.0

-3.3
~7.4
~7.0

1.5
-6.0
=-2.7

5.3
-5.6

2.0
-6.7
-8.0
-6.8
-5.5

84

Water Content
(cc/cc)

0.078
0.087
0.075
0.059
0.043
0.043
0.034
0.039
0.035
0.040
0.053
0.034
0.053
0.039
0.036
0.336
0.137
0.055

Temperature
(°c)

22.2
19.6
18.7
18.4
18.2
18.9
19.4
18.7
18.1
17.7
19.1
17.9
17.9
18.5
17.9
18.8
18.3
19.0



Depth
(m)

-0.013
-0.043
-0.205
-0.285
-0.380
-0.480
-0.585
-0.695
~-0.805
-1.200
-1.390
-1.585
-1.800
-2.085
-2.365
-2.955
~-3.495
-3.980
-4.185
-4.405
-4 .655
—-4.945

Sevilleta Stable Isotope Profile 4

§2H

(permil)

~49.6
-40.0
-57.0
-54.4
~-45,2
-76.8
-74.4
-80.6
-63.5
~-74.6
~40.6
-80.9
~73.6
-61.6
~76.3
~-59.9
-70.8
-73.6
-64.2
-64.5
-59.8
-62.5

Field and Laboratory Data

§18p

(permil)
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Water Content
(cc/cc)

0.011
0.013
0.031
0.039
0.037
0.039
0.034
0.037
0.041
0.030
0.038
0.033
0.033
0.041
0.098
0.054
0.038
0.254
0.171
0.071
0.067
0.077

Temperature
(°c)

28.7
26.9
26.1
27.4
26.6
26.8
25.7
25.5
24.2
22.4
21.7
22.3
20.4
22.9
20.2
22.3
22.7
20.1
18.8
22.8
20.9
20.5



Depth
(m)

=-0.013
~0.038
=0.070
-0.115
=-0.170
~0.225
-0.300
-0.400
-0.500
-0.590
-0.680
-0.775
-0.860
-0.950
-1.050
-1.140
-1.320
-1.520
-1.705
-1.900
-2.100
-2.300
-2.500
-2.700
-2.880
-3.125
-3.290
=-3.505
-3.740
-4.240
-4 .450
-4.535

Sevilleta Stable Isotope Profile 5

§2H
(permil)

=29.7
-17.2
-17.4
=34.2
-40.5
-44.5
-54.2
~67.2
=70.6
=77.7
-77.7
-82.8
-84.6
-86.0
-88.6
-87.0
-87.5
-83.9
-83.3
-86.2
-83.8
-83.8
-79.5
-81.0
=76.2
=-71.8
~-71.2
-71.6

8

Field and Laboratory Data

§180
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Water Content
(cc/cc)

0.016
0.026
0.027
0.024
0.024
0.027
0.032
0.029
0.032
0.035
0.032
0.044
0.032
0.033
0.032
0.033
0.038
0.036
0.034
0.037
0.041
0.053
0.037
0.034
0.054
0.041
0.042
0.039
0.038
0.057
0.058
0.058

Temperature
(°c)

28.4
28.4
30.0
30.1
30.4
30.5
30.0
30.8
29.9
30.0

30.0
28.5
29.1
27.9
23.2

28.0
29.0
25.8
25.5

25.6
24.9
24.3
23.9
23.6
23.4



Depth
(m)

-0.020
-0.060
-0.105
~0.165
-0.230
-0.300
~-0.380
~0.460
~0.540
~0.620
~0.840
~=1.040
-1.220
~-1.500
-2.020
-2.310
-2.530
-2.800
=3.070
~-3.330

Sevilleta Stable Isotope Profile 6

§2H
(permil)

-19.1
=10.9
-29.0
=-37.3
-44.2
=55.3
-61.7
=70.3
-65.5
-80.5
~-76.3
-84.5
-88.4
-81.0
~79.9
-81.3
-73.8
-67.0
-62.4
-67.9

Field and Laboratory Data

§180
(permil)
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Water Content
(cc/ce)

0.017
0.048
0.025
0.026
0

Temperature
(°c)



Depth
(m)

-0.010
-0.033
-0.053
-0.073
-0.098
-0.125
-0.155
=-0.185
-0.250
-0.335
=0.395
-0.470
-0.570
~0.670
~0.785
-0.900
-=1.000
-1.110
-1.220
-1.325
-1.535
-1.945
-2.150

Sevilleta Stable Isotope Profile 7

§2H
(permil)

~86.4
-59.3
-47 .4
=-50.3
-43.9
-45.7
-51.1
=-60.1
=-62.0
-66.4
-63.3
~62.3
~62.2
-63.0
-64.9
-66.1
~76.4
-81.7
-85.1
-84.7
-83.7
-81.9
-80.3

Field and Laboratory Data

5180
(permil)

88

Water Content
(ce/cc)

0.012
0.015
0.016
0.020
0.026
0.041
0.047
0.051
0.058
0.063
0.060
0.074
0.070
0.086
0.081
0.085
0.073
0.058
0.033
0.041
0.035
0.038
0.037

Temperature
(°c)





