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ABSTRACT

Vertical profiles of H,'*0O and HHO concentrations have proven to yield useful
information on the evaporation process in soils. However, interpretation of such profiles
has been limited by the restrictions inherent in the quasi-steady-state and transient
analytical models available to describe the physical processes. In this study a flexible
numerical model that simulates transient fluxes of heat, liquid water, water vapor, and
isotopic species is presented. A single equation is used to describe isotope transport
throughout the profile, in contrast to previous solutions which applied separate equations
above and below an evaporation plane where a sharp transition in phase takes place for
the heavy isotopic species and the light water molecules. Relaxation of the sharp transition
assumption produces broad isotope enrichment peaks that model data from relatively dry
soils more realistically. The model is capable of simulating both infiltration and
evaporation under fluctuating meteorological conditions, and soils ranging from saturated
to dry and thus should be useful in investigating water movement in the shallow
unsaturated zone and interpreting field isotope profiles.

The constituent blocks of the numerical model were tested against available
analytical solutions. A controlled field experiment was designed and conducted to study
the development of isotope profiles under natural conditions and their dependence on
moisture and temperature distributions. This field experiment also provided a basis for
further testing of the model. Comparison between model predictions of the measurable
state variables (moisture content, temperature, and isotopic enrichment) and the

corresponding experimental observations shows a good agreement and illustrates that the
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model satisfactorily simulates the main processes involved in water evaporation and
infiltration in the shallow unsaturated zone. The isotope profile development in the soil
is influenced by the average daily conditions of relative humidity and temperature at
the surface and not by the daily fluctuations.

Field and experimental observations showed that, for a given soil, the maximum
isotopic enrichment occurs at a unique value of the moisture content, specifically the
moisture content at liquid discontinuity. This value is needed for vapor flow in dry soils
and is used in the model to locate the evaporation front in the soil profile. Field depth
distributions of moisture content, chloride concentration, and isotope enrichment from two
different areas in New Mexico (an arid region) were utilized based on the developed
theory and knowledge gained from simulations of the controlled field experiment data to
explain water movement in the unsaturated zone. The chloride mass balance model was
used to estimate the local recharge rate in dune sand at the WIPP site in southeastern New
Mexico. Analysis using a bimodal flow and transport model provided evidence for
preferential flow through the root zone. This simple method should be valuable for long-
term estimation of recharge rates and, together with the moisture distribution, gives us
a basis for long-term estimate of recharge rate and an insight into recharge systematics
in the unsaturated zone. The isotope profile completes the picture of water movement in
soil by providing a basis for evaporation estimation and insight into vapor flow in the

shallow unsaturated zone.
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1. Introduction

Loss of water from soil by evaporation is difficult to measure because it is subject
to the vagaries of climate and water potential. Such loss can be a dominating parameter
in the water balance of arid or semiarid regions. Understanding the evaporation process
and the estimation of the rate of evaporation from the soil might be necessary for
evaluation of groundwater recharge and discharge from shallow groundwater. In such
arid areas where water resources are scarce, reliable recharge estimates are needed for
wise management of groundwater. Evaluating recharge at arid sites is also important for
siting waste disposal facilities. In this study which deals with water movement in desert
soils, the environmental traces, H,'*0, 2HHO, and Cl" were used for quantifying the
evaporation and infiltration processes involved.

The stable isotopes deuterium(?H) and oxygen-18 (**0) can be found in nature with
an abundance of 0.015% and 0.205 %, respectively [Sheppard,C.W., 1962]. The use of
isotopically-labeled water molecules for tracing water movement in a soil undergoing
evaporation stems from the fact that they have similar physical and chemical behavior
to bulk water molecules and differential behavior during hydrological processes such as
evaporation [Dincer and Davis, 1984]. During evaporation (transfer of water from the
liquid to the vapor phase) the ordinary 'light' water molecules (H,'°O) are preferentially
transferred into water vapor (equilibrium isotope fractionation). Moreover, the light
molecules diffuse faster than the heavy ones (kinetic fractionation). Their different
behavior during evaporation from soil produces the isotope enrichment profile which
constitutes the key for studying and quantifying evaporation from desert soils.

The isotope method is more robust than the other traditional methods for
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estimating evaporation for two reasons. First, the diffusivities of the heavy isotopic
species of water in liquid or gas vary slowly with water content (in contrast to the
extreme variation of the soil water diffusivity or hydraulic conductivity with water
content) thereby giving greater confidence in the isotope data than the hydrologic data.
Second, measurements of isotope concentration can be made very accurately with a mass
spectrometer, thereby minimizing uncertainty in the isotope data for studying
evaporation.

The depth profile of deuterium enrichment resulting from evaporation of water
from a saturated sand in the laboratory was first measured by Zimmermann et al. [1967].
They showed that, for steady-state evaporation where the deuterium profile is also stable,
a balance is established between the upward liquid evaporative flux of deuterium and the
downward diffusion of deuterium in water. This work was extended to unsaturated soils
by Munnich et al. [1980]. Barnes and Allison [1983] established a theoretical basis for
the scenario of steady-state evaporative uptake through the vadose zone above a shallow
groundwater aquifer. They hypothesized that, at steady-state, a balance is established
between the upward liquid evaporative flux, the downward liquid-phase diffusive flux,
and vapor flux of the heavy isotopic species in water. This theory was used to obtain
evaporation rates in the field for systems showing steady evaporation from a water table
[Allison and Barnes, 1983, 1985; Fontes et al., 1986; Christmann and Sonntag, 1987].
Barnes and Allison [1984] included the effect of temperature gradients in the model.
However, in the field, it is the exception rather than the rule that evaporation rate is

constant with time since, even where a high-water-table condition exists, water table
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depths (as well as external meteorological conditions such as radiation, wind, and air
humidity) seldom remain constant for very long.

After a soil profile is wetted by infiltration, for example from a rainfall event, it
will typically drain fairly rapidly to field capacity and more slowly thereafter. While the
soil is wet and sufficiently conductive to supply water to the surface in response to
steepening evaporation-induced gradients, the evaporation rate is limited by -and hence
largely controlled by- the external meteorological conditions rather than by the properties
of the soil profile. The evaporation rate at this first stage would be constant if the external
meteorological conditions were not changing. The end of the first stage of evaporation is
reached when this rate can no longer be matched by the flux of liquid from below due
to reduction of hydraulic conductivity resulting from drying. In a dry climate (which ig
the case with this study), this first stage of evaporation is brief and may last from a few
hours to a few days.

Most of the isotope studies in arid regions concentrate on the second stage of
evaporation, as does this study. During the second stage, the top of the zone moist
enough to transmit water by liquid flow will be separated from the soil surface by a very
dry layer through which the water moves by vapor transport. At this stage, the
atmospheric relative humidity and air surface temperature are the main meteorological
conditions that affect the evaporation rate. During this second stage of evaporation, the
evaporation rate will decrease progressively as the drying front gets deeper in the soil.

Walker et al. [1988] and Barnes and Walker [1989] have extended the steady-state

model to nonsteady isothermal evaporation from a soil with an initially uniform water



4

content. However, their nonsteady-state model is analytical and is strictly applicable for
ideal (laboratory) conditions where the initial and boundary conditions of the experiment
are controlled. Field situations involve variable meteorological conditions and a
nonsteady thermal regime in the shallow unsaturated zone due to diurnal and seasonal
temperature change. Incorporating isotopic data in a combined isotopic and hydrologic
model to study nonsteady nonisothermal evaporation/infiltration from natural desert soils
is a primary goal of this research. This requires a mathematical formulation of water,
isotope, and heat flow with a numerical solution which will simulate water (vapor and
liquid) movement in the shallow unsaturated zone under nonisothermal conditions. Such
a model should provide a more realistic understanding of the development of isotope
profiles under natural conditions.

The model developed was limited to a one-dimensional form because heat and
water flows are predominantly unidirectional in a soil undergoing evaporation. Upon
testing of the model and validation of its application to the experiment designed for this
study, the model and the theory behind it were used to investigate the following issues::
1. Effect of diurnal fluctuations in temperature and relative humidity on the isotope

profile, moisture distribution and temperature distribution.
2. Effect of summer temperature gradients on vapor flow and isotope profiles.
3. Development of isotope profiles under natural conditions where infiltration and
evaporation are intermittent.
4. Use of the developed theory to interpret the field observed depth distributions of

moisture content, chloride concentration, and isotope enrichment.



5
2. Theory and Model Development

Modeling water movement in unsaturated soils is much more complicated than
modeling saturated flow. Soils contain solid particles (which are usually disordered) and
pore spaces (which are filled with gas and water) that form tortuous interconnected
pathways. Water can be transported by vapor diffusion, Knudsen diffusion, internal
evaporation and condensation, liquid flow due to capillary forces or gravity, and liquid
and vapor flow due to differences in total pressure [Bruin and Luyben, 1980]. Often,
there is a mixture of various transport mechanisms; and the contributions of different
mechanisms to total transport vary from place to place and change with water content.
Knudsen diffusion, which occurs in very small pores and in near-vacuum conditions
[Bruin and Luyben, 1980; Clifford and Hillel, 1986], is neglected here. In the model we
develop, it is considered that liquid water flows due to capillary pressure gradients as well
as gravity. Water vapor is considered to diffuse through a stagnant gas phase due to
vapor concentration differences created by temperature and water content gradients.

Many processes contribute to heat flow in the unsaturated soil. Continuous water
films and the interconnected skeleton of solid particles can transfer heat by conduction
and mass flow (sensible heat transport). For a stagnant gas phase, radiation and latent
heat transport (distillation) are the primary mechanisms for heat transfer. Radiation is
usually small [Whitaker, 1980] so it will be neglected in this study. The effects of bulk
mass flow (sensible heat) were discussed by O'Neil [1978] and Sophocleous [1979].
Sophocleous found that, in the wet soils examined, sensible heat accounted forupto 8%

of the total heat flow. In our modeling study heat transfer by conduction, latent heat



transfer and mass flow were considered .

The heavy isotopic species, ZHHO and H,'"*O, used to trace water movement are
considered to be solutes moving in the liquid phase by advection and diffusion and by
diffusion in the vapor phase.

In the derivations below, the following sign convention is used:

1. Depth z is positive downward.
2. Heat flux is positive downward.
3. Evaporation volumetric fluxes E for liquid and vapor phases as well as isotopic

volumetric fluxes (I) are positive upward.

2.1  Water vapor Flow
Water vapor transport is diffusive in nature. Previous investigators modeling vapor

transport used Fick's law of diffusion [e.g., Rollins et al., 1954]

-

D
vy (M~-1)
5 Ve

v

EV =

where E* is volumetric vapor flux (cm s), D," is the effective diffusion coefficient of
water vapor in soil (cm?s™), p, is the mass of water vapor per volume of gas phase (g
cm?), and V is the gradient operator (8/0z for one-dimensional flow). |

This equation states that water vapor molecules diffuse through a stagnant gas
phase in the direction of decreasing vapor density (or concentration). This equation was

called "the simple theory of diffusion” for vapor transfer by Philip and de Vries [1957].
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The proportionally constant D,” used by Phillip and de Vries is given by the

Penman equation

D, =D2"1ve (M-2)

a

where D™ is the diffusion coefficient of water vapor in free atmosphere air (cm? s),
1" is a tortuosity factor which is defined as the ratio between the straight line path length
and the actual pore path length, and 8, is the volumetric air content of the medium. The
factors """ and "0," account for the reduced ability of vapor to diffuse through sinuous
gas-filled pores. The volumetric air content (8, = n-0) ranges from zero at saturation
to n when the soil is completely dry (where n is porosity and 0 is volumetric water
content).

This "simple theory" has proved successful for isothermal vapor [Philip, 1958a]
flow but underpredicted the amount of water vapor transported under the influence of
temperature gradients in soil [Gurr et al., 1952; Taylor and Cary, 1954; Rollins et al.,
1954].  Phillip and de Vries made a significant contribution toward reconciling the
discrepancy between theory and experiments by suggesting two enhancement mechanisms
to account for accelerated vapor transport under thermal gradients in the soil. The first
mechanism they suggested was that vapor flow is enhanced by the presence of "liquid
islands” in the soil. They pictured the interaction between vapor flow and liquid islands
in dry soils as being a series of evaporation and condensation steps coupled with flow
through liquid islands. The term "dry" soil is intended to imply a soil so dry that liquid
continuity does not exist (8 < 8, or 6, = 8, where 8, is the value of 8 when the

liquid phase is nearly continuous, and 6, = n-8,,). The remaining liquid is adsorbed
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to given surfaces, filling small pores and forming bridges or islands between pores at the
pbints of contact between soil particles (see Figure 2-1). When a temperature gradient
is applied across this soil, some water will evaporate at the warm side of the pores and
diffuse toward the lower vapor density at the cool side.

Liquid islands randomly distributed throughout the soil serve as one-way valves
for water transport. Condensation on the upstream (warmer) side of an island and
evaporation from the downstream (cooler) side alter the originally equal meniscus
curvatures to the dotted lines shown. The upstream meniscus curvature decreases while
the downstream meniscus curvature increases. Condensation and evaporation continue
and the difference in curvature increases until capillary flow through an island equals the
rate of condensation (and evaporation). Water transport toward the cold side increases
due to this short circuit in the vapor diffusion process.

Thus, the physical model advanced by Philip and de Vries gives an improved
picture of the process. Water transfer under temperature gradients in a soil with poor
liquid continuity is regarded as a series-parallel process of flow through regions of vapor
and liquid. The vapor flux is determined by the vapor-pressure gradients across air-filled
pores; the flux through liquid islands adjusts itself to equal this vapor flux. In this
physical model, the presence of liquid islands decreases the diffusion path length (or
increases the value of the tortuosity factor) and increases the cross-sectional area available
for diffusion. As a result, they suggested some approximate corrections to the "simple
theory". They eliminated the tortuosity (=0.66), thereby increasing E* by a factor of

1.5. In Equation (2-3), they also replaced the area available for diffusion 8, by n (total
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porosity) for dry soils and by (8, + 0 0,/0,) for soils which have a continuous liquid
phase. This later correction for wet soils is not as obvious as the case for dry soil where
total porosity was used for diffusion. According to Philip and de Vries, for wet soil, the
liquid phase becomes continuous and vapor flow becomes less important due to a
reduction in the number of islands and in the air-filled porosity and to a growth in the size
of remaining islands. Enlargements of the islands decreases the curvature of the menisci
to the point where the islands no longer automatically adjust to the vapor flux. Since all
liquid islands contribute to overall vapor flow at the point of liquid discontinuity, 8, and
there are no islands at saturation, Philip and de Vries proposed a linear decrease as 0
increases from 0, to n in the flow enhancement by liquid islands. Hence, their choice
of air porosity: 6, +( 0 6,/6,).

The second enhancement mechanism suggested by Philip and de Vries was that
the local temperature gradient present within air-filled pores was higher than the over-all
macroscopic gradient of the porous medium because the thermal conductivity of the water
vapor is significantly lower than the thermal conductivity of the liquid and solid phases
of the composite porous medium. This Philip and de Vries mechanism would also
increase the predicted vapor flux in nonisothermal conditions. An empirical thermal
conductivity model developed by de Vries [1952] assumes that the temperature gradients
across air-filled pores could be as much as double the mean temperature gradient in the
medium as a whole (Figure 2-2). Since de Vries' model works very well for soils, they
suggested that the temperature gradient in the gas phase is higher than that in the solid

and liquid phases. This proposed difference in temperature gradients is significant
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because vapor diffusion is presumably caused by the temperature gradient in the gas phase
(and by the vapor density boundary conditions along the pore), while the liquid islands
are assumed to automatically transmit the vapor they intercept. Therefore, thermally-
induced vapor flow would increase by VT,/VT, the ratio of the temperature gradient in
the air phase to the overall gradient. Later, de Vries and Philip [1959] showed that this
ratio could not exceed (but was close to) the inverse of the air-filled porosity, 1/8,.
Generally, values of VT,/VT calculated as Philip and de Vries showed are close to 1/n
for the entire range of water content. Hence, VT,/VT would be around 3 for sand and
less than 2 for clay soils.

The supposition that the temperature gradient varies among phases seems plausible
because the thermal conductivities of the air, liquid, and solid differ by orders of
magnitude. Since air has a lower thermal conductivity than the other phases, (even when
allowing for the transfer of latent heat by water vapor distillation) it appears possible that
the temperature gradient in the gas phase is greater than the overall temperature gradient
imposed on the soil.

The vapor density p, is linked to the partial pressure P, by the ideal gas law
PV = pV RV T (M-s)

where P, is the partial pressure of water vapor(g cm™ s?), p, is the vapor density
(g cm™), R, is the ideal gas constant = 4.6199 x 10° cm? s” K, and T is temperature
(°K).

The water vapor density p, is estimated as
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Py = h pvs (M"‘)

where p,, is the saturated vapor density, a function of T (refer to Appendix A), and h is
the relative humidity.

When a local equilibrium exists between the liquid and vapor phases, their free
energies are equal and the relative humidity is given by the Kelvin equation [Edlefson and

Anderson, 1943, p. 145]

- ¥ g -
h{¥, ) = exp (Rv T ) (M-5)
where v is the matric head (cm), and g is the gravitational acceleration (cm s?). In this
relation, the osmotic head was neglected because it is very small(-0.67 cm for CI

concentration of 50 ppm) compared to the matric head.

Using the chain rule, Vp, given in Fick's Law (M-1) can be expanded in terms

of VT and V¥
_9py 9, M-6
Ve s gE VT Gy VY (M-6)
Using (M-4) &p,/OT can be written as
Oy _ 4, dPus 8h
arT dT vs 3T M=T)

1
[

in which the second term is very small and can be neglected [de Vries,1975] giving



_a_.p.‘_' = & (M-8)

3
Py - p, =L (M-9)

Substituting (M-8) and (M-9) into (M-6) gives

_ |y dPvs p.g M-10
Ve, (h dT]VT*(RT]Vw ( )

v

Substituting (M-2) and (M-10), into (M-1) yields

D2 dp P9
v = v v vs v M-11
E v 0, [h o VT g (M-11)
or
EY = Dp, VT + Ky, Vit (M-12)
where
D™tV 0, . dpys
(M-13)
Dpy b a7
x = D278, pg (M-14)
A P R,T

According to Philip [1958], the coefficient of V'¥ in (M-12) accurately predicts
isothermal vapor flow, while the coefficient of VT under-predicts thermally-induced vapor
flow. Philip and de Vries suggested several modifications to the term 1'6,in eqn. (M-

13). First, the fraction of soil volume through which vapor diffuses should not be 6,
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since vapor flow in effect is occurring through both vapor and liquid-filled portions of the

soil, but rather 6, + f(0,)0 where

£(0,) =1 0,z 0,,
(M-15)
-5 00,20,
Ok

in which 6, = n-0,,. Hence the coefficient of VT should accordingly be changed to
0, + f(6,)0. Second, because the temperature gradient across an air-filled pore is greater
than the mean temperature gradient, Philip and de Vries suggested multiplying VT by
(VT),/VT ,thereby, hoping to get the actual value of VT in the air phase. Also the
tortuosity factor t" which appears in Dy can be eliminated since Philip and de Vries
claimed this is taken into account in the average (VT),. Thus 6,7" in (M-13) becomes (0,
+£(0,)0)[(VT),/VT]. Fundamentally, the reason for all the above modifications was that
experimental data showed that theory grossly under-predicted the thermally-induced vapor
flux,

Making the above noted changes to Dqy gives

o D:tmh [0, + f(ﬂa) 0] (VT)a dpys (M-16)

in which (VT),/VT can be replaced by 1/n as suggested by Philip and de Vries.
The water vapor diffusion coefficient D,*™ depends on temperature as given in

Appendix A [Kimball et al., 1976].
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2.2 Water liquid Flow
Darcy's Law describes the liquid flow as
EY = KV (M-17)

where E!'is the volumetric liquid flux (cm s), K= K(0) is the hydraulic conductivity
of the medium (cm s), @ is the total hydraulic head (cm) made up of a gravitational
component '-z' (cm) and soil-water matric head component ¥ (cm)(®="Y-z).

Equation (M-17) can be rewritten

(M-18)
E'=KW - K

The hydraulic conductivity K should be corrected for the effect of temperature on
viscosity and density using the relationship

(M-19)
K(T) = K(Tror) (B/P)rrer (P/B) 1

where T, is the laboratory temperature under which the K(®) experimental measurement
is performed. Also, the matric potential should be corrected for temperature (see

Appendix A).

2.3 Transient Water Flow Equation

Total water flux can be obtained by summing the liquid and vapor fluxes
E=K, VW +D, VT - K (M-20)

where K, = K,, + K is the total isothermal conductivity.
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The moisture content 0 is the summation of liquid moisture content 6, and
moisture content 6, which would result if water vapor was condensed. This vapor

moisture content 6, is given by

- P A (070 (M-21)
p

where n is the soil porosity. The value of 0,(~1x10®) is negligible compared to 6,. In the
following formulations, © will be used for the liquid moisture content.
The transient equation for water flow can be obtained from mass balance on

moisture in a small element, i.e.,

=22
o _ o R
ot oz
which can be rewritten as
oy oE
F—~ = 2= (M-23)
or 0z
in which the soil water capacity F is given by
F-%® (M-24)

Equation (M-23) describes the one dimensional governing equation for water flow.

2.4 Heat Transfer
The thermal regime of the soil profile is a primary concern of this study where

the effect of temperature is important in water vapor flow as well as in isotope
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movement. In order to formulate an equation that describes the temperature distribution
with depth and time, the heat flux equation and energy balance are presented first.

In this study, as mentioned earlier, heat flow is considered to be by conduction
through the soil, the latent heat transfer, and the sensible heat with mass flow. Thus, after

de Vries [1958], the total heat flux is given by

H = -AVT - D, V- C, p (T-T))E (H-1)
where A is the thermal conductivity (cal cm™ s °C™") which depends mainly on moisture
content, T is the temperature (°C), C, is the specific heat of liquid water (cal g"' °C"),
T, is an arbitrary reference temperature (°C), and D, is the coupling coefficient for vapor

induced heat transfer given by

D, =p LK, (H-2)
in which L is the latent heat of evaporation (cal g'), a coefficient that depends on
temperature (see Appendix A).

The first term in (H-1) represents heat conduction through the moist medium. The
second term represents the transfer of latent heat by vapor movement induced by moisture
gradients and the third term represents the transfer of heat with mass flow.

The bulk volumetric heat content of the porous medium §, is

S, = C(T-T) + Lyp,B, (H-3)
= C(T-Typ
where C is the heat capacity (cal cm™ °K™"), and L, is the value of L at T, (cal g").

The validity of (H-3) rests on the condition of local thermal equilibrium among
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the soil particles, the water, and the air. The assumption that a unique temperature can
be defined locally is thus the counterpart of eqn. (M-5).
De Vries [1963] presented a simple expression for the heat capacity

C=C,+Cp6 + Cp,(n-6)
~4 Cd + Ipe

(H-4)
where C, is the volumetric heat capacity of the porous medium when dry (cal cm?°K™),
C, is the specific heat of liquid water (cal g °K™) ; and C, is the specific heat of water
vapor (cal g' °K™").

De Vries gave p and C, the values of 1.0 which is an excellent approximation for
C, since it varies by less than 1% over O to 100 °C. However, p varies by 4% over that

range. He divided the solid phase into mineral and organic fractions since they have

different densities and specific heats. Therefore, C, can be written as

C; = puCnB, * £,CH, (H-5)
where p,, (or p,) is density (g cm?®), C,, (or C,) is specific heat (cal g’ °K™"), and 6,, (or
8,) is the volumetric content. The subscripts m and o are for mineral and organic matter,
respectively.

De Vries found the coefficients preceding 8, and 6,, to be 0.6 and 0.46 cal cm™ °K™!,

respectively. Using these numbers in Equation (H-5) and substituting in (H-4) gives

C=04608_ +066, +C pH (H-6)

From (H-6) the relation between 8 and C can be found as
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oC
—ag =4 P (H-7)

Equating the change in stored energy S, given by (H-3) to the divergence of the

heat flux (principle of heat conservation) and considering the one-dimensional form gives

asS, _ 0H (H-8)

at E3
Substituting (H-1) and (H-3) into (H-8), (H-8) can be rewritten as

A — + D, — + CpE —
o oz ! L

olC(T-T))] _ 6( aT oY GT) (H-9)
oz oz

Expanding both sides of eqn. (H-9) it can be rewritten as

I Jrry2€) 28 - 3 oT, oy
ot “o0lot oz oz 0z

oT 3E ®-10)
. c,p[E.éz +(T—To)—a-z—]

Combining (H-7) and (M-22) with this equation, (H-10) it can be rewritten as
coT _ E[AE’LDIQ‘J'_]J,CIPE@_.T (H-11)
ot 0z| Oz oz oz
This is the transient heat equation that describes the thermal regime of the soil profile.
The heat capacity C and apparent thermal conductivity A are functions of water content.
Measurement and prediction of thermal conductivity are discussed at length in Walker et

al. [1981].

2.5 Stable Isotope Transport
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The stable-isotope composition of soil water is measured as the ratio of the heavy
(and minor) to the light (and major) isotope (**O/'*0 or 2H/H), or in other words the
ratio between isotopic species of hydrogen and oxygen in the water molecule,
(H,'*0/H,'%0) or CHHO/H,'%0).
2.5.1 Isotope Transport in Liquid Phase

The flux of the minor isotope (henceforth denoted by subscript i) in the liquid

phase can be written as [Barnes and Allison, 1984]

1' = E'R, + D VR, (-1)
where R; is the isotope ratio in the liquid phase, and D;" is the effective diffusion
coefficient of species i in liquid water (cm? s'). The first term in this equation describes
flow by advection, and the second term describes flow by diffusion.

The effective diffusion coefficient D,” is given by

D =y D/ (I-2)
where v is a pore geometry factor given by

Y = e (1-3)
where t' is the liquid tortuosity factor, which is a product of a constant parameter t* and
(1-XF,), where XF, is the ratio of the absolute value of vapor flux to the sum of absolute
values of vapor and liquid fluxes. The use of such relationship for tortuosity assures
having a continuous function for geometry factor for all moisture content and not a

sudden drop to zero at liquid discontinuity. For wet soils where the liquid film on the

soil grains is continuous and flow is liquid dominant (XF,=0), the pore geometry factor
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reduces to the product of moisture content and tortuosity. For dry soil, where the liquid
film is discontinuous (the moiéture is in the form of liquid islands surrounded by water
vapor) and water flow is predominantly in vapor phase (XF,=1) the pore geometry factor
will be zero since no diffusion of isotopes in the liquid phase is possible between the
isolated liquid islands. D! in eqn. (I-2) is the diffusion coefficient of isotopic species i
in liquid water. The temperature dependence of the diffusion coefficient is given by Wang
et al. [1953] and Longsworth, L.G. [1954] (refer to Appendix A).
2.5.2 Isotope Transport in Vapor Phase

To develop a vapor flow equation for the minor isotope consistent with the

modified diffusion equation obtained for the major water flow, Fick's law is given by

pI* = D" V(R p) (I1-4)
where D,’" is the effective vapor diffusion coefficient of the isotopic species (cm? s), Ry
is the isotope ratio of the water vapor, and I' is the upward isotope flux in the vapor
phase (cm sT). D" is related to the water vapor diffusion coefficient D*" through the
kinetic fractionation factor o}’ , i.e.,

v _ D"
g; = .
D/

I-3)

The value of this factor for deuterium and oxygen-18 in the water molecule are 1.0251

and 1.0285, respectively [Merlivat, 1978]. Equation (I-4) can be expanded as
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pl” = D]'[R’ V p, + p, VR] (1-6)

Assuming that vapor pressure equilibrium between the phases of water is maintained, R;"

can be obtained from

R’ -« R @7

where o, is the equilibrium fractionation factor of isotope i. This parameter has a value

less than, but close to, unity. Majoube [1971] gives the following temperature

dependence relations for deuterium and oxygen-18 (T is in K):

Deuterium

1

24.844 (E'f) - 76.248 (&J + 52.612
T2 T

10° In (_1-)
a;

Oxygen-18

1.137 [_1_0_‘3] - 0.4156 (E] - 2.0667
T? T

®;

(L

Substituting (I-5) and (I-7) into (I-6) gives

= Dv‘

i 4
g;

pI”

[a R, Vo, + p, V(o] R)| (1-10)

Expanding the second term on the right hand side and rearranging gives

(I-8)

(I-9)
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v a'.. v
pl” = — R, [D” Vp, ]
9i (1-11)
D . da;
+ p"(a,VRi+R,.—'—VT)
o oT

The term D Vp, is equivalent to pE' in eqn. (M-1). Thus eqn. (I-11) can be written

as
“; RV
I'-R L E" +DY VR, a-12)
ag;
where
pP - 2Pw % p (1-13)
p a:.'

2.5.3 Transient Isotope Flow Equation

The total isotope flux I is the sum of I* and I'. Combining (I-1) and (I-12) yields

o, -14
I=Ri(_'TE“+E’]+DiVRi 14
G;

where the total diffusion coefficient of the isotopic species D; is given by

D, = D + D (I-15)

Eqn. (I-14) can be rewritten as
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I=EER, + D, VR, 1-16)

in which & is given by

&- 1- F, [1-“"] @-17)

F =_£ (1-18)

The factor £ given in eqn. (I-17) will be called the transition factor because its value
changes in the transition zone located between the liquid dominant zone and the vapor
dominant zone. For saturated and for fairly wet soil where vapor flow is insignificant
(F,=0), & is equal to unity; while for dry soil, where flow is predominantly in vapor
phase (F,=1), the transition factor £ reduces to o;"/o;’ which equals 0.899 for deuterium
at 20 °C temperature. In a two-zone model where a sharp change in phase of water
(from liquid to vapor) occurs at the evaporation front, the transition factor drops suddenly
from 1 to the ratio between the equilibrium fractionation factor and the Kkinetic
fractionation factor a.*/c.’. In a more realistic model of a drying soil profile the change
in phase of water occurs gradually from liquid to combined liquid and vapor (regardless
how narrow this zone is) and finally vapor. Therefore, the transition factor changes
gradually from 1 at depth where the soil is wet to o;”/5;" in the top dry layer. The rapid
change in the value of transition factor happens in the zone where both liquid flow and

vapor flow coexist in comparable amounts. For nonvolatile solutes, the transition factor
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is the fraction of liquid flow to total water flow.
Mass balance on the isotope can be done by equating the time rate of change of
the isotopic mass content in the soil with the divergence of the isotope mass flux at each

point in the medium, i.e.,

2 @p R)= V(o D (1-19)

Substituting the isotope flux I given by eqn. (J-16) into this equation, considering the one
dimensional form, and eliminating the liquid density from both sides gives
d R, :
2w - 2per] ai;[p = ] (1-20)

As the variability of isotope ratio R; is small, it is more appropriate to use the
dimensionless ratio 8, which essentially has higher variability. §; is the concentration of
isotope species in the soil water above that in reference water with known isotopic
composition. This reference water can be the standard mean ocean water (SMOW) or the
rain water at the site under consideration. Using ; will minimize the machine-associated

errors included in measurements of R. 8, zgp is given by

8 pgr = — - 1 @-21)

where Rgygp is the isotope ratio for the reference water. Changing the value of ; from the
SMOW scale to local scale (for example, using rain water as a reference) can be

accomplished using the relation
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5 =& + 8 + 8 * § (1-22)

X-REF X-SMOW SMOW-REF X-SMOW SMOW-RFEF
where dgyow.rer 1S Obtained using (I-21).
Using the definition of §; in eqn. (I-21), eqn. (I-20) can be expanded and rewritten

as

P (1-23)

0 o0, o(.. 06,
1+8) 2 + 0% - O peanl+ 2%
L+ 8) 5+ 0 = ZREC )]+az['6z]

Using the mass balance equation (M-22), (I-23) can be further expanded to

%, | o, d
e

{Di %}msg [(5—1)%‘}- E %} 1-24)
This is the governing equation for the transient movement of a stable isotope (*H or *0)
in water. The left hand side of eqn.(I-24) represents the rate of increase of ;. The right
hand side does not express an explicit separation between advection and fractionation
since both processes were included in the transition factor & which appears in the first
and third terms. Diffusion (in both liquid and vapor phases) is represented by the second
term. This is a general equation that can be used for a soil ranging from saturated to dry.
The transition factor in eqn. (I-24) facilitates obtaining the typical shape of the isotope
profile (bulge at the evaporation zone) numerically using only one equation,(I-24).

For isotope transport in a wet soil where liquid flow dominates (§=1) under a
hydraulic steady-state flow ( JE/6z=0), egn (I-24) reduces to

Pzl ¢ oz

o®: . P, 2 ‘35"] (1:25)
or 0z 0z
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Considering a hydraulic steady-state (9E/9z=0) and isotopic steady-state (85;/3t=0), the

governing equation describing isotope transport (eqn. I-24) can be reduced to

g Bl p B, qesie E 26
&EFZ_ E{D"a?] (1 6,.)5.52_ (1-26)

2.5.4 Relation to Previous Work through the Transition Factor

Walker et al. [1989] assumed a hydraulic quasi-steady-state and effectively used
a value of unity for & when they used an equation that is similar to eqn. (I-25). For an
isotopic steady-state condition, which also necessarily implies a hydraulic steady-state
condition, the upward isotope flux I is constant. Deep in the profile, where there is no
gradient in the isotope ratio R, and £ equals unity, the isotope flux from eqn. (I-16)

reduces to

1=ER, I-27)

where R, is the isotopic ratio at the reservoir water (e.g., groundwater).

Along the upward evaporative flowing water pathway the value of the transition
factor decreases slowly as the vapor flow component increases and in the evaporation
zone, where the vapor flow component of the water flux becomes significant and of
comparable magnitude to the coexisting liquid flow, the transition factor decreases
strongly until it reaches its lowest value (o;"/5;") in the zone of dominant vapor flow (the
top part of the soil profile). At the isotope profile maximum, 0R,/0z =0 [Barnes and

Allison, 1984] and the isotope flux I reduces to
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I=EE R, (1-28)
where &, is the transition factor at the depth of the isotope profile maxima (peak), and R,
is the corresponding isotopic ratio. Equating the right hand sides of equations (I-27) and
(1-28) and using the definition of &, given by eqn.(I-21), yields,

3 %_a.%)_ 1-29)
This equation describes the relation between the maximum relative enrichment (at the
isotope profile peak) 8, and the corresponding value of the transition factor for a steady-
state condition,

Barnes and Allison [1983], in their steady-state model for unsaturated soil divided
the soil profile into two zones, an upper one in which water movement is by vapor
diffusion and a lower one in which liquid flux is dominant. The change in the phase of
the water flux from liquid to vapor (i.e., evaporation) takes place at the dividing plane.
This sharp dividing plane may be called the "evaporation plane" to distinguish it from
the more general and realistic case where evaporation is taking place in a zone, or
"evaporation zone". Barnes and Allison [1983] refer to the evaporation plane as the
"evaporation front". The steady-state governing equation (for the ‘liquid dominant zone
below the evaporation plane) applicable to Barnes and Allison's [1983] analysis is a
special case of eqn.(I-26), i.e.,

Ll i[p. j‘iﬁ] (1-30)
dz dz\ ' oz

Comparison of eqn.(I-30) with eqn.(I-26), indicates that the analysis of Barnes and
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Allison [1983] has assumed a value of unity for & below the evaporation front. This
implies no bulk water vapor flow, even though D; is accounting for the diffusion of
isotopes in the vapor phase below the evaporation front. Their conceptual model followed
Zimmerman et al. [1967] for evaporation from saturated soil where £ clearly has a value

of unity, A typical solution for eqn.(I-30) is exponential [Barnes and Allison, 1988], i.e.,

Z

5() =8, + (B, - 5,) exp[-—f 1

dz
; DIE

22z, (1-31)

where 8 ., is the relative isotopic enrichment of the reservoir water (e.g., groundwater),
8.; is the relative isotopic enrichment at the evaporation front (or isotope profile maxima),
and z., is the depth of the evaporation front.

To complete their description of the isotope profile, Barnes and Allison [1983,
1984] used Fick's law of diffusion to find the isotopic composition at the evaporation
front 8,; based on vapor diffusion above the evaporation front. They used this value in
eqn.(I-31) which describes the isotope concentration in the zone below the evaporation
front. In order to relate our model to that of Barnes and Allison it is shown below how
the isotopic composition in the vapor dominant zone above the evaporation front can be
obtained for this two-zone model.

Evaporation rate at any depth z < z can be calculated using Fick's law of diffusion

gv D7 [(79p. @) —hapv,(O)} a-32)

p\ z
For the steady-state condition, the evaporation flux E is constant and, above the

evaporation front, equals E*. The isotope flux in the vapor phase above the evaporation
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front is given by

e D.-"'fh(Z)R.-”(Z)pv,(Z) - h, R, p,,(O)} (I-33)
p\ z

Using the relations (I-5), (I-7), and (I-32), eqn.(I-33) can be rewritten as

v

I [h(z)ai(z)R,.(z) b2 I, R, pv,(O)] 139)
Gi

I' = —
h@)p (&) - h, p, (0

From which the value of isotopic composition of soil water above the evaporation front

is given by

G:[h(z)py_\'(z)- hap vs(o)]Rre.r + ha Ra pvs(O) (1,35)

R(2)= -
o (@) h(@) p,(2)

For isothermal conditions, this reduces to

R(2)= (iR, [h@)-h,) + hR) (1-36)

*

o; h(z)

from which the value of R at the evaporation front (h=1) is given by

R 4= El-:[“rv R (1-h) *h,,Ra] (1-37)

This is identical to equation (5) of Barnes and Allison [1983], which was obtained using
identical assumptions. Using 8 notation, eqn.(I-37) can be rewritten as
When the physical model of Barnes and Allison (1983) is followed, the following

relations are implicitly assumed.
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8, = —fo} (B, +DA-h)+hB,+1)]-1 (1-38)

Q;

Above the "evaporation front":

F =1
D, =D (1-39)
h(x)=h, + 2/z(1-h)

in which h, is the relative humidity of the atmospheric air at the surface;
and below the "evaporation front":
=0
R

F
D, =D} + D; (I-40)
h=1

Inherent in these two equations is the implicit assumption that, at the evaporation front,
liquid continuity breaks apart. These two equations were used with a numerical finite
difference solution of eqn.(I-26) to produce the isotope profile that is shown in Figure 2-
3. Data used for this example are identical to those used in Figure 1 of Barnes and
Allison [1983]. The top part of the numerically-calculated profile matches the analytical
solution given by eqn.(I-36) after considering the change in notation from R to 0; the
bottom part matches the analytical solution of eqn.(I-31). At the evaporation front (isotope
profile maxima), &, was calculated via eqn.(I-29). This assures obtaining a value of §;
at the evaporation front which is identical to the value calculated via eqn.(I-38). In this
two-zone approach there is a jump in the value of the transition factor from 1 below the
evaporation front to about 0.899 above the evaporation front. For the numerical model

the value of transition factor at the depth of evaporation front & is needed. The value of
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€. calculated --via eqn.(I-29)-- is 0.9231 which corresponds to a value of 0.762 for F,.

In Figure 2-4, another case was considered for dry dune sand. The relative
humidity h in this case is computed via eqn. (M-5) where relative humidity depends on
the water potential, which is related to the moisture content through the retention curve
of the soil. The effective diffusion coefficient of isotope in the liquid phase D;" was
modeled as continuous in space (see eqn.(I-3)) unlike that shown in Figure 2-3, which
followed the model of Barnes and Allison. This reflects the fact that liquid continuity does
not break suddenly but gradually. This results in a smooth peak for the isotope profile
unlike the sharp peak of Figure 2-3. The hydraulic conductivity K was calculated via van
Genuchten model [Van Genuchten, 1978] based on the retention curve data and the
measured saturated hydraulic conductivity. The isothermal water vapor conductivity Kyy
was calculated from eqn.(M-14). The calculated F, distribution shows that the upward
water flux changes phase from liquid dominated to combined vapor and liquid and finally
vapor. This change in phase is similarly seen in the transition factor £ distribution.
Consequently, the peak of the profile is broad, unlike that in Figure 2-3. A broad peak
is most often seen in drying soil profiles, although the peak will be depressed for
nonsteady-state isotope profiles. The evaporation rate used to produce the isotope profile
was 0.02 mm/day. If the depth of the isotope peak (15 cm) was used to estimate the
evaporation rate -via egn.(I-32)- then the value estimated would be 0.06 mm/day. As the
zone that combines both phases of water gets narrower (which is the case for fairly wet
soil), the use of the isotope maxima depth for estimating the instantaneous gvaporation

rate becomes more satisfactory.
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Figure 2-5 shows the transient development of the deuterium profile together with
the moisture distribution history for previously published results from experimental soil
columns [Allison et al., 1983]. The upper plots (Figure 2-5a) are for bare soil and the
shape of the profile is more-or-less similar to Figure 2-3. A hydraulic quasi-steady-state
condition was reached by day 182 as it was noticed from the insignificant change in the
moisture distribution and depth of isotope maxima during the last 54 days. The isotope
profile, however, is still changing slowly toward the final isotope steady-state profile.
Allison et al. [1983] have measured the final evaporation rate from weight loss of the
bare soil pots as 0.06 mm/day. The estimated evaporation rate from the depth of
evaporation front was also 0.06 mm/day. The evaporation rate used in Figure 2-1 was
0.055 mm/day. Similarity in the atmospheric conditions (h,, 8,), temperature and isotopic
composition of reservoir water (5,.,) between the assumed values for Figure 2-1 and the
experimental values of Figure 2-5a suggest that the enrichment at the evaporation front
should be close to that of Figure 2-3 if an isotopic steady-state profile is reached.

The planted soil (Figure 2-5b) is drier than the bare soil (Figure 2-5a) as it can
be seen from the lower average moisture content. The moisture distribution for the
planted soil is similar to that in Figure 2-4. The peak of the isotope profile is broad, as
in Figure 2-4. For drier soils, the model of sharp transfer from liquid-dominated flow to
vapor-dominated flow begins to break down and an evaporation zone model such as that
used for Figure 2-4 gives a more realistic results. By comparing the maximum enrichment
of the isotope profile in the planted soil with that in Figure 2-4 it is concluded that the

isotopic steady-state composition probably was not achieved.
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Many field isotope profiles show shapes that are similar to Figure 2-5a. In this
case, estimation of instantaneous evaporation rate from the depth of the isotope profile
peak (via eqn. (I-32)) should be satisfactory. The instantaneous evaporation rate should
be equal to the average evaporation rate for a soil profile that has reached a hydraulic
quasi steady-state condition. Moreover, Allison et al. [1983] used eqn. (I-31) in an
inverse approach to calculate evaporation rate from the same isotope profiles. In both
cases, the calculated values of the evaporation rate were higher than those based on the
depth of evaporation front. Excessive evaporation estimates result from the use of eqn. (I-
31), which was derived using the isotopic steady-state assumption, to match the measured
isotope profiles that have not reached an isotopic steady-state condition. Attainment of the
isotopic steady-state condition could take as much as one year, even after hydraulic
steady-state is achieved.

- For later stages of the evaporation process where hydraulic quasi-steady-state is
achieved and the moisture distribution is known, the transient isotope equation (eqn. I-24)
should be sufficient for predicting the later developments in the isotope profile. However,
simulation of the isotope profile for the experimental results shown in Figure 2-5 during
the early stage where the moisture distribution is also changing is not possible without
knowledge of the history of moisture distribution development. The numerical model
presented here simulates water flow, heat transfer, and isotope transport and is capable
of predicting changes in the isotope profile for this case and for the more general case of
natural conditions where intermittent evaporation and infiltration are contributing in

shaping the isotope profile. The need for such a linked thermal, hydraulic, and isotopic
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model was anticipated by Barnes et al. [1988].

2.6 Governing Equations and Boundary Conditions of the Numerical Model

The governing system of differential equations is

oy _ OE

F—/ = — -23

% % (M-23)

oT 8, aT . .. 3y T

¢ -2, plY ohsed -11

a 82(82+'az)+c'p8z b
D, 00, d 30,
0+ =EE_L + D, L

ot & 0z i 62( ! Gz] (1-24)

OE
wassfe-n%e £ &
where E is given by Equation (M-20)

The three governing equations (M-23), (H-11), and (I-24) contain three state
variables: the soil temperature T, the matric potential for soil water ¥, and (for the
isotope under consideration, either **O or H) the concentration §; . The moisture content
and matric potential are related to one another through the retention relation. The function
F can be obtained from the retention relation. Solution of this set of equations requires
specification of two boundary conditions and one initial condition each for T, &, and 6.
Initial and boundary conditions proposed for monotonically drying soil are given in Table

1. The top boundary conditions consist of a transient soil surface temperature specification
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for the heat flux equation, a transient temperature and humidity (based on which together
with the depth of the evaporation front the evaporation rate E is calculated) for the water
flow equation, and a constant isotopic composition for the atmospheric water vapor. The
bottom boundary conditions consist of a prescribed downward water flux or zero matric
head gradient (gravity drainage) for the water flow equation, prescribed heat flux for the
heat flow equation, and zero concentration gradient for the isotope transport equation.
It is worth mentioning that these boundary conditions can be changed according to the
application and the data under consideration. The finite difference method will be used
for solving the governing differential equations.

This numerical model can be viewed as being composed of two blocks: (1) an
independent hydrologic block which includes the two coupled equations for water and heat
flows, (M-23) and (H-11) , and (2) an isotopic block , of one equation (I-24), which

depends on the hydrologic block.
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Table 1. Initial and Boundary Conditions*

State Initial Conditions Boundary Conditions
Variable t=0,z>20
Top Boundary Bottom Boundary
f(t,z)
t20,z=0 t=20,z = L,
¥ Y(0,2) =Y (2 E = l/p D,’Op,/0z is Ky d¥/oz + K
calculated through the surface | -Dqgy 6T/0z = R
dry layer based on the or J¥/oz =0
measured T(t,0), h(t,0) at the
surface and the depth of the
evaporation front.
T T(0,z) = Touu(@ T(t,0) = T,(t) (measured) -A0T/0z =Q,
& 5:(0,2) = 8, mi(2) 3(1,0) = 08/oz = 0

[1/e"(T(t,00)]*(5;Y*+1.0)-1.0

6.4 is measured)

* see List of Symbols for description of parameters
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2.7 Chloride Transport
Equation (I-25), which is a special case of eqn. (I-24) where liquid flow
dominates, is also applicable to the transport of nonvolatile solutes in which case a;,'=0
and D}V=0 (from egn. 1-13) and consequently D;=D;". Thus, eqn. (I-25) reduces to
0252t ;%(D %?Z_J (1-41)
which can be written for the steady state condition as
0 - E% ; .(%(D a;_;] (142)
In cases where the diffusion process can be neglected (D,=0 or 85/0z=0) and using zero
concentration for reference, & reduces to C,. Integrating eqn. (I-42) for this case of

negligible diffusion, it can be written as

E C, =constant (I-43)

Using R® (R® = -E) and considering a long-term downward movement of
environmental chloride in soil and average atmospheric input of chloride, eqn. (I-43) can

be written as

R® C,=P C (1-44)

where
R® =average drainage (recharge) rate (mm/yr)
C, =average chloride concentration in soil water (mg/l)
P  =precipitation rate (mm/yr)
C, =average atmospheric input chloride concentration (mg/l)
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Equation (I-44) is the well-known chloride mass balance equation for estimating
long-term local drainage (recharge) rates [Sharma and Hughes, 1985]. This simple tracer
method should be valuable in arid and semiarid regions where all chloride comes from
atmospheric sources, where precipitation is the only source of recharge water, where
water loss by evapotranspiration is high, and consequently where recharge rates are
minimal. Small recharge rates are difficult to estimate based on water balance methods
or using Darcian-flux calculations based on measured tension gradients and estimated

unsaturated hydraulic conductivity [Gee and Hillel, 1988].
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3. Numerical Implementation

In this chapter, the governing equations and boundary conditions will be written
in the finite difference form. Our discretization of the solution domain is depicted in
figure 3-1. A general scheme of the finite difference method is used for time, and central
difference is used for space [Peaceman, D.W., 1977].

In the formulations which follow, the subscript i denotes the spatial node and the
superscript j denotes the time level.
3.1 Water Flow

Upward water flux E at node i and time level j is given by (see eqn. M-20)

i \Uiu - \1/.:-1

I )
H - K - K+ Dy T T G-

2Az ™Az
The differential equation describing mass flow (M-23) can be written in the finite

difference form as (fully implicit for time)

Fj\V:: - ‘Vi-l 1 K/ ‘V::H - \PJ; _ K_,'
ey v A R v
S &
" j i+l i
Vian Az (3-2)
R A .
- W].'—uz Az — + Klin
; Tl - Tij-l
T YTn Az )

The explicit finite difference form of (M-23) is given by



44

LAND SURFACE z
NODE 1 S
NODE2 —Z2
NODEi-1 } 7
——i-1
NODEi ¢ L2
—— i 52
NODE i+1 — Zin1
NODE NZ Znz
BOTTOM BOUNDARY OF
SOLUTION DOMAIN

y?

Fig 3-1. Discretization and coordinate system for the one—dimensional
numerical model
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i -t

- Dian

AR L g
At T Az en TR
vl - 7!
j-1 i+l i

DTan Az

i1 -
g W v
Yi-112 Az
-l _ -l
g ToTE
Visin Az

A

(3-3)

Kl 1/2

Multiplying egn. (3-2) by o, and (3-3) by (1-0,) where 0<w,<1, adding (3-2) to (3-3),

and rearranging

*

-~0,K L+t = +roKS + ] - i .
[ 1 “’i-l/Z] Vi1 r i1 O Ky Vi O Ko Wier

- [mlDTV. 1/] T‘J‘ [mlDTV. 12 m‘DTV{ 1/2] T‘j [m DTV 1/2] i1

(3-4)
1 -1 F/ i1 -1
= [0 KG T v - |-+ (-e)K)T + (1=0)KT | v
+FF%WH]%1+W(MQVAﬂ1
1 j~1
- {(1—& D7t +(1-0)Dy/” lz]T’ [(1 -0 Dy m] yE
-(1- ml)AZ{ .+1/2 "K!-xllz] - (OIAZ[KMD - Kij-llz]
where the ratio r is given by
e AL (3-5)
(Az)?
and the soil water capacity F,” is given by
(3-6)

F = w F/ +(@1-0) F

Average values of K, Ky, and D;y at half distance between nodes are given by
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the geometric mean. For example, at half the distance between nodes i and i+1 and for

time level j, the values of K and Dyy are give by

Kiju/f \/ K.j K;'i*l G-7)

(3-8)

DT‘;::+1/2 - VDTVJJ Dﬂéd
The top boundary condition is a prescribed evaporation rate as calculated from the
difference in vapor density between nodes 1 and 2. Ati=2 (second node from the surface
and first node solved for) the appropriate equation corresponding to (3-4) is

[f_': +o K J ]\p{-[wK" ]\lf.x

r Mian Vi

+[m1D J ]T,-j - [mlD J ]T,-J;l

Vel ™Vivin2

(3-9)

= - -*f.i__ + (1-0 K7
r Vi Vin

W [(1_031)Kw],:::/2] v
- [a-epn i+ [(-eDn ] T
8o, By + 0 Kn)-AZ [(1-0,) K, + (1-0)) EL|

where

E{-uz - D, (hzj P ~ h{-l Pys ) (3-10)

Vi-12

The bottom boundary condition (i=N) can be a prescribed recharge rate,R*, or

zero pressure gradient, in which case the recharge rate is calculated via
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R¢ = K. -D T, - T,
BT Y'Y/

The pressure head at the outside node i+1=N,+1 is given by

202K, - R®) -Dp[T,.,
K

Wi

: ~Til
\V:'H = ‘V,--l + :

3.2 Heat Transfer

(3-11)

(3-12)

The differential equation describing heat flow, eqn. (H-11), is written in the finite

difference form for fully implicit and explicit schemes in equation (3-13) and (3-14),

respectively
T -ty L Th -1 Y
J ] t _ J i+ i i+ i
G —x— = mte—g— " P T
Y mTij -Ta N Wi < Wia ]
- Az hi-1n Az
S TL, - T,
+ C E:v L L
{ p ZAZ
: - . - i1 1
/! T, - T; - _1_[7\',:_},2 ., - T + -l Vier = Wi
! At Az Az liv1n Az
. ._ - 1
-l - T _ -l v - \V:'—l]
i-l/’l—"——‘AZ li-1/2_——Az
)
+ C E{—l i+] i
! p t 2AZ

(3-13)

(3-14)

Multiplying egn. (3-13) by ©, and (3-14) by (1-0)), adding (3-13) to (3-14), and

rearranging
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«

. . g . _ .
-loXiin - ©,C, p E/ %] T., + l—?— * O Xon *O M| T/

- [ﬂ)l}‘-{:n/z + 0Cp Eij %} Tijn [03 D[ m} \Mx:-l

* [OJ D’ an T ’J 1/2] Wi - [ 1 ‘{mz] Wi
(3-15)

[(1 m])l: 172 (1_0)1)C[ P Ej l Azz] T;, ll

/!

C,'
; —* (1-o )X‘ i ¥ (l-o )7‘%1/2

+ (1~ )7\.412 + (1-0)C p E™ l;z] T+ [(1 —ml)D{:::,z] Vi
- [(t=epDf7, + [-0gDf3 L+ [d-0)D] 1 v

bicin fivin
Average values of A and D, at the midpoint between nodes are given by the
geometric mean. For example, at half the distance between nodes i and i+ 1 and for time

level j, the values of A and D, are given by

Mq/f \/ 7‘{ ki-*l (3_16)

i = DI D/ 3-17)

Lan T
and the heat capacity of the soil C;” is given by
¢’ = w, ¢+ (1-e)Cf” G-18)

For the top boundary (i=1) the temperature is prescribed, and in equation (3-15)

for i=2



= A, (3-19)

The bottom boundary condition (prescribed heat flux Q,, i=N_) is given by

24z
i-1 }\‘i

\U,w. _W,'-
Q. +CpE(T -T) +D‘:'_21Kz—l (3-20)

where T, is the reference temperature.
3.3 Isotope transport

The subscript i that stands for isotopic parameters will be dropped and here i will
be used for the node index. The differential equation (I-25) describing the isotope
movement is given in the finite difference form using a fully implicit scheme and explicit

scheme for time in equations (3-21) and (3-22)

& - !
o 2T -
At
R 51:1 - J:—l
A i R
& B ()
J j j J (3-21)
1 ;O — B3 ;o 07 =8, ]
+ o)) ———————— Di* _—
AZ[ i+112 Az 12 Az

; ] E{—] - Ej—x j gu "8—1
J e 22T
#(1+8] )[(é’. D B
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ejal 8]:: - 8{'-1 _
‘ Y;
. BT VAR . ¥ i
'-l E‘-’-l il i-1
& E (—-~-~—2AZ )
Bj_l - 8]:-1 . 6.(-1 _612—1 22
o1 pil &« L _pih i (3-22)
v Az ‘ Az
+(1+<‘5’:'l (ﬁ““‘1)_.__....._~,_b:"{'ll “_E{:ll la*l &
i i ZAZ , 2AZ

Multiplying eqn. (3-21) by ©, and (3-22) by (1-@,) where 0<,<1 , adding (3-21) to (3-

22), and rearranging

_|:sz{-1/2 - 2&;] EJ AZ] i-1

0, ; . . .
¥ l—* 0,01 + @Dhinm0ff g] 8

r
EJ AZ 5141

J J
- [m;;DHIIZ + mz&

T . (3-23)
[(1 ® D (1—m2)a“E:"i2‘i ]6’,-:}

o) ol
- [_—r‘ +(1 mz)D: l/‘l + (1 mg)DnlIZ (l—mz)ﬂ l%z“}ﬁi 1
(1 0’)2)Dl+l/2 + (1 (Dz)&l EJ 1AZ]61+1

+ mﬁT + (l_mz)ﬂ ==

where f, is given by

ﬁi = [&‘1 E{n El] 1) + E, (&n &::-1 ) (3-24)
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Average values of D at half distance between nodes is given by the geometric
mean. For example, at half the distance between nodes i and i+1 and at time level j, the

value of D is given by

D)., = D! Di., (3-25)

The value of 6 is given by

6 = w, 6 + (1-wy)8" (3-26)
At the top boundary (i=1) the isotopic composition of atmospheric vapor 8", is

prescribed and the isotopic composition of the soil water is given by
5, = Lafs + 1.0)-1 (3-27)

The bottom boundary condition (zero gradient in isotopic composition of soil water

8; i=number of nodes) is given by
8, =0, (3-28)

3.4 Numerical Solution Algorithm

The coefficients F, K, K, and Dy, on the left side of eqn. (3-4), are highly
nonlinear functions of the state variables 8(or \¥) and/or T. The relation between 6 and
¥ is also nonlinear. In egn. (3-9) X, C, and D, are functions of 8 and E is calculated
based on © and T distributions. These coefficients and the state variables are to be
evaluated at the new time level, so the system is nonlinear.

For the water flow, a tridiagonal coefficient matrix G is built of the coefficients of
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Wiin the left side of eqn. (3-9), for node 2, and of the coefficients of ‘¥ in the left side
of eqn. (3-4) for nodes 3 through N;. Another tridiagonal coefficient matrix W is built
of the coefficients of T' in the left side of eqn. (3-9), for node 2, and of the
coefficients of T in the left side of eqn. (3-4) for nodes 3 through N;. Similarly for the
heat transfer, a tridiagonal coefficient matrix D is built of the coefficients of T’ in the
left side of eqn. (3-15), for nodes 2 through N,. Another tridiagonal coefficient matrix
E is built of the coefficients of ¥ in the left side of eqn. (3-15), for node 2 through
N,. The two equations which are solved simultaneously are given by

{¥¥ = [GI'{U} where {U}= {HM}"" - [WF {T} (3-29)

{TY = [D'{V}  where  {V}= {HH}'- [E} {¥} (3-30)
The vector {HM} is filled from the right hand side of eqn. (3-9) for node 2 and the right
hand side of eqn. (3-4) for nodes 3 through N,,. The vector {HH} is filled from the right
hand side of eqn. (3-15) for nodes 2 through N .

The solution procedure used consists of alternate solution of eqn. (3-29) and eqn.
(3-30) for ¥ and T, respectively, updating the coefficient matrices, G, W, D, and E,
each iteration until a desired degree of convergence is obtained each for T and '¥'. An
advantage of such a procedure is that the matrix equation to be solved is always

tridiagonal, a feature that makes it relatively easy to solve.
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4. Code Testing

No exact analytical solutions are presently available for the coupled problem of
nonisothermal nonsteady evaporation/infiltration and the associated nonsteady isotope
equation. However, to test the validity of the constituent code blocks (water, heat, and
isotope blocks), the performance of each block was compared with available analytical
solutions for certain artificial cases. Having established the validity of the code for
simulating various processes independently, it will be assumed that the code may be used
with confidence for more complex situations (such as studying soil profiles undergoing
evaporation under natural conditions).

4.1 Water Flow

A comparison was made between infiltration profiles (8 vs. Z for different times)
as calculated with the water flow equation (M-23) and as calculated with the quasi-
analytical solution of Philip [1958b] using the sandy soil described by Havercamp et al.
[1977]. The comparison was done for liquid flow under isothermal conditions. This
reduces the water flow equation to the well-known Richard's equation

Fov . Q(Ka_w _ K) (4-1)
ot az\ oz

Philip solved Equation (4-1) subject to the conditions

(4-2)

<0 Z>0 Vo= oy
=0 Z=0 Vo= oy,

Havercamp et al. [1977] used Philip's quasi-analytical solutions assuming

8,=0.1(¥,=-61.5 cm) and 6,=0.2675(F,=-20.73 cm) for sandy soil. They described
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the retention curve and conductivity function by the two analytical expressions

o -2 %) 4 @-3)
o+ |wy|P
where 0,=0.287, 6,=0.075, a.=1.611x10° and B=3.96; and
K =k, 4 (4-4)

S A |y]®

where K,=34 cm/hr = 9.44x10° cm/sec, A=1.175x10°% and B=4.74

Comparison between Philip's solution as given by Haverkamp et al. [1977] and the
numerical solution of the one-dimensional water flow block ODW is given in Figure 4-1.
In the numerical solution, a Crank-Nicholson scheme for time is used (0,=0.5). The
values used for time increment (At) and depth increment (Az) were 0.001 hr and 1.0 cm
respectively. The numerical and analytical solutions agree closely.
4.2 Heat Transfer

To test the numerical solution of the heat flow equation, a hypothetical horizontal
soil column of homogeneous moisture content was considered. This means no water
potential difference (6'¥/6z=0) and no flow (E=0), including no flow caused by gravity
effects. Thus the transient heat flow equation (H-11) can be rearranged and written as

o rerT (4-5)
o C 9z?

If temperature at one end (z=0) is given by

T0,0= T, + T, sin(wr) (4-6)

in which T, is amplitude of surface temperature variation, and w is the angular frequency
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Figure 4-1. Comparison between Philip analytical solution (1958) and the ODW results
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of variation (2 m/t, ) where t. is the period of temperature fluctuation, then a typical

solution of Equation (5-5) is

Z,n=T

ave

+T, exp(~Z/d) sin(wr - Z/d) 4-7

where the damping depth d is given by
(22
wC
This analytical solution is valid for a semi-infinite medium subject to the boundary
condition given by eqn. (4-6) above.

Comparison between the analytical solution (i.e., Equation 4-7) and the numerical
solution of the one-dimensional heat block ODH is given in Figure 4-2. In the numerical
solution, a Crank-Nicholson scheme for time (v,=0.5) was used. Values used for this
example were: T,,,=0.0 °C; T,=10 °C; t,= 24 hr; A=2x10" cal/(cm sec °C); C=0.56
cal/(cm® °C); time increment (At)=0.01 hr; depth increment (Az)=0.5 cm. The
numerical and analytical solutions agree closely.

4.3 Isotope Transport

It has been shown earlier (Figure 2-3) that eqn.(I-26) which is the steady-state
version of eqn.(I-24), matched the analytical solution of Barnes and Allison [1983]. To
solve the transient isotope equation (I-24), it should be connected to the hydrologic
block. For such case, there is no known analytical solution. Barnes and Walker [1989]
considered the isothermal condition and neglected gravity to find an approximate
analytical solution for a uniform moisture profile that dries only above a sharp

evaporation front. In that case, the soil had two different values of moisture content: one



depth (cm)

57

Figure 4-2. Comparison between analytical heat solution and the ODH  resuits
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low value above the evaporation front, and another high value below the evaporation
front. This physical model is realistic only as an approximation since water would actually
flow downward under a gravitational gradient in the case of a uniform moisture content.

To test the performance of the one-dimensional isotope block ODI under nonsteady-
state conditions the two-zone model was considered. Similar to Figure 2-3 a case was
considered in which the moisture content above the evaporation front has uniform value
0, and below the evaporation front the distribution is linear in all times, i.e.,

80 =9, T2y (4-9)
= 8,+ S@2,41) 237,

where S is the slope of the moisture linear distribution given by

S = _9},—_6? (4-10)
2y T Ty
In which 6, is the initial moisture content at the bottom of the solution domain, and z/
is the initial depth of the sharp evaporation front.

In the following example, 6, = 0.1051, 6,=0.05, z, =110.0 cm, and Z/ = 2.0
cm. This will result in a value of 6, = 0.1 when z,=12.0 cm, which is the moisture
distribution used in Figure 2-3 and the final distribution the model should achieve if the
final steady-state evaporation rate is similar to that used in Figure 2-3. The initial isotope
profile was determined using the steady-state isotope code which was used to produce

Figure 2-3. The hydraulic parameters used here are the same as those used in the

simulation shown in Figure 2-3. In order to obtain a final steady-state evaporation rate
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similar to that used for Figure 2-3, the evaporation rate was assumed to decrease

according to

E () = (E; - EDexp(-Ar) + E} (4-11)

where E. is the initial steady-state evaporation rate, E is the final steady-state
evaporation rate, and A is a decay factor. The values used for these parameters were
0.2908 mm/day, 0.055 mm/day, and 0.0449/day respectively.

~ The net evaporation rate at any time t is defined as the difference between the
evaporation rate at the evaporation front and the upward liquid flux at the bottom of the

solution domain, i.e.,

E, 0 = EL) - E(z) (4-12)
The upward water flux at the bottom of the profile E(Z,,t) is assumed to equal Equ. Thus,

eqn.(4-12) after substituting eqn.(4-11) can be rewritten as

E, (0 = (Ey - E}) exp(-Ap) @-13)
From eqn.(4-9)
d9_ 1% (4-14)
__.=—S —_—
dt dt 222y

Combining eqn.(M-22) and eqn.(4-14)

Az
gE:‘S "_ef ZZZef

az dt

(4-15)
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The upward water flux E at any depth is given by

E@0)= Ef0) 2<z 00

dE (4-16)
= E A1) +Z [e-2,40)] 22z (1)

From which the net evaporation rate, as defined by eqn.(4-12) can be written as

dE
En® = =2 [t - 240) (4-17)

The downward progress of the evaporation front Az, (after time increment At) can
be determined by equating the right hand sides of equations (4-13) and (4-17) and then

substituting (4-15) for dE/dz, i.e.,

| | .
(B} - Epexp(-A ) = ' [1,240] (4-18)

This equation can be solved explicitly for Az, The new value for the depth of the
evaporation front is determined by incrementing the current value by Az..

Figure 4-3 shows the history of the evaporation rate, as calculated using eqn.(4-11),
and the corresponding relation obtained for the depth of evaporation front, as calculated
numerically by eqn.(4-18). The isotope enrichment was calculated via eqn (23) (in
Chapter 3) using w,=0.5, which is the weight factor for Crank-Nicholson scheme. The
isotope profiles as well as the moisture distributions are depicted in Figure 4-4 for times
10 days, 25 days, 83 days, and 417 days. The isotope enrichment maximum recedes
deeper in the profile with time until a hydraulic steady-state moisture distribution is

achieved. Penetration of the evaporation front and change in the moisture distribution is
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Figure 4-3. History of evaporation rate and evaporation front depth
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very minimal after 83 days. The assumption of a hydraulic steady-state condition is
therefore justified after this time. The isotope profile at 83 days is, however, still very
different from the final steady-state isotope profile. The isotope peak is less enriched than
the final evaporation front enrichment (which should be similar to the initial value for this
example of constant atmospheric parameters). At 417 days, more enrichment is seen and
the profile is more shifted toward the final steady-state profile. The progression of the
isotope profile and eventual matching of the appropriate steady-state condition suggests
that the transient isotope block is working properly and can be applied to the study of
changes in isotope profiles during nonsteady-state conditions. Following is another test
of the isotope block for its performance in simulating solute transport under saturated
conditions.
4.4 Nonvolatile Solute Transport

For saturated flow, D" = 0 (see eqn. M-2) , and consequently D*V= 0 (see eqn.
I-13). Thus, the total isotope diffusion coefficient reduces to the diffusion coefficient in
the liquid phase, i.e., D;= D;". For saturated flow, the moisture content & equals the

porosity n and thus D" is constant and eqn. (I-25) reduces to

= -y +D _

o 0z dz?
where v=-E/n and D= D,"/n. The subscript i for the isotopic species in & was dropped
for convenience and 8 can be the concentration or the relative concentration of the solute
such as the relative isotopic enrichment. This equation is the well-known advection-

diffusion equation which describes the transient solute concentration distribution in a soil
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column where water flow is in steady state condition [Van Genuchten and Wierenga,
1986]. Lapidus and Amundson [1952] presented analytical solution for the following
conditions:

Initial condition: 8(0,z)= 0,

Boundary conditions: 8(t,0)= &, and 06/0z |,-.=0

Peclet number P= vL/D is large (i.e., P> 10) where L is the length of the

soil column.
Their analytical solution is

Z-vt
2(1):)"2

ﬁ(t,z)-"-ﬁg(ﬁ,,—ﬁe)(% erfr{

exp(—; ) erfe =Y (4-20)
2Dy

Comparison between the analytical solution, given by eqn. (4-20), and the numerical
solution given by the one-dimensional isotope block for the advection-dispersion
equation, (4-19), is given in Figure 4-5. In the numerical solution, a Crank-Nicholson
scheme for time was used (®,=0.5). The values used for time increment At, depth
increment Az were .05 hr and .05 cm, respectively. The values used for velocity v, and
porosity n were 0.0891 cm s and 0.35, respectively. This corresponds to E= - 0.0312
cm s where 0.0312 is a reasonable value for the saturated hydraulic conductivity. The
value used for the diffusion coefficient D was 2x10”° cm?s” which corresponds to D;” =
7x10cm? s which is reasonable for oxygen-18. The length of the soil columns L is 10
cm giving a peclet number of 4.4x10%. The numerical and analytical solutions agree

closely.
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Figure 4-5. Comparison between ODI numerical results and the analytical solution
for the advection-dispersion equatio
0 T T T 1

depth (cm)
3]

7F - analytical solution .
8 .. numerical results .
9t 4
100 0.2 0.4 0.6 0.8 1

concentration



66
5. Methods

5.1 Data Requirements for the Transient Model
Collection and analysis of a comprehensive set of field data is important for this study,
both to provide a basis for verifying the accuracy of the simulation model and to provide
the physically accurate and defensible data needed to evaluate flow mechanisms.
Experimentally-determined input data required for the simulation model include
temperature and relative humidity values at the surface, the initial depth distributions of
temperature, moisture content, and isotopic enrichment. For further testing of the
computer code in predicting the depth distributions of temperature, moisture content, and
isotopic enrichment at the end of any simulation period, the values of these variables as
observed at the end of the simulation period are required. A controlled field experiment
- was designed and conducted to provide the data basis for further testing of the numerical
model. The simulations carried in this study focus on the top 1 m of the soil which
represents the depth of soil most affected by daily variation in temperature and is also the
active zone in terms of evaporation and the associated isotopic enrichment. The
parameters required for the model are porosity and moisture content at liquid
discontinuity. The relations required are retention relation, unsaturated hydraulic
conductivity function, and thermal conductivity relation.
5.2 Controlled Field Experiment

Sevilleta dune sand (taken from the Sevilleta National Wildlife Refuge 20 km north
of Socorro, New Mexico) was the porous medium used in this experiment. Eleven PVC

columns, each 105 mm in diameter and 2.0 m in length, were packed with air dry soil.
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Sand was added in depth intervals of approximately 50 mm and compacted by tapping the
base of the column after each addition. Each column had about 100 mm of gravel at the
base to allow free drainage of water. The average dry bulk density of sand in columns
was 1.550 g/cm®. In one of these columns, temperature probes were installed at depths
of 2.0, 4.0, 10.0, 22.2, 27.7, 42.2, 82.0, and 148.0 cm below the soil surface. About
2.5 pore volumes of tap water, having an isotopic composition of §8’H=-97.7 permil,
8®0= -11.6 permil vs Standard Mean Ocean Water (SMOW), were run through each
of the columns, then the columns were covered and allowed to drain for 24 hours.
Thereafter, the columns were sealed from the bottom and each weighed. Tap water was
used as the standard instead of SMOW throughout the simulations. The values used for
the atmospheric water vapor were 8’H=-82.2 and 6'*0=-15.10 permil vs. tap water.
These values were obtained from the minimum soil water isotopic composition at the
surface and the fractionation factor at 25 °C .

In the field, a drilling rig was used to auger eleven holes to host the experimental
columns. The columns were lowered into the holes (with soil added in the hole assuring
that contact was made between the PVC pipe and the native soil) until the depth of soil
in the column was similar to that of native soil outside the column. One column was
lowered in a hole without a contact with the native soil. If sampled at the same time,
comparison between the moisture and isotope profiles in this column and a second column
in contact with the native soil would give an idea of the importance of this procedure.

A probe which measures temperature and relative humidity was placed on the

ground surface to establish the top boundary condition for the model. All eleven columns
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Figure 5-1. Observed relative humidity and temperature at the soil surface
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Figure 5-2. Daily average temperature distribution in the soil profile
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were placed in a line. The temperature probes buried in the soil at different depths were
connected to a Campbell CR7 data logger programmed to automatically take readings
every 3 hours. Figure 5-1 shows the observed relative humidity and temperature at the
soil surface. Figure 5-2 shows the daily average temperature distribution in the soil
profile.

A wooden structure carrying a 1.5 m high inclined cover made of fiberglass screen
served to keep the soil columns free from any input water (e.g., rain) unaccounted for
in the simulation runs. The columns were allowed to evaporate for up to 108 days. At
sampling times, a fork lift facilitated pulling the columns from the ground. A column was
sampled destructively at each of 1, 10, 49, 69, 89, 94, and 108 days after evaporation
started. On day 89 two columns were sampled; one column in contact with the native soil
and the column that was left in the open hole (no contact with the native soil) and 81 mm
of water was added to the remaining columns. Two columns were sampled 5 and 19 days
later. Unfortunately, the last three columns in the ground were flooded with rain water
and thus could not be used in the analysis. After a column was removed, samples of soil
(for water content and isotopic analysis) were collected by first sectioning the PVC tube
into 4 pieces and then taking samples, from the PVC tube pieces, at 20 mm intervals near
the surface (where rapid change in the isotopic and moisture profiles was expected) and
at 180 mm depth intervals where little change was expected. Soil samples were stored in
air-tight jars. Approximately half of each sample was used for soil water extraction for
determination of the moisture content and the isotopic composition; the remaining soil in

the jar was kept for possible repeat measurements.
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5.3 Laboratory Procedures
Porosity, dry bulk density, and saturated hydraulic conductivity were measured
using standard techniques. The estimated values of these parameters were 0.351, 1.554
g/cm’, and 0.0132 cm/sec, respectively. The measured retention relation ¥(0) for the
soil (Figure 5-3a) was determined by using the filter paper method to determine the
matric head for a soil in contact with the filter paper following the procedures of Fawcett
and Collis-George [1967]. McCord [1989] used a hanging column apparatus to measure
the hysteristic retention relation for the same Sevilleta soil. Based on seven cores he
presented the hanging column data given in Figure 5-3a for the average drying retention
relation. The hanging column data set and the filter paper data set show very similar
trends but the hanging column matric heads are systematically slightly more negative than
the filter paper heads. The difference between these two data sets may be attributed to
two things. First, in the filter paper method, a disturbed soil sample is used while for
the hanging column apparatus a non disturbed sample was used. Second, McCord
derived his relation from seven cores while one set of data was used here, for the filter
paper method. The moisture content of importance in this study, where the soil profile
is drying, is generally lower than the moisture range measure by the hanging column
experiment. The filter paper method was employed because it provides a wider range of
moisture content for the retention relation.
Using the Van Genuchten fitting parameters from the retention relation and the
measured value of the saturated hydraulic conductivity, the unsaturated hydraulic

conductivity function K(8) was determined (Figure 5-3b) from the Van Genuchten



72

Figure 5-3a. Retention curve
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Figure 5-4. Size distribution of soil grains
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hydraulic conductivity model. Section 5.5 below describes the mathematical model used
for the retention relation and the hydraulic conductivity function which are applicable for
soils ranging from air dry to saturated. The particle size distribution was obtained using
sieve analysis (Figure 5-4). The soil is a fairly homogeneous, clean, coarse sand. The
thermal conductivity relation A(6) was adapted from Knowlton [1989] for dune sand taken
from the same area (see Figure 5-5). He measured the thermal conductivity for the soil
using a cylindrical source thermal conductivity probe following the procedure of De Vries
and Peck [1958].

Water from the soil was extracted by vacuum distillation following the procedure
described by Knowlton [1989]. Moisture content was determined from weight loss of soil
during distillation. To measure the §'*O value of soil water, 0.5 ml of the distillate was
equilibrated with CO, gas following the procedure outlined by Roether [1970]. The
equilibrated CO, gas was analyzed for isotopic composition using a Finnegan-MAT Delta
E mass spectrometer. The value of 3'*0 (oxygen-18 isotopic composition) of the water
was calculated based on mass balance of this isotope in the CO,-H,0O mixture during
equilibration. To determine the §’°H (deuterium isotopic composition) of the water, a zine
reduction technique was employed to generate hydrogen gas from the water sample [after
Kendall and Coplan, 1985; Coleman et al., 1982] which was then analyzed using the
mass spectrometer.

Figure 5-6 depicts the development of oxygen-18 isotope profile in all soil columns
throughout the evaporation period. Figure 5-7 shows the moisture distribution and

oxygen-18 enrichment for the two columns that were sampled 89 days after the start of



76

the experiment. These two columns were left under different conditions; one column was
in contact with the native soil (like all other columns) and the other column was left
without contact with the soil.
5.4 Moisture Content at Liquid Discontinuity

The moisture content at liquid discontinuity was discussed but never quantified by
Philip and de Vries [1957]. Gee [1966] determined the value of this parameter by looking
at plots of the moisture distribution in soil columns, and he identified the value where
| 08/0z is maximum as the moisture content at liquid discontinuity. Given the uncertainty
involved in the measurement of moisture content at low values this method can be only
approximate. In this study a new approach is presented where the isotope profiles instead
of moisture distributions are used to determine the value of moisture content at liquid
discontinuity. This value is a characteristic property of a given porous medium and should
be a constant for this homogeneous soil. For drying soils, liquid discontinuity breaks at
the evaporation front. The location of the evaporation front is often determined from the
depth of the maximum isotope enrichment in isotope profiles. Figure 5-8 shows the
isotope enrichment vs. moisture content for all experimental columns regardless of
evaporation period. The maximum enrichment always occurs at the same value of
moisture content which is the moisture content at liquid discontinuity as recognized by the
theory of Philip and de Vries. Using this figure, the value of moisture content at liquid
discontinuity was determined to be 2.4% which is the value corresponding to the

maximum isotopic enrichment.
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Figure 5-8. Oxygen-18 enrichment vs. moisture content
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5.5 Retention Relation and Hydraulic Conductivity Function

The portion of the retention relation for moisture content less than the moisture
content at liquid discontinuity ( 6,, < 8 < 0,, ) should be determined in a way that
reflects the fact that it is a zone of vapor diffusion to the atmosphere. The matric head

in this zone was calculated using

Y(0) = B, In [&;+S,,(h,~))] -1
in which B, and a, are fitting parameters and h,, is the relative humidity of a soil at the
depth of the evaporation front (which is located from the moisture content where liquid
continuity breaks). The value of h,, (corresponding to ‘¥'(8,,) which is calculated from
Van Genuchten model, eqn. 5-3 below) is calculated using eqn. (M-5) . In eqn. (5-1),
S.; is given by

0 -6,

- (5-2)
ewlc - erl

Scl =

where 0,, is the minimum moisture content observed at the soil surface under natural
conditions. Looking at the similarity between egn. (5-1) and the Kelvin relation (eqn. M-
5) which is the basis for the vapor flow formulations presented earlier in Chapter 2, the
value of B, should be close to {RT/g} and the value of «, should be close to the
minimum atmospheric relative humidity in the study area or smaller.

The wet portion of the retention relation ( 8, < 0 < n ) is given by the Van

Genuchten model
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¥ () = —_a—[(s‘?) v -1]P (5-3)
2

where S, and y are given by the relations

0-6
Sep=—2 (5-4)
e2 n_erz
y=1-1 (5-5)
p
In the above relations 6,, < 0,,< 0, < n.
The hydraulic conductivity function used is given by
K=0 6<8,, (5-6)

K =K, 80 [1-a-s e,

where K, is the saturated hydraulic conductivity. Practically the only fitting parameters
in these relations are those of the Van Genuchten model, namely 6, , o,, and B,.
Figure 5-3 given earlier shows the experimental retention relation, the retention relation
given by the model presented above (as used in the validation runs) and the unsaturated
hydraulic conductivity. Values used to produce these relations were o, =.2, 6,,=1.3%,

8,=2.1%, 0,,=2.4%, o,=.09, B,=2.75, and K,=.005 cm/s.

5.6 WIPP Site Field study
5.6.1 Precipitation and Chloride input

The Waste Isolation Pilot Plant (WIPP) near Carlsbad in southeastern New Mexico
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is located at about 32.5 °N and 104.5 °E. From precipitation records at the nearby
airport over the years 1970 to 1987, the average annual precipitation was estimated at
380 mm. The average chloride input for this area was not available but this data was
available for the surrounding areas. Precipitation chloride input for Las Cruces
(32.5°N, 105°E) is 0.35 mg/l and that of Socorro (34°N,106.8°E) is 0.375 mg/] [Phillips
et al., 1988]. At the Hueco Bolson in West Texas (31°N,105°E), Scanlon reported a value
of 0.29 mg/1 [Scanlon, 1990]. Based on interpolation of chloride input for these areas,

the average chloride input for the WIPP study area was estimated at 0.32 mg/l.

5.6.2 Field Work and Procedures

In the course of this project, five cores were hand augured from the WIPP site
during the summers of 1991 and 1992. These holes were designated Hole 2 through Hole
6. Soil samples were taken at 5 cm depth intervals and sealed promptly in air tight jars.
Preparation and analysis procedures for moisture content and isotopic enrichment are
similar to the laboratory procedures for the controlled field experiment. The dry soil
remaining after moisture extraction was used for chloride analysis. An ion-specific

electrode was used to determine the chloride concentration in ppm.

5.6.3 Geological Setting of Holes and Soil Profile
The locations of holes were selected in different settings of the WIPP site. Hole2
2 was located at top of sand dunes. Hole 3 was located in a sink hole. This site was

selected because personal observations indicated that large rainfall events leave standing
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water at this sink hole. Thus, this site has a potential for high infiltration. Hole 4 was
chosen based on well logs which showed unconsolidated sands to be about 20 meters
providing the deepest unconsolidated sediments in the area. Hole 5 was chosen in a trough
between dunes adjacent to Hole 2. The site of Hole 5 has a potential for infiltration
induced by the topography. Hole 6 is typical of the WIPP environment containing grasses
and mesquite in close proximity to the hole.

Vegetation in this area consists mostly of mesquite, and many roots were
intercepted during auguring. The soil profile consists predominantly of pure medium sand

with, in some holes, one or more thin clay layers.
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6. Results and Discussion
6.1 Transient Numerical Simulations
6.1.1 Sensitivity Analysis

The relations and parameters which describe the soil under study are W(6), K(6),
A®), n, v, 1, and 6,,. The transient water flow equation is most sensitive to the
characteristic retention relation ¥(8) and hydraulic conductivity function K(6). The heat
transfer equation is sensitive to the thermal conductivity relation A(0). The isotope
equation is sensitive to the temperature distribution (which depends on the thermal
conductivity relation and temperature at the soil surface), to the atmospheric relative
humidity, and to the retention relation and hydraulic conductivity function.

It is a common practice to adjust one or more of these relations and parameters,
within their uncertainty limits, during simulation runs until a good match is achieved
between model predictions and observations. This science and art procedure is often
referred to as calibration. Other simulation runs may be used to validate the earlier choice
of parameters. As mentioned above the value of 0, and the retention relation for the dry
layer above the evaporation front (given by eqn. 5-1) were obtained from the
experimental data and will be left fixed during the simulation exercises. None of the three
governing equations is sensitive to porosity or tortuosity.

6.1.2 Validation Runs

Two simulation runs were used for validation of the model in its application to the

controlled field experiment. The first run was for the 10-day period after the start of the

experiment. The second run was for the period between 49 and 69 days after the start of
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the field experiment. These runs will be referred to as Run 1 and Run 2, respectively. A
linear relation was used for A(B) as given in Figure 5-5. A gravity drainage (zero matric
head gradient) type of boundary condition was used for the water flow equation at the
bottom of the solution domain. This boundary condition is appropriate for the soil
columns and is reasonable for natural conditions.

In simulation Run 1, (see Figure 6-1), reasonable match in all measurable state
variables of the model (moisture content, temperature, and oxygen-18 enrichment) were
achieved by adjusting the thermal conductivity relation A(8), and using the hydraulic
fitting parameters o, = 0.2, 8,,= 0.013, 6,,= 0.021, 6,,= 0.026, and B,= 2.85. The
observed distributions agree satisfactorily with the model-predicted distributions for
moisture content, temperature, and isotope concentration.

In Run 2, the same relations and parameters used in Run 1 were used, and a
satisfactory agreement was achieved between the observed distributions and the predicted
distributions (see Figure 6-2). These simulation runs completed the model validation,
started earlier by code testing, and proved that the model could simulate the main
processes involved in water movement in the shallow unsaturated zone and the associated
processes of isotope fractionation and transport.

6.1.3 Development of Depth Distributions

Figure 6-4 is presented for Run 1 (with 9-day average temperature and humidity
at the surface) which shows the development in the depth distributions of moisture,
temperature, oxygen-18 enrichment, relative humidity, water vapor flux and liquid flux.

The initial distribution was that of a column sampled one day after evaporation started.
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The distributions are given for 3 days later and 10 days after the start of the experiment.
At the drying front (evaporation front) water is enriched in the heavy isotopes as a result
of water evaporation and the resulting isotopic fractionation. Just below the evaporation
front, there is a limited zone of relatively strong upward liquid flux. As time goes on, the
drying front gets deeper in the soil profile, the evaporation rate decreases and also the
downward liquid flux decreases.

The temperature gradient was 8 °C per meter in the top one meter. This
temperature gradient causes part of the evaporated water to move downward below the
evaporation front. However the scenario of a constant top boundary condition of
temperature and relative humidity should be considered hypothetical. The value of the
downward vapor flux is much smaller than the upward water vapor flux. The downward
water vapor flux decreases with depth which means that part of this water is condensed
on the soil. This downward water vapor movement and the consequent condensation is
not sufficient to change the shape of the isotope profile. No local minimum was obtained
in the isotope profile as a result of the condensation of the isotopically light water vapor
that diffuses downward.

6.1.4 Effect of Temperature and Humidiry Diurnal Fluctuations

Figure 6-5 shows, for simulation Run 1, the history of the evaporation rate and
depth of the evaporation front during the 9-day period. Three different data levels were
considered for comparison. In the first case the average temperature and humidity during
the 9-day simulation period was used in the simulation. In the second case the record of

average daily temperature and relative humidity was used. In the third case the daily
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might be reasonable for continuous drying periods.

6.2 WIPP Site Profiles
Chloride concentration and isotopic enrichment of soil water and the corresponding
volumetric water content of the soil as functions of depth for the WIPP site holes are
presented in Figures 6-7 through 6-11. This section contains a discussion of the profiles
from each hole in view of the developed theory and the knowledge gained from the
simulations of the controlled field experiment.
Hole 2

In Hole 2 (Figure 6-7), the moisture content does not exceed 1.3% which is very low
compared to the Sevilletta soil used in the experiment of this study. One reason might be
that, in the field, vegetation is present and consequently there is water uptake by the roots
and smaller amounts of moisture are left coating the soil grains. The lower moisture
content might also be attributed to the grain size and retention characteristics of this soil.
WIPP soil grains are smaller that the experimental (Sevilleta) grains. This means that, in
WIPP soils, the water liquid continuity breaks apart at a lower moisture content. This
is true since the moisture content that corresponds to the evaporation front in WIPP
isotope profiles is 0.6% which is lower than the 2.4% observed in the Sevilleta soil. The
absence of a clay binder or clay layers in the sand also explains the relatively low
moisture content in Hole 2.

A slight bulge is observed in the moisture distribution between depths 25 and 60

cm. Corresponding to this bulge is a local minimum in the deuterium enrichment profile
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and chloride concentration profile. No minimum is observed in the oxygen-18 profile
which makes the deuterium minimum questionable, especially that deuterium
measurements for other holes were not reliable. The moisture bulge was small and cannot
be explained as resulting from a recent rainfall event. The most likely explanation is that
some clay binder exists at this depth.

The isotope maximum is obvious at depth 25 cm. During the summer, the
atmospheric relative humidity in Socorro (in New Mexico) ranges between 10% and 90%
with an average value of 50%. The air temperature at the soil surface ranges between
10°C and 42 °C with an average of 26 °C. Assuming that this is the case for WIPP area
and based on Fick's Law of diffusion, the current depth of evaporation front, and the
prevailing conditions of temperature and relative humidity, the evaporation rate ranges
between 0.0044 mm/day and 0.0396 mm/day with an average value of 0.022 mm/day.
This low evaporation rate is limited by the availability of water in the soil and the
characteristic relations of the soil such as the retention relation, and the unsaturated
hydraulic conductivity. The lower portion of the 'O isotope profile is gradualty
decreasing with depth and the moisture content (also matric potential) increases with
depth. The moisture distribution, with such low values, and isotope profile suggest that
water is flowing upward in response to the potential gradient induced by evaporation.
Upward water flow rates in the soil profile should be lower than the average evaporation
rate for such a drying profile. The scatter in the chloride concentration may be attributed
to analysis error. A continuous solid line was shown in the chloride concentration

distribution to represent a 3-point moving average that may minimize the error and show
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a clear trend in the concentrations.
Hole 3

Chloride concentration, moisture content, and isotope enrichment profiles for Hole
3 are given in Figure 6-8. The moisture content is as high as 3% which is higher than
those of Hole 2. At 35 cm depth, some minor clay layer was encountered during drilling.
Clay layers hold more water than sand. Therefore, higher moisture content in this soil
profile than that for Hole 2 may be attributed to the presence of a clay layer at the bottom
of the profile and possibly the presence of a protective clay layer at depth 35 ¢m, which
partially delays the loss of water through the atmosphere by evaporation. The bottom clay
(also low conductivity) layer delays downward water drainage and results in more water
being available in the profile. The maximum isotopic enrichment, which identifies the
evaporation front, occurs at a depth of 27 cm. The corresponding moisture content is
0.6%, similar to Hole 2, which should be the value of moisture content at liquid
discontinuity 6,,. Above the evaporation front and for moisture contents lower than 8,
soil water may be visualized as liquid "islands" linked by a vapor continuum. The relative
humidity decreases linearly between the evaporation front and the surface. The lack of
a distinct isotope minimum in the relatively high moisture content part of the profile also
suggests that the water retained in the moisture content bulge is not from an isotopically
light recent rain water but is indicative of a clay layer holding more water than the sand
above and below the layer.

The chloride concentration distribution shows some variability, but also a bimodal

distribution is identified, i.e., concentrations higher than 1000 mg/l above 2.0 m depth
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and lower than 250 mg/1 below this depth. The variability in the chloride concentration
data may be attributed to: (1) analytical error in CI concentration measurements, (2)
unevenly-distributed influence of root water uptake and the questionability of the one-
dimensional flow assumption in the root zone, and (3) preferential flow though the root
zone and the resulting nonuniformity in leaching the profile. The isotope profile is
smoother than the chloride concentration profile. Heavy water molecules diffuse in both
the vapor and liquid phases resulting in a smooth isotope profile. The chloride profile is
less scattered where moisture contents are higher below the root zone. Obviously,
continuous liquid films on the soil grains will increase the effect of diffusion and result
in a smoothing of the chloride distribution. The gradual increase in chloride
concentration with depth is expected in the root zone and can be explained as follows:
when water containing chloride percolates into a soil subject to water loss by
transpiration, it is expected that (at steady state and under conditions of piston flow)
chloride concentrations in soil water will increase monotonically through the root zone
[Gardner, 1967]. That observation can be explained mathematically using eqn. (I-43)
where, if R decreases with depth due to water loss by evapotranspiration, C will
increase. The chloride peak then corresponds to the maximum depth of abstraction of
water by roots. For piston flow, the chloride concentrations should be uniform with
depth beneath the bottom of the root zone. Because the chloride concentration below the
root zone is lower than the maximum concentration at the bottom of the root zone, the
chloride profile observed here suggests that long-term water infiltration at this location

cannot be explained by piston flow through the root zone. The most likely explanation is
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that infrequent rainfall events of relatively large size (carrying low chloride content)
percolates the root zone via preferred pathways to the bottom of the root zone without
effectively leaching the soil profile. It is possible that the root channels form part of
these fast water-percolating pathways. When the top clay layer at 35 ¢m dries, it cracks.
This is a good environment for preferential flow where water penetrates the profile
through these cracks without much interaction with the soil matrix in the root zone.
At depths between 4.0 m and 4.5 m, the profile has almost uniform moisture
content (=3 %) implying gravity drainage and also uniform chloride concentration
(C=240.0 mg/l) . This condition suggests that quasi-steady-state piston flow can be
justifiably assumed and drainage rate can be calculated using the chloride mass balance
method. The drainage rate was estimated at 0.5 mm/yr using C=240.0 mg/l, P=380
mm/yr, and C,=0.32 mg/l. This value of drainage rate has two components in the root
zone, water flux through the soil matrix (R,,) and water flux through preferred pathways
(R,). Following Sharma and Hughes [1985] in their bimodal flow model, conservation
of mass of water and chloride in this flow system can be represented, respectively, by

the two equations

R=R,+R, (6-1)

RC=R,C, +R C, (6-2)

Assuming that the preferred water has a chloride content similar to precipitation and
using the concentration at the bottom of the root zone for C, (1836 mg/l), R 0.5

mm/yr), and C (240 mg/1), the value of R, is calculated to be 0.43 mm/yr representing
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86% of the drainage rate below the root zone. Below a depth of 4m the isotope profile
and chloride profile has uniform values supporting the downward movement of water,
However, above 4.0 m the moisture distribution and the isotope profile indicate an

upward water flow.

Hole 4

The soil profile is relatively high in moisture content (see Figure 6-9). The isotope
enrichment profile suggests that rainfall event occurred at least 10 days prior to
sampling. The big bulge in the moisture distribution is at the same depth as the bulge
in Hole 3 (35 cm) indicating a clay layer although records during drilling are not
available. High moisture content at this depth fingerprints a rain fall event (with
isotopically light water) that did not penetrate deep in the profile. Sufficient time elapsed
before sampling so that no local isotope minimum is apparent. At depth, the soil profile
was still draining and did not reach its field capacity. Bulges in the moisture distribution
are attributed to thin clay layers available in this soil profile. A caliche layer was
encountered at depth 412 cm which has a similar hydraulic effect as the clay layer at the

bottom of Hole 3.

Hole 5 (Figure 6-10)
During auguring, a clay layer was encountered between depths 117 cm and 155 cm. At
199 cm, a caliche layer was encountered. The clay layer is the reason for the high

moisture content in the bottom of the profile and the bottom caliche layer is delaying the
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downward water flux further causing a jump in the water content. Above depth 60 cm,
the moisture content distribution suggests an upward water flux. The evaporation front
is at depth 20 cm. The interesting thing about this hole is the similarity between the
isotope profile and chloride profile. There was no sign of a recent rainfall event or a clay
layer close to the surface. During auguring, no roots were encountered below 60 cm
which explains why the chloride peak is closer to the surface than, for example, Hole 3
and Hole 4. The availability of water in the bottom of the profile makes it easy for
water above 60 cm to move upward and isotope and chloride to be smoother than
previous holes. The shape of the isotope peak is not sharp but broad. Similar broad
isotope peaks were measured by Allison et al. [1983a] in soils planted with wheat. An
explanation similar to that for Hole 4 applies to this profile where both vapor and liquid

fluxes coexist in a short zone close to the peak (see Figure 2-4).

Hole 6 (Figure 6-11)

Profiles in Hole 6 are similar to those of Hole 5. The only difference is the
availability of a bulge in the moisture distribution because of a thin clay layer between
depths 60 cm and 80 cm. The availability of grass and mesquite proximal to the hole
makes the profile dry above the clay layer and the broad isotope peak is obvious as in

Hole 5, suggesting a zone of combined vapor and liquid (see Figure 2-4).

6.3 Sevilletta Profiles

The soil here is the same as that used in the controlled field experiment. At this site,
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no vegetation was observed in the dunes. Figure 6-12 shows the depth distributions
of moisture content and deuterium and oxygen-18 enrichments [Knowlton, 1989]. The
moisture distribution has several moisture bulges identifying possibly different soil
layers or layers with different clay binder content. Water stored in these higher moisture
holding layers must have resulted from a recent rainfall event or several events before
the soil profile was sampled. The effect of the light rain water collected in these layers
is the production of a smooth minima in the two isotope profiles. During heavy
rain, percolating water is more retained in layers having higher clay content. The higher
the water content the less the effect of evaporation on isotopic enrichment. The diffusion
process of the isotopes in vapor and liquid phases smooth the isotope profiles.

It is quite obvious that the moisture content at the evaporation front is 2.4%
which is the value estimated for moisture content at liquid discontinuity, using the
experimental isotope profiles. This gives extra evidence that the moisture content at
the evaporation front (the moisture content at liquid discontinuity) is a characteristic
property of a given soil and supports our approach for estimating the value of

this parameter from isotope profiles.
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7. CONCLUSIONS

A one-dimensional numerical model which simulates water flow, heat transfer, and
isotope transport in unsaturated-saturated soils has been developed. This model combines
the Philip and de Vries theory for simultaneous heat and moisture transfer in porous
media with the stable isotope transport theory. The transport of the stable isotope is
modeled similar to that of the solute, but included in the model is the isotope
fractionation process and isotope transport in the vapor phase. With this combined
hydraulic and isotopic model, water movement in the unsaturated zone can be simulated
and changes in isotope profile can be predicted. The isotope profile gives insight into the
evaporation process and water movement in the shallow unsaturated zone. Applications
of the model includes soils ranging from saturated to very dry, modeling the transport of
nonvolatile solutes in soil, and considering the diurnal fluctuations in temperature and
relative humidity at the surface.

The model fills a gap in the isotope transport theory by (1) incorporating the theory
of Philip and de Vries (for simultaneous moisture and heat transfer) which is necessary
for natural conditions where temperature and moisture distributions are often in transient
state and (2) being able to model the zone where vapor flow and liquid flow coexist and
the isotope transport in vapor and liquid phases throughout the soil profile using a single
equation. In this study a single equation was derived for isotope transport under
nonsteady-state conditions, based on mass balances for water and for the isotope. A
transition factor that reflects the importance of the combined vapor and liquid zone has

been introduced. Through use of this factor, earlier work by others was considered as
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a special case and the analytical results were reproduced numerically using a single
equation. The single equation evaporation-zone approach better simulates the broad stable
isotope peaks characteristic of relatively dry soils.

The computer code was tested by comparing its performance in various processes,
under certain artificial conditions, with the available analytical solutions. A steady-state
version of the isotope equation was tested by comparison with Barnes and Allison's
analytical solution [1983]. The results of the numerical model agree well with the
analytical solutions. A controlled field experiment provided a basis for further verification
of the model. Reasonable agreement between the model-predicted depth distributions of
moisture content, temperature and isotopic enrichment and the corresponding
experimentally-observed distributions revealed that the developed hydrologic-isotopic
model simulates satisfactorily the main processes involved in water movement in the
shallow unsaturated zone and the associated isotope transport and fractionation processes.

Hydraulic quasi-steady-state is established much more rapidly than isotopic steady
state in soil profiles. Isotope profiles in the field are expected to normally be in a slow
transient state. The steady-state assumption must therefore be used cautiously. However,
using the isotope maxima as a fingerprint for the evaporation front is useful for
determining the instantaneous evaporation rate and the average evaporation rate for soils
that are approaching a hydraulic quasi-steady-state condition.

Based on comparison between different levels of humidity and temperature data
at the surface, it was found that isotope profiles depend largely on the daily average

values of humidity and temperature at the surface and that they do not feel the daily
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fluctuations.

The chloride mass balance method was used to estimate the local drainage
(recharge) rate below dune sand at the WIPP site. Analysis using a bimodal version of
the mass balance model provided evidence for preferential flow through the root zone.

Layers with higher clay content will take longer time to loose water through
evaporation and thus to be enriched with isotopes. Such clay layers cause the isotope
local minima resulting from rainfall water to stay longer until it disappears as a result of
evaporation and isotope diffusion.

Field and experimental observations showed that, for a given soil and regardless
of the evaporation period, the maximum isotope enrichment occurs at a unique value of
moisture content, which is the moisture content at liquid discontinuity. This value is
needed for modeling water vapor flow in dry soils and is used in the model to locate the
evaporation front in the soil profile. In the future, we propose to use the isotope profile
peaks in soils undergoing evaporation to determine the value of this parameter which is

not as accurately determined using other physical methods.
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Appendix A

Empirical relations for water properties
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Density of liquid water [g/cm’] (Finlayson et al., 1978):

p = 1.00 + 1.45x10°5 T - 5.15x10°6 T*
0<T<45C

Viscosity of water [g/cm/s] (Finlayson et al., 1978):

Yp = 2.1551(T + /8078.4+(T-8.435)%) - 138.54

Saturated vapor density [g/cm’] (Childs and Malstaff, 1982):

o = exp[ 1294 Ty 132341076
s (1+237.3) ~ (T+273.16)

Derivative of saturated vapor density with respect to temperature [g/cm’/C](Childs and
Malstaff, 1982) :

=?_‘?ﬁ = p [ -.1 + 4104 ]
orT W(T+273.16)  (T+237.3)

M

Latent heat of evaporation coefficient [cal/gm]:
L=5975 -0358T
0<7T<120C

Diffusion coefficient of atmospheric water vapor [cm?/s] (Kimball et al., 1976):

T
D™ = 0229(1, +——— )73
v (L 518

Isotopic composition 8,5 of water:

1. Equilibrium CO,-H,0 fractionation factor( Roether, 1970):

~ -21 _17.994 _19.97
oLco,-n,o_“"x]r" 2 * T 103

final.

2. Final isotopic composition of water 3,5
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8o, *+1
S "Ly

CO,~H,-0

3. Initial isotopic composition of water:
X o = 8ol = ¥ [6¢o, = Bco]

which can be rewritten as:

i _Y.or i f

duo 'Y[a co, ~ Bcol *+ Ono0

Diffusion coefficient of 2HHO and H,'*O species in liquid water D;" [cm?/s] is given by
Figure A-1.(Langsworth,L.G.,1954, Wang et al., 1953):
Kinetic fractionation factor for isotopic species in vapor phase

Deuterium : o= 1.0251+- 0.0009
Oxygen-18 : &= 1.0285+- 0.0007



-5

Fig. A-1. Diffusion coefficient of isotopic species of water
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Appendix B
Data Files and Computer Codes Page number

Tables of data used in dissertation

(DISRT.DAT) .« ot e e e e e e e e e e e et 122
Listing of ODWISHcode . . .. ... .. ... ... ... ... ... 135
Input data file no. 1 for simulationRun1 . .................. 147

Input data file no. 2 for simulationRun 1 . ... .. ... ........... 150
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