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EXECUTIVE SUMMARY

Hydrologic studies were conducted to characterize unsaturated zone processes at the
proposed low-level radioactive waste disposal site and surrounding area in southern Hudspeth
County, Texas. The study area is in northwest Eagle Flat basin, which is within the Basin and
Range Physiographic Province. Fractured Cretaceous bedrock crops out to the southeast of the
site. The thickness of the basin-fill sediments at the proposed site ranges from 164 ft (50 m) to
2 656 ft (200 m). Northwest Eagle Flat basin is an internally drained basin that drains through the
ephemeral Blanca Draw into Grayton Lake playa. The climate in the study area is subtropical arid
and the long-term average annual rainfall is 12.6 in (320 mm). Unsaturated zone studies were
conducted in ephemeral stream and interstream geomorphic settings. In addition to studies of areas
typical of these settings, the impact of pseudofissures, an earth fissure, and borrow pits on shallow
zone unsaturated processes was also investigated.

To evaluate unsaturated zone processes, 57 boreholes were drilled in the various geomorphic
settings for collection of soil samples and installation of monitoring equipement. Soil samples were
analyzed in the laboratory for particle size, water content, water potential, and chloride
concentration. Water potential data are used to evaluate the direction of the driving force for water
movement. Chloride concentration data provide information on water fluxes because chloride
concentrations are inversely proportional to water flux; low chloride concentrations indicate high
water fluxes because chloride is flushed through the soil, whereas high chloride concentrations
indicate low water fluxes because chloride is concentrated by evapotranspiration. In addition to
laboratory analyses, a monitoring program was initiated by installing neutron probe access tubes in
the different geomorphic settings to monitor water content. Field psychrometers were installed toa

depth of 60.7 ft (18.5 m) in the interstream setting to monitor water potential and temperature.



Hydraulic conductivity was also measured in the field using permeameter tests, constant-head
borehole infiltration tests, and multistep constant-head borehole infiltration tests.

Sediments beneath Blanca Draw were fine grained and ranged from clay to clay loam. In the
interstream setting, some profiles were predominantly clay whcreas others were primarily clay
loam and sandy loam. Sediments beneath the borrow pit and adjacent profile were coarse grained
~ and ranged from clay to muddy gravel. The fissured sediments were primarily loam whereas those

adjacent to the fissure were predominantly clay. |

Spatial variability in water content is controlled primarily by variations in sediment grain size.
Discontinuities in water content across different soil types indicate that watef—content variations
with depth cannot be used to determine the diréction of water movement. Temporal variatiohs in
water content were restricted to the fissured sediments and some areas in Blanca Draw. The
maximum depth of water penetration in these areas was 5 ft (1.5 m). The absence of temporal
variations in water content monitored in the remainder of the neutron probe access tubes indicates
that water pulses did not move through these areas. Because a constant flux could result in
temporally invariant water conteht, the absence of such Qariations does not preclude downward
water move;nent :

‘Typical water potential profiles at the site, which is located in an interstream setting, were
low m the upper 7 ft (2 m) (~-12 to -2 MPa) except after rainfall and increase with depth below the
miniinum to maximum values of -6 to -0.4 MPa in different profiles. The monitoring record for the
in situ psychrometers was insufficient to evaluate long-term fluctuations in water potential. A
vertical profile based on data collected on August 13, 1993, showed low water pbtentials at 1 ft
(0.3 m) depth (-6 MPa) thét incfeased to a maximum value of -2 MPa at 60.7 ft (18.5 m) depth.
The.low water'potehti'als indicate that the sediments are dry, and the upward water potential
gradients indicate an upward driving force for liquid flow. Boreholes drilled after rainfall had high

| water potentials in the sui'ficial sediments that decfeased sharply at the base of the wetﬁng front.
' Exceptions to this typical profile were found in the profile in the fissured sediments and beneath the

borrow pit. The fissured sediments had much higher water potentials in the upper 43 ft (13 m) than



the sediments 33 ft (10 m) distant from the fissure. Water potentials in soil samples from the
borrow pit were much higher than those in soil samples from the profile 33 ft (10 m) distant from
the borrow pit.

In addition to water potential data, information on hydraulic conductivity is also required to
calculate water fluxes. New solutions were developed to analyze the field-saturated flow
component of the hydraulic conductivity using permeameter data, constant-head borehole data, and
multistep constant-head borehole data. These new solutions provide a more accurate distribution of
pressure along the test hole or boreholes and thus result in more accurate estimates of hydraulic
conductivity. A total of 26 permeameter tests were conducted in different soil textures to evaluate
spatial variability in hydraulic conductivity of sediments in the upper 1.6 ft (0.5 m). Ky, based on
the Guelph permeameter data ranged from < 10-7 to 104 m s-1. Hydraulic conductivities were
highest in the coarse-grained sediments beneath the borrow pit and were lowest in fine-grained
sediments in Blanca Draw. A total of 11 constant-head borehole infiltration tests were conducted in
the study area. Results based on Xiang’s (1994a) newly developed solution for the constant-head
borehole test were similar to those of Reynolds and others and were up to 60% higher than those
based on Glover’s (1953) solution. The range in Ky values for the constant-head borehole tests
was 10-8 to 10-6 m s-1. Hydraulic conductivities estimated from the constant-head borehole tests
did not vary systematically with geomorphic setting, and the lowest and highest hydraulic
conductivities were measured in the interstream setting. Multistep constant-head borehole tests
were conducted in 7 of the 11 boreholes used for the constant-head borehole test to evaluate the
effect of soil heterogeneity. There were no existing solutions for the multistep constant-head
borehole tests. Results indicated that the hydraulic conductivity of individual layers within a
borehole varied up to three orders of magnitude. Geometric average conductivities based on the
multistep constant-head borehole tests differed from conductivities based on the regular constant-
head tests by up to two orders of magnitude. Hydraulic conductivities based on thé regular
constant-head borehole tests depend on the location of the high-conductivity zone. When the high-

conductivity zone is located in the upper portion of the borehole, the calculated hydraulic



conductivity based on the constant-head borehole test is lower than the average hydraulic
conductivity, whereas when the high-conductivity zone is located in the lower portion of the
borehole, the calculated hydraulic conductivity based on the constant-head borehole test is higher
than the average hydraulic conductivity.

Typical chloride profiles in the study area are bulge shaped and have low chloride
concentrations near-the surface, generally less than 100 g m-3, which increase to maximum
concentrations of 3,000 to 18,000 g m-3 at depths of generally between 1.6 and 16 ft (0.5 and 5 m)
and gradually decrease with depth below the peak to concentrations of 1,000 to 6,000 g m-3. Water
fluxes estimated from the chloride data were highest af the sﬁrface and decreased to less than .04 in
(1 mm) yr-1 within» the top meter. Flux estimates for profiles in the ephemeral stream were a
minimum because chloride in runon and runoff was neglected. Deviations from the typical profiles
were found in parts of Blanca Draw where maximum chloride concentrations in some profiles were
less than 400 to 900 g m-3, whereas chloride in other profiles in Blanca Draw reached maximum
concentrations of 17,821 g m-3. Chloride was leached in the upper 20 to 30 ft (6 to 9 m) depth in
the fissure, whereas chloride concentrations in profiles 33 ft (10 m) distant from theb fissure were
much higher in this zone. Below 20 to 30 ft (6 to 9 m), chloride concentrations in the fissure
increased to concentrations similar to those found in samples at the same depth in the profiles 33 ft
(10 m) from the fissure. Chloride concentrations in the profile in the borrow pit were less than
50 g m-3 to a depth of 60.04 ft (18.3 m), whereas the profile 33 ft (10 m) distant from the borrow
pit had maximum chloride concentrations of 2,622 g m-3.

Because of the limited monitoring data at the Eagle Flat site, nﬁmerical simulations of
unsaturated flow were based on long-term monitoring data at the Hueco Bolson site. These
simulations were conducted to evaluate unsaturated zone processes. The results from these
simulations are considered applicable fo the Eagle Flat study area because the range in water
potentials is similar at both sites. The sediments in the upper 5 ft (1.5 m) of the model domain
(silty clay to clay) are finer grained than sediments found in this depth interval in the area of the

proposed Eagle Flat repository (sandy loam). The gravel lens at depths of 5 to 23 ft (1.5 to 7 m) is



similar to that found in some of the profiles at the Eagle Flat site. Precipitation for the one year
simulated (October 1, 1989, to September 30, 1990; 8 in [207 mm]) is lower than the long-term
average annual precipitation at Eagle Flat (13 in [320 mm]) but is within the range of variability of
annual precipitation at Eagle Flat. Results of the simulations showed that seasonal water potential
variations below the subsurface active zone (1.6 ft [0.5 m]) are controlled by seasonal temperature
fluctuations and do not reflect water movement. Analysis of water fluxes in the upper 0.98 ft
(0.3 m) revealed that the dominant prbcess for downward water movement was liquid flow. Below
0.98 ft (0.3 m) depth, water fluxes varied relatively little. The dominant term was thermal vapor
flux.

The hydrologic data were integrated to develop a conceptual flow model of the vadose zone
of the Eagle Flat study area. Profiles in the ephemeral stream setting are characterized by variable
water content, low water potentials, upward water potential gradients below the shallow
subsurface after rainfall, and variable chloride profiles. The generally low water potentials and
upward water potential gradients suggest dry soils and an upward driving force for water
movement under present conditions. The low chloride concentrations in some of the profiles in
Blanca Draw indicate that at some time in the past the chloride was leached, probably when these
sites were ponded. The typical profiles in the interstream setting have variable water contents, low
water potentials, upward water potential gradients, and high maximum chloride concentrations. In
this setting the water potential data indicate upward driving forces for liquid flow, and the chloride
data indicate very low fluxes for thousands of years. In the borrow pit, the sediments are disturbed
and ponded water occurs for long periods, which results in downward water movement as
indicated by high water potentials-and low chloride concentrations. The fissured sediments also
have ponded water after rainfall. High water potentials and low chloride concentrations in the
upper 20 to 30 ft (6 to 9 m) of the fissured sediments indicate downward fluxes to this depth.
Water content monitoring data showed downward movement of water to 5 ft (1.5 m) depth after

rainfall. The sharp decrease in water potentials and increase in chloride at 20 to 30 ft (6 to 9 m)



may occur because the fissure has not been present long enough for water to move deeper or may
mark the location of a clay zone.

Long-term water potential monitoring data from the Hueco Bolson provide valuable
information on unsaturated zone processes in response to climatic variations. These data indicate
that the penetration depth of the wetting front after rainfall is greater in coarse textured soils (2.6 ft
[0.8 m] in sand) than in fine-textured soils (1 ft [0.3 m] in clay loam). The progressive increase in
water potentials with depth during infiltration and redistribution suggests piston flow.

The soil physics and chemical data for the area of the proposed Eagle Flat repository are
consistent and suggest negligible fluxes. Long-term net water fluxes estimated from the soil water
chloride concentrations were less than 1 mm yr-! below the top meter of soil. The upward decrease

in water potentials indicates an upward driving force for water movement.

INTRODUCTION

Purpose of Study

The objective of this study was to characterize the unsaturated zone in northwest Eagle Flat
basin for low-level radioactive waste disposal. Hydraulic and chemical approaches were used to
evaluate subsurface water movement at the site. Hydraulic approaches included laboratory
measurement of water content and water potential of soil samples collected from 33 boreholes
(table 1). These data provide information on spatial variability in water content and water potential
throughout the study area. Profiles of water potential can be used to determine the direction of the
driving force for water flow. In addition to laboratory data, neutron probe access tubes were
installed in the field to monitor water content, and thermocouple psychrometers were installed to
monitor water potential and temperature. Field-saturated hydraulic conductivity was also measured
in situ. The hydraulic data provide information on water movement at the time of sampling or for
the duration of the monitoring period. In contrast, chemical data such as the chloride concentrations

in soil water provide information on water movement for up to several thousands of years in the






Table 1. Summary of boreholes drilled, samples collected, monitoring equipment, and tests conducted.
Wec = water content, wp = water potential, Cl = chloride, BI = regular constant-head borehole infiltration
test, BI* = regular and multistep constant-head borehole infiltration test, np = neutron probe, and
p = thermocouple psychrometer.

Monitoring
Borehole no. Location Total depth (m)| Type of analysis | equipment
YM9 ephemeral stream (slope 14.63 wce, wp, Cl
YM10 ephemeral stream (slope) 10.33 wc, wp, Cl
YM11 ephemeral stream (floor) 9.30 wge, wp, Cl
YM12 ephemeral stream (floor) 5.64 wce, wp, Cl
YM13 interstream 11.34 wc, wp, Cl
YM14 interstream 9.57 wc, wp, Cl
YM15 , borrow pit 16.55 wce, wp, Cl
YM16 adjacent to borrow pit 14.51 wc, wp, Cl
YM21 interstream 8.69 BI*
YM24NP interstream 4.97 NP
YM25NP interstream 5.18 NP
YM26NP in borrow pit 7.92 NP
YM28 interstream 27.43 wce, wp, Cl
YM3ONP adjacent to borrow pit 12.50 NP
YM32 interstream 2.62 wc, wp, Cl
YM34 interstream 2.71 wc, wp, Cl Bl
YM35 in Hoover fissure 21.18 we, wp, Cl
YM36 adjacent to Hoover fissurg 30.63 wc, wp, Cl
YM41 ephemeral stream 24.02 wc, wp, Cl
YM43 ephemeral stream 24.69 wce, wp, Cli
YM45 interstream 11.95 BI*
YM46 interstream 9.47 BI*
YM47 interstream 7.32 B
YM48 interstream 4.15 Bl
YM49 interstream 15.24 P
YM50 interstream 14.33 P
YM51 interstream 10.39 BI*
YM54 interstream 23.65 wce, wp, Cl
YM55NP in earth fissure 8.58 NP
YM56NP adjacent to earth fissure 8.46 NP
YM57NP ephemeral stream 5.12 NP
YM58NP ephemeral stream 5.09 NP
YM59 interstream 27.49 wc, wp, Cl
YM60 interstream _ 17.59 wce, wp, Cl
YM61 interstream 21.28 wc, wp, Cl
YM64 interstream 14.69 we, wp, Cl
YM66 interstream 13.41 wc, wp, Cli
YM67 ‘ interstream 18.50 P
YM68NP in pseudo-fissure 8.66 , NP
YMG9ONP adjacent to pseudo-fissurs 8.60 NP
YM70 interstream 10.39 wc, wp, Cl




Table 1. cont.

: Monitoring
Borehole no. Location Total depth (m)| Type of analysis | equipment
YM71 interstream 10.39 we, wp, Cl
YM72 interstream 10.42 we, wp, Cl
YM73 interstream 10.45 we, wp, Cl
YM74 interstream 10.45 wc, wp, Cl
YM75 interstream 10.36 we, wp, Cl
YM76 interstream 10.42 wc, wp, Cl
YM77 interstream 10.42 we, wp, Cl
YM78 interstream . 10.42 wc, wp, Cl BI*
YM79 interstream 18.17 we, wp, Cl
YM80 interstream 10.39 wce, wp, ClI BI*
YMS81 interstream 10.42 we, wp, Ci
YM82NP ephemeral stream (floor) 8.49 NP
YM83NP ephemeral stream (floor)|. 8.55 NP
YM84 ephemeral stream (floor) 13.53 wc, wp, Cl BI*
YM85 ephemeral stream (floor) 17.86 we, wp, Cl
YM86 in pseudo-fissure ' 20.63 wc, wp, Cl
YM87 adjacent to pseudo-fissure 21.95 we, wp, Cl
YM88 in earth fissure 13.32 we, wp, Cl
YM89 adjacent to earth fissure 12.01 wce, wp, ClI




past. Chloride concentrations were measured in soil water collected from 36 boreholes. The
hjdraulic and chemical approaches were integrated in this study to evaluate present-day and long-

term water fluxes in different geomorphic settings.
Sifc_Description

The study area (~ 60 km2 in area; 31°7°N, 105°16’W), ~75 mi (120 km) southeast of El
Paso, lies within the Chihuahuan Desert of Texas (fig. 1) in the northwest Eagle Flat basin.
Northwest Eagle Flat basin is a sediment-filled basin within the Basin and Range Physiographic
Province (Gile and others, 1981). The sediment fill lies on fractured Cretaceous bedrock that is
exposed on Faskin Ranch southeast of the proposed site. On Faskin Ranch, the thickness of the
sedimentary fill increases to 715 ft (218 m) in the northwest (Jackson and others, 1993). The
sediment fill was laid down by all_uvial fan, ﬂuviai, and eolian processes (Jackson and others,
1993). Three calcic soil horizons are found at depths of 0 to 3 ft (0 to 1 m), 10 ft (3 m), and 20 ft
(6 m) (Jackson and others, 1993). The upper two calcic soil horizons are better developed than the
horizon at 20-ft (6-m) depth (Langford, 1993). Ground water flows to the south—southeast toward
the Rio Grande (Darling and Hibbs, 1993). The unsaturated zone ranges from 673 to 754 ft (205
to 230 m) thick at the proposed site.

The topography of most of northern Faskin Ranch is relatively flat—slopes are less than
1 percent—and the elevation is approximately 4,364 ft (1,330 m) (fig. 1). Northwest Eagle Flat
basin drains internally through the ephemeral Blanca Draw into Grayton Lake. The topographic
relief in Blanca Draw is approximately 7 to 10 ft (2:to:3 m). Blanca Draw is generally dry except
 after high rainfall. The surface geomorphology of the area can be subdivided into ephemeral stream
(Blanca Draw) and interstream settings. The ephemeral stream setting has no active channel with
mobile sediment and is vegetated with tobosa grass (Hilaria mutica) and mesquite (Prosopis
gldndulosa). Pseudo-fissures are also restricted to the ephemeral stream settin g and consist of an

alignment of shallow holes, pipes, and depressibns. A detailed description of these features can be
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Figure 1. Location of sampled boreholes, unsaturated zone monitoring equipment, and borehole
infiltration tests.
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found in Jackson and others (1993). The term pseudo-fissure is used because these features are
similar in scale and probable origin to pscudo—ﬁssnres described in California by Schlemon and La
Chapelle (1992). The average size of individual depressions is 2 ft (0.6 m) long by 1 ft (0.3 m)
deep by 1.3 ft (0.4 m) wide. Trenches dug at right angles to these fissures showed that these
surface depressions are not underiain by open or filled cracks. Possible origins of these features
include desiccation or sediment compaction. The interstream setting has areas characterized By
sandy and silty surficial sediments. Vegetation in the interstream setting consists of black grama
grass (Bouteloua eriopoda) and widely scattered mesquite and soaptree yucca '(Yucca elata). An
earth fissure called Hoover fissure because it is located mostly on the adjacent Hoover property
was found in the northwest part of the study area and is described in Jackson and others (1993).
Hoover fissure is much longer (4,000 ft [1.2 km]) and wider (7 ft [2 m]) than the pseudo-fissures
but is similar in depth. It is approximately 1,000 ft (0.3 km) west of Blanca Draw in an interstream
setting. It can be distinguished by a vegetation linear on aerial photos as far back as 1957.
Depressions along Hoover fissure have average dimensions of 67 ft (20 m) long, 7 ft (2 m) wide,
and 1 ft (0.3 m) deep. Trenches showed funnel-shaped areas of sand 0.3 ft (0.1 m) wide by
several meters long that were offset from the surface depressions. Two continuous calcic soil
horizons were disrupted beneath the fissure. The uppermost calcic soil horizon appears to be
dissolved and reprecipitated at greater depth. No large continuous open or filled cracks were found |
beneath the fissure. A possible reason for the lack of subsurface cracks may be because the fissure
is old and such cracks may be masked by soil processes. Possible origins of the fissure include
differential subsidence related to a bedrock high or natural groundwater withdrawal related to a
lowering of base level associated with incision of the Rio Grande (Gile and others, 1981). Other
features in the interstream setting that affect the subsurface hydrology include borrow pits. These
are anthropogenic in origin and the excavated material was used in road construction. The borrow
pits hdve been open since at least 1964 and pond frequently after rainfall.

 The regional climate is subtropical arid (Larkin and Bomar, 1983). Long-term meteorologic

data were obtained at Sierra Blanca (1964—-1992), situated on the western edge of the study area.
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Mean annual precipitation is 12.6 in (320 mm). Precipitation in the region is characterized by large
interannual variations (5.2 in [133 mm] in» 1964 to 20.3 in [516 mm] in 1974). Most of the
precipitation falls as local, intense, short-duration convective storms during the summer, when
temperature and potential evaporation are highest. Minor winter frontal storms are of longer

duration.

Previous Work

Site characterization studies for low-level radioactive waste disposal were previously
conducted in the Hueco Bolson, which is northwest of the Eagle Flat basin. Studies were
conducted at this site from 1988 to 1990, and long-term monitoring of certain hydraulic parameters
has continued to the present. Work at the Hueco Bolson site was discontinued in 1990 except for
long-term monitoring of some hydraulic parameters and characterization of the Eagle Flat study
area begun in 1991. The work conducted in the Hueco Bolson has been described in papers

(Scanlon, 1992a, 1992b, Appendices A and B).

Hydrodynamic Approach

Although much of the previous work on unsaturated flow in arid regions has concentrated on
flow m the shallow zone in response to agricultural irrigation (Gaudet and others, 1977; van de Pol
and others, 1977), recent interest in unsaturated systems of arid regions has developed because of
their potential suitability as repositories of radioactive materials. The suitability of arid regions for
waste dispo&al- is related to high evapotranspiration rates relative to precipitation, which results in
low net downward fluxes. In addition, thick unsaturated zones provide a natural barrier to
radionuclide transport to ground water (Winograd, 1981). Studies of unsaturated flow related to
radioactive-waste disposal are being conducted at Hanford, Washington; Beatty and Yucca

Mountain, Nevada; and Las Crlices, New Mexico (Enfield, 1973; Gee, 1985; Montazer and
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Wilson, 1985; Nichols, 1987). This study is part of a program to characterize a site in the
Chihuahuan Desert of Texas for low-level radioactive waste disposal.

Various methods have been used to evaluate the direction and 1fate of water movement in the
unsaturated zone, which is critical in predicting contaminant migration. The water balance approach
estimates the downward rate of water percolation or recharge (Ababou and others, 1987) according

to the fOllOWing equation: .

where [ is net infiltration, P is the precipitation, ET is the actual evapotranspiration, R is the
surface runoff, and AS is the change in storage. Although the water balance approach may be
suitable in irrigated agricultural regions, it is generally unsuitable in natural arid regions because
precipitation and evapotranspiration measurements are not precise enough to allow confidence in
the differencing of two numbers of nearly equal value (Gee and Hillel, 1988). Micrometeorological
techniques for estimating actual evapotranspiration in partially vegetated desert regions are highly
inaccurate. Weighing lysimeters were used at the Hanford site (Gee and Heller, 1985) to measure
directly evapotranspiration and drainage. The disadvantages of lysimeters are that the natural soil
structure is disturbed, and boundary conditions may affect flow. |

Temporal variations in water content monitored with a neutron probe are often used to
evaluate the movement of water pulses through the unsaturated zone. Comparison of water profiles
monitored with time at the Beatty site showed deep percolation and redistribution of water down to
a depth of 7 ft (2 m) after an intense rainfall event (Nichols, 1987). In general, however,
monitoring water content may not be sufficiently accurate to detect the small fluxes that move
through the unsatufatcd zone of arid regions. In addition, even under equilibrium conditions with -
no flow, water content is discontinuous across different lithologies, and variations in water content
with depth do not indicate the direction of water movement.

In contrast to water content data, energy potential is continuous across different materials and
is typically used to infer flow direction. In the unsaturated zone, many potential gradients may“be ,

important, as indicated by the generalized flow law (modified from de Marsily [1986]):
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g=-LV®-LVT-LYVC | o)
where ¢ is flux, L;, Ly, and L3 are prdportionality constants, L; is hydraulic conductivity, V is
gradient operator, @ is hydraulic head, T is the temperature, and C is the chémical concentration.
The hydraulic head is the sum of matric (y)m) and gravitational (yg) potentials. Matric potential
results from capillary and adsorptive forces. Gravitational potential is the elevation above the water
table, which is used as a reference datum. Water flow in response to temperature gradieﬁts occurs
primarily in the vapor phase at low water contents. Chemical-concentration gradienis are equivalent

to osmotic-potential (yz) gradients, which are calculated from chloride concentrations of the soil

water according to the Vant Hoff equation (Campbell, 1985):

¥, =—(VCyRT)/1000 6!
where v is number of osmotically active particles (2 for NaCl), C is chémical concentration
(moles/kg), y is the osmotic coefficient (Robinson and Stokes, 1959), R is the gas constant
(8.3142 J mole~! °K-1), and T is the temperature (°K). In some flow systems, témperature and
~ osmotic potential gradients are negligible and the flow law can be simplified to the Buckingham-
Darcy Law (the first term on the right of the equals Sign in equation 2). | |

| Various methods are used to measure the potential gradients in the generalized flow equation.
Tensiometer measurements are restricted to matric potentials between 0 and —0.08 mega pascals
(MPa; 1 MPais équivalent to 10 bars or 102 m). In areas of shallow water tables‘(s 26 ft [ 8 m]),
such as near Socorro, New Mexico, matric potentials were high (=-0.08 MPa) and calculated |
Darcy fluxes i'anged from 8 to 37 mm yr-1 (Stephens and Knowlton, 1986). To measure lower
water potentials recorded in most other. aﬁd -regions, which reflect, in part, deeper (>328 ft
- [2100 m]) water tables, thermocouple ‘psychrométers are generally required. Thermocouple
psychrometers measure water (matric aﬁd bsrri,otic)' potentials of less than —0.1 MPa._ Because
thermocouple psychrometry forms an integral part of soil-physics monitoring in arid systems,
principles of opératioh and potential sources of errors of psychrometers are described in Rawlins

and Campbell (1986). Psychrometers have been employed at very few sites because these
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instruments are difficult to calibrate and install and their life span is generally fairly short. Much of
the psychrometric data in the literature is questionable because of poor installation procedures and
lack of sophisticated data loggers for recording water potentials accurately.

Water potential data can be used to assess the direction of water movement; however,
information on the relationship between water potential and water content and between hydraulic
conductivity and water content is required for quantifying water flux and for numerical modeling.
These relationships vary according to soil type and are highly nonlinear in arid systems. Water
retention data measured in the field according to the instantaneous profile technique are only
applicable in moist systems (Rose and others, 1965; Stephens and Knowlton, 1986) and are
generally unsuitable in most arid regions. Water retention data for arid systems are generally
measured in the laboratory. Although saturated hydraulic conductivity can be readily measured in
the field or in the laboratory, unsaturated hydraulic conductivity measurements are extremely
difficult and time consuming. Estimates of unsafurated hydraulic conductivity are generally
obtained from measurements of Water retention and saturated hydraulic conductivity according to
Van Genuchten (1980). Because most studies do not measure data for water retention curves
(Tyler and others, 1986; Montazer and Wilson, 1985; Isaacson and others, 1974), soil water

fluxes cannot be quantified for these sites.
Chemical Approach

Meteoric Chloride

Chloride concentrations in soil water have been used to evaluate water fluxes in semi-arid
systems (Bresler, 1973; Johnston, 1987; Peck and others, 1981; Sharma and Hughes, 1985).
Chloride is an ideal tracer because it is chemically conservative. The source of soil water chloﬁde is
in precipitation and dry fallout. Because chloride is nonvolatile, its concentration increases in the

root zone as a result of evapotranspiration. If the hydrodynamic dispersion coefficient is assumed
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to be negligible (Allison and others, 1985), the soil water flux (gy) can be approximated by:

qw = D¢/ Cey )
where D¢y is the chloride deposition rate (g m-2 yr-1) and Cc;is the measured soil-water chloride
concentration (g m-3). In the ephemeral streams, fissures, and borrow pits examined in the present
study, sources of chloride other than precipitation exist such as runon. Because runon, runoff, and
the chloride concentrations in these waters were not quantified, chloride profiles in these settings
were only used qualitatively to evaluate the amount of downward water movement relative to other
geomorphic settings. The chloride deposition rate (0.076 g m~2 yr-1) for the study area was
estimated from the pfebomb 36C1/Cl ratio in soil water samples from below a depth of 5 ft (1.5 m)
in borehole YM66 (4.9 x 10-13) as discussed later and the natural 36Cl fallout at the site estimated
as 20 atoms 36C1 m~2 s-1 (Bentley and others, 1986). This corresponds to a chloride concentration
in precipitation and dry fallout of 0.24 g m-3 based on a long-term mean annual precipitation of
12.60 in (320 mm). The residence time (¢) representcd by chloride at depth z can be evaluated by
dividing the cumulative total mass of chloride from the surface to that depth by the annual chloride
deposition |

j 6C,dz
0

t= (5)

D,
where 0 is the volumetric water content. Chloride profiles provide a qualitative estimate of water
flux because there are many assumptions associated with the chloride mass balance approach.
These assumptions are: (1) one-dimensional, vertical, downward, piston-type flow;
(2) precipitation as the only source of chloride; (3) annual chloride deposition constant with time;
and (4) steady-state chloride flux equal to the chloride deposition rate. The accuracy of the flux
estimates from chloride data depends on the reliability of the physical flow model used to interpret
the data. Although this model of chloride movement predicts that chloride concentrations should
increase through the root zone and remain constant below the root zone, many previously
published chloride profiles show that chloride concentration decreases below the peak; therefore,

some of the assumptions associated with the model may not be valid for different systems. The
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reduction in chloride concentration below the peak has been attributed to ground-water dilution
(Phillips and others, 1988), nonpiston-type flow (Sharma and Hughes, 1985), or failure of the
steady-state flow assumption as a result of paleoclimatic variations (Allison and others, 1985;

Phillips and Stone, 1985; Scanlon, 1991).

Cosmogenic Chlorine-36

Variations in the geomagnetic. field intensity during the past 50 kyr may have caused
variations in the rate of production of cosmogenic radionuclides such as 14C (Mazaud and others,
1991) and 36Cl (Zreda and others, 1991). Variations in geomagnetic dipole intensity have been
used to construct variations of cosmogenic 14C prdduction. High 14C production between 18 and
45 kyr is attributed to a period of weaker geomagnetic dipole field intensity at that time (Mazaud
and others, 1991). Good agreement was found between constructed 14C production and calibration
14C ages of corals by U-Th dating. A similar curve of variations in cosmogenic production of 36Cl
based on variations in geomagnetic dipole field intensity was constructed (Phillips, pers. comm.,
1993). To test the hypothesis that cosmogenic production of 36Cl varied with time, 36Cl/Cl ratios
of fossil packrat urine were measured (Phillips and others, 1988). The 36Cl/Cl ratio of the urine
preserves a record of meteoric 36Cl fallout variations. Results suggest that 36C1/Cl ratios in urine
radiocarbon dated at 12 kyr and 21 kyr B.P. are 28% and 41% higher than in urine dated 3 kyr,
which is consistent with the reconstruction of cosmogenic production of 36Cl based on
paleomagnetic field intensity. This secular variation in 36Cl production should provide a signal of
transport times back to 50 kyr. Radioactive decay of 36Cl should have a negligible effect because
the residence time of soil water considered here is small relative to the half life of 36Cl (301 kyr).
Comparison of 36Cl/Cl ratios in soil water with the reconstructed 36Cl production should allow

dating of soil water to 50 kyr.
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METHODS
Field Methods
‘Water Content

Soil samples were collected from 36 boreholes for laboratory determination of gravimetric
water content (fig. 1). Undisturbed samples were collected for dry’bulk dehsity- analysis. Soil
samples for bulk density analysis were collected in the upper 0.4 ft (0.12 m) adjacént to bo'rehbles
and down to 7 ft (2 m) in pits that were dug for psychrometer installation. Samples were also
collected from 10 boreholes at deﬁthsz 7 ft (2 m) where the sediment was sufficiently cohesive.
Most of the boreholes sampled for bulk density are in the area of the proposed repository.

Water content was monitored by means of a Campbell Pacific Nuclear neutron moisture
probe (Model 503 DR; CPN Corporation, Martinez, CA) in 12 neutron probe access tubes (fig. 1). .
The shallbwest depth monitored was 1 ft (0.3 m). The maximum depth monitored ranged from
7.3 ft (2.2 m) in YM24NP and YM25NP to about 25 to 28 ft (7.5 to 8.5 m) in the remainder of the
access tubes. The depth intérval ranged from 0.33 ft (0.1 m) near the surface to 1.33 ft (0.4 m) at
depth. The monitoring period rahged from June to October 1993. The access tubes were installed :
in boreholes drilled with a solid stem auger (76 mm diameter). This method of access tube
installation minirnizéd disturbancé’ of the surrounding material. Because of drillin g difficulties, steel
drill pipe (70-mm O.D., 60-mm L.D.) was used instead of conventional aluminum access tubes.
Steel is also preferred because it is muchv more resistant to corrosion than aluminum.

The neutron probe was calibrated in the laboratory within both aluminum and steel access
tubing by the manufacturer. These data shoW that approximately 50 percent more fast neutrons are
attenuated through the steel than through the aluminum. The calibration of the neutron probe in the
Hueco Bolson site is described in Scanlon and others (1991). Because neutron-count ratios
(neutron counts/standard counts) may introduce more uncertainty into water-content measurements

than the natural drift of the count rate (Hudson and Wierenga, 1988), neutron counts were used in
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the calibration equation. The calibration curve was calculated by least-squares linear regression of

the volumetric water content and neutron counts:

0 = (-6.4674 + 0.003921 Cn)/100 (6)
where 0 is the volumetric water content and Cr is the neutron count/min. The calibration equation
had a coefficient of determination (r2) of 0.98 and a standard error of estimate of 0.01 m3 m-3.

Electronic problems with the neutron probe resulted in loss of data for many access tubes for June

and July 1993.

Water Potential

Soil samples were collected from 33 boreholes down to 98 ft (30 m) depth for water-potential
(sum of matric and osmotic potential) measurements in the laboratory (fig. 1). Many of the samples
were collected from the same boreholes as those sampled for water content. The boreholes were
drilled using a hollow-stem auger, and samples were collected in split tube core barrels (5 ft [1.5
m] long). The samples were transferred in the field to mason jars and their lids sealed with paraffin
to minimize water loss.

Field psychrometers consisted of screen-caged, thermocouple psychrometers (Model 74,
PST 66; J.R.D. Merrill Specialty Equip., Logan, UT). To install psychrometers at shallow depths,
a pit was dug to 7 ft (2 m) and psychrometers were placed into pilot holes (13-mm diameter, 0.5-m
length) drilled horizontally into the pit wall with a Bosch rotary hammer drill (Model 11209) that
uses a solid stem auger. The psychrometers were staggered with depth over a horizontal distance
of 8 ft (2.4 m). This installation procedure ensured that the material overlying the psychrometers
was undisturbed and that a good contact existed between the psychrometers and the surrounding
sediments. Because the psychrometers were not retrievable, they were installed in duplicate for
data verification. Psychrometers were installed at a depth of 1 ft (0.3 m) and at 1-ft (0.3-m)
intervals between depths of 1.7 ft (0.5 m) and 7 ft (2 m). The psychrometers were placed so that

their symmetry axis was perpendicular to temperature gradients to minimize the effect of such
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gradients on psychrometer output (Rawlins and Campbell, 1986). After these holes were sealed
with sediment from the pit, the pit was backfilled with the original sediments.

At depths greater than 7 ft (2 m), duplicate psychrometers were installed in three adjacent
boreholes (YM49, 50 ft [15.24 m], YMS50, 47 ft [14.33 m], and YM67, 60.7 ft [18.50 m]) that
were drilled using a solid-stem auger (76.2-mm diameter) (fig. 1). Wetting or drying of native
material was expected to be minimal because no drilling fluid was used. For protection during
installation, the psychrometers were emplaced in a PVC screen (25.4 mm diameter, 0.010 slot
size, 152 mm long) that was filled with commercial (Ottawa) sand (0.1- to 0.4-mm grain size) to
prevent bridging during backfilling. Commercial Ottawa sand was used to backfill each of the
boreholes. Epoxy (DER324/DEH24, Dow Chemical Company) was used to prevent preferential
water or air flow between psychrometer stations within the borehole and to form a seal at the
surface that would preclude surface drainage into the borehole. Epoxy also was chosen because it
does not introduce water into the system. Epoxy properties (curing time, viscosity, and exothermic
curing temperature) were tested in the laboratory before field use to ensure that the epoxy would
neither become viscous while being poured down the tremie pipe nor emit too much heat to the
Surroundings. Sand was poured down a separate tremie pipe immediately after the epoxy to form a
sand/epoxy column that reduced the reaction temperature to 80°C. The small diameter of the
borehole and use of natural materials as a backfill were designed to minimize psychrometer
equilibration time. The psychrometers were connected to a data logger (Model CR7; Campbell
Scientific, Incorporated, Logan, UT) that was powered by a solar panel and a rechargeable internal
battery, backed up by an external (7 V) marine-type battery. Water potentials and temperatures

were logged daily at 0900 hr local time.

Hydraulic Conductivity

Field-saturated hydraulic conductivity (Kfs) in the surficial sediments (0.17 to 1 ft [0.05 to
0.3 m] deep) was measured with a Guelph permeameter (fig. 2) (Reynolds and Elrick, 1985,

1986). The permeameter test operates in the range of H/a from 1 to 10, where H is the water height
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in the test hole and a is the test hole radius. To evaluate hydraulic conductivity in the deeper
unsaturated zone, constant-head borehole infiltration tests were conducted in 11 boreholes (8.8 to
77.8 ft [2.7 to 23.7 m] deep; fig. 1). The constant-head borehole test assumes that the soil is
homogeneous; however, the soil is generally heterogeneous. Multistep constant-head borehole
infiltration tests were conducted in 7 of the 11 borehole tests to evaluate soil heterogeneity (Xiang,

1994b) (fig. 1).

Permeameter Tests

A total of 26 permeameter tests were conducted in different soil textures to evaluate spatial
variability in hydraulic conductivity of sediments in the upper 1.7 ft (0.5 m). Field-saturated
hydraulic conductivity (Kfy) is calculated from the Guelph permeameter data by using an equation

for steady-state flow from a cylindrical test hole:

27H?K f, + Cra’K f, + 27H$,, = CQ )
where H (m) is the steady-state depth of water in the test hole, C is a dimensionless proportionality
constant primarily dependent on H, and a (m) (the radius of the test hole), @y, (m s—1) is the matric

flux potential, and Q (m3 s-1) is the steady-state flow rate out of the test hole (Reynolds and
Elrick, 1985). The matric flux potential, ¢y, is
0
0n = [K(¥)dy @®)
Vi
where vy is the initial matric potential in the soil and K( ) is the hydraulic conductivity/matric
potential relationship for infiltration (Reynolds and Elrick, 1985). The matric flux potential
represents the matric effects of the unsaturated envelope and can be used to calculate the
unsaturated hydraulic conductivity. The three terms on the left-hand side of equation 7 represent
water flow resulting from pressure potential, gravitational potential, and matric pbtential,
respectively. The first two terms combined yield the field-saturated flow component, and the third

term represents the unsaturated-flow component. The field-saturated and unsaturated-flow
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components are considered separable. Early work on analysis of the permeameter data was

restricted to evaluation of the field saturated flow component (Glover, 1953)

co

K= 9
fs 27ZH2 ()

Because the ratio H/a generally ranges from 1 to 10 in the permeameter tests, flow through the
bottom of the borehole may be important; therefore, Reynolds and others (1983) suggested the

following equation, which includes bottom flow:

co
K. =
B 2aH? 1+ C(a/ H)? 2] (10)

Equations 9 and 10 neglect the effects of unsaturated flow. As shown in equations 9 and 10, only
one measurement of both Q and H is necessary to evaluate the field-saturated flow component of
hydrauiic conductivity.

The C coefficient can be obtained using different methods. Glover (1953) developed the

following equation to evaluate the C coefficient:

H ay a
C=sinh™ —— (—) +1+— (11)
a H H
Because the pressure solution in Glover’s development is too large, the coefficient C and K5
-are underestimated. Reynolds and others (1983) developed another equation to improve the
evaluation of the C coefficient:

2
c= 4 Lsinn 2 _ (i) 1.8 (12)
2 2¢ WH) 4 H

Because existing solutions (Glover, :1953; Reynolds and others, 1983) do not accurately
evaluate water pressure or hydraulic conductivity in the test hole (they overestimate pressure and
underestimate hydraulic conductivity), Xiang (1994a) developed a new solution to evaluate the

| saturated flow component of the field-saturated hydraulic conductivity. According to this new

solution, the following boundary conditions are considered:

v,=0 ar r=a, z=H : (13)
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78 =H at r=a, z=0 (14)
where Yy is the pressure head in the test hole. Another necessary condition is the flow rate out of
the borehole:

0= [dg (15)
0

Using equations 13, 14, and 15, the coefficient C can be expressed as:

c=simn Z (16)
a

In dry soils, the unsaturated effect should be considered in the evaluation of the hydraulic
conductivity. Reynolds and Elrick (1985) were the first to consider the unsaturated effect as
represented by equation 7. In order to determine the parameters Kfs and ¢y, permeameter tests
should be conducted at two different ponded depths H; and H,. The simultaneous equations

approach can be used to solve for Kf;:

27HK , + C,ma’K , +27H, 9, =C /0, )
27H K, + C,ma’K  +27H, 9, = C,0,,
where Q7 and Q2 are the total flow rates from the test hole with ponded depths H; and H;
respectively, C; and C; can be obtained from H;/a and H,/a respectively based on equation '11,
12, or 16. In equation 17, we assume that the soil at both depths (H; and H>) is homogeneous.

We can solve equation 17 for the hydraulic conductivity and the matric flux potential as follows

(Xiang, 1994b):

K. = l C1H2Q:1 -GHQ,
» " m[2H,H,(H,- H,)+a*(C,H,~ C,H,)]

_ L 2(C,H;Q,, ~C,H;0,1+a’C,C,(0, - Q)
2rn [2H,H,(H,-H,)+a*(C,H,—C,H,)]

(18)

P
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When coefficients C; and C; are evaluated by equations 11, 12, or 16, the calculated hydraulic
conductivities and matric flux potentials differ, as shown in equation 18. If the soil ‘invthe test hole
is heterogeneous, equation 18 should not be used.

Permeameter data were analyzed to evaluate the field-saturated flow component of the
hydraulic conductivity according to equation 10. Three different equations (11, 12, and 16) were
used to evaluate the C coefficient in equation 10, which resulted in three estimates of hydraulic
conductivity for each test hole. Estimates of the field-saturated flow cofnponent of hydraulic
conductivity ignore fhc unsaturated effect and require only one head measurement; fhcrefore, the
two ponded depths for each test hole resulted in twd estimates of hydraulic conductivity for each
method (equations 11, 12, and 16) and a total of six estimates for each test hole. For each method
of estimating the C coefficient, Ky estimates based on the two head measurements (equation 10) in
each test hole should be similar if the soil in the test hole is homogeneous. The unsaturated effect
was also considered in the permeameter data analysis using eqﬁation 18 to estimate the hydraulic
conductivity and the matric flux potentials. The three methods for evaluating the C .coefficient
discussed above were also used in this analysis. When the unsaturated effect is considered, two
head measurements are required; therefore, this analysis resulted in three Kfs estimates for each test

hole (table 2).

Constant-Head Borehole Infiltration Test

Thé constant-head borehole test is a single borehole test technique, designed to measure the
field-saturated hydraulic conductivity of deep soil. The unsaturated effect is generally not
considered in the constant-head borehole test because only one ponded depth is used. Traditionally
equation 11 (Glover, 1953) has been used to analyze the data; however, equations 12 (Reynolds
and others, 1983) and 16 (Xiang, 1994a, b) can also be uséd. Assuming steady-state flow, the
measured constant flow rate and the 'water level in the borehole are used to determine the hydraulic

conductivity.
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Table 2. Grain size, and gravimetric water content of soil samples.

Water

Borehole Depth Gravel Sand - Silt  Clay content
number (m), %) %) B (%) Soil Texture &/g)
0.08 0 4777 2426 2798 SANDYCLAYLOAM 0.09
0.39 0 4003 2414 3583 CLAY LOAM 0.11
1.10 0 3452 2444 41.03 CLAY 0.09
1.71 0 3512 2616 3872 CLAY LOAM 0.09
1.76 0 3423 2532 4045 CLAY 0.09
2.07 0 4098 2577 3325 -~ CLAYLOAM 0.09
2.31 0 6824 1849 1328 SANDY LOAM 0.05
2.37 0 5572 2600 1828 SANDY LOAM 0.05
2.67 0. 3025: 2495 4480 CLAY 0.10
3.26 0 1822 2613 55.65 CLAY 0.12
3.62 0 3451 2074 4475 CLAY 0.09
411 0 2338 1857 5787 CLAY 0.07
4,24 0 2144 2189 56.66 CLAY 0.10
475 0 1964 2506 5529 CLAY 0.12
4,99 1 1909 21.66 58.08 CLAY 0.14
YM9 5.37 0 1646 25.65 57.65 CLAY 0.14
5.74 0 2994 2525 4481 CLAY - 011
595 0 3672 2080 4217 CLAY 0.11
6.20 0 3585 2392 39.86 CLAY LOAM 0.09
6.62 0 4523 2106 3356 SANDYCLAYLOAM .0.09
6.65 0 3880 2552 3568 CLAY LOAM 0.09
6.99 0 3879 2275 3836 CLAY LOAM 0.09
1.32 0 37.02 2510 3785 CLAY LOAM 0.08
7.93 0 2787 2574 4634 CLAY - 0.12
8.54. 0 21.79 2406 54.09 CLAY 0.13
8.83 0 2981 2934 4081 CLAY 0.13
9.17 0 3399 3214 3364 CLAY LOAM 0.11
- 9.70 0 2797 3370 38.08 CLAY LOAM 0.11
10.05 0 2694 3770 35.14 CLAY LOAM 0.09
10.69 1 3953 2698 3223 CLAY LOAM 0.10
11.25 1- 2944 3150 38.08 CLAY LOAM 0.10
1264 6 5091 2453 19.02 GMS 0.06
13.17 1 7145 1427 1299 SANDY LOAM - 0.05
13.82 0 4920 3028 20.52 LOAM 0.07
1.81 0 2238 29.02 48.55 CLAY 0.10
2.11 0 4045 2234 36.88 CLAY LOAM 0.09
2.39 0 3562 23.09 4125 CLAY ; 0.08
278 0 3555 2508 3937 CLAY LOAM 0.09
3.09. 0 4355 2638 30.01 CLAY LOAM 0.12
3.42 0 1718 7992 290 SILT LOAM 0.11
3.73 0 3955 21.14  39.19 CLAY LOAM 0.11
YM11 4.00 2 3623 2692 3527 CLAY LOAM 0.09
434 1 3655 2040 4157 CLAY 0.09
4.67 0 2784 2727 4451 CLAY 0.10
540 10 2043 3172  38.01 GMS 0.13
5.71 0 28.19 2342 4831 CLAY 0.14
6.41 0 3094 43.29 CLAY 0.15

25.72
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Table 2. cont.

Borchole  Depth Gravel Sand  Sili  Clay c‘(’)‘:ftt:;t
number  (m) (%) B (%) (%) Soil Toxture o
7260 2153 3134 407 CLAY 015
8§21 0 3884 2989 3093 CLAY LOAM 0.11
02 0 1789 3171 3040 CLAY 0.13
046 0 1875 3234 4892 CLAY 0.11
083 0 2501 3108 4392 CLAY 0.09
115 0 2060 2920 5020 CLAY 0.10
142 0 963 3895 5142 CLAY 0.12
181 0 1183 3554 5258 CLAY 0.11
210 0 4074 2306 3620  CLAYLOAM 0.09
YMI2 240 0 3879 2372 3749  CLAYLOAM 0.08
260 0 3955 2632 3412  CLAYLOAM 0.09
209 0 1966 2868 51.66 CLAY 0.12
330 0 4329 2038 3633 CLAY LOAM 0.09
391 0 3713 2147 4140 CLAY 0.13
440 0 4426 1888 3685 CLAY LOAM 0.12
008 0 7683 1130 1138  SANDYLOAM 0l
027 0 7919 930 1151  SANDYLOAM 010
051 1 5331 1677 2927 SANDYCLAYLOAM (.08
100 0 4445 2770 27174  CLAYLOAM 0.10
114 0 5733 1736 2520 SANDYCLAYLOAM 0.7
153 0 8420 681 899 LOAMY SAND 0,03
208 5 8178 531 826 GMS 0.02
251 20 7464 119 380 GMS 0.02
275 7 8916 043 297 GMS 0.01
YMI3 309 17 7702 106 484 GMS 0.02
339 23 7218 146 367 GMS 0,03
379 16 7968 083 393 GMS 0.01
409 0 8146 654 1200  SANDYLOAM 004
440 0 8001 761 1238  SANDYLOAM  0.04
484 0 5693 1448 2859 SANDYCLAYLOAM  0.09
528 0 5194 1753 3029 SANDYCLAYLOAM  0.07
586 0 6648 908 2422 SANDYCLAYLOAM  0.07
635 3 65190 1434 17.66 GMS 0.07
723 0 2756 3152 4091 CLAY 0.13
1700 2742 4122 3134 CLAY LOAM 0.00
8§39 0 3856 3603 2539 LOAM 0.08
940 8§ 4545 1814 2888 GMS 0.08
1071 2 6667 1170 1963  SANDYLOAM  0.06
1129 5 7106 1065 1364 GMS 0.05
00 0 7222 1323 1250  SANDYLOAM 007
000 1 6019 1987 1935  SANDYLOAM 0.4
019 1 5329 2164 2430 SANDYCLAYLOAM 0.13
037 0 3417 2178 4379 CLAY 0.11
086 0 2878 2788 4334 CLAY 0.10
117 0 4344 1930 37.05 CLAY LOAM 0.08
147 0 1304 3549 5147 CLAY 0.13
199 0 5550 1930 2512 SANDYCLAYLOAM 0.7
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Table 2. cont.

Borehole Depth  Gravel Sand vSilt Clay cﬁgt
number (m) (%) (%) (%) (%) Soil Texture (8/g)
YM14 245 0 7094 1003 18.74 SANDY LOAM 0.06

2.81 0 2173 3093 4734 CLAY 0.08
3.15 0 1885 2679 5432 CLAY 0.12
342 0 2169 2746 5085 CLAY 0.14
3.76 0 1455 3240 5291 - CLAY 0.14
4.15 0 2773 2276 4946 CLAY 0.13
4.61 0 3218 2048 4734 CLAY 0.09
531 1 4224 2267 3448 CLAY LOAM 0.09
580 ~ 0 18.67. 4534 3599 SILTY CLAYLOAM 0.10
6.44 2 4179 3099 2492 LOAM 0.07
7.23 0 298 4979 4722 SILTY CLAY 0.13
7.75 0 2254 4275 3471 CLAY LOAM 0.10
8.51 0 3449 2531 4021 CLAY 0.11
9.52 0 6342 1386 2260 SANDY CLAYLOAM 0.07
2.52 11 8210 156 5.08 GMS 0.03
2.61 11  84.69 037 346 GMS 0.02
2.71 33 5539 428 748 GMS 0.04
2.80 1 9178 179 554 SAND 0.10
2.89 100 8554 013 434 GMS 0.03
3.04 22 7297 098  4.06 GMS 0.03
347 1 9.15 051 278 SAND 0.06
3.65 64 2221 639 7.80 GMS 0.05
4.20 0 7243 1242 15.06 SANDY LOAM 0.09
429 0 2834 4203 2922 CLAY LOAM 0.24
447 0 1450 5634 29.17 SILTY CLAYLOAM 0.29
YM15 479 0 955 5072 3973 SILTY CLAY LOAM
543 0 1610 39.14 4474 CLAY
5.39 0 6473 1179 2300 SANDY CLAYLOAM (.11
5.55 0 6566 1252 2145 SANDYCLAYLOAM 0.11
5.74 0 6411 1568 2021 SANDY CLAYLOAM ' 0.12
6.07 0 2278 4363 3359 CLAY LOAM 0.21
6.29 0 4015 17.82 4200 CLAY 0.16
6.62 0 3759 1745 4467 - CLAY 0.16
6.96 0 4002 1741 4226 CLAY 0.13
7.48 0 2254 2462 5279 CLAY - 016
834. 0 4612 . 21.64: 3217 SANDY CLAYLOAM 0.15
9.24 11 8456 135 343 ‘GMS 0.02
976 . 0 4448 3283 22.69 LOAM 0.15
10.25 2 5941 1357 2490 SANDY CLAYLOAM 0.14
11.24 2 6558 1203 19.99 SANDY LOAM 0.11
11,53 0 8625 617 758 LOAMY SAND 0.05
12.82 0 2657 39.13 3430 CLAY LOAM 0.17
13.62 0 3390 2123 4487 CLAY 0.17
14.65 0 1787 2335 5877 CLAY 0.22
15.52 0 1495 3755 4750 CLAY 0.20
17.26 0 2057 4068 38.75 CLAY LOAM 0.18
1833 2 9246 178 3.54 SAND 0.13
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Table 2. cont.

Borehole Depth Gravel Sand  Silt  Clay cvovrigt

number m % @& @& (B Soil Texture (&/g)
0.01 1 7982 984 937 LOAMY SAND 0.03
0.10 0 7506 1109 13.56 SANDY LOAM 0.06
0.19 0 7823 974 1189 SANDY LOAM 0.05
0.28 0 7566 1046 1382 SANDY LOAM 0.07
0.37 1 7271 1137 1513 "SANDYLOAM - 0.08
0.86 1 5987 1322 2621 SANDYCLAYLOAM 0.09
1.14 1 5490 18.62 2568 SANDYCLAYLOAM 0.09
1.38 2 60.11 18.12 2027 SANDYCLAYLOAM (.07
1.71 §  7783. 535. 891 GMS 0.03
2.02' 4 8276 445 840 GMS 0.03

YM16 2.35 16 8098 0.74 249 GMS 0.01
2.66 47 4377 308 6.18 GMS 0.03
299 1 9407 082 428 SAND 0.02
3.88 22 7321 123 404 GMS 0.02
4.18 19 7701 048 373 GMS 0.03
4,52 19 7636 121 3.80 GMS 0.02
5.04 1 7642 992 1222 SANDY LOAM 0.04
5.88 4 8851 129 6.06 GMS 0.02
6.13 0 1625 3226 51.39 CLAY 0.14
6.74 1 5386 1244 3262 SANDYCLAYLOAM 0.07
7.96 1 5147 1845 2950 SANDYCLAYLOAM 0.07
8.66 1 5219 1826 29.04 SANDYCLAYLOAM 0.06
10.01 0 6795 1066 2095 SANDYCLAYLOAM 0.05
11.50 3 8426 493 824 GMS 0.01
1247 0 2567 4598 2835 CLAY LOAM 0.07
13.39 0 4161 1426 44.14 CLAY 0.10
1442 0 5300 1208 3467 SANDYCLAYLOAM (.11
0.29 2 4075 3033 2723 CLAY LOAM 0.10
0.59 0 3955 3570 2443 LOAM 0.11
0.90 0 4854 2970 21.75 LOAM 0.11
1.26 1 5473 2515 19.03 SANDY LOAM 0.12
1.57 1 4352 30.81 2443 LOAM 0.15
1.87 0 3062 4569 23.63 LOAM 0.19
2.18 0 2205 5289 25.06 SILT LOAM 0.16
2.58 1 3031 4478 2431 LOAM 0.17
282 0 3590 4191 2211 LOAM 0.16
3127 1 4829 3283 1827 LOAM 0.15
343 0 3080 4735 2163 LOAM - 020
3.73 1 3674 37.15 2478 LOAM 0.15

YM35 4.10 2 4324 3366 2148 LOAM 0.14
437 4 4554 2865 22.14 GMS , 0.13
4,68 2 5010 2612 2131 SANDY CLAY LOAM (.13
4.95 33 4909 1085 6.85 GMS 0.07
541 0 8997 598 4.05 SAND 0.04
5.93 4 5056 2495 20.25 GMS 0.11
6.23 0 5266 1765 29.69 SANDY CLAYLOAM (.12
6.54 0 - 2091 4521 3388 CLAY LOAM 0.19
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‘Table 2. cont.

Borchole  Depth Gravel Sand  Silt  Clay ater

numbe; m B ®B®B @B @& Soil Texture (&/2)
700 0 827 4681 2482 LOAM 0.16
776 0 2946 4019 3035  CLAYLOAM 015
821 0 1361 4240 4399  SILTY CLAY 0.16
873 0 4246 3587 2158 LOAM 0.3
916 0 4228 3138 2634 LOAM 0.13
968 0 1316 5240 3444 SILTY CLAYLOAM 019
1032 0 6544 1797 1659  SANDYLOAM 0.8
1071 0 328 6624 3037 SILTY CLAYLOAM 021
1132° 0 3131 4870 1996 LOAM 0.15
1184 0 2374 5746 1856 SILT LOAM 0.16
1288 0 5004 3165 1787 LOAM 0.08
1340 2 2602 3833 3331  CLAYLOAM 0.09
1431 0 1471 5795 2732 SILTY CLAYLOAM  0.15
1495 0 1819 6028 2146 SILT LOAM 0.15
1586 1 1755 6004 2183 SILT LOAM 017
1654 3 1907 5559 22.68 GMS 0.14
1742 0 32 4171 2007 LOAM 0.13
1809 8 1562 4750 28.90 GMS 0.13
1891 0 1518 5630 2851 SILTY CLAYLOAM 0.7
1946 0 1260 6008 2720 SILTYCLAYLOAM (.17
2047 0 1897 5792 23.09 SILT LOAM 0.16
020 0 3543 2477 973 CLAYLOAM
059 0 3550 1947 4492 CLAY 005
105 0 5418 2270 2311 SANDYCLAYLOAM 0.6
136 0 3236 2383 4359 CLAY 0.10
197 0 3025 2119 4844 CLAY 0.12
227 0 2615 2344 5034 CLAY 0.10
258 0 2838 2129 5023 CLAY 0.08
291 0 3487 2378 4106 CLAY 0.09
322 0 5043 1979 2963 SANDY CLAYLOAM  0.09
352 0 2722 2031 5242 CLAY 0.11
383 1 3875 2390 3674  CLAYLOAM 0.09
413 1 4665 1991 3287 SANDYCLAYLOAM 0.09
447 2 4514 2046 3248 SANDYCLAYLOAM  0.09
477 1 6605 1245 2050 SANDY CLAYLOAM (0.0
507 1 6176 1981 1741  SANDYLOAM 0.5
547 0 7177 1431 1389  SANDYLOAM 004
602 0 5353 2451 2196 SANDYCLAYLOAM 0.7
632 0 6282 1896 1823  SANDYLOAM 006
663 0 2627 2837 4536 CLAY 0.1
730 0 2338 2435 5208 CLAY 0.11
770 0 2610 2681 4708 CLAY 0.12
821 0 4110 2333 3557  CLAYLOAM 0.09
867 0 480 3865 5654 CLAY 0.14
925 0 3125 4374 2501 LOAM 0.06
986 0 1626 3924 4451 CLAY 0.11
1035 0 2376 3360 42.56 CLAY 0.11
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Table 2. cont.

Borehole Depth Gravel Sand  Silt  Clay Cmgt
numbéf m B @B %) %) Soil Texture &/g)
10.81 0 372 27137 6891 CLAY 0.17
YM36 11.29 0 3432 1649 49.17 CLAY 0.19
' 11.96 0 2342 1665 5992 CLAY 0.14
12.36 0 2584 1890 55.10 CLAY 0.14
12.85 0 4491 2440 3046 CLAY LOAM 0.07
1327 1 3375 2667 3880 CLAY LOAM 0.10
14.10 0 2443 27.01 4844 CLAY 0.12
14.52 0 1736 29.08 53.57 CLAY 0.13
1547 © 0 18.69 - 23.67 . 57.51 CLAY 0.15
1608 0 1781 2422 5790 CLAY 0.16
1702 - 0 1657 2385 59.57 CLAY 0.16
17.63 0 2658 2342 4999 CLAY 0.14
18.58 1 1872 2540 55.10 CLAY 0.15
19.19 0 2905 2475 4620 CLAY 0.12
1995 0 1978 2277 5127 CLAY 0.16
20.86 0 1345 2617 6034 CLAY 0.16
2.17 1 1149 2032 67.58 CLAY 0.18
2376 0 1320 2894 5771 CLAY - 0.17
25.31 0 1344 3129 5526 CLAY 0.16
26.87 0 980 3181 5832 CLAY 0.15
2842 0 969 3625 54.06 CLAY 0.17
29.98 0 1325 31.67 55.08 CLAY 0.17
0.22 0 3229 2574 4193 CLAY 0.11
0.53 0 4109 19.88 39.00 CLAY LOAM 0.09
092 0 4500 2134 3358 CLAY LOAM 0.07
1.29 0 4491 2232 3267 CLAY LOAM 0.07
1.56 10 6094 1085 17.80 GMS 0.04
1.90 0 2737 2577 4639 CLAY 0.10
2.20 0 2448 2624 49.10 - CLAY 0.09
2.60 0 2679 24.06 48.80 CLAY 0.09
2.84 1 3112 2412 4418 CLAY 0.09
3.15 0 3648 2539 38.10 CLAY LOAM 0.09
3.45 1. 3593 2691 3639 CLAY LOAM 0.09
3.76 0 2859 3522 3581 CLAY LOAM 0.09
4,06 2 4520 2153 3136 GMS 0.08
458 0 2414 3301 4285 CLAY 0.08
4.88 1 5332 2237 2361 SANDYCLAYLOAM 0.06
519 5 7262 920 1361 GMS 0.04
5.95 63 2236 583 840 LOAMY SAND 0.03
6.26 0 640 3782 5578 CLAY 0.14
6.56 1 2841 2945 4143 CLAY 0.11
YM59 6.87 0 1914 2626 54.58 CLAY 0.13
696 0 3238 23.09 4447 CLAY 0.10
7.51 1 1983 37.13 4237 CLAY 0.10
7.90 0 3481 2698 38.14 CLAY LOAM 0.09
8.21 0 4865 2257 28776 SANDY CLAYLOAM - 0.07
- 976 0 17.05 3183 51.12 CLAY 0.12.
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Table 2. cont.

Borchole  Depth Gravel Sand  Silt  Clay et
wmber  (m) (%) %) ) (%) Soil Toxture o
T3 0 738 B2 6D CLAY 0.16
1183 0 1304 2063 6615 CLAY 0.12
1260 2 3006 2370 44.60 CLAY 0.12
1424 0 1679 2843 5471 CLAY 0.14
1580 0 1615 2620 57.65 CLAY 0.15
1735 0 2366 4216 3417  CLAYLOAM  0.09
1891 0 1192 3200 5608 CLAY 0.15
2046 0 1608 2610 5176 CLAY 0.17
20l 0 1226 2805 59.69 CLAY 0.17
2521 0 1856 3434 4701 CLAY 0.13
2668 0 1892 3659 4423 CLAY 0.13

32




In principle, the theory of conductivity measurements for the constant—heéd borehole test is
the same as that for the permeameter test. The only difference is that the ratio H/a for the constant-
head borehole test is much larger (20 to 400) than that for the permeameter test. Existing solutions
(Glover, 1953; Reynolds and others, 1983) cannot provide accurate results. Xiang’s solution fdr :
permeameter tests (equation 16) only performs well fbr ratios H/a < 10. To improve the existing
solution for the case with a ratio of H/a 2 10, on the basis of Glover’s (1953) solution, we use the

following boundary condition:
=BH at z* = z,*, and r* = g* (19)

~ where z, is the coordinate of maximum pressure from Glover’s pressure solution, the * denotes
dimensionless parameters (divided by H), and B is a weighting factor to reduce the water pressure
on the basis of Glover’s (1953) solution. Using the boundary condition described in equation 19

results in the following expressioh for hydraulic coi;ductivity (Xiang and Chen, 1994):

9
K. =
Y )

[a- zo)(smh“lla L% o1 2 0) —\a?+1-2) +\/a +2,2] (20)

For the borehole test, the ratio a/H is very small; therefore, equation 20 reduces to equation 9.

Comparing equation 9 and equation 20 results in the following:

1 11—
. —[(1- zo)(sinh ) +(1= z) +4/a +z ] ,
¢T38 a e Ve | @1)

The solution for pressure potential is:

1-z"
. (1-z )(smh1 +smh1 *) \/r +(1- z) +\/r 2+z
v,=B - (22)
(1- z-)(sinh™ *0+sihh'1—2)—-\/a +(1- )2 +ya 422
a

After the maximum point z,* is found, equation 22 can be used to evaluate the pressure
distribution. Xiang and Chen (1994) have shown that the pressure. calculated by equation 22 is

closer to the actual pressure than the pressure calculated by the other solutions and have shown that

33



‘equations 12 and 21 provide a better match of the C coefficient with those obtained from numerical
simulations. The roots z, and the C coefficients for different ratios of H/a are available from Tables
1 and 2 in Appendix A of Xiang and Chen (1994). Once the C coefficient is .calculated, the

conductivity can be calculated according to equation 9.

Multistep Constant-Head Borehole Infiltration Test -

In the previous analysis of the:constant-head:borehole test, the soil is assumed to be
homogeneous; however, most subsurface soils consist of different layers, particularly on the scale
of the borehole. (Xiang, 1994b) proposed a technique, the multistep constant-head borehole
infiltration test, to estimate the field-saturated hydraulic conductivity of layered soils. In this
technique, the constant-head borehole tests are repeated at different depths depending on the

location of the layers. Considering n tests at n different depths results in the following n equations:

27K flell = Qxl

27K D, + 27K ,,D,, =0, |
fs1=21 52 22. 12 (23)

27K D, +27K ;,D,,+..+27K D, =0, |

where Dj;j is the coefficients for the j th test and the i th layer. It is equal to the flow rate from layer

i of the borehole at the test j for Kfsi = 1. It can be expressed as

oyt _ |
Dij=—a*H?h J ar,,{’ Jpeogrdzi # 1 24
-1

Assuming that the soil below the borehole is the same as the layer one (G = 1) results in: -

) *h:i aw* ' 1.a* aw* N a*2 .
Dy = H?| - Lo wdzt—[—£ |+_ dz +— 25
§ ’ h{, or ot de ﬂ({ 0z Lr—od2 2 @)
- where A; = h/H, _ ‘ - (26)
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and Hj is the water column height in the borehole for the j th test, and hj is defined as the distance
from the bottom of the borehole to the top of the layer i. The integration in equations 24 and 25 cah

be obtained from Xiang (1994b). Equation 23 can be rewritten in matrix form as:

D, 0 . 017Ky (0,
271' D21 D22 i O Kﬁ'Z - Qt2 (27)
D, D,, .. D,]||K On
All coefficients in this matrix can be determined according to equations 24, 25, and 26. Solving the

'system of equations in 27 yields the conductivity of each layer.

Laboratory Methods

Soil Texture, Water Content, Bulk Density, and Porosity

Particle-size analyses were conducted by sieviﬁg the 22-mm fraction and the percent silt and
clay was determined by pipette analysis (Gee and Bauder, 1982). Sediment samples that contaihed ;
> 2% gravel were classified following (Folk, 1974) and those that contained < 2% gravel were
classified according to the U.S. Department of Agriculture (1975). Gravimetric- and volumetric-
water content was determined by weighing and oven drying the samples at 105°C at 24-hr intervals
until the weight changé was less than 5%. Bulk density was calculated by dividing the weight of
the oven-dried sample by the sample volume. Porosity (n) was calculated from the bulk density

(pp) data thus:
n=1-py/p, (28)

Particle density (ps) was measured in 10 samples and ranged from 2.64 t0 2.78 kg rh‘3. Because
these values are sufficiently close to 2.65 kg m=3, the particle density of quartz, this value was

used to calculate porosities.
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‘Water Potential

Water potential was measured in the laboratory with two different instrﬁments, a water
activity meter (modél CX-1) and a thermocouple psychrometer with sample changer (model SC-
10), both manufactured by Decagon Devices, Inc., Pullman, WA. The water activity meter -
measures the water activity (Aw) of soil samples from 0.100 to 1.000 that corresponds to water
potentials of —316 to 0 MPa with a resolution of £0.003 water activity units across the range (Gee
and others, 1992). The water activity (Ay)-is converted to water poténtial using the Kelvin
equation:

Y =RT/MIn(A,) 9
where R is the ideal gas constant, T is temperature (K), and M is the molecular mass of water. The
accuracy of the water activity meter wés checked using saturated salt solutions before and after
each set of samples. Soil samples were compressed in small plastic cups (4 mm diameter by 10
mm high) to a height of 5 mm using a no. 7 stopper and were analyzéd immediately aftl:r taking
them from the soil containers.

The Decagon SC-10 was calibrated using NaCl solutions that ranged in concentrationfroxh
0.05 M to saturated and corresponded to water potentials of —0.2 to —38 MPa at 20°C (Lang,
1967). Typical psychrometric output during evaporatibn shows that the plateau is stable. The 120 s
microvolt output reading was used to calculate water potential. A set of 20 calibration solutions
were prepared and measured ihitiélly to test the instrument, and the resulting regression line gave 12
of 1.0 and a standard error of estimate,of 0.06 MPa. Becausc water potentials from —0.01 to
—10 MPa correspond to relative humidities from. 93 to 100 percent, all measurements were
conducted in a glove box lined with wet paper towels to minimize water loss from the samples.
Temperature variations iin the laboratory were minimal. During routine analyses, a sét of six
samples were placed in the sample changer; after 30 min of temperature- and vapor-pressure
equilibration, the output was scanned to determine what bracketing standards should be run with
the samples. The standards were then placed in the chamber and after another 30-nﬁn equilibrationh

period, the samples and standards were measured. Least-squares linear regression was used to
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calculate the sample water potential. Water potential measurements with the SC 10 thermocouple
psychrometer were much more time consuming than those with the water activity meter because of
the time required for calibration and temperature equilibration.

Field psychrometers were calibrated in the laboratory at three different temperatures (15°, 20°,
and 25° C) and with 4 NaCl solutions (0.0 M, 0.5 M, 1.0 M, 1.5 M) and corresponded to water
potentials of 0.0, -2.2, —4.6, and —7.0 MPa at 20°C (Lang, 1967). Calibration procedures similar
to those outlined in Brown and Bartos (1982) were followed. The calibration data for all
psychrometers were combined to develop the following general calibration equation using stepwise

regression procedures (Meyn and White, 1972):
v =0.0823-0.5000V +0.0095VT (30)

where y is water potential (MPa), V is voltage (LV), and T is temperature (°C). The general
regression equation had an r2 of 0.99 and a standard error of estimate of 0.025 MPa.

Voltage output from psychrometers increases with decreasing water potential down to a water
potential of approximately —8, as represented by equation 30. Below this, the voltage output
decreases with decreasing water potential (Brown and Bartos, 1982). Therefore, low voltage
output from thermocouple psychrometers may correspond to very dry soil (beyond the calibration
range of the psychrometers) or wet soil (Wiebe and others, 1971). To distinguish between dry and
wet soil, 100 0.1-s readings were recorded to determine the evaporation curve for each
psychrometer because the shape of the evaporation curve is narrow and spiked in the dry range and
is flat and stable in the wet range. Psychrometer readings depend on the magnitude and duration of
the cooling current. A Peltier cooling current of 5 milliamps (ma) and a 30-s cooling time are
considered optimal (Brown and Bartos, 1982) and were used in this study. A water bath (Model
7011, Hart Scientific, Pleasant Grove, UT) equipped with a temperature control of 1 x 104°C
standard deviation was used to provide a constant temperature environment. Approximately 0.5 m
of lead wire was submerged in the water bath during calibration to minimize heat conduction along
the wires. Psychrometers were calibrated with the 100-ft- (30-m-) long cable lengths for field

installation.

37



Meteoric Chloride

To determine chloride conteﬁt, double-deionized wéter was added to the dried soil sample in
a 3:1 ratio. Samples were agitated on a reciprocal shaker table for 4 hr. The supernatant was
filtered through 0.45 pum filters. Chloride was then analyzed by ion chromatography or by
potentiometric titration. Water fluxes were calculated for each depth interval from the chloride -
concentrétion data according to equation 4.

Cl/Br ratios were measured <in: 14 samples from the surface to 70 ft (21 m) depth from

borehole. Both ions were analyzed using ion chromatography by HydroGeochem (Tucson, AZ).

Cosmogenic Chlorine-36

The 36CI/Cl ratios were measured by Tandem Accelerator Mass Spectrometry (TAMS) at
Lawrence Livermore National Laboratory according to procedures outlined in Elmore and others
(1984). Preparation of 36Cl samples for analysis followed procedures outlined in Mattick and
others (1987). Double-deionized water was added, and the mixture was stirred with an electric
stirrer for approximately 12 hr. AgCl was precipitated from the chloride solution by addition of
AgNOs3. Because 368 interferes with 36C analysis, Ba(NO3), was added to the solution to
precipitate BaSOj4. In order to evaluate chemical contamination during sample preparation, a blank
(Weeks Island halite from Louisiana, which contains no 36Cl) was subjected to the same
puﬁﬁcation procedure as the soil samples. The AgCl samples were wrapped‘in aluminum foil to
prevent reduction of A g* to Ag prior to analysis. Uncertainties were calculated following Elmore

and others (1984) and are reported as one standard deviation.
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RESULTS

Soil Texture and Water Content

The predominant soil textures varied with geomorphic setting (table 2). Soil textures in
Blanca Draw were predominantly clay and clay loam. Textures in the interstream setting were
variable. Some of the profiles were primarily clay (YM14), whereas others were predominantly -
sandy clay loam to sandy loam (YM13). The f,i‘ssured sediments were primarily loam, whereas the
profiles 10 m distant from the fissure were pnmanly clay. Sediments beneath the borrow pit and in
the adjacent profile ranged from clay to muddy gravel. |

Spatial variability in water content was controlled primarily by variations in sediment grain
size (table 2). Water contents in different geomorphic settings were variable (figs. 3, 4, 5, and 6).
Water content in closely spaced boreholes in Blanca Draw Was similar (fig. 3a, d, j, m, and p).
Water contents were up to 2 times higher in thé upper 27 to 33 ft (8 to 10 m) of fissured sediments
than in the profile 33 ft (10 m) distant from the fissure (fig. 5, table 3). The highest water contents
were measured in the profile in the borrow pit (fig. 6). Laboratory-measured water content in the -
profile in the borrow pit was up to 12 times higher than water content measured at the same
elevation in a profile 33 ft ( 10 m) distant from the borrow pit. Both boreholes in and near the
borrow pit were drilied after rainfall. Small changes in water content (0.02 to 0.04 m3
m-3) were monitored by the neutron probe down to a depth of 5 ft (1.5 m) in YM25 (sandy
interstream site, fig. 7h) and in YM69 (Blanca Draw adjacent to the pseudo-fissure, fig. 7f). Much
larger éhanges in water content (0.14 to 0.18 m3 m-3) were measured down to 5 ft (1.5 m) in

neutron probe access tubes in Blanca Draw (YMS58NP, fig. 7b) and in the fissure (YM55NP, ﬁg.

7i). Water content monitored in a neutron probe access tube 33 ft (10 m) distant from the fissure '

was temporally invariant (YMS6NP, fig. 7j). The calibration equation for the neutron probe was
developed in silty loam soil and does not seem to apply to the coarse-textured soils in the borrow
pit because the calculated volumetric water contents are extremely low. Water content monitored in

the remainder of the neutron probe access tubes did not vary with time (fig. 7).
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Figure 3. Profiles of gravimetric water content, chloride concentrations, and water potential for boreholes
- in Blanca Draw. For location of boreholes, see figure 1.
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10

Depth (m)

20

—_

u)

10

Depth (m)

20

—

x)O

10

Depth (m)

20

30

(a-a)
0

-
o

Depth (m)
8

30

(a-d)
0

Depth (m)
o

n
o

w
o

—

(a-9)
0

Y
o

Depth (m)
S

%

W
o

0.0 0.1 0.2

Water content (g g™')

0.3

(s) ' Borelhole YM71

Borehole YM72

V)
(y) Borehole YM73
(a-b) Borehole YM74

—;E?;’“

(a-e) Borehole YM75

(a-h) Borehole YM76

o 2 4 & 8
Chloride (g m'3) x 1000

Figure 4. cont.

42

®

|

(w)

(@

(a-c)

(af)

(a-)

-14 12 10 -8

6 -4 -2 0
Water potential (MPa)
QAad207c-a



(a-k)

(a-n)

Borehole YM 77

Borehole YM 78

3

T

Borehole YM 80

0.1 0.2
Water content (g g~

0.3

(a)

7

T

1 I 1 1

Borehole YM 81 ‘

0 2 4 6 8

Chiloride (g m3) x 1000

Figure 4. cont.

43

10

(a-l)

(a-0)

(a-u)

T T

44 12 10 8 6 -4 2 O

Water potential (MPa)
 QAa4207cb



(@ o (o) ——
-
=
€ 10 1 ’ :'&
E YMasr‘i M35
g o
A 20 %
Yy
!
30 . i
@ ® -
H:%gs YM8g
—g
€ 10 y
= <
£ P
8 20 Ymse”d
(
!
30 : : : : . ‘ —— et
0.0 0.1 0.2 0 5 10 15 14 12 10 8 -6 -4 -2 0

Water content (g g")

Chloride (g m™3) x 1000

Water potential (MPa)

QAa4209¢-b

Figure 5. Profiles of gravimetric water content, chloride concentrations, and water
potential for boreholes in fissured sediments. For location of boreholes, see figure 1.
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17

Table 3. Gravimetric water content, chloride concentration, water flux, water velocity, age, cumulative chloride, and cumulative water content
of soil samples. BD 2 is below the detection limit of 2.0 gm=3 Cl in the supernatant measured by potentiometric titration and BD 0.1 is below
the detection limit of 0.1 gm=3 Cl in the supernatant measured by ion chromatography. :

Well Depth Interval Gravimetric ~ Chloride Chloride Water flux Water velocity Cumulative Cumulative
number (m) thickness (m)Watercontent(mg Clikg (g CVm3 "0 (myyry 292 O chioride (g/m2) H20 (m)
’ (g/g9) soil) water) .
0.08 0.08 0.087 3.5 40.4 1.88 14.32 6 0.44 0.01
0.39 0.30 0.108 3.1 28.5 2.65 16.39 24 1.85 0.06
1.10 0.72 0.087 97.0 1119.9 0.07 0.52 1401 106.04 0.15
1.71 0.61 0.089 533.4 5973.8 0.01 0.09 7844 593.82 0.24
1.76 0.05 0.094 715.5 7598.8 0.01 0.07 8493 642.89 0.24
2.07 0.30 0.086 834.7 9720.4 0.01 0.05 15214 1151.71 0.29
2.31 0.24 0.045 401.4 8840.9 0.01 0.09 17800 1347.46 0.32
2.37 0.06 0.053 397.2 7484.1 0.01 0.10 18440 1395.89 0.32
2.67 0.30 0.095 659.8 6939.8 0.01 0.06 23753 1798.10 0.38
3.26 0.59 0.121 797.3 6614.1 0.01 0.05 36113 2733.72 0.52
3.62 0.36 0.092 494.7 5385.6 0.01 0.08 40793 3088.04 0.59
4.11 0.50 0.071 369.9 5227.3. 0.01 0.10 45634 3454.47 0.66
4.24 0.13 0.100 615.0 6165.1 0.01 0.06 47714 3611.93 0.68
4.75 0.50 0.125 636.2 5108.7 0.01 0.06 56193 4253.84 0.81
4.99 0.24 0.138 529.9 3853.3 0.02 0.07 59607 4512.28 0.88
9 5.37 0.38 0.142 706.5 4987.5 0.02 0.05 66719 5050.66 0.98
5.74 0.37 0.114 495.7 4346.6 0.02 0.08 71510 5413.30 1.07
5.95 0.21 0.110 404.9 3688.2 0.02 0.09 73792 5586.08 1.11
6.20 0.24 0.085 411.1 4819.1 0.02 0.09 76441 5786.58 1.16
6.62 0.43 0.093 485.5 5208.4 0.01 0.08 81915 6200.95 1.24
6.65 0.03 0.089 556.3 6286.0 0.01 0.07 82363 6234.86 1.24
6.99 0.34 0.089 477.8 5386.3 0.01 0.08 86595 6555.23 1.30
7.32 0.34 0.083 512.9 6167.3 0.01 0.07 91138 6899.16 1.36
7.93 0.61 0.115 592.6 51561.1 0.01 0.06 100682 7621.60 1.50
8.54 0.61 0.134 773.1 5771.1 0.01 0.05 113133 8564.16 1.66
8.83 0.29 0.130 724.9 5596.6 0.01 0.05 118678 - 8983.95 1.73
9.17 0.34 0.110 574.6 5226.1 0.01 0.07 123768 9369.27 1.81
9.70 0.53 0.112 586.5 5228.6 0.01 0.06 132033 9994.90 1.93
10.05 0.35 0.088 649.7 7389.0 0.01 0.06 138050 10450.38 1.99
10.69 0.64 0.099 517.7 5224.8 0.01 0.07 146805 11113.16 2.12
11.25 0.56 0.102 549.5 5388.8 0.01 0.07 154992 11732.90 2.23
12.64 1.39 0.060 339.2 5638.9 0.01 0.11 167419 12673.62 2.40
13.17 0.53 0.046 218.4 4768.6 0.02 0.17 170497 12906.60 2.45
13.82 0.65 0.071 345.3 4875.5 0.02 0.11 176391 13352.82 2.54




Table 3. cont.

Well Depth Interval Gravimetric ~ Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl’kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

6v

(g/9) soil) water)
0.01 0.01 0.027 1.6 59.4 1.27 31.86 0 0.02 0.00
0.02 0.01 0.093 2.4 25.9 2.92 20.82 1 0.05 0.00
0.16 0.14 0.095 2.1 21.8 3.48 24.30 7 0.50 0.02
0.24 0.08 0.099 0.8 8.3 9.10 61.17 8 0.59 0.03
0.31 0.08 0.090 1.2 13.8 5.47 40.72 10 0.73 0.04
0.39 0.08 0.098 1.5 15.7 4.82 32.86 12 0.91 0.05
0.50 0.11 0.085 4.2 49.9 1.52 11.92 22 1.63 0.07
.0.86 0.36 0.133 448.8 3367.1 0.02 0.11 3206 242.73 0.14
1.14 0.27 0.084 724.4 8629.0 0.01 0.07 7144 540.80 0.18
1.44 0.30 0.100 1387.0 13850.0 0.01 0.04 15521 1174.92 0.22
1.74 0.30 0.078 1085.9 13842.4 0.01 0.05 22079 1671.39 0.26
2.05 0.30 0.040 317.9 7957.5 0.01 0.12 24639 1865.17 0.28
2.35 0.30 0.082 5§31.0 6465.2 0.01 0.07 28915 2188.89 0.33
2.69 0.34 0.041 217.2 5340.3 0.01 0.17 30839 2334.54 0.36
3.03 0.34 0.126 705.2 5582.7 0.01 0.05 37086 2807.44 0.44
10 3.27 0.24 0.127 773.6 6107.6 0.01 0.05 42070 3184.73 0.51
3.67 0.40 0.060 308.4 5158.4 0.01 0.12 45299 3429.17 0.55
3.88 0.21 0.085 489.5 5732.1 0.01 0.08 48059 3638.06 0.59
4.21 0.34 0.105 601.0 5733.9 0.01 0.06 53383 4041.06 0.66
4.49 0.27 0.115 660.5 5723.1 0.01 0.06 58170 4403.44 0.72
4.76 0.27 0.109 608.4 5592.1 0.01 0.06 62579 4737.23 0.78
5.45 0.69 0.128 678.6 5313.7 0.01 0.06 74874 5667.95 0.96
5.75 0.30 0.126 727.6 5759.3 0.01 0.05 80734 6111.53 1.03
6.13 0.38 0.062 345.7 5601.0 0.01 0.11 84213 6374.92 1.08
6.41 0.27 0.082 440.3 5379.3 0.01 0.09 87404 6616.49 1.13
7.08 0.67 0.084 387.7 4594.4 0.02 0.10 94272 7136.37 1.24
7.69 0.61 0.105 497.3 4737.6 0.02 0.08 102281 7742.66 1.37
8.33 0.64 0.143 757.1 5311.1 0.01 0.05 115084 8711.83 1.55
8.85 0.52 0.123 603.3 4903.1 0.02 0.06 123343 9337.07 1.68
9.76 0.91 0.096 444.3 4618.4 0.02 0.09 134076 10149.57 1.85
10.71 0.94 0.092 426.2 4612.4 0.02 0.09 144715 10954.92 2.03
11.65 0.94 0.094 480.4 5121.6 0.01 0.08 156707 11862.72 2.21
0.22 0.22 0.154 5.1 33.1
0.53 0.30 0.123 3.4 27.2




Table 3. cont.

Well Depth Interval Gravimetric  Chloride — Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)‘atercontent(mg Clkg (g CUm3 =, , v " (nmiyry  A98 V) chioride (9/m2) H20 (m)

0s

(g/g) soil) water)
0.86 0.34 0.086 2.8 32.4
1.14 0.27 0.065 1.8 27.2
1.44 0.30 0.052 0.7 12.7
2.11 0.30 0.086 2.1 24.3
2.39 0.27 0.083 0.6 7.7
2.78 0.40 0.091 0.4 4.9
3.09 0.30 0.119 6.0 50.6
11 3.42 0.34 0.106 13.0 122.4
3.73 0.30 0.108 BDO.1 BDO.1
4.00 0.27 0.091 6.0 65.8
4.34 0.34 0.095 5.4 56.9
4.67 0.34 0.096 6.6 68.8
5.40 0.73 0.129 6.6 51.0
5.71 0.30 0.143 13.9 97.1
6.41 0.70 0.153 23.9 156.6
7.26 0.85 0.151 38.3 252.9
8.21 0.94 0.113 41.1 363.2
0.22 0.22 0.131 65.4 499.5 0.15 0.77 286 21.67 0.04
0.46 0.24 0.110 197.3 1786.7 0.04 0.26 1240 93.85 0.08
0.83 0.37 0.090 404.8 4479.2 0.02 0.12 4173 315.92 0.13
1.15 0.32 0.099 584.7 5878.0 0.01 0.09 7881 596.62 0.18
1.42 0.27 0.120 705.6 5868.1 0.01 0.07 11717 886.95 0.23
1.81 0.38 0.112 587.5 5232.2 0.01 0.09 16152 1222.70 0.29
2.10 0.29 0.092 530.9 5788.9 0.01 0.07 20213 1530.16 0.35
2.40 0.30 0.083 374.9 4505.5 0.02 0.10 23233 1758.72 0.40
2.69 0.29 0.087 288.3 3331.8 0.02 0.13 25439 1925.71 0.45
12 2.99 0.30 0:.123 389.7 31568.1 0.02 0.10 28577 2163.26 0.52
' 3.30 0.30 0.094 241.2 2560.7 0.03 0.16 30519 _ 2310.28 0.58
3.57 0.27 0.097 176.0 1821.7 0.04 0.22 31795 2406.86 0.63
3.91 0.34 0.129 217.2 1687.0 0.04 0.17 33719 2552.52 0.72
4.18 0.27 0.114 153.6 1345.6 0.06 0.25 34832 2636.79 0.78
4.40 0.21 0.118 140.1 1185.9 0.06 0.27 35622 2696.55 0.83
5.19 0.79 0.084 62.5 746.2 0.10 0.61 36931 2795.67 0.97
0.08 0.08 0.111 1.2 10.8 7.00 42.06 2 0.15 0.01




Table 3. cont.

Well Depth Interval Gravimetric ~ Chloride  Chloride Water flux Water velocity Cumulative:  Cumulative

number (m) thickness (m)water content (mg Cl’kg (g Cl/m3 (mm/yr) (mm/yr) Age (yn) chloride (g/m2) H20 (m)

1$

(9/9) soil) water)
0.27 0.18 0.104 0.6 5.8 13.13 84.11 4 10.32 0.04
0.51 0.24 0.081 1.4 " 16.8 4.50 37.00 11 0.81 0.07
1.00 0.49 0.097 102.3 1058.0 0.07 0.49 1000 75.67 0.14
1.14 0.14 0.066 98.4 1483.3 0.05 0.51 1267 95.92 0.16
1.53 0.40 0.028 85.8 3041.5 0.02 0.59 . 1941 146.90 0.17
2.02 0.49 0.030 = .193.1 6495.8 0.01 0.20 4429 335.26 0.20
2.08 0.06 0.021 118.5 5609.3 0.01 0.32 4620 349.71 0.20
2.51 0.43 0.015 53.3 3484.4 0.02 0.71 5220 395.18 0.22
2.75 0.24 0.010 35.5 3560.1 0.02 1.07 5449 412.48 0.22
13 3.09 0.34 '0.018 67.2 3768.0 0.02 0.56 6044  457.53 0.23
3.39 0.30 0.027 54.4 2051.7 0.04 0.70 6482 490.71 0.25
3.79 0.40 0.015 38.4 2646.6 0.03 0.99 6884 521.14 0.26
4.09 0.30 0.040 85.1 2146.6 0.04 0.45 7569 572.98 0.29
4.40 0.30 0.041 70.1 1714.5 0.04 0.54 8133 615.69 0.31
4.84 . 0.44 0.092 191.1 2085.8 0.04 0.20 10365 784.64 0.39
5.28 0.44 0.075 146.0 .1952.4 0.04 0.26 12070 913.72 0.46
'5.86 0.58 0.068 109.9 1624.3 0.05 0.34 13752 1041.02 0.54
6.35 0.49 0.068 127.2 1871.3 0.04 0.30 15391 1165.08 0.60
7.23 0.88 0.128 260.7 2033.6 0.04 0.15 21479 1626.00 0.83
7.72 0.49 0.088 150.3 1697.9 0.04 0.25 23416 1772.55 0.92
8.39 0.67 0.077 125.2 1615.4 0.05 0.30 25633 1940.40 -1.02
8.94 0.55 0.093. 155.9 1673.7 0.05 0.24 27893 2111.51 1.12
9.40 0.46 0.076 115.4 1527.7 0.05 0.33 29287 2216.99 1.19
10.71 1.31 0.065 97.9 1516.5 0.05 0.39 32675 2473.50 1.36
11.29 0.58 0.052 69.9 1337.8 0.06 . 0.54 33744 2554.46 1.42
0.01 0.01 0.070 1.8 25.8 2.94 28.08 0 0.02 0.00
0.10 0.09 0.136 - 0.6 4.4 17.17 84.24 B | 0.10 0.02
0.19 0.09 0.133 2.1 15.8 4.80 24.08 5 0.39 0.04
. 0.37 '0.18 0.107 178.4 1668.7 0.05 . 0.28 652 49.33 0.07
0.86 0.49 0.100 326.5 3279.1 0.02 0.15 3807 288.16 0.14
1.17 0:.30 0.080 250.0 3117.3 0.02 - 0.20 5317 402.46 '0.18
1.47 0.30 0.130 394.1 3022.4 . 0.03 - 0.13 7697 582.63 0.24
1.99 0.52 0.073 248.2 3377.4 0.02 0.20 10245 775.52 0.29
2.45 0.46 0 0.03 0.23 12246 927.03 0.34

.057 165.7 2932.3




Table 3. cont.

Well Depth Interval Gravimetric ~Chloride  Chloride Water flux Water velocity Cumulative Cumulative

number (m) - thickness (m) water content (mg Clikg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

[4Y

(g/9) soil) . water)
2.81 0.37 0.077 244.2 3186.3 0.02 0.16 14606 1105.65 0.40
3.15 0.34 0.116 406.6 3512.9 0.02 0.09 18207 1378.28 0.48
14 3.42 0.27 0.140 433.5 3097.9 0.02 0.09 21349 1616.11 0.56
3.76 0.34 0.145 388.3 2685.0 0.03 0.10 24789 1876.50 0.65
4.15 0.40 0.132 388.5 2933.4 0.03 0.10 28856 2184.41 0.76
4.61 0.46 0.092 278.1 3024.2 0.03 0.14 32215 2438.70 0.84
5.31 0.70 0.086 255.4 2964.8 0.03 0.15 36945 2796.76 0.96
5.80 0.49 0.100 269.2 2689.9 0.03 0.14 40414 3059.38 1.06
6.44 0.64 0.067 162.6 2438.7 0.03 0.23 43164 3267.48 1.15
7.23 0.79 0.130 323.5 2494.8 0.03 0.12 49936 3780.16 1.35
7.75 0.52 - 0.104 244.8 2363.9 0.03 0.15 53287 4033.83 1.46
8.51 0.76 0.111 - 253.3 2275.7 0.03 0:15 58387 4419.86 1.63
9.52 .1.01 0.067 148.7 2234.3 0.03 0.25 62338 4718.99 1.76
2.52 2,52 0.029 16.0 4.9 . o ) '
. 2.61 0.09 0.023 36.4 2.1
2.71 0.09 0.040 26.5 2.9
2.80 0.09 - 0.100 6.0 13.0
2.89 0.09 0.035 12.0 6.5
3.04 0.15 0.030 13.8 5.6
3.47 0.43 0.059 13.3 5.8
3.65 0.18 0.045 12.0 6.5
4.20 . 0.55 0.095 12.7 6.1
4.29 0.09 0.235 11.6 6.7
4.47 0.18 0.288 8.3 9.3
15 5.39 0.91 0.110. 4.9 15.8
5.55 0.17 0.114 5.2 14.8
5.74 0.18 0.115 5.5 14.2
6.07 0.34 0.211 2.7 28.6
6.29 '0.21 0.164 2.9 26.5
6.62 0.34 0.158 2.6 29.3
6.96 '0.34 0.128 4.7 16.5
7.48 0.52 0.163 6.0 12.9
8.34 © 0.87 0.146 3.9 19.9
-0.90 0.022 18.4 4.2




Table 3. cont.

Gravimetric Chloride _Chloride

water content (mg Cl’/kg (g Cl/m3 Water flux Water velocity Cumulative Cumulative

Well. Depth Interval Age (yr
(mm/yr)  (mmiyr) 9@ (¥) chioride (g/m2) H20 (m)

number (m). thickness (m)

129

(g/g) soil) water)
9.76 0.52 0.147 7.9 9.8
10.25 0.49 0.137 6.1 12.7
11.24 1 0.99 0.112 8.0 9.7
11.53 0.29 0.052 16.3 4.8
12.82 1.30 0.169 11.2 6.9
13.62 0.79 0.168 6.6 11.7°
14.65 1.04 0.223 5.4 14.4
15.52 ~ 0.87 0.201 3.0 26.0
17.26 1.74 0.184 7.0 11.1
18.33 1.07 0.128 7.0 11.1 _
-~ 0.01 0.01 0.026 0.4 13.7 5.51 141.12 0 0.00 0.00
0.10 0.09 0.056 BDO.1 BDO.1 BDO.1 BDO.1 0 0.00 0.01
0.19 0.09 0.054 BDO.1 BDO.1 BDO.1 BDO.1 0 0.00 0.02
0.28 0.09 0.069 BDO.1 BDO.1 BDO.1 BDO.1 0 © 0.00 . .0.02
© 0.37 0.09 0.080 BDO.1 BDO.1 BDO.1 BDO.1 0 0.00 0.04
0.86 0.49 0.093 BDO.1 BDO.1 BDO.1 BDO.1 0 0.00 0.10
1.14 0.27 0.090 146.7 @ 1621.3 0.05 0.34 797 60.36 0.14
1.38 0.24 0.069 179.3 2586.8 0.03 0.28 1663 © 125.93 0.17
1.71 0.34 0.031 76.6 2507.2 0.03 0.66 2172 164.43 0.18
2.02 0.30 0.030 78.9 2621.7 0.03 0.48 . 2807 212.53 0.20
2.35 0.34 0.012 26.5 2266.7 0.03 1.43 3042 230.29 0.21
2.66 0.30 0.026 48.3 1839.4 0.04 0.78 3431 259.74 0.22
2.99 0.34 0.016 26.2 1639.5 0.05 1.44 3664 277.33 0.23
v 3.27 0.27 0.008 11.5 1481.1 0.05 3.29 3747 283.64 0.24
16 3.57 0.30 0.008 12.3 1450.3 . 0.05 3.08 3846 291.13 0.24
3.88 0.30 0.018 . 30.6 1742.1 - 0.04 1.24 4092 309.78 0.25 .
4.18 0.30 0.029 37.5 1310.9 0.06 1.01 4394 332.64 0.27
4.52 0.34 0.022 41.7 1884.8 0.04 0.91 4764 360.61 0.29
5.04 0.52 0.041 56.1 1373.1 0.06 0.67 5532 418.77 0.33
5.88 0.84 '0.022 28.4 1266.1 0.06 1.33 6162 466.44 0.37
6.13 0.26 0.144 183.8 1274.9 0.06 0.21 7420  561.71 0.44
6.74 0.61 . 0.073 80.1 1091.0 0.07 0.47 - 8710 659.32 0.53
7.96 1.22 0.074 107.5 1447.5 0.05 0.35 12172 921.42 0.71
8.66 0.70 0 0.04 0.32 14361 ~ 1087.12 0.80

.065 118.2 1825.0




Table 3. cont.

Well Depth Interval Gravimetric  Chloride Chloride Water flux Water velocity Cumulative Cumulative

129

number (m) thickness (m)wate(l'gt/:;r)nent (mgo(ii)llkg‘ (%;Ie“:)]a (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)
10.01 1.34 0.055 69.6 1276.2 0.06 0.54 16826 1273.76 0.95
11.50 1.49 0.015 29.1 2001.0 0.04 1.30 17973 1360.59 0.99
12.47 0.98 0.069 81.9 1190.6 0.06 0.46 20083 1520.27 1.13
13.39 0.91 0.101 107.7 1066.9 0.07 0.35 22685 1717.25 1.31
14.42 1.04 0.112 96.1 859.5 0.09 0.39 25315 1916.33 1.54
0.53 0.53 0.064 21.3 330.6 0.23 2.37 225 17.02 0.05
1.30 0.76 0.059 126.1 2129.7 0.04 0.40 2129 161.15 0.12
1.60 0.30 0.071 232.4 3293.8 0.02 0.22 3533 267.42 0.15
1.91 0.30 0.074 327.3 4428.1 0.02 0.15 5509 417.04 0.19
2.21 0.30 0.066 332.9 5070.1 0.01 0.11 8190 620.01 0.23
2.55 0.34 0.073 434.0 5911.7 0.01 0.09 12035 911.03 0.27
2.85 0.30 0.079 448.8 5647.1 0.01 0.08 15649 1184.62 0.32
3.15 0.30 0.070 383.4 5442.0 0.01 0.10 18736 1418.32 0.37
3.46 0.30 0.085 450.6 5302.2 0.01 0.08 22365 1693.00 0.42
3.76 0.30 0.082 432.3 5262.0 0.01 0.09 25846 1956.56 0.47
4.07 0.30 0.090 448.4 5002.9 0.02 0.08 29457 2229.89 0.52
4.40 0.34. 0.077 401.1 §239.1 0.01 0.09. 33010 2498.83 0.57

28 4.71 0.30 0.069 322.8 4663.1 0.02 0.12 35609 2695.60 0.62
5.01 0.30 0.067 310.9 4630.3 0.02 0.12 38113 2885.14 0.66
5.32 0.30 0.076 339.8 4462.0 0.02 0.11 40849 3092.30 0.70
5.65 0.34 0.061 284.1 4623.0 0.02 0.13 43366 3282.79 0.74
5.93 0.27 0.044 189.3 4315.0 0.02 0.20 44738 3386.66 0.77
6.26 0.34 0.069 276.9 4018.5 0.02 0.14 47190 3572.382 0.81
6.57 0.30 0.047 187.2 3960.6 0.02 0.20 48698 3686.42 0.84
6.87 0.30 0.069 254.5 3681.8 0.02 0.15 50747 3841.58 0.89
7.21 0.34 0.054 231.6 4257.9 0.02 0.16 52799 3996.86 0.92
7.82 0.61 0.089 307.9 3473.9 0.02 0.12 57757 4372.21 1.03
8.24 0:.43 0.094 326.4 3477.1 0.02 0.12 61437 4650.81 1.11
8.76 0.52 0.120 396.6 3315.7 0.02 0.10 66867 5061.85 1.23
9.37 0.61 0.088 276.9 3164.7 0.02 0.14 71327 6399.49 1.34
9.80 0.43 0.094 288.5 3061.0 0.02 0.13 74580 5645.71 1.42
10.32 0.52 0.087 274.8 3169.1 0.02 0.14 78342 5930.49 1.51
10.93 0.61 0.106 304.5 2877.3 0.03 0.12 83246 6301.75 1.64
11.35 0.43 0.105 308.7 2931.4 0.03 0.12 86727 6565.23 1.73




“Table 3. cont.

Well Depth Interval Gravimetric ~ Chioride  Chloride Water flux Water velocity Cumulative  Cumulative

number (m) thickness (m) water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

Y

(g9/g9) soil) water)
11.84 0.49 0.088 297.0 3372.2 0.02 0.13 90554 6854.93 1.82
12.48 0.64 0.105 329.9 3133.7 0.02 0.11 96133 7277.27 1.95
12.91 0.43 0.122 367.1 3016.5 0.03 0.10 100272 7590.61 2.05
13.43 0.52 0.113 342.9 3035.3 0.02 0.11 104966 7945.96 2.17
14.04 0.61 0.129 368.0 2859.3 0.03 0.10 110894 8394.68 2.33
14.65 0.61 0.113 297.7 2636.4 0.03 0.13 115689 8757.66 2.47
15.10 0.46 0.108 299.1 2763.2 0.03 0.13 119303 9031.20 2.57
16.02 0.91 0.082 210.4 2560.1 0.03 0.18 124387 9416.06 2.72
16.66 0.64 0.108 295.9 2733.6 0.03 0.13 129390 9794.84 2.85
17.57 0.91 0.119 384.8 3230.8 0.02 0.10 138687 10498.60 3.07
18.21 0.64 0.099 267.8 2708.1 0.03 0.14 143216 10841.44 3.20
19.13 0.91 0.117 314.6 2692.3 0.03 0.12 150815 11416.70 3.41
20.68 1.55 0.138 382.5 2763.2 0.03 0.10 166524 12605.83 3.84
22.24 1.55 0.110 275.9 2516.3 0.03 0.14 177854 13463.52 4.18
23.73 1.49 0.084 184.9 2204.5 0.03 0.20 185150 14015.88 4.43
25.22 1.49 0.103 232.1 2249.1 0.03 0.16 194310 14709.30 4.74
0.53 0.53 0.074 338.6 4562.3 0.02 0.15 3579 270.95 0.06
0.87 0.34 0.070 531.4 7577.9 0.01 0.09 7110 538.21 0.04
32 1.30 0.43 0.088 592.8 6735.5 0.01 0.09 12123 917.68 0.06
1.72 0.43 0:093 502.3 5422.4 0.01 0.10 16370 1239.21 0.06
2.15 0.43 0.071 319.9 4484.6 0.02 0.12 19976 1512.19 0.06
" 0.26 0.26 0.045 BD2 BD2 BD2 BD2 BD2 BD2 0.02
0.59 0.34 0.038 BD2 BD2 BD2 BD2 BD2 BD2 0.02
34 1.36 0.76 0.075 339.7 4534.2 0.02 0.15 5130 388.30 0.09
1.69 0.34 0.071 307.4 4312.7 0.02 0.16 7172 542.89 0.04
2.09 0.40 0.087 354.8 4086.6 0.02 0.11 10886 824.05 0.07
'0.29 0.29 0.096 BD2 BD2
0.59 0.30 0.106 BD2 BD2
0.90 0.30 0.107 BD2 BD2
1.26 0.37 0.120 BD2 BD2
1.57 0.30 0.149 BD2 BD2
1.87 0.30 0.188 BD2 BD2
2.18 0.30 0.158 BD2 BD2
2.58 0.40 0.171 BD2 BD2
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Table 3. cont.

Gravimetric

Chloride

Chloride

Well Depth Interval Water flux Water velocity Cumulative Cumulative
number (m) thickness (m) wate(rgt/:cg»;'ltent (mgoﬁ)llkg (a,;z:';a (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

2.82 0.24 0.162 BD2 BD2
3.12 0.30 0.148 BD2 BD2
3.43 0.30 0.197 BD2 BD2
3.73 0.30 .0.155 BD2 BD2
4.10 0.37 0.144 BD2 BD2

35 4.37 0.27 0.135 BD2 BD2
4.68 0.30 0.133 BD2 BD2
4.95 0.27 0.072 BD2 BD2
5.41 0.46 0.042 BD2 BD2
5.93 0.52 0.110 21.6 196.4
6.23 0.30 0.120 BD2 BD2
6.54 0.30 0.193 BD2 BD2
7.03 0.49 0.162 3.0 18.6
7.09 0.06 0.155 BD2 BD2
7.70 0.61 0.130 9.9 75.7
7.76 0.06 0.153 BD2 BD2
8.15 0.40 0.132 3.0 22.7
8.21 0.06 0.157 18.0 114.7
8.67 0.46 0.122 19.4 158.4
8.73 0.06 0.127 BD2 BD2
9.10 0.37 0.132 118.1 892.9
9.16 0.06 0.131
9.68 0.52 0.187 BD2 BD2
9.71 0.03 0.197 568.8 2882.3
10.32 0.61 0.084
10.71 0.40 0.212
11.32 0.61 0.152 790.1 5205.3
11.84 0.52 0.158
12.27 0.43 0.122
12.88 0.61 0.084
13.40 0.52 0.094
14.31 0.91 0.155 784.86 5076.4
14.95 0.64 0.150

0 0.

15.86

.91

171




Table 3. cont.

Well Depth Interval Gravimetric  Chiotide Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl/kg (g CI/m3 {(mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

LS

(g/9) soil) water)

16.54 0.67 0.141

17.42 0.88 0.132 651.8 4945.4

18.09 - 0.67 0.129

18.91 0.82 0.169

19.46 0.55" 0.166

20.47 1.01 0.157 823.9 5255.0 »
0.59 "0.59 © 0.045 358.9  7915.6 0.01 0.14 4227 319.98 0.04

1.05 0.46 0.056 428.3 7582.7 0.01 0.12 8107 613.72 0.08

1.36 0.30 0.099 657.7 6670.1 © 0.01 0.08 12079 914.41 0.12

1.66 0.30 0.125 780.4 6243.8 0.01 0.06 16793 1271.21 0.18

1.97 0.30 0.124 859.6 6954.6 0.01 0.06 21985 1664.24 0.24
2.27 0.30 0.104 704.6 6748.7 0.01 0.05 27658 2093.74 0.30
2.58 0.30 0.082 554.0 6733.1 0.01 0.07 32119 2431.44 0.35
. 2.91 0.34 0.093 604.6 6473.7 0.01 0.06 37475 2836.89 - 0.41
3.22 0.30 0.086 532.5 6197.5 0.01 0.07 41764 3161.53 0.47
3.52 0.30 0.113 663.4 5875.9 0.01 0.06 47106 3565.92 0.54
3.83 0.30 0.090 437.0 4860.9 0.02 0.09 50625  3832.29 0.59
4.13 0.30 0.086 509.9 5905.9 0.01 0.07 54731 4143.11 . 0.64
4.47 0.34 0.085 283.9 3330.9 0.02 0.13 57245 4333.48 0.70

36 4.77 0.30 0.052 . 303.3 5782.8 0.01 0.12 59688 4518.37 0.73

'5.07 0.30 0.047 237.5 5046.8 0.02 0.16 61600 4663.13 0.76
5.47 0.40 0.039 212.0 5383.9 0.01 . 0.18 63819 4831.13 0.79
6.02 0.55 0.072 360.2 5012.0 0.02 0.11 69041 5226.39 0.87
6.32 0.30 0.056 287.2 5119.7 0.01 0.13 71354 5401.49 0.91
6.63 0.30 0.110 560.7 5083.4 0.01 0.07 75869 5743.28 0.97
6.93 0.30 0.118 ;

7.30 0.37 0.114

7.70 0.40 0.116 , .

8.21 1.58 0.090 435.4 4840.2 0.02 0.09 - ‘94103 7123.57 1.26
8.67 0.46 0.141

9.25 0.58 0.064 »

9.86 1.65 0.109 518.9 4745.8 0.02 , 0.07 116666 8831.64 1.62
10.35 0.49 0.108 :

10.81 0.46 0.167
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Table 3. cont.

Wwell Depth Interval w(:;ae‘:lz‘:lt\l::nt (f;hglog::l/ig ?;'8'.';::3 Water flux Water velocity Age (yr) Cumulative Cumulative
number (m) thickness (m) (9/9) soil) water) (mm/yr) (mm/yr) y chloride (g/m2) H20 (m)
11.29 1.43 0.193 655.6 3405.4 0.02 0.06 141481 10710.11 2.17
11.96 0.67 0.142
12.36 0.40 0.144
12.85 1.55 0.074 370.5 4996.1 0.02 0.10 156696 11861.90 2.40
13.27 0.43 0.097
14.10 0.82 0.124
14.52 1.68 0.131 744.2 5663.2 0.01 0.05 189656 14356.97 2.84
165.47 0.94 0.147
16.08 1.565 0.158 784.0 4967.3 0.02 0.05 221856 16794.48 3.33
17.02 0.94 0.158
17.63 1.55 0.137 730.6 5314.0 0.01 0.05 251861 19065.86 3.76
18.58 0.94 0.153 ‘
19.19 0.61 0.118
19.95 0.76 0.158
20.86 3.23 0.165 879.5 5335.4 0.01 0.04 326937 24749.13 4.82
22.17 1.31 0.178
23.76 2.90 0.171 932.1 5448.3 0.01 0.04 398246 30147.21 5.81
25.31 1.55 0.163
26.87 3.1 0.152 799.5 5263.9 0.01 0.05 463917 35118.53 6.76
28.42 1.55 0.165
29.98 3.11 0.168 998.7 5946.3 0.01 0.04 545950 41328.44 7.80
0.08 0.30 0.072 BD2 BD2
0.24 0.15 0.106 13.4 126.9
0.39 0.15 0.089 8.7 97.4
0.54 0.15 0.101 11.0 108.5
0.97 0.43 0.084 BD2 BD2
1.33 0.37 0.091 BD2 BD2
1.64 0.30 0.092 BD2 BD2
1.94 0.30 0.102 BD2 BD2
2.25 0.30 0.104 BD2 BD2
2.55 0.30 0.091 BD2 BD2
2.89 0.34 0.105 BD2 BD2
3.19 0.30 0.077 BD2 BD2
3.50 0.30 0.119 BD2 BD2




Table 3. cont.

Well Depth Interval Gravimetric  Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl’kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

6S

(g/g) soil) water)
41 3.80 0.30 0.070 BD2 BD2
4.08 0.27 0.080 BD2 BD2
4.44 0.37 © 0.065 BD2 BD2
4.75 0.30 0.100 BD2 BD2
5.05 0.30 0.106 BD2 BD2
5.36 0.30 0.112 BD2 BD2
5.63 0.27 0.142 BD2 BD2
6.00 0.37 0.120 BD2 BD2
6.30 0.30 0.093 BD2 BD2
7.00 0.69 0.053 BD2 BD2
7.55 0.56 0.086
8.16 0.61 0.085 BD2 BD2
8.77 0.61 0.124
9.62 0.85 0.111 BD2 BD2
10.36 0.73 0.075
11.18 0.82 0.080 BD2 BD2
11.91 0.73 0.068
12.73 0.82 0.072 19.4 267.7
13.37 0.64 0.074
14.29 0.91 0.069 45.8 659.8
14.93 0.64 0.102
15.84 0.91 0.087 50.2 575.1
16.54 0.70 0.035
17.40 0.64 0.036 7.7 216.3
18.04 1.49 0.054
19.26 1.86 0.177
20.60 1.34 0.116 19.3 166.7
22.15 1.5656 0.120
23.71 1.56 0.095 .
0.08 0.08 0.067 6.7 100.5 0.75 7.55 11 0.84 0.01
0.24 0.15 0.079 10.8 135.0 0.56 4.69 44 3.30 0.03
0.39 0.15 0.081 370.1 4556.0 0.02 0.14 1161 87.91 0.05
0.54 0.15 0.088 1570.5 17821.0 0.00 0.03 ' 5904 446.92 0.07
0.69 0.15 (0]

.121 2020.6 16747.0 0.00 0.02 12006 908.83 0.09




Table 3. cont.

Well Depth Interval Gravimetric ~ Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)Watercontent(mg Clikg (g CUm3 " 0,0y (mmyyr) 292 YN chioride (9/m2) H20 (m)

09

(g/9) soil) water)
0.85 0.15 0.079 1142.7 14406.0 0.01 0.04 15456 1170.05 0.11
1.27 0.43 0.038 361.1 9389.0 0.01 0.14 18510 1401.19 0.14
1.58 0.30 0.069 524.9 7624.0 0.01 0.10 21680 1641.20 0.17
1.88 0.30 0.131 955.4 7316.0 0.01 0.05 27450 2077.99 0.23
2.19 0.30 0.156 1071.1 6853.0 0.01 0.04 36076 2730.93 0.32
2.43 0.24 0.1562 1168.6 7711.0 0.01 0.03 43604 3300.84 0.40
2.83 0.40 0.136 918.1 6727.0 0.01 0.04 63215 4028.39 0.50
3.13 0.30 0.126 840.0 6682.0 0.01 0.05 59980 4540.46 0.58
43 3.44 0.30 0.132 836.0 6335.0 0.01 0.05 66712 5050.07 0.66
3.74 0.30 0.140 885.7 6347.0 0.01 0.04 73844 5§590.01 0.75
4.05 0.30 0.146 932.3 6402.0 0.01 0.04 81352 6158.33 0.84
4.38 0.34 0.153 935.5 6125.0 0.01 0.04 89638 6785.62 0.94
4.69 0.30 0.150 896.9 5976.0 0.01 0.04 96861 7332.36 1.03
4.99 0.30 0.154 924.2 5998.0 0.01 0.04 104303 7895.75 1.12
5.30 0.30 0.156 916.6 5§859.0 0.01 0.04 111685 8454.54 1.22
5.60 0.30 0.147 1442.5 3011.0 0.03 0.09 115248 8724.26 1.31
5.94 0.34 0.073 483.6 6615.0 0.01 0.08 119531 9048.52 1.36
6.24 0.30 0.088 913.8 10347.0 0.01 0.04 126890 9605.59 1.41
6.85 0.61 0.117 §37.2 4593.0 0.02 0.07 135543 10260.60 1.55
7.49 0.64 0.107
8.10 0.61 0.130 619.2 4778.0 0.02 0.06 155988 11808.30 1.88
8.71 0.61 0.144
9.04 0.34 0.145 649.4 4490.0 0.02 0.06 172200 13035.51 2.15
10.29 1.25 0.104
10.60 0.30 0.134 577.3 4295.0 0.02 0.07 195909 14830.34 2.57
11.85 1.25 0.136
12.15 0.30 0.129 546.6 4245.0 0.02 0.07 218359 16529.77 2.97
13.37 1.22 0.086
13.71 0.34 0.093 355.7 3810.0 0.02 0.11 232968 17635.70 3.26
14.96 1.25 0.112 ,
14.04 -0.91 0.088 310.1 3542.0 0.02 0.12 235715 17843.64 3.32
15.60 1.55 0.110
17.15 1.55 0.063 207.7 3303.0 0.02 0.18 252777 19135.21 3.71
18.71 1.55 0.091
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Table 3. cont.

Gravimetric

Chloride

Chloride

Well Depth Interval Water flux Water velocity Cumulative Cumulative
number (m) thickness (m)wate(rgcl:;;\tent (mgo(i:l)“kg (ev:tz:l;s (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

20.26 1.55 0.086 272.1 3147.0 0.02 0.14 275129 20827.26 4.25
21.82 1.55 0.068
0.22 0.22 0.115 6.4 56.1
0.53 0.30 0.102 BD2 BD2
0.92 0.40 0.073 BD2 BD2
1.32 0.40 0.067 BD2 BD2
1.62 0.30 0.060 BD2 BD2
1.93 0.30 0.062 BD2 - BD2
2.23 0.30 0.068 BD2 BD2
2.87 0.64 0.113 BD2 BD2
3.18 0.30 0.084 BD2 BD2
3.48 0.30 0.099 BD2 BD2
3.79 0.30 0.093 6.2 66.5
4.09 0.30 0.089 6.5 73.5
4.43 0.34 0.050 BD2 BD2

54 4.79 0.37 0.086 BD2 BD2
5.10 0.30 0.069 BD2 BD2
5.71 0.61 0.131 BD2 BD2
5.98 0.27 0.179 BD2 BD2
6.62 0.64 0.135 7.7 57.2
7.25 0.62 0.132 8.7 66.0
7.99 0.75 0.105 BD2 BD2
8.74 0.75 0.075 7.7 103.3
9.61 0.87 0.079 BD2 BD2
10.37 0.76 0.083 BD2 BD2
11.16 0.79 0.130 BD2 BD2
11.94 0.78 0.084 BD2 BD2
12.72 0.78 0.090 37.4 416.1
14.15 1.43 0.029 8.3 288.7
15.83 1.68 0.108 26.9 250.1
17.29 1.46 0.111 41.5 372.6
22.01 4.72 0.105 16.1 153.0
0.22 0.22 0.107 1 278.6 2593.0 0.03 0.18 1220 92.36 0.04
0.53 0.30 0.088 623.5 7062.0 0.01 0.08 4986 377.41 0.08




Table 3. cont.

Gravimetric Chloride Chloride

Well Depth Interval water content (mg Cl/’kg (g CI/m3

number (m) thickness (m)

Water flux Water velocity Age (yr) Cumulative Cumulative
(mm/yr) (mmiyr) 9¢ OY") chioride (g/m2) H20 (m)

9

(g/g) soil) water)
0.92 0.40 0.073 610.6 8396.0 0.01 0.08 9780 740.35 0.12
1.29 0.37 0.073 590.2 8054.0 0.01 0.09 14057 1064.15 0.16
1.56 0.27 0.042 309.7 7365.0 0.01 0.16 15741 1191.58 0.18
1.90 0.34 0.105 779.9 7433.0 0.01 0.06 20922 1583.79 0.23
2.20 0.30 0.094 688.8 7342.0 0.01 0.05 26469 2003.71 0.29
2.60 0.40 0.086 643.9 7507.0 0.01 0.06 33210 2514.01 0.35
2.84 0.24 0.093 633.0 6814.0 0.01 0.06 37288 2822.70 0.40
3.15 0.30 0.093 601.7 6489.0 0.01 0.06 42134 3189.51 0.46
3.45 0.30 0.088 562.1 6371.0 0.01 0.07 46660 3532.15 0.51
3.76 0.30 0.088 579.7 6571.0 0.01 0.07 51328 3885.56 0.56
59 4.06 0.31 0.076 485.3 6418.0 0.01 0.08 55275 4184.33 0.61
4.58 0.52 0.085 374.6 4429.0 0.02 0.10 60374 4570.28 0.70
4.88 0.30 0.063 369.7 5848.0 0.01 0.10 63350 4795.62 0.74
5.19 0.30 0.041 235.6 5748.0 0.01 0.16 65248 4939.26 0.76
5.95 0.76 0.034 173.7 5138.0 0.01 0.22 68745 5204.03 0.81
6.26 0.30 0.137 703.5 5125.0 0.01 0.05 74410 5632.87 0.90
6.56 0.30 0.109 544.0 5014.0 0.02 0.07 78792 5964.52 0.96
6.87 0.30 0.131 657.8 5038.0 0.02 0.06 84088 6365.49 1.04
6.96 0.09 0.103 534.7 5215.0 0.01 0.07 85380 6463.27 1.06
7.51 0.55 0.104 509.6 4906.0 0.02 0.07 92767 7022.46 1.17
7.90 0.40 0.093 479.2 5169.0 0.01 0.08 97783 7402.21 1.25
8.21 0.30 0.071 375.4 5266.0 0.01 0.10 100806 7631.03 1.29
9.76 1.55 0.124 644.7 5182.0 0.01 0.06 127282 9635.28 1.68
11.13 1.37 0.159 851.1 5368.0 0.01 0.04 168125 11970.03 2.11
11.83 0.70 0.124 727.4 5874.0 0.01 0.05 171597 12989.86 2.29
12.69 0.85 0.121 674.0 5568.0 0.01 0.06 186795 14140.35 2.49
14.24 1.55 0.139 765.9 5§510.0 0.01 0.05 218250 16521.56 2.93
15.80 1.55 0.153 501.2 3286.0 0.02 0.08 238835 18079.79 3.40
17.35 1.55 0.093 817.3 8804.0 0.01 0.05 272402 20620.83 3.69
18.91 1.55 0.145 799.7 5512.0 0.01 0.05 305245 23107.08 4.14
20.46 1.55 0.168 985.7 5861.0 0.01 0.04 345727 26171.53 4.66
22.01 1.55 0.174 952.4 5475.0 0.01 0.04 384840 29132.40 5.20
23.57 1.55 0.150 863.6 §753.0 0.01 0.04 420308 31817.32 5.67
25.21 1.65 0.131 739.7 5642.0 0.01 0.05 452472 34252.16 6.10




Table 3. cont.

Well Depth Interval Gravimetric ~ Chloride  Chloride Water flux Water velocity Cumulative  Cumulative

number (m) thickness (m)water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

€9

(g/9) soil) water)
26.68 1.46 0.134 741.6 5550.0 0.01 ~0.05 481138 36422.14 6.49
0.10 0.10 0.044 2.2 50.0 1.52 23.35 4 0.32 0.01
0.30 0.20 0.285 187.2 658.0 0.12 0.27 739 - 55.97 0.09 -
0.48 0.18 0.085 558.2 - 6575.0 0.01 0.09 2762 209.10. 0.11
0.69 0.21 0.108 667.5 6182.0 0.01 0.08 5584 422,72 0.15
0.89 0.20 0.066 384.1 5820.0 0.01 0.10 7594 574.90 0.18
1.17 0.27 0.065 408.5 6274.0 0.01 .0.09 10555 799.03 0.21
1.36 0.20 0.082 501.7 6097.0° 0.01 0.08 13181 997.83 0.24
1.56 0.20 0.089 492.1 5512.0 0.01 . 0.08 15757 1192.84 0.28
1.76 0.20 0.053 235.4 44865.0 0.02 0.16 16990 1286.13 '0.30
1,96 . 0.20 0.040 164.0 4050.0 0.02 0.23 17848 1351.10 0.32
2.72 0.76 0.042 190.2 4519.0 0.02 0.20 21678 1641.00 0.38
12.92 0.20 0.031 116.3 3697.0 0.02 0.33 22286 1687.08 0.39
3.12 0.20 0.036. 140.6 3896.0 0.02 10.27 23022 1742.77 0.41
3.31 0.20 0.060 230.5 3822.0 0.02 0.16 24229 1834.10 0.43"
4.27 0.96 0.160 526.9  3300.0 0.02 0.07 37593 = 2845.80 0.74
4.47 ‘0.20 0.095 296.8 3111.0 0.02 0:13 39147 2963.42 - 0.77
4.67 0.20 0.110 341.3 3107.0 0.02 0.11 40933 3098.66 0.82
4.87 0.20 0.119. 378.9 3178.0 0.02 0.10 42917 3248.81 0.87
5.07 0.20 0.104 340.3 3277.0 0.02 0.11 44698 - . 3383.64 0.91
5.27 0.20 0.098 323.2 3293.0 0.02 0.12 46390 3511.70 0.95
5.46 0.20 0.104 232.1 2241.0. 0.03 0.16 47605 3603.67 0.99
5.66 0.20 0.065 210.2 3217.0 0.02 0.18 48705 3686.97 1.01
5.83 0.17 0.128 407.3 3179.0 0.02 0.09 50509 3823.52 1.06
6.03 0.20 0.109 326.3 3003.0 0.03 0.12 52217 3952.80 1.10
6.23 0.20 0.113 355.2 '3149.0 0.02 0.11 54076 - 4093.55 1.14
6.42 0.20 0.098 305.8 3127.0 0.02 0.12 55677 4214.73 1.18
60 6.64 0.21 0.097 297.8  3059.0 0.02 0.13 57355 4341.80 1.22
6.82 0.18 0.103 316.9 3082.0 0.02 0.12 58886 4457.69 1.26
7.02 0.20 0.116 350.8 3018.0  0.03 0.11 60723 4596.70 1.31
7.22 0.20 0.108 331.9 3071.0 0.02 0.11 62460 4728.22 1.85
7.38 0.17 0.151 461.0 3060.0 0.02 0.08 64502 4882.79 1.40
7.58 0.20 0.145 422.3 2910.0 0.03 0.09 66712 5050.10 1.46
7.78 0.20 0.079 2840.0 0.03 0 1.49

n
)
o
N

17 67891 5139.33




Table 3. cont.

Well Depth Interval Gravimetric _ Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

¥9

(ga/g) soil) water)
7.98 0.20 0.088 260.7 2962.0 0.03 0.19 68914 5216.80 1.52
8.18 0.20 0.075 227.2 3016.0 0.03 0.22 69806 5284.30 1.54
8.37 0.20 0.108 311.4 2873.0 0.03. 0.16 71028 5376.84 1.57
8.57 0.20 0.117 342.2 2920.0 0.03 0.15 72372 5478.52 1.61
8.77 0.20 0.091 296.2 3251.0 0.02 0.17 735634 5566.55 1.63
8.94 0.17 0.101 287.6 2861.0 0.03 0.18 74490 5638.88 1.66
9.14 0.20 0.086 261.4 3034.0 0.03 0.19 75516 5716.57 1.68
9.33 0.20 0.056 176.4 3142.0 0.02 0.29 76209 5768.99 1.70
9.53 0.20 0.064 198.4 3082.0 0.02 0.25 76988 5827.97 1.72
9.73 0.20 0.064 186.0 2912.0 0.03 0.27 77718 5883.23 1.74
9.93 0.20 0.061 180.3 2964.0 0.03 0.28 78426 5936.81 1.76
10.13 0.20 0.103 239.4 2323.0 0.03 0.21 79365 6007.96 1.79
10.69 0.56 0.128 370.4 2889.0 0.03 "0.14 83504 6321.25 1.89
10.89 0.20 0.126 356.7 2823.0 0.03 0.11 85371 6462.61 1.95
11.06 0.17 0.080 230.8 2891.0 0.03 0.16 86393 6539.98 1.97
11.29 0.23 0.154 453.2 2949.0 0.03 0.08 89130 6747.16 2.04
11.48 0.20 0.099 276.8 2790.0 0.03 0.14 90579 6856.85 2.08
11.68 0.20 0.053 141.5 2660.0 0.03 0.27 91320 6912.91 2.10
11.88 0.20 0.074 2271 3069.0 0.02 0.17 92508 7002.87 2.13
12.05 0.17 0.136 388.0 2852.0 0.03 0.10 94227 7132.96 2.18
12.25 0.20 0.107 280.5 2621.0 0.03 0.13 95695 7244.10 2.22
12.44 0.20 0.096 255.7 2672.0 0.03 0.15 97033 7345.41 2.26
12.64 0.20 0.093 272.9 2927.0 0.03 0.14 98462 7453.56 2.29
12.84 0.20 0.092 270.3 2938.0 0.03 0.14 99876 7560.65 2.33
13.04 0.20 0.086 250.8 2926.0 0.03 0.15 101189 7660.02 2.37
13.24 0.20 0.139 251.5 1813.0 0.04 0.15 102506 7759.68 2.42
13.43 0.20 0.089 253.7 2853.0 0.03 0.15 103834 7860.22 2.46
13.60 0.17 0.094 260.4 2768.0 0.03 0.15 104987 7947.51 2.49
13.80 0.20 0.098 275.3 2822.0 0.03 0.14 106428 8056.58 2.53
14.00 0.20 0.084 216.4 2575.0 0.03 0.17 107561 8142.33 2.56
14.20 0.20 0.080 202.0 2516.0 0.03 0.19 108618 8222.36 2.59
14.39 0.20 0.113 298.4 2636.0 0.03 0.13 110180 8340.60 2.64
14.59 0.20 0.125 267.4 2132.0 0.04 0.14 111579 8446.54 2.69
14.79 0.20 0.099 264.2 2673.0 0.03 0 2.72

.14 112962 8651.22




Table 3. cont.

Well Depth Interval Gravimetric ~ Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

<9

(g/9) soil) water)
14.99 0.20 0.152 412.5 2721.0 0.03 0.12 114581 8673.81 2.77
15.16 0.17 0.156 419.4 2684.0 0.03 0.12 115974 8779.26 2.81
15.35 0.20 0.166 444.2 2678.0 0.03 0.11 117718 8911.28 2.86
156.55 0.20 0.146 402.8 2754.0 0.03 0.13 119300 9030.98 2.90
15.75 0.20 0.052 142.5 2723.0 '0.03 0.35 119859 9073.33 2.92
15.95 0.20 0.040 115.0 2901.0 0.03 0.44 120311 9107.51 2.93
16.15 0.20 0.028 77.4 2783.0 0.03 0.65 120614 9130.52 2.94
16.34 0.20 0.064 168.7 2642.0 0.03 0.30 121277 9180.64 2.96
16.54 0.20 0.043 123.7 2909.0 0.03 0.31 121924 9229.67 2.97
16.71 0.17 0.037 108.5 2899.0 0.03 0.35 122405 9266.06 2.99
16.91 0.20 0.048 135.4 2809.0 0.03 0.28 123114 9319.73 3.00
17.11 0.20 0.093 249.7 2696.0 0.03 0.15 124421 9418.67 3.04
17.31 0.20 0.140 389.2 2783.0 0.03 0.10 126458 9572.86 3.10
17.50 0.20 0.176 482.3 2738.0 0.03 0.08 128983 9763.98 3.17
0.10 0.10 0.037
0.28 0.18 0.072 303.7 4227.0 0.02 0.12 1468 111.10 0.03
0.43 0.15 0.100 630.7 6299.0 0.01 0.06 4007 303.33 0.06
0.59 0.15 0.096 686.7 7188.0 0.01 0.06 6772 512.64 0.09
0.74 0.15 0.088 587.2 6702.0 0.01 0.06 9136 691.60 0.12
0.89 0.15 0.077 489.1 6362.0 0.01 0.08 ‘11106 840.69 0.14
1.04 0.15 0.089 531.1 5992.0 0.01 0.07 13244 1002.56 0.17
1.20 0.15 0.075 411.2 5476.0 0.01 0.12 14486 1096.56 0.19
1.50 0.30 0.112 612.7 5466.0 0.01 0.08 18186 1376.68 0.24
1.81 0.30 0.046 223.0 4876.0 0.02 0.23 19533 1478.63 0.26
2.11 0.30 0.033 161.2 4821.0 0.02 0.31 20506 1552.33 0.28
2.75 0.64 0.016 69.3 4233.0 0.02 0.73 21385 1618.83 0.29
3.03 0.28 0.032 148.0 4582.0 0.02 0.34 22211 1681.40 0.30
66 4.61 1.58 0.102 394.1 3860.0 0.02 0.18 34528 2613.79 0.55
5.52 0.91 0.069 248.5 3612.0 0.02 0.20 39030 2954.56 0.64
6.47 0.94 0.068 230.0 3383.0 0.02 0.16 44772 3389.26 0.77
7.20 0.73 0.126 464.9 3678.0 0.02 0.08 53757 4069.38 0.95
7.93 0.73 0.078 275.2 3509.0 0.02 0.14 59075 4472.01 1.07
8.71 0.78 0.100 335.8 3358.0 0.02 0.11 65970 4993.95 1.22
9.18 0.47 0.037 132.9 3557.0 0.02 0.28 67629 5119.48 1.26




Table 3. cont.

Well Depth Interval Gravimetric  Chloride  Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl/kg (g ClI/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

99

(g/9) soil) water)
9.72 0.53 0.064 257.6 4022.0 0.02 0.15 71259 5394.31 1.33
11.04 1.33 0.147 465.6 3166.0 0.02 0.08 87568 6628.89 1.72
11.76 0.72 0.092 307.8 3342.0 0.02 0.12 93394 7069.89 1.85
12.60 0.84 0.081 256.9 3170.0 0.02 0.15 99083 7500.60 1.99
13.33 0.73 0.066 220.7 3362.0 0.02 0.17 103349 7823.49 2.08
0.02 0.02 0.033 1.5 44.4 1.71 34.55 1 0.05 ‘0.00
0.18 0.15 0.025 1.2 47.6 1.59 41.73 4 0.33 0.01
0.33 0.15 0.028 2.3 83.6 0.91 21.71 11 0.86 0.01
0.48 0.15 0.028 1.4 51.0 1.48 35.34 16 1.18 0.02
0.63 0.15 0.056 1.3 23.7 3.19 37.86 20 1.49 0.03
0.78 0.15 0.050 3.7 73.7 1.03 13.66 31 2.33 0.04
0.94 0.15 0.050 38.4 765.1 0.10 1.31 116 11.11 0.06
1.12 0.18 0.051 23.8 466.0 0.16 1.59 231 19.83 0.07
1.42 0.30 0.046 131.6 2846.8 0.03 0.29 1291 100.04 0.10
1.73 0.30 0.083 285.8 3446.7 0.02 0.13 3592 274.26 0.15
2.03 0.30 0.051 181.8 3553.3 0.02 0.21 5056 385.09 0.18
2.34 0.30 0.048 200.6 4177.0 0.02 0.19 6672 507.38 0.21
2.67 0.34 0.098 425.8 4327.1 0.02 0.09 10443 792.89 0.28
70 2.98 0.30 0.085 333.1 3917.7 0.02 0.11 13126 995.94 0.33
3.28 0.30 0.090 287.5 3186.6 0.02 0.13 15441 1171.18 0.39
3.59 0.30 0.122 402.1 3283.6 0.02 0.09 18679 1416.30 0.46
3.89 0.30 0.154 507.1 3299.3 0.02 0.07 22762 1725.40 0.55
4.84 0.94 0.029 -98.9 3431.6 '0.02 0.38 25232 1912.37 0.61
5.14 0.30 0.096 456.6 4740.9 0.02 0.08 28909 2190.72 0.67
5.60 0.46 0.060 201.0 3377.4 0.02 0.19 31336 2374.49 0.72
6.85 1.25 0.085 279.6 3283.2 0.02 0.14 40569 3073.39 0.93
7.83 0.98 0.078 264.7 3405.0 0.02 0.14 47390 3589.73 1.09
8.53 0.70 0.079 289.3 3658.9 0.02 0.13 52748 3995.38 1.20
9.47 0.94 0.102 '339.2 3314.0 0.02 0.11 61215 4636.31 1.39
0.02 0.02 0.041 2.2 54.6 1.39 17.00 1 0.10 0.00
0.18 0.15 0.045 1.8 40.3 1.88 20.82 9 0.66 0.02
0.33 0.15 0.048 4.5 95.2 0.80 11.15 22 1.69 0.03
0.48 0.15 0.053 2.4 45.5 1.66 21.11 30 2.24 0.04
0.63 0.15 0.063 3.2 50.3 1.50 15.97 39 2.96 0.05




“Table 3. cont.

Well Depth Interval Gravimetric . Chloride Chloride Water flux Water velocity Cumulative: Cumulative

number (m) thickness (m)water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

L9

(g/g) soil) water)
0.78 0.15 0.049 3.9 79.1 0.96 12.98 51 3.85 0.06
0.94 0.15 0.045 7.3 164.2 0.46 6.87 73 5.53 0.07
1.12 0.18 0.048 . 8.7 180.9 0.42 5.82 104 7.91 0.09
1.42 0.30 0.050 33.3 664.8 0.11 1.52 305 23.11 0.11
1.73 0.30 0.045 "565.8 1252.3 0.06 0.90 642 48.62 0.13
2.03 0.30 0.036 - 78.6 2209.4 0.03 0.64 1117 84.55 0.15
2.34 0.30 ' 0.038 81.9 2155.6 0.04 0.62 1611 121.99 0.16
2.64 0.30 0.073 172.6 2354.9 0.03 0.22 3001 227.20 0.21
71 2.95 0.30 0.060 186.6 3121.0 0.02 0.20 4504 340.96 0.25
3.25 0.30 0.069 248.2 3581.4 0.02 0.15 6503 492.26 0.29
3.56 0.30 -0.103 444.0 4311.7 0.02 0.09 10078 762.90 0.35
3.86 0.30 0.054 242.6 4466.2 .0.02 0.16 12032 . 910.80 0.38
4.20 0.34 0.051 219.8 4306.7 0.02 '0.17 13979 1058.17 0.42
4.50 0.30 0.047 157.8 3389.6 -0.02 - 0.24 15249 1154.34 0.45
4.96 0.46 0.162 369.1 2271.7 0.03 0.10 19707 1491.81 0.59
5.75 0.79 0.084 174.7 2068.9 0.04 0.22 23364 1768.69 0.73
6.67 0.91 0.075 168.5 2249.1 0.0'3’ 0.22 27435 2076.84 0.87
8.07 1.40 0.048  59.1 1226.9 0.06 0.64 29625 2242.63 1.00
8.71 0.64 0.065 103.5 1602.3 0.05 0.37 31375 2375.12 1.08
9.32 0.61 _.0.093. 162.7 1745.3 0.04 0.23 3399 2573.44 1.20
0.02 0.02 0.043 2.5 §7.2 1.32 20.59 1 0.08 0.00
0.18 0.15 0.045 2.4 §2.2 1.45 16.07 11 - 0.80 0.02
.0.33 0.15 - 0.057 2.8 - 48.9 1.55 13.52 22 - 1.66 0.03.
0.48 0.15 0.063 3.6 57.6 1.31 10.47 36 2.76 0.05
0.63 0.15 0.081 3.5 43.3 1.75 10.83 50 3.82 0.08
0.78 0.15 0.070 ~..19.5 278.3 0.27 1.94 78 9.76 0.10
0.94 0.15 0.062 73.0 1186.7 0.06 0.52 373 32.02 0.12
1.12 0.18 0.059 116.1 1975.6 0.04 0.33 933 74.47 0.14
1.42 0.30 0.058 178.1 3091.2 0.02 0.21 2368 © 183.06 0.17
1.73 0.30 0.046 - 192.0 ‘4155.3 0.02 0.20 3914 1300.13 0.20
2.03 "0.30 0.044 195.7 4411.5 0.02 0.19 5490 419.43 0.23
2.34. 0.30 0.041 174.3 4273.7 0.02 0.22 6894 525.71 0.25
2.67 0.34 0.091 262.4  2893.7 0.03 0.14 9218 701.63 0.31
72 2 10.03 0. 0.41

.98 0.30 0.149 366.6 2455.2 10 12170 925.10




Table 3. cont.

Gravimetric Chloride - Chloride

water content (mg Cl/kg (g Cl/m3 Water flux Water velocity Cumulative Cumulative

Well Depth lntervél Age (yr)
(mm/yr) (mm/yr) ge ly chloride (g/m2) H20 (m)

89

number (m)‘ thickness (m) (9/9) soil) water)

3.28 0.30 - 0.152 357.4 ~ 2352.5 0.03 0.11 15048 1142.99 0.50
3.59 0.30 0.029 - 62.8 2187.8 0.03 0.60 15554 1181.24 0.52
3.89 0.30 0.064 147.8 2293.5 0.03 - 0.26 16744 1271.37 0.55
4.84 0.94 0.110 227.3 2060.8 0.04 0.17 22418 1700.88 0.76
5.14 0.30 0.143 296.7 2070.6 0.04 0.13 24807 1881.72 0.85
5.60 0.46 0.080 164.8 2064.8 0.04 0.23 26798 2032.42 ~0.92
6.85 1.25 0.061 118.7 1959.7 0.04 0.32 30718 2329.18 1.07
7.83 0.98 0.021 32.6 ~ 1575.5 0.05 1.16 31559 2392.83 1.12
8.91 1.08 0.120° 152.4 1272.9 0.06 0.25 35916 2722.68 1.37
0.02 0.02 0.043 3.6 83.6 0.91 10.52 2 0.16 0.00
0.18 0.15 0.055 4.6 82.8 0.91 8.29 21 1.56 0.02
0.33 0.15 0.064 - 9.3 ' 146.3 0.52 4.07 58 4.39 0.04
0.48 0.15 - 0.077 11:5 148.2 0.51 3.29 104 7.90 0.06
0.63 0.15 0.069 35.7 515.6 0.15 1.06 144 18.77 0.08
0.78 0.15 0.059 204.5 = 3459.1 0.02 0.19 967 81.11 0.10
0.94 0.15 0.055 395.8 7248.3 0.01 0.10 © 2561 201.74 0.12
1.12 0.18 0.059 464.7 7831.3 0.01 0.08 4806 371.70 0.14
1.42 0.30 0.056 416.9 7383.1 0.01 0.12 7324 562.32 0.17
1.73 0.30 0.037 264.3 7192.3 0.01 0.19 8920 683.16 0.18
2.083 0.30 0.039 223.5 5742.8 © 0.01 0.23 10270 785.33 . 0.20
2.67 0.64 0.133 418.1 3133.3 0.02 0.12 15573 1186.75 0.33
73 2.98 0.30 0.157 - 452.6 2882.7 0.03 0.11 18306 1393.69 0.40
' -3.28 0.30 0.102 - 305.7 3002.6 0.03 0.17 - 20152 1533.44 0.45
3.59 0.30 0.060 175.6 2926.9 0.03 0.29 21213 1613.73" 0.47
3.89 0.30 © 0.075 227.2 3026.9 0.03 0.22 22585 1717.61 0.51
4,23 0.34 0.087 272.0 3117.3 0.02 0.19 24393 - 1854.42 0.55:
4.53 0.30 0.103 323.5 3138.7 0.02 0.16 26347 - 2002.35 0.60
5.14 0.61 0.084 281.0 3355.9 0.02 0.18 29740 2259.25 0.68
6.09 0.94 0.095 294.2 3087.7 0.02 '0.13 37085 2815.23 0.86
6.85 0.76 0.059 167.9 2825.7 0.03 0.23 40466 3071.16 0.95
7.80 0.94 0.047 116.2 2492.2 0.03 0.33 43366 3290.68 1.03
8.70 0.91 0.048 120.2 2497.4 0.03 0.31 46245 3508.65 1.12

- 9.50 _0.80 __0.040 100.6 2530.2 0.03 0.38 48372 3669.66 1.19
0.02 (0] 0 0.51 10.88 2 ' 0.16 0.00

.02 .023 3.5 148.6




Tabley 3. cont.

Well Depth Interval Gravimetric  Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Clikg (g ClV/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

69

(g/9) soil) water)
0.18 0.15 0.035 2.1 58.8 1.29 18.34 10 0.79 0.01
10.33 0.15 . 0.037 6.6 178.8 0.42 5.73 ' 37 2.80 0.02
0.48 0.15 0.048 1.1 22.7 3.34 35.01 41 3.13 0.04
1 0.63 0.15 0.057 1.2 20.2 3.74 32.77 46 3.48 0.05
0.78 0.15 0.061 9.8 162.1 0.47 3.86 86 6.47 0.07
0.94 0.15 0.051 83.7 1625.2 0.05 0.45 422 31.98 0.09
1.15 0.21 0.047 149.6 3172.9 0.02 0.25 1266 95.83 0.11
1.46 0.30 0.051 218.6 4310.9 0.02° 0.17 3026 229.10 0.14
1.76 0.30 0.050 261.8 5214.6 0.01 0.14 5135 388.70 0.17
2.07 © 0.80 0.044 227.5 5141.3 1 0.01 0.17 6967 527.37 0.20
2.37 0.30 0.026 103.5 3932.0 0.02 0.37 7800 590.47 0.21
2.71 0.34 0.026 71.8 2784.1 0.03 0.53 8436 638.64 0.23
74 3,01 0.30 0.154 368.4 2389.3 0.03 0.10- 11403 863.24 0.33
3.31 0.30 0.074 ‘
3.62 0.30 0.060 187.1 3135.0 0.02 0.20 14417 1091.39 0.40
3.92 0.30 0.066 191.4 2905.1 0.03 0.20 - 15959 1208.09 0.44
4.26 0.34 0.060
5.17 0.91 0.106 205.2 1930.2 0.04 0.18 22734 1720.97 0.70
6.12 0.94 0.067 128.4 1925.1 0.04 0.29 25940 1963.66 0.83
7.03 0.91 0.056 90.1 1614.1 0.05 0.42 28117 2128.46 0.93
7.67 0.64 0.097 158.1 1632.4 0.05 0.24 30791 2330.92 1.06
"8.59 0.91 0.047 76.8 1649.8 0.05 0.49 32646 2471.32 1.14
9.69 1.10 ~ 0.157 239.9 1531.6 0.05 . 0.16 39601 2997.80 1.48
0.02 0.02 0.027 1.7 62.9 1.20 29.19 1 0.06 0.00
0.18 0.15 0.054 3.0 °55.8 1.36 16.89 10 0.74 0.01
0.383 0.15 0.031 3.0 95.4 1 0.79 16.96 19 1.42 0.02
0.48 " 0.15 0.054 1.7 31.8 2.42 29.76 24 1.81 0.03
0.63 0.15 0.066 . P 4 ' 26.1 2.90 29.12 29 2.21 0.05
0.78 0.15 0.056 8.3 146.8 0.52 6.09 54 " 4.10 0.06
0.94 0.15 0.047 102.4 = 2165.8 0.03 0.49 309 27.51 0.07
1.06 0.12 0.050 : ,
1.36 0.30. 0.056 224.0 3990.2 0.02 0.17 2835 218.71 0.12
1.67 0.30 0.065 320.4 '4922.0 0.02 0.12 5415 414.00 0.16
1.97 0 0.02 0.23 6729  513.48 0.19

.30 0.049 163.2 3330.4




Table 3. cont.

Well Depth Interval Gravimetric  Chloride Chloride Water flux - Water velocity ~ Cumulative Cumulative

number (m) thickness (m)water content (mg Clikg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

0L

(g/g) soil) . water)
2.61 0.64 0.036 125.3 3493.5 0.02 0.30 8847 673.83 0.23
75 2.92 0.30 0.124 301.2 2437.4 0.03 0.13 11273 857.44 0.31
3.22 0.30 0.167 588.8 3526.0 0.02 0.06 16014 '1216.40 0.41
3.583 0.30 - 0.076 284.4 3757.2 0.02 0.13 18305 1389.79 0.46
4.17 0.64 0.069 329.6 4809.5 0.02 0.11 23878 1811.67 0.55
4.47 0.30 0.082 387.3 4731.0 0.02 0.10 26997 2047.79 0.60
5.39 0.91 0.165 660.0 4000.9 0.02 0.06 42941 3254.75 0.90
© 6.33 0.94 -0.079 330.2 4163.9 0.02 0.11 - 51183 3878.67 1.05
7.08 0.75 0.060 246.8 4118.7 0.02 0.15 56052 4247.25 1.14
7.58 0.50 0.064 272.1 4221.0 0.02 0.14 59668 4520.96 1.20
8.68 1.10 0.067 207.2 3102.8 0.02 0.18 65676 4975.77 1.35
9.29 0.61 - 0.040 111.7 2805.0 0.03 0.34 67474 5111.90 1.40
9.62 0.34 0.015 41.9 2869.2 0.03 0.90 67846 5140.02 1.41
0.02 0.02 0.033 2.0 .60.8 1.25 18.77 1 0.09 0.00
0.18 0.15 0.051 2.9 56.4 1.34 13.06 13 0.98 0.02 -
0.33 0.15 0.054 3.2 59.0 1.28 11.84 26 1.95 0.03
0.48 0.15 0.054 3.0 55.6 1.36 12.60 38 2.87 0.'05
0.63 0.15 0.053 2.7 51.4 - 1.47 13.94 49 3.69 0.07
0.78 . 0.15 0.072 1.9 26.8 2.83 . 19.51 57 4.28 0.09
0.94 0.15 0.086_ 4.9 57.4 1.32 7.69 76 5.79 0.11
1.12 0.18 0.048 0.5 10.0 7.59 78.53 79 5.96 0.13
- 1.42 0.30 0.044 0.2 4.6 - 16.39 188.26 80 . 6.08 0.16
1.73 0.30 0.036 12.8 359.3 0.21 2.96 103 13.88 0.18
2.03 0.30 0.034 106.6 3165.3 0.02 0.36 961 - 78.86 0.20
76 2.34 0.30 0.138 413.2 2995.0 0.03 0.09 4289 330.75 0.28
2.71 0.37 0.173 " 492.7 2851.6 0.03 0.08 9050 691.19 0.41
3.01 0.30 0.159 445.0 2797.0 0.03 0.09 12634 962.47 0.51
3.31 0.30 0.020 73.4 3662.5 0.02 0.52 13225 1007.19 0.52
4.23 0.91 0.066 253.8 - 3822.5 0.02 0.15 19356 1471.37 0.64
4.99 0.76 0.087 253.9 2918.9 0.03 0.15 24468 1858.30 0.77
6.55 1.55 0.079 267.2 . 3368.5 0.02 0.14 35442 2689.08 1.02
7.98 1.43 0.093 259.6 -2778.3 0.03 0.15 45270 3433.00 1.29
8.74 0.76 0.057 160.5 2794.4 0.03 0.24 48502 3677.68. 1.38
9.50 0 0.04 0 1.46

.76 0.057 115.9 2023.1 .33 50836 3854.34




Table 3. cont.

Well Depth Interval Gravimetric  Chloride Chioride Water flux Water velocity Cumulative Cumulative

water content (mg Cl/’kg (g Cl/m3 (mmiyr) (mmiyr) Age (yr) chloride (g/m2) H20 (m)

L

number ~ (m) Ihickqess (m) (9/9) soil) "water)

10.29 0.79 0.036 86.1 2381.7 0.03 0.44 52639 3990.89 1.52
0.02 0.02 0.033 ‘ 1.6 49.7 1.562 - 22.97 1 0.08 0.00
0.18 0.15 0.060 2.9 48.8 1.55 13.01 13 0.96 0.02
0.33 0.15 0.045 1.0 21.7 3.50 51.76 16 1.19 0.03
0.48 0.15 0.045 5.7 126.8 0.60 8.88 33 2.48 0.04
- 0.63 0.15 0.058 31.4 639.6 0.14 1.61 95 9.66 0.05
0.78 0:.15 0.054 45.3 843.0 0.09 1.12 231 20.00 0.07
0.94 0.15 0.043 47.7 -1101.9 0.07 1.06 375 30.90 0.08
1.12 0.18 0.039 50.2 1286.6 0.06 1.00 5§57 44.68 0.09
1.42 0.30 0.058 103.5 1774.8 0.04 0.49 1183 92.01 0.11
1.73 0.30 0.048 125.9 2628.8 0.03 0.30 2196 168.73 0.14
2.03 0.30 0.065 228.5 3519.7 0.02 0.17 4036 308.02 0.18
77 2.34 0.30 0.137 633.7 4632.9 0.02 0.06 9139 - 694.34 0.27
. 2.867 0.34 0.142 599.8 4227.7 0.02 - 0.06 14453 1096.56 0.36
2.98 0.30 0.106 390.6 3668.0 . 0.02 0.10 17598 13384.69 0.43
3.28 0.30 0.081 268.6 3327.4 0.02 0.14 19762 1498.44 0.47
3.59 0.30 . 0.091 277.7 3054.5 0.02 0.14 21998 1667.71 0.53
3.89 0.30 0.081 233.9 2883.6 0.03 0.16 23881 1810.27 0.58
4.23 0.34 0.051 129.4 2541.5 0.03 - 0.29 25027 1897.02 0.61
5.51 1.28 -0.103 219.3 2123.8 0.04 0.17 32444 2458.50 0.88
6.39 0.88 0.034 60.2 1758.8 0.04 0.63 33850 2564.91 0.94
7.19 . 0.79 0.131 274.5 2096.3 0.04 0.14 39598 3000.03 1.15
7.95 0.76 0.088 175.6 2001.8 0.04 0.22 43133 3267.63 1.28
8.89 - 0.94 0.118 239.9 2025.3 0.04 0.16 49121 3720.93 1.50
10.29 1.40 0.064 137.6 2153.0 0.04 0.28 54219 4106.82 1.68
0.02 '0.02 0.030 2.6 87.9 0.86 14.37 2 ' 0.12 0.00
0.18 0.15 0.046 24.6 630.2 0.14 1.54 101 7.61 0.02
© 0.33 0.15 0.054 4.3 80.0 0.95 8.79 69 8.93 0.03
0.48 0.15- 0.044 2.3 63.2 1.42 16.28 69 9.63 0.05
0.63 0.15 0.074 18.0 244.5 0.31 2.10 142 15.13 0.07
0.78 0.15 0.070 18.0 257.5 0.29 2.11 - 214 20.60 0.09
0.94 0.15 0.059 18.7 318.3 0.24 2.03 " 289 26.29 0.11
1.12 0.18 0.063 31.3 494.2 0.15 1.21 440 37.75 0.13
- 1.42 0.30 0.061 46.0 760.6 0 0.17

.10 0.82 811 65.81




Table 3. cont.

Well Depth Interval Gravimetric  Chloride  Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Clikg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

cL

(g/9) soil) water)
1.73 0.30 0.050 41.3 834.6 0.09 0.92 1144 90.99 0.20
2.03 0.30 0.052 74.2 1425.0 0.05 0.51 1741 136.21 0.23
78 2.34 0.30 0.101 207.1 2042.9 0.04 0.18 3409 262.46 0.29
2.67 0.34 0.178 354.8 1991.5 0.04 0.11 6552 500.38 0.41
2.98 0.30 0.117 181.8 1548.7 0.05 0.21 8016 611.22 0.48
3.28 0.30 0.103 164.2 1599.1 0.05 0.23 9339 711.34 0.54
3.59 0.30 0.095 168.8 1778.6 0.04 0.22 10698 814.22 0.60
3.89 0.30 0.070 136.2 1959.5 0.04 0.28 11795 897.26 0.64
4.23 0.34 0.089 2171 2442.0 0.03 0.17 13718 1042.85 0.70
4.53 0.30 0.097 232.0 2381.3 0.03 0.16 15586 1184.25 0.76
5.14 0.61 0.114 256.3 2255.4 0.03 0.15 19714 1496.77 0.90
5.45 0.30 0.121 265.9 2190.2 0.03 0.14 21856 1658.89 0.98
6.39 0.94 0.015 38.0 2509.0 0.03 1.00 22804 1730.70 1.00
6.70 0.30 0.129 276.6 2138.9 0.04 0.14 25032 1899.34 1.08
7.95 1.25 0.030 63.2 2109.4 0.04 0.60 27118 2057.21 1.16
8.71 0.76 0.070 149.9 2147.7 0.04 0.25 30135 2285.63 1.26
9.65 0.94 0.066 192.5 2937.8 0.03 0.20 34940 2649.38 1.39
0.02 0.02 0.019 6.9 365.5 0.21 5.48 4 0.32 0.00
0.18 0.15 0.032 2.4 74.5 1.02 21.40 11 0.85 0.01
0.33 0.15 0.038 2.5 65.9 1.15 20.22 19 1.43 0.02
0.48 0.15 0.039 1.9 47.9 1.58 26.93 24 1.85 0.03
0.63 0.15 0.045 1.6 34.9 2.17 32.44 29 2.21 0.04
0.78 0.15 0.040 1.3 31.3 2.42 40.12 33 2.50 0.05
0.94 0.15 0.036 1.7 47.9 1.58 29.12 38 2.89 0.05
1.24 0.30 0.032 1.3 39.3 1.93 29.90 48 3.66 0.07
1.55 0.30 0.030 1.3 43.5 1.74 28.93 59 4.46 0.09
2.64 1.10 0.076 239.6 3141.8 0.02 0.16 6946 530.29 0.26
80 2.95 0.30 0.081 185. 2296.9 0.03 0.20 8439 643.33 0.31
3.25 0.30 '0.069 113.8 1650.8 0.05 0.33 9356 712.67 0.35
3.56 0.30 0.076 251.4 3290.9 0.02 0.15 11380 865.93 0.40
3.86 0.30 0.104 326.8 3144.5 0.02 0.12 14011 1065.13 0.46
4.20 0.34 0.061 220.5 3595.6 0.02 0.17 15964 1212.97 0.50
4.50 0.30 0.080 246.1 3085.0 0.02 0.15 17946 1362.99 0.55
5.42 0.91 0.094 246.7 2635.3 0.03 0.15 - 23906 1814.17 0.72




Table 3. cont.

Well Depth Interval Gravimetric ~ Chloride Chloride Water flux Water velocity Cumulative Cumulative

number (m) thickness (m)water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

€L

(g/g) soil) water)
6.36 0.94 0.075 220.4 2952.4 0.03 0.17 29408 2230.69 0.86
7.31 0.94 0.054 137.7 2535.8 0.03 0.27 32846 2490.89 0.96
8.22 0.91 0.053 117.6 2207.3 0.03 0.32 35686 2705.87 1.06
9.17 0.94 0.092 211.5 2310.4 0.03 0.18 40965 3105.54 1.23
10.08 0.91 0.038 83.2 2162.9 0.03 0.46 42975 3257.67 1.31
0.00
0.02 0.02 0.020 4.8 242.8 0.31 7.86 3 0.22 0.00
0.18 0.15 0.045 2.6 57.6 1.31 14.65 13 1.01 0.01
0.33 0.15 0.051 4.3 84.2 0.90 8.80 31 2.32 0.03
0.48 0.15 0.061 9.5 1565.9 0.49 4.00 69 5.20 0.05
0.63 0.15 0.049 3.4 69.3 1.09 11.12 82 6.24 0.06
0.78 0.15 0.046 11.8 258.6 0.29 3.21 48 9.83 0.08
0.94 0.15 0.043 24.3 570.8 0.13 1.56 145 17.23 0.09
1.12 0.18 0.041 28.4 685.0 0.11 1.33 282 27.61 0.11
1.42 0.30 0.036 53.5 1466.6 0.05 0.71 713 60.20 0.13
1.73 0.30 0.023 61.5 2721.7 0.03 0.82 1084 88.32 0.14
2.67 0.94 0.038 199.9 5199.4 0.01 0.25 4827 371.64 0.19
2.98 0.30 0.022 106.5 4949.7 0.02 0.47 5470 420.33 0.20
81 4.23 1.25 0.014 93.3 6529.7 0.01 0.54 7780 595.15 0.23
4.53 0.30 0.019 84.0 4527.9 0.02 0.60 8287 633.54 0.24
6.38 1.84 0.020 47.4 2382.0 0.03 1.07 10017 764.52 - 0.29
8.19 1.81. 0.105 201.7 1912.6 0.04 0.25 17266 1313.29 0.58
9.35 1.16 0.013 22.3 1750.5 0.04 2.26 17778 . 1352.03 0.60
0.22 0.22 0.077 9.2 120.0 0.63 5.46 41 3.07 0.03
0.53 0.30 0.084 648.8 7757.0 0.01 0.06 5265 398.57 0.08
0.66 0.13 0.092 1176.2 12833.0 0.01 0.03 9291 703.31 0.10
1.32 0.66 0.032 291.8 9059.0 0.01 0.13 14401 1090.18 0.14
1.62 0.30 0.089 738.6 8269.0 0.01 0.05 20349 1540.43 0.20
1.93 0.30 0.106 801.6 7530.0 0.01 0.05 26804 2029.09 0.26
2.23 0.30 0.133 1026.2 7739.0 0.01 0.04 35068 2654.68 0.34
2.54 0.30 0.135 948.9 7033.0 0.01 0.04 42710 3233.13 0.43
2.87 0.34 0.100 697.5 6949.0 0.01 0.05 48889 3700.86 0.49
3.18 0.30 0.134 865.2 6434.0 0.01 0.04 55856 4228.28 0.57
84 3.48 0.30 0.145 943.7 6508.0 0.01 0.04 63456 4803.59 0.66




Table 3. cont.

Wwell Depth Interval Gravimetric ~ Chloride Chloride Water flux Water velocity Cumulative = Cumulative

number (m) thickness (m)water content (mg Cl/kg (g Cl/m3 (mm/yr) (mm/yr) Age (yr) chloride (g/m2) H20 (m)

vL

(g/g) soil) water)
3.79 0.30 0.149 958.4 6439.0 0.01 0.04 71174 5387.84 0.75
4.10 0.31 0.147 965.7 6578.0 0.01 0.04 79144 5991.23 0.85
4.43 0.33 0.155 1231.4 7930.0 0.01 0.03 89804 6798.18 0.95
4.73 0.30 0.153 970.8 6359.0 0.01 0.04 97622 7390.00 1.04
5.04 0.30 0.152 929.8 6117.0 0.01 0.04 105110 7956.80 1.13
5.34 0.30 0.153 951.1 6204.0 0.01 0.04 112769 8536.59 1.23
5.65 0.31 0.147 899.9 6139.0 0.01 0.04 120197 9098.88 1.82
5.95 0.30 0.134 826.1 6148.0 0.01 0.05 126683 9589.88 1.40
7.14 1.19 0.116 651.6 5636.0 0.01 0.06 147147 11139.06 1.67
8.15 1.01 0.124 664.7 63561.0 0.01 0.06 164812 12476.31 1.92
9.09 0.94 0.146 755.8 5189.0 0.01 0.05 183681 13904.62 2.20
10.01 0.91 0.140 670.8 4802.0 0.02 0.06 199887 15131.47 2.45
11.19 1.19 0.126 580.1 4612.0 0.02 0.07 218107 16510.68 2.75
12.75 1.55 0.131 595.1 4543.0 0.02 0.06 242549 18360.94 3.16
0.22 0.22 0.092 BD2 BD2
0.53 0.30 0.082 BD2 BD2
0.83 0.30 0.084 9.5 114.2
1.32 '0.49 0.099 BD2 BD2
1.62 0.30 0.118 BD2 BD2
1.93 0.30 0.090 BD2 BD2
2.23 0.30 0.103 BD2 BD2
2.55 0.31 0.098 BD2 BD2
2.87 0.33 0.133 BD2 BD2
3.18 0.30 0.082 BD2 BD2
85 3.48 0.30 0.060 BD2 BD2
3.79 0.30 0.077 BD2 BD2
4.14 0.35 0.070 BD2 BD2
4.49 0.35 0.087 BD2 BD2
. 4.79 0.30 0.101 BD2 BD2
5.10 0.30 0.118 BD2 BD2
5.40 0.30 0.137 BD2 BD2
5.72 0.31 0.1156 BD2 BD2
5.98 0.27 0.095 BD2 BD2
6.90 0.91 0.081 10.4 128.7




SL

Table 3. cont.

Gravimetric

Chloride

Chloride

Well Depth Interval Water flux Water velocity Cumulative Cumulative
number (m) thickness (m) wate(rgt/:;;vtent (mgoﬁ)llkg (a::tle/:";s (mm/yr) (mm/yr) Age (yn) chloride (g/m2) H20 (m)

8.05 1.16 0.099 20.4 205.2
8.79 0.73 0.077 25.5 330.6
9.61 0.82 0.085 75.3 884.3
10.34 0.73 0.061 52.0 857.3
11.16 0.82 0.059 38.9 664.2
11.89 0.73 0.066 37.6 §73.1
12.72 0.82 0.086 48.2 562.1
14.27 1.55 0.070 30.2 429.6
15.83 1.55 0.037 10.3 276.2
0.22 0.22 0.099 BD2 .BD2
0.53 0.30 0.114 21.6 189.2
0.98 0.46 0.103 BD2 BD2
1.35 0.37 0.087 BD2 BD2
1.65 0.30 0.088 BD2 BD2
1.96 0.30 0.082 BD2 BD2
2.26 0.30 0.079 BD2 BD2
2.90 0.64 0.099 BD2 BD2
3.21 0.30 0.073 BD2 BD2
3.51 0.30 0.043 BD2 BD2

86 3.82 0.30 0.143 BD2 BD2
4.06 0.24 0.127 BD2 BD2
4.46 0.40 0.070 BD2 BD2
4.76 0.30 0.067 BD2 BD2
5.07 0.30 0.038 BD2 BD2
5.37 0.30 0.075 BD2 BD2
5.68 0.31 0.106 BD2 BD2
6.53 0.85 0.087 BD2 BD2
6.63 0.10 0.097 BD2 BD2
8.08 1.46 0.086 BD2 BD2
8.82 0.73 0.078 BD2 BD2
9.64 0.82 0.098 6.6 66.8
10.37 0.73 0.101 16.0 167.4
11.19 0.82 0.085 18.3 215.8
11.93 0.73 0.080 22.1 274.8




9L

Table 3. cont.

Well Depth Interval w(::ae‘:"::::;fnt (ﬁ'h;ogszg ?ghlg';::s Water flux Water velocity Age (yr) Cumulative Cumulative
»number (m) thickness (m) (a/9) soil) water) (mm/yr) (mm/yr) Y™ chioride (g9/m2) H20 (m)
12.75 0.82 0.076 14.9 196.1
14.33 1.58 0.078 13.3 171.0
15.86 1.52 0.046 11.3 246.2
17.41 1.55 0.063 24.5 390.9
18.98 1.57 0.157 20.0 127.5
20.22 1.23 0.137 18.0 131.2 .
0.71 0.71 0:.129 BD2 BD2
0.98 0.27 0.100 BD2 BD2
1.29 0.30 0.088 BD2 BD2
1.59 0.30 0.092 BD2 BD2
1.90 0.30 0.084 BD2 BD2
- 2.20 0.30 0.097 BD2 BD2
2.51 0.30 0.073 BD2 BD2
2.84 0.34 0.088 BD2 BD2
3.15 0.30 0.070 BD2 BD2
3.45 0.30 0.157 BD2 BD2
4.03 0.58 0.118 " BD2 BD2
4.40 0.37 0.063 BD2 BD2
87 4.70 0.30 0.058 BD2 BD2
5.01 0.30 0.070 BD2 BD2
5.31 0.30 0.072 BD2 BD2
5.59 0.27 0.091 BD2 BD2
5.95 0.37 0.106 BD2 BD2
6.50 0.55 0.129 ‘BD2 BD2
7.20 0.70: 0.098 BD2 BD2
8.02 0.82 0.085 BD2 BD2
8.76" 0.73 0.083 BD2 BD2
9.58 0.82 0.117 ‘BD2 BD2
10.31 0.73 0.111 BD2 BD2
11.13 0.82 0.106 BD2 BD2
11.86 0.73 0.074 BD2 BD2
12.69 0.82 0.085 BD2 BD2
14.24 1.55 0.053 9.1, 170.7
15.80 1..55 0.095 21.6 228.5




LL

Table 3. cont.

Gravimetric

Chloride

Chloride

Cumulative

Well Depth Interval Water flux Water velocity Cumulative
number (m) thickness (m)wate(rgc/:;;lte@ (mgoﬁ)llkg (a,:tz:r)"a (mm/yr) (mm/yr) Age (yr),chloride (g/m2) H20 (m)
17.35 1.55 0.051 11.6 225.4
18.91 1.55 0.136 17.3 126.8
20.46 1.55 0.127 13.7 108.1
21.28 0.82 0.113 12.8 112.8
0.22 0.22 0.093 15.1 162.1
0.53 0.30 0.080 BD2 BD2
1.10 0.58 0.090 BD2 BD2
1.41 0.30 0.138 BD2 BD2
1,71 0.30 0.160 BD2 BD2
2.02 0.30 0.148 BD2 BD2
2.34 0.32 0.139 37.0 266.7
2.66 0.32 0.160 104.8 653.6
2.96 0.30 0.181 79.6 438.9
3.57 0.61 0.145 112.3 774.0
3.89 0.32 0.116 80.7 694.6
4.21 0.32 0.089 65.0 733.0
88 4.52 0.30 0.090 47.9 5632.2
4.82 0.30 0.091 19.4 214.3
- 5.13 0.30 0.044 BD2 BD2
5.77 0.64 0.096 55.1 572.1
6.29 0.52 0.186 401.3 2160.5
7.06 0.78 0.105 256.5 2453.4"
7.84 0.78 0.153 636.5 4157.2
8.59 0.75 0.143 612.6 4272.2
9.15 0.56 0.060 231.0 3870.4
9.73 0.58 0.159 616.5 3867.4
10.95 1.22 0.130 544.4 4195.0
11.65 0.70 0.129 614.9 4753.3
12.50 - 0.85 0.130 552.2 4244.2
0.22 .-0.22 0.114 12.8 112.0 0.68 2.95 75 5.66 0.05
0.53 0.30 0.112 130.6 1163.5 - 0.07 0.29 1127 85.28 0.12
0.83 0.30 0.106 313.2 2950.8 0.03 0.12 3649 276.23 0.18
1.35 0.52 0.177 388.1 2187.2 0.03 0.10 8962 678.43 0.37
1.65 0.30 0.146 302.6 2072.6 0.04 0.13 11399 862.88 0.46




Table 3. cont.

Gravimetric Chloride Chloride

8L

Well Depth Interval Water flux Water velocity Cumulative Cumulative
number (m) thickness (m)""""*('g‘/:‘;’)“'*"t ("‘goﬁ)""g ‘a:tz:')‘s (mm/yr) (mmryr)  A9° D chioride (9/m2) H20 (m)

1.96 0.30 0.060 205.5 -3437.6 0.02 0.18 13054 0988.16 0.49

2.26 0.30 0.132 476.1 3601.0 0.02 0.08 16888 1278.39 0.57

2.66 0.40 0.272 626.3 2302.1 0.03 0.06 23445 1774.75 0.79

2.90 0.24 0:118 311.8 2636.5 0.03 0.12 25453 1926.81 0.85

-3.21 0.30 0.148 432.3 2930.0 0.03 0.09 28935 2190.35 0.94

89 3.51 0.30 0.072 224.2 3117.0 0.02 0.17 30740 2327.02 0.98
3.82 0.30 0.117 297.4 . 2536.0 0.03 "0.13 331356 2508.29 1.05

4.46 0.64 0.122 243.1 1999.7 0.04 0.16 37245 2819.48 1.21

4.76 0.30 0.134 309.5 2316.0 1 0.03 0.12 39738 3008.14 1.29

5.07 0.30 0.116 '206.9 1781.9 0.04 0.18 41404 3134.29 1.36

5.37 0.30 0.106 162.3 1535.4 0.05 0.23 42711 3233.21 1.42

5.40 0.03 0.136 290.3 2131.3 - 0.04. 0.13 42945 3250.91 1.43

6.01 0.61 0.161 211.9 1314.2 0.06 . 0.18 46357 3509.21 1.63

6.53 0.52 0.159 191.8 1208.2 0.06 0.20. 48983 3708.01 1.79

7.23 0.70 0.149 176.8 1189.1 0.06 - 0.21 . 52257 3955.83 2.00

5 8.08 0.85 0.144 170.4 1186.4 0.06 0.22 56098 4246.65 2.25
8.76 0.67 0.096 104.9 1091.7 0.07 0.36 57957 4387.35 2.38

9.64 0.88 0.105 ~ 101.0 - 1966.3 0.08 0.37 60317 4565.97 2.56

10.36 0.72 0.113 107.7 949.7 0.08 0.35 62354 4720.22 2.72

11.19 0.84 0.100 89.0 890.4 0.09 0.43 64325 4869.43 2.89

11.93 0.73 0.102 87.3 852.4 0.09 0.43 . 66013 4997.22 3.04




Porosities of sediments estimated from bulk densities of samples collected in and adjacent to
the area of the proposed repository ranged from 29 to 54% and averaged 43% in the upper 7 ft
(2 m), whereas porosities ranged from 15 to 32% and averaged 26% in the 7 to 82 ft (2 to 25 m)
depth interval. On the basis of porosity and water centent data, saturation of the sediments in the
top 2 m ranged from 20 to 40%, whereas saturation of the sediments from 7 to 82 ft (2 to

25 m) depth was = 70%.
Water Potential

Water potentials measured with the Decagon SC 10 thermocouple psychrometer and the water
activity meter were similar (fig. 8). In the remainder of the results section we will present the water
potentials measured with the Decagon SC 10. Water potential measured by thermocouple
psychrometers is the sum of matric and osmotic potential. The osmotic potentials were generally
less than —1 MPa (table 4). The minimum osmotic potential was —2.2 MPa and corresponded to the
highest chloride concentration (17,821 g m-3) in YM43. Osmotic potentials generally constituted
~ <15% of the water potential. The profile for YM28 is an exception in that osmotic potentials
constituted 1 to 74% of the water potential. The gravitational potential is estimated from the
elevation above the water table and was relatively uniform in the shallow unsaturated zone
(maximum range 0.3 MPa in YM36; table 4). | 7

Typical water potential profiles measured ir‘lthe laboratory had- low potentials in the upper
7 ft (2 m) (-12 to -2 MPa) that increased with depth below the minimum to maximum values that
ranged from —6 to —0.4 MPa in different profiles (table 4). The low water potentials irtdicate that
the sediments are dry; the upward decrease in water potentials indicates an upward driving force
for water flow. Boreholes drilled after rainfall had high water potentials near the surface that
decreased sharply at the batse of the wetting front (table 4).

Profiles in Blanca Draw sampled after long dry periods had low water potentials near surface

(-10 to —12 MPa in YM43; fig. 30, table 4). Many of the profiles in the ephemeral stream setting,
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Water activity meter

Depth (m)

Decagon SC10

30 — T T T
-14 -12 -10 -8

T T T T T T

T
-6 -4 -2 0

Water potential (MPa) QAa4905¢

Figure 8. Comparison of water potential mea-
sured with a Decagon SC10 sample changer and

water activity meter in soil samples from bore-
hole YM28.
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Table 4. Gravitational, water, total, and osmotic potentials of soil samples.

Gravitational Water Total Osmotic

Boreholae Depth - potential potential potential Depth Potential
number {m) {MPa) (MPa) (MPa) {m) {MPa)
0.04 2.11 -6.49 -4.38 0.08 -0.01
0.34 2.10 -0.56 1.55 0.39 0.00
0.95 2.10 -463 -254 1.10 -0.15
1.56 2.00 -7.45 -5.36 1.71 -0.75
2.03 2.09 -7.65 -556 1.76 -0.96
2.24 2.09 -7.48 -5.39 2.07 -1.22
2,33 2.08 7.4 -5.33 2.31 -1.11
2.64 2.08 -7.21 -5.13 2.37 -0.94
3.32 2.08 -6.11 -4.04 2.67 -0.87

3.69 2.07 -6.20 -4.12 3.26 -0.83
3.92 2.07 -6.20 -4.13 3.62 -0.68
4.27 2.07 -5.96 -3.89 4.11 -0.66
4.69 2.06 -6.28 -4.22 4.24 -0.78
YMQ 5.00 2.06 -6.63 -457 4.75 -0.65
5.52 2.05 -6.37 -431 4.99 -0.49
5.65 2.05 -6.47 -4.41 5.37 -063
5.96 2.05 -6.29 -4.24 5.74 -055
6.25 2.05 -6.04 -3.99 5.95 -0.47
6.63 2.04 -6.85 -480 6.20 -061
7.01 2.04 -5.97 -303 6.62 -0.66
7.04 2.04 -5.77 -3.73 6.59 -0.79
7.50 2.03 -556 -353 6.99 -0.68
7.68 2.03 -5.92 -3.88 7.32 -0.78
- 7.96 2.03 -5.99 -396 7.93 -0.65
8.21 2.03 -5.80 -3.77 8.54 -0.73
8.56 2.02 -6.08 -4.06 8.83 -0.71
8.87 2.02 -6.58 -455 9.17 -066
9.11 2.02 -6.69 -467 9.70 <066
9.56 2.01 -6.37 -435 10.05 -093
10.00 2.01 -6.12 -4.11 10.69 -0.66
10.50 2.00 -6.30 -4.29 11.25 -0.68
11.10 2.00 -5.44 -3.44 12.64 -0.71
11.70 1.99 -5.08 -3.09 1317 -0.60
12.60 1.98 -597 -3.99 13.82 -0.62

13.20 1.98 -5.33 -335
13.90 1.97 <5.19 -3.22

0.05 2.11 -4.80 -269 0.01 -0.01
0.12 2.1 -2.12 -0.01 0.02 0.00
0.20 2.11 -156 0.54 0.16 0.00
0.27 2.11 -133 0.77 0.24 0.00
0.35 1 2.10 -1.19 0.92 0.31 0.00
- 0.43 2.10 -1.06 1.04 0.39 0.00
0.56 2.10 -1.12 0.98 0.50 ~0.01
0.91 2.10 -461 -251 0.86 -0.43
1.18 2.10 -6.04 -394 114 -1.08
1.49 2.09 -6.19 -4.10 1 1.44 -1.73
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Table 4. cont.

Gravitational water Total Osmotic

Borsehole Depth potential potantial potential Depth Potential
"number ~(m) "~ (MPa) * '(MPa) © (MPa) {m) (MPa)

¥M10 1.79 2.09 -6.72 -463 1.74 -1.73
2:10 - 2.09 -7.16 -5.07 2.05 -1.00
2.40 2.08 -6.96 -4.88 2.35 -0.81
2.74 2.08 -6.77 -4.69 2.69 -0.67
3.03 2.08 ‘ -6.91 -4.43 3.03 -0.70
3.32 2.08 -6.60 -452 3.27 -0.77
3.71 2.07 -6.55 -4.48 3.67 -0.65
3.92 2.07 -6.25 -4.18 3.88 -0.72
4.26 207 -6.71 . -4.64 - 4.21 -0.72
453 2.06 -6.75 -4.69 4.49 -0.72
4.81 2.06 - =677 =471 4.76 -0.71
5.48 2.05 -5.91 -3.86 5.75 -0.73
5.80 2.05 - -6.05 -4.00 6.13 -0.71
6.18 2.05 -6.05 -4.00 6.41 -068
6.45 - 2.04 -5.57 -3.52 7.08 -0.58
7.10 2.04 -5.68 -3.65 7.69 -0.60
7.73 2.03 -5.77 -3.74 8.33 -0.67
8.37 2.03 ' -5.71 -3.68 8.85 -0.62
8.89 2.02 -5.84 -3.82 9.76 -0.58
9.81 2.01 -6.14 -4.12 10.71 -0.58
10.80 2.00 -6.09 -409 - 11.65 -0.65
11.70 1.99 -5.98 - =398
0.27 2.1 . -1.69 0.42 ' 0.22 0.00
0.57 2.10 -8.72 -6.62 0.53 0.00
0.91 2.10 -3.24 - =114 0.86 0.00
1.18 2.10 -5.28 -3.18 1.14 0.00
1.49 209 -5.25 =316 1.44 0.00
1.85 2.09 -4.29 -2.20 1.81 0.00
2.16 2.09 =317 -1.08 2.11 ; 0.00
2.43 2.08 -2.43 -0.34 2.39 0.00
2.83 ' 2.08 -261 -0.53 2.78 0.00
3.13 2.08 -254 -0.46 3.09 -0.01

¥YM11 3.47 2.07. -1.86 0.22 3.42 -0.02
3.77 2.07 : -1.92 0.16 3.73 0.00
4.05 2.07 -1.77 0.30 4.00 -0.01
4,38 2.06 -1.79 0.28 434 -0.01
4.72 2.06 -1.33 0.74 4.67 -0.01
5.45 2.05 ) -1.67 0:39 5.40 -0.01
575 2.05 -154 051 5.71 -0.01
6.45 2.04 -1.66 0.39 6.41 -0.02
7.31 2.04 -1.51 0.53 7.26 ) -0.03
8.25 - 2.03 -1.68 0.34 8.21 -0.05
0.26 2.11 -2.85 -0.75 0.22 -0.07
0.53 2.10 -6.15 -4.04 0.46 -0.23

059 2.10 . -652 -4.41 0.83 -0.57
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Table 4. cont.

Gravitational Water Total Osmotic

Borehole Depth potential potential potential Depth  Potential
numbar __(m) - (MPa) ~ (MPa) {(MPa) {m) (MPa)
1.19 2.10 -6.55 -4.45 1.15 -0.74
1.46 2.09 -551 -3.42 1.42 -0.74
1.83 2.09 -4.66 -2.57 ' 1.81 -0.66
2.12 2.09 -4.26 -2.17 . 2.10 -0.73
2.42 2.08 -3.56 . =1.48 2.40 -0.57
2.71 2.08 -3.06 -0.97 2.69 -0.42
3.02 2.08 -3.03 -0.95 2.99 -0.40
YM12 3.32 ' 2.08 -2.60 -0.52 3.30 -0.33
3.61 2.07 -2.22 -0.15 3.57 -0.23
3.93 2.07 -1.68 0.39 3.91 -0.22
4.22 2.07 -1.53 0.53 4.18 -0.17
4.43 2.06 -1.32 0.74 4.40 -0.15
5.27 - 2.06 -1.16 0.90 5.19 . -0.10
0.04 2.11 =0.07 2.03 0.08 . 0.00
0.23 2.1 -0.10 2.00 0.27 0.00
0.47 2.10 -1.55 0.56 0.51 0.00
1.00 2.10 -0.91 1.19 1.00 -0.14
1.18 2.10 -2.84 : -0.74 1.14 -0.19
1.58 2.09 -4.87 -2.77 1.53 -0.39
2.07 2.09 - =380 -1.71 2.02 -0.82
2.16 2.09 -3.38 -1.30 2.08 -0.71
2.40 2.08 =294 -0.86 2.51 . =044
YM13 2.80 2.08 -2.68 -0.60 275 -0.45
3.13 2.08 -255 -0.48 3.09 -0.48
3.40 2.07 -2.24 -0.17 3.39 - -0.26
3.83 2.07 -2.88 _ -0.81 3.79 -0.34
4,20 2.07 -2.89 - =083 4.09 -0.27
4.44 2.06 -2.66 -0.60 4.40 -0.22
4.88 2.07 -3.54 -1.47 4.84 -0.27
5.33 2.06 v -3.43 -1.37 5.28 -0.25
5.90 2.05 -3.20 -1.15 5.86 -0.21
6.40 2.05 -3.02 -0.98 6.35 -0.24
7.28 2.04 -2.99 -0.96 7.23 -0.26
7.76 2.03 -3.06 -1.03 7.72 -0.22
8.43 2.03 -295 -0.92 - 8.39 -0.21
8.98 2.02 ‘ -3.03 -1.01 8.94 -0.22
9.44 2.02 -3.41 -1.39 9.40 -0.20
10.80 2.00 - =314 -1.14 10.71 -0.20
11.30 . .2.00. : =313 -1.13 11.29 -0.17
0.05 2.11 , -0.23 1.88 0.01 0.00
0.15 2.1 -0.17 1.94 . 0.10 0.00
0.24 2.11 -0.41 1.69 0.19 . 0.00
0.42 2.10 -1.74 0.36 - 0.37 -0.21
0.91 2.10 -4.31 -2.21 0.86 -0.42

1.25 2.10 -4.43 -2.33 117 -0.40
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Table 4. cont.

Gravitational Water Total Osmotic
Borehole Depth potential potential potential Depth Potential
number {m) {MPa) (MPa) {MPa) (m) {MPa)
1.52 2.09 -3.96 -1.87 1.47 -0.38
2.04 2.09 -3.32 -1.23 1.99- -0.43
2.49 2.08 -3.18 -1.10 2.45 -0.37
2.86 2.08 -3.22 -1.14 2.81 -0.41
¥YM14 3.19 2.08 -3.52 -1.44 3.15 -0.45
3.47 2.07 -3.67 -1.60 3.42 -0.39
3.80 2.07 -394 -1.87 3.76 -0.34
4.20 2.07 -367 -1.60 4.15 -0.37
4.66 2.06 -3.58 -1.52 4.61 -0.38
5.36 2.06 -4.33 -2.27 5.31 -0.38
5.85 2.05 -431 -2.26 5.80 -0.34
6.48 2.04 -3.96 -1.92 6.44 -0.31
7.28 2.04 -3.63 -1.59 7.23 -0.32
7.80 2.03 -363 -1.60 7.79 -0.30
8.56 2.02 -3.99 -1.97 8.51 -0.29
9.56 2.01 -3.52 -1.51 952 -0.29
0.04 2.11 -0.19 1.91 2.52 0.00
0.13 2.1 -0.06 2.04 2.61 0.00
0.41 2.10 -0.12 1.99 2.71 0.00
0.50 2.10 -0.11 1.99 2.80 0.00
0.56 2.10 -0.21 1.90 2.89 0.00
0.59 2.10 -0.08 2.02 3.04 0.00
0.99 2.10 -0.12 1.98 3.47 0.00
1.17 2.10 -0.06 2.04 3.65 0.00
1.72 2.09 -0.05 2.04 4.20 0.00
1.81 2.09 -0.09 2.00 4.29 0.00
1.98 2.09 -0.15 1.94 4.47 0.00
¥YM15 2.40 2.08 -0.20 1.89 5.39 0.00
2.74 2.08 -0.61 1.47 5.55 0.00
298 2.08 -0.29 1.79 574 0.00
312 2.08 -0.36 1.72 6.07 0.00
3.35 2.08 -0.23 1.85 6.29 0.00
3.68 2.07 -0.24 1.83 6.62 0.00
3.90 2.07 -0.30 1.77 6.96 0.00
4.23 2.07 -0.37 1.70 7.48 0.00
4.39 2.06 -0.44 1.62 8.34 0.00
5.08 2.06 -1.02 1.04 9.24 0.00
5.95 2.05 -0.35 1.70 9.76 0.00
6.85 2.04 -0.39 1.65 10.25 0.00
7.37 2.04 -0.26 1.77 11.24 0.00
7.86 2.03 -0.29 1.74 11.53 0.00
7.81 2.03 -0.30 1.74 12.82 0.00
9.14 2.02 -0.26 1.76 13.62 0.00
10.40 2.01 -0.31 1.70 14.65 0.00
11.20 2.00 -0.47 1.52 15.52 0.00
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Table 4. cont.

Gravitational Water Total Osmotic
Borshole Depth potential potential potential Depth Potential
number {(m) (MPa) {(MPa) {MPa) {m) (MPa)
12.30 1.99 -0.50 1.49 17.26 0.00
13.10 1.98 -0.32 1.66 18.33 0.00
14.90 1.96 -0.38 1.59
16.00 1.95 -0.50 1.45
0.05 2.11 -0.60 1.51 0.01 0.00
0.15 2.11 -0.48 1.62 0.10 0.00
0.24 2.11 -0.41 1.70 0.19 0.00
0.33 2.10 -0.32 1.78 0.28 0.00
0.42 2.10 -0.25 1.85 0.37 0.00
0.91 2.10 -0.62 1.48 0.86 0.00
1.18 2.10 -1.02 1.08 1.14 -0.21
1.43 2.09 -2.65 -0.56 1.38 -0.33
1.52 2.09 -4.10 -2.00 1.71 -0.32
2.07 2.09 -5.23 -3.14 2.02 -0.33
2.40 2.08 -3.79 -1.71 2.35 -0.29
2.71 2.08 -3.28 -1.19 2.66 -0.24
3.04 2.08 -4.74 -2.66 2.99 -0.21
3.32 2.08 -492 -2.85 3.27 -0.19
362 2.07 -3.04 -0.97 3.57 -0.19
3.92 2.07 -3.07 -1.00 3.88 -0.22
¥M16 4.23 2.07 -3.61 -1.54 4.18 -0.17
4.56 2.06 -4.27 -2.21 4.52 -0.24
5.18 2.06 -3.89 -1.83 5.04 -0.18
5.92 2.05 -3.65 -1.60 5.88 -0.16
6.18 2.05 -298 -0.93 6.13 -0.16
6.79 2.04 -3.27 -1.23 6.74 -0.14
8.01 2.03 -293 -0.90 7.96 -0.19
8.71 2.02 =34 -1.38 8.66 -0.23
10.10 2.01 -3.49 ~1.48 10.01 -0.16
11.50 1.99 -4.06 -2.07 11.50 -0.26
12.50 1.99 -2.13 -0.15 12.47 -0.15
13.40 1.98 -2.68 -0.71 13.39 -0.14
14.50 1.97 -2.98 -1.02 14.42 -0.11
0.23 2.11 -6.31 -4.20 0.53 -0.04
0.53 2.10 -6.71 ~-4.60 1.30 -0.28
0.90 2.10 -7.37 -5.27 1.60 -0.42
1.27 2.10 -6.05 -3.95 1.91 -0.56
1.57 2.09 -5.03 -294 2.21 -0.64
1.86 2.09 -3.84 -1.75 2.55 -0.75
2.18 2.09 -4.28 -2.20 2.85 -0.71
2.55 2.08 -3.98 -1.90 3.15 -0.69
2.85 2.08 -297 -0.89 3.46 -0.67
3.16 2.08 -2.63 -0.56 3.76 -066
3.46 2.07 -2.38 -0.31 4.07 -0.63
3.76 2.07 -2.18 -0.11 4.40 -0.66
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Table 4. cont.

Total

Gravitational Water Osmotic

Borehole Depth potential potential potential Depth Potential
number {m) (MPa) (MPa) {MPa) {m) _(MPa)
410 2.07 -2.40 -0.33 4.71 -0.59
4.40 2.06 -195 0.12 5.01 -0.59
4.71 2.06 -2.26 -0.20 5.32 -0.56
5.01 2.06 -161 0.45 5.65 -0.58
532 2.06 -1.42 0.64 5.93 -0.55
5.65 2.05 -1.48 0.57 6.26 -0.51
5.99 2.05 -1.66 0.39 6.57 -0.50
6.29 2.05 -1.51 0.54 6.87 -0.47
6.60 2.04 -1.50 0.54 7.21 -0.54
6.90 2.04 -1.56 0.49 7.82 -0.44
7.24 2.04 -1.31 0.73 8.24 . -0.44
7.57 2.03 -1.47 0.57 8.76 -0.42
8.18 2.03 -1.23 0.80 9.37 S=0.40
8.73 2:.02 -0.93 1.09 9.80 -0.39
9.16 2.02 -1.06 0.96 10.30 -0.40
9.77 2.01 -0.84 117 10.90 -0.37
10.40 2.01 -0.58 1.43 11.40 -0.37
10.70 2.00 -0.55 1.45 11.80 -0.43
YM28 11.40 2.00 ~-0.55 1.45 12.50 -0.40
12.00 1.99 -0.75 1.24 12.90 -0.39
12.30 1.99 -0.66 1.33 13.40 -0.39
12.90 1.98 -0.69 1.29 14.00 -0.37
12.60 1.97 -1.16 0.81 14.60 -0.34
14.00 1.97 -0.57 1.40 15.10 -0.35
15.00 1.96 -0.61 1.35 16.00 -0.33
15.90 - 1.95 -0.64 1.31 16.70 -0.35
16.50 1.95 -0.85 1.10 17.60 -0.41
17.30 1.94 -1.10 0.84 18.20 -0.35
19.30 1.92 -1.07 0.84 19.10 -0.35
20.80 1.90 -0.62 1.29 20.70 -0.35
22.30 1.89 -0.65 1.24 22.20 -0.32
24.10 1.87 -1.03 0.84 23.70 -0.28
25.80 1.85 -0.39 1.46 25.20 -0.29
0.23 2.1 -2.28 -0.17 0.29 0.00
0.53 2.10 -0.58 1.93 0.59 0.00
0.84 2.10 -0.93 1.17 0.90 0.00
1.20 2.10 -0.35 1.75 1.26 0.00
1.51 2.09 -0.37 1.72 1.57 0.00
1.81 2.09 -0.35 1.74 1.87 0.00
2.12 2.09 -0.31 1.78 2.18 0.00
252 2.08 -0.33 1.795 2.58 0.00
2.76 2.08 -0.30 1.78 2.82 0.00
3.06 2.08 -0.30 - 1.78 3.12 0.00
3.37 2.07 -0.31 1.76 3.43 0.00
2.07 -0.31 1.76 3.73 0.00

3.67

86




Table 4. cont.

Gravitational Water Total Osmotic
Borehole Depth potential potential potential Depth Potential
number {m) (MPa) (MPa) {MPa) {m) {(MPa)
4.04 2.07 -0.38 1.69 4.10 0.00
4.31 2.07 -0.36 1.70 4.37 0.00
4.62 2.06 -0.41 1.66 4.68 0.00
4.89 2.06 -0.38 1.68 4.95 0.00
5.35 2.06 -0.45 1.60 5.41 0.00
5.87 2.05 -061 1.44 5.93 -0.03
6.17 2.05 -0.33 1.72 6.23 0.00
6.48 2.04 -0.40 1.64 6.54 0.00
7.03 2.04 -0.88 1.16 7.03 0.00
7.70 2.03 -0.64 1.39 7.09 0.00
8.15 2.03 -0.62 1.40 7.76 0.00
8.67 2.02 -0.54 1.48 8.15 0.00
¥YM35 9.10 2.02 -0.81 1.21 8.21 -0.02
9.71 2.01 -1.60 0.41 8.67 -0.02
10.30 2.01 -1.80 0.10 9.10 -0.12
10.70 2.00 -2.72 -0.72 9.68 0.00
11.30 2.00 -2.44 -0.45 11.32 -0.66
11.80 1.99 -2.84 -0.85 14.31 -0.64
12.20 1.99 -4.11 -2.12 17.42 -0.63
12.80 1.98 -5.04 -3.06 20.47 -0.66
13.30 1.98 -4.80 -282
14.20 1.97 -458 -2.62
15.80 1.95 -4.65 -2.70
16.50 1.95 -5.00 -3.05
14.90 1.96 -5.41 -3.45
17.40 1.94 -4.89 -2.95
18.00 1.93 -4.89 -295
18.90 1.92 -454 -2.62
19.40 1.92 -4.68 -2.76
20.40 1.91 -432 -2.41
0.23 2.1 -11.50 -9.42 0.59 -1.00
0.53 2.10 -9.79 -7.68 1.05 -0.85
0.99 2.10 -9.52 -7.42 1.36 -0.84
1.30 2.10 -7.77 -5.68 1.66 -0.79
1.60 2.09 -6.92 -4.82 1.97 -0.88
1.91 2.09 -7.69 -5.60 2.27 -0.85
2.21 2.09 -6.22 -4.13 2.58 -0.85
2.85 2.08 -7.41 -5.33 3.22 -0.78
3.15 2.08 -7.16 -5.09 3.52 -0.74
3.46 2.07 -7.14 -5.07 3.83 -061
3.76 2.07 -7.79 -5.72 413 -0.74
4.07 2.07 -8.90 -6.684 4.47 -0.42
4.40 2.06 -7.49 -5.42 477 -0.73
4.71 2.06 -7.78 -5.72 5.07 -0.64
5.01 2.06 -7.65 -5.59 5.47 -0.68
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Table 4. cont.

Gravitational Watar Total Osmaotic
Borehole Depth potential potential potential " Depth Potential
number {m) {MPa) (MPa) (MPa) {m) (MPa)
5.96 2.05 -8.41 -6.36 - 6.32 -0.65
6.26 2.05 -7.82 -5.77 6.63 -0.64
6.57 2.04 -6.56 =452 8.21 -0.61
6.87 2.04 -6.73 -4.68 9.86 -0.60
7.24 2.04 -6.66 -4.62 11.30 -0.43
7.64 2.03 -6.61 -458 12.80 -063
8.15 2.03 -6.35 -4.33 14.50 =071
8.61 2.02 -6.18 -4.16 16.10 -063
9.19 2.02 -6.95 -493 17.60 -0.67
9.80 2.01 -7.74 -5.73 20.90 -0.67
10.30 2.01 -6.69 -4.68 23.80 -0.69
10.70 2.00 -6.35 -4.35 26.90 -0.66
11.20 2.00 -6.26 -4.26 30.00 -0.75
11.90 1.99 -5.81 -3.81
12.30 1.99 -6.06 -4.07
12.80 1.98 -6.08 -4.10
YM36 13.20 1.98 -5.83 -3.85
: 13.70 1.97 -5.81 -3.83
14.50 1.97 =5.76 -3.79
15.40 1.6 -5.74 -3.79
16.00 1.95 -5.70 -3.75
17.00 1.94 -5.59 -3.64
17.60 1.94 =5.74 -3.81
18.50 1.93 -5.18 -3.25
19.10 1.92 -5.40 -3.48
19.90 1.91 -5.41 -3.49
20.80 1.90 -490 - -299
22.10 1.89 -5.52 -363
23.50 1.88 -5.12 -3.24
25.30 1.86 -4.90 -3.04
26.80 1.85 -4.88 -3.03
29.90 1.81 -5.27 -3.46
0.04 2.11 -6.30 -4.20 0.08 0.00
0.19 2.1 -6.46 -4.35 0.24 -0.02
0.34 2.11 -4.52 -2.41 0.39 -0.01
0.50 2.1 -452 -2.41 0.54 -0.01
0.92 212 -5.23 -3.12 0.97 0.00
1.07 2.12 -6.51 -4.39 1.33 0.00
1.38 212 -5.34 - =3.21 1.94 0.00
1.68 2.12 -5.05 . -293 2.25 0.00
1.99 213 -5.53 -3.40 2.55 0.00
2.84 2.14 -4.96 -2.82 2.89 0.00
3.15 2.14 -3.44 -1.30 3.19 . 0.00
3.45 2.14 -4.01 -1.87 3.50 0.00
3.76 2.14 -3.79 -1.65 3.80 . 0.00
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Table 4. cont.

Gravitational Water Total Osmotic
Borshole Depth potential potential potential Depth Potential
_number {(m) {MPa) (MPa) (MPa) {m) (MPa)
4.03 2.15 -3.87 -1.72 4.08 0.00
4.40 2.15 -3.24 -1.09 4.44 0.00
4.70 2.15 -3.32 -1.17 4.75 0.00
5.01 2.16 -3.16 -1.00 5.05 0.00
5.31 2.16 -3.62 -1.46 5.36 0.00
5.59 2.16 -3.67 -151 563 0.00
5.95 217 =2.61 -0.45 6.00 0.00
6.26 217 -261. -0.44 6.30 0.00
6.96 2.18 -2.44 -0.26 7.00 0.00
7.51 2.18 -2.39 -0.20 7.55 0.00
8.12 2.19 -2.29 -0.10 8.16 0.00
YM41 8.73 2.19 - -2.10 0.09 9.62 0.00
9.58 2.20 -2.37 -0.17 11.18 0.00
10.31 2.21 -2.50 -0.30 12.73 -0.04
11.13 2.22 -2.09 0.13 14.29 -0.09
11.86 222 -256 -0.34 15.84 -0.08
12.69 2.23 -2.41 -0.18 17.40 -0.03
13.39 - 2.24 -2.30 -0.06 20.60 -0.02
14.24 2.25 -2.32 -0.07
14.94 2.25 -1.86 0.40
15.77 2.26 -2.27 -0.01
16.47 2.27 -1.28 0.99
17.35 2.28 -1.41 0.87
18.59 2.29 -1.79 0.54
19.21 2.30 =1.12 1.17
20.46 231 -1.23 1.08
22.01 2.32 -1.65 0.68
24.88 2.35 -1.21 1.14
0.04 2.1 =11.10 -8.98 0.08 -0.01
. 0.19 2.11 -9.76 -7.65 0.24 -0.02
0.34 2.10 -11.90 -9.78 0.39 -0.58
0.50 2.10 -12.20 -10.10 0.54 -222
0.65 2.10 -11.10 -8.97 0.69 -2.09
0.80 2.10 -10.40 -8.26 0.85 -1.80
1.23 2.10 -9.94 -13.20 1.27 -1.18
1.53 2.09 -9.72 -7.63 1.58 -0.96
1.84 2.09 -7.23 -5.14 1.88 -0.92
2.14 2.09 -6.12 -4.04 2.19 -0.86
2.39 2.08 -6.81 -4.73 2.43 -0.97
2.78 2.08 ¢ -5.71 -363 2.83 -0.85
3.09 2.08 -5.53 -3.46 313 -0.84
3.39 2.07 -5.58 -3.50 3.44 -0.80
3.70 2.07 -5.36 -3.29 3.74 -0.80
4.00 2.07 -5.77 -3.70 4.05 -0.81
4.34 2.07 -5.21 -3.14 4.38 -077
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Table 4. cont.

Watér

Gravitational Total Osmotic
Borehole Depth potential potential potential Depth Potential
number {(m) (MPa) (MPa) (MPa) {m) (MPa)
4.64 2.06 -5.12 -3.06 4.69 -0.75
4.95 2.06 -498 -2.92 4.99 -0.76
5.25 2.06 -4.96 -2.90 5.30 -0.74
5.56 2.05 -4.81 -2.75 5.60 -0.38
5.89 2.05 -461 -2.56 5.94 -0.83
6.20 2.05 -5.61 -3.56 6.24 -1.30
6.81 2.04 -5.09 -3.05 6.85 -0.58
7.45 2.03 -4.28 -2.25 8.10 -0.60
YM43 8.05 2.03 -3.70 -1.67 9.04 -0.57
8.66 2.02 -3.21 -1.19 10.60 -0.54
9.52 2.01 -2.43 -0.41 12.20 -0.54
10.20 2.01 -3.31 -1.30 13.70 -0.48
11.10 2.00 -3.94 -1.94 14.00 -0.45
11.80 1.99 -427 -2.28 17.20 -0.42
12.60 1.98 -3.11 -1.13 20.30 -0.40
13.60 1.97 -452 -2.55
14.20 1.97 -3.87 -1.90
14.90 1.96 -4.57 -2561
15.70 1.95 -3.21 -1.26
17.30 1.94 -4.02 -2.09
18.80 1.92 -3.44 -152
20.40 1.91 -3.34 -1.43
22.00 1.89 -3.00 -1.10
23.50 1.88 -4.30 -2.43
0.27 2.1 -5.32 -3.22 0.22 -0.01
0.57 2.10 -7.15 -5.05 0.53 0.00
0.97 2.10 -8.35 -6.25 0.92 0.00
1.36 2.09 -7.07 -4.97 1.32 0.00
1.67 2.09 -6.32 -422 1.62 0.00
1.97 2.09 -5.19 -3.10 1.93 0.00
2.28 2.09 -5.15 -3.06 2.23 0.00
2.92 2.08 -3.84 -1.76 2.87 0.00
3.22 2.08 -3.41 =1.34 3.18 0.00
3.53 2.07 -3.54 -1.46 3.48 0.00
3.83 2.07 -355 -1.48 3.79 -0.01
4.14 2.07 -4.22 -2.15 4.09 -0.01
4.47 2.06 -3.45 -1.38 4.43 0.00
4.84 2.06 -2.377 -0.71 4.79 0.00
5.14 2.06 -2.98 -0.93 510 0.00
5.45 2.05 -2.88 -0.83 5.71 0.00
6.03 2.05 -2.07 -0.02 5.98 0.00
6.68 2.04 -265 -0.61 6.62 -0.01
¥MS4 8.04 2.03 -2.63 -0.62 7.99 0.00
8.79 2.02 -2.77 -0.75 8.74 -0.01
9.65 2.01 -2.01 0.00 9.61 0.00
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Table 4. cont.

Gravitational Water Total Osmotic
Borshole Depth potential potential potential Depth Potential -

number {m) {MPa) {MPa) (MPa) {m) {MPa)
10.40 2.01 -259 -0.59 10.40 0.00
11.20 2.00 -2.24 -0.24 11.20 0.00
12.00 1.99 -2.49 -0.50 11.90 0.00
12.80 1.98 -2.35 -0.36 12.70 -0.06
14.20 1.97 -1.42 0.55 . 14.20 -0.04
15.90 1.95 -1.03 0.93 15.80 -0.03
17.30 1.94 -1.01 0.93 17.30 -0.05
22.80 1.88 -0.46 1.42 22.00 -0.02
0.27 2.1 -4.87 -2.77 0.22 -0.33
057 2.10 -7.15 -5.05 0.53 -0.89
1.33 2.09 -6.89 -4.79 1.29 -1.01
1.61 2.09 -7.76 -5.67 1.56 -0.93
1.94 2.09 -6.68 -4.60 1.90 -0.93
2.25 2.09 -7.88 -5.79 2.20 -0.42
2.89 2.08 -6.13 -4.05 2.84 -0.93
3.19 2.08 -6.15 -4.08 3.15 -0.86
3.50 2.07 -6.90 -4.82 3.45 -0.90
3.80 2.07 -6.51 -4.44 3.76 -0.86
4.12 2.07 -9.41 -7.34 4.06 -0.93
4.63 2.06 -7.01 -4.95 4.58 -0.86
4.93 2.06 -6.86 -4.80 4.88 -0.97
5.24 2.06 -5.82 -3.76 5.19 -1.15
6.00 2.05 -5.58 -353 5.95 -1.38
6.30 2.05 -6.11 -4.07 6.26 -0.22
6.61 2.04 -6.16 -4.11 6.56 -0.21
6.91 2.04 -5.74 -3.70 6.87 -0.68
717 2.04 -7.65 -5.61 6.96 -0.66
7.55 2.03 -5.70 -3.66 7.51 -0.81
¥YMS59 7.95 2.03 -5.72 -3.69 7.90 -0.73
8.25 2.03 -6.11 -4.08 8.21 -0.88
9.81 2.01 -5.67 -3.65 9.76 -0.49
11.20 2.00 -557 -3.57 11.10 -0.31
11.90 1.99 -5.93 -394 11.80 -0.66
12.70 1.98 -5.47 -3.49 12.70 -0.88
14.30 1.97 -5.35 -3.38 14.20 -0.66
15.80 1.95 -5.47 -352 15.80 -0.56
17.40 1.94 -491 -297 17.40 -1.04
19.00 1.92 -5.18 -3.26 18.90 -0.44
20.50 1.91 -4.86 -295 20.50 -0.61
22.10 1.89 -5.08 -3.19 22.00 -0.60
23.60 1.88 -4.93 -3.06 23.60 -0.83
25.30 1.86 -493 -3.07 25.20 -0.88
0.00 26.70 -0.81
0.05 2.11 -43.61 -41.50 0.10 0.00
0.21 2.1 -8.04 -5.93 0.28 -0.54
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Table 4. cont.

Gravitational Water Total Osmotic
Borehole Depth potential potential potential Depth Potential

number {m) (MPa) (MPa) (MPa) {m) (MPa)
0.36 2.11 -7.47 -5.35 0.43 -0.79

0.51 2.1 -7.62 -5.51 0.59 -0.90

0.66 2.11 -7.23 -5.12 0.74 -0.84

0.82 2.12 -6.07 -3.95 0.89 -0.80

0.97 2.12 -5.61 -3.49 1.04 -0.76

1.12 212 -5.39 -3.27 1.20 -0.69

1.43 2.12 -477 -2.65 1.50 -0.69

2.04 2.13 -464 -2.51 1.81 -0.62

YM66 2.68 213 =517 -3.03 2.1 -0.61
: 2.98 2.14 -4.64 -2.50 2.75 -0.54
1.73 2.12 -453 -2.41 3.03 -0.58

4.54 2.15 -3.69 -1.54 4.61 -0.49

5.45 2.16 -3.62 -1.46 5.52 -0.46

6.44 2.17 -4.13 -1.96 6.47 -0.43

7.14 2.18 -4.15 -1.97 7.20 -0.47

7.99 2.189 -3.91 -1.72 7.93 -0.435

8.76 2.19 -5.24 -3.05 8.71 -0.43

9.24 2.20 -3.78 -1.58 9.18 -0.45

9.76 2.20 -3.64 -1.43 9.72 -0.51

11.08 222 -3.75 -153 11.04 -0.40

1263 2.23 -3.47 -1.24 12.60 -0.40

0.10 2.11 -5.04 -2.93 0.02 0.00

0.25 2.11 -767 -5.56 0.18 0.00

0.40 2.11 -7.48 -5.37 0.33 0.00

0.56 2.1 -8.34 -6.23 0.48 0.00

0.71 2.11 -7.59 -5.48 0.63 0.00

0.86 2.12 -7.94 -5.82 0.78 0.00

1.17 2.12 -545 -3.33 0.94 -0.10

1.47 2.12 -3.97 -1.85 1.12 -0.06

1.78 213 -3.95 -1.82 1.42 -0.36

2.08 2.13 -3.92 -1.79 1.73 -0.44

2.72 2.13 =279 -062 2.34 -0.53

YM70 3.03 2.14 -2.71 -0.57 2.67 -0.55
3.33 2.14 -2.82 -0.68 2.98 -0.50

3.64 2.14 -3.26 =112 3.28 =0.41

3.94 2.15 -3.12 -0.97 3.59 -0.42

4.28 2.15 -293 -0.78 3.89 -0.42

4.58 2.15 -3.17 -1.01 4.84 -0.44

5.19 2.16 -3.59 -1.43 5.14 -0.60

5.83 2.16 -4.10 -1.94 5.60 -0.43

6.74 217 -352 -1.34 6.85 -0.42

7.69 2.18 -352 -1.34 7.83 -0.43

8.60 2.19 -4.43 -2.23 8.53 -0.46

9.55 2.20 -3.55 -1.34 9.47 -0.42

0.10 2.11 -5.19 -3.08 0.02 0.00
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Table 4. cont.

v Gravitational wWater Total Osmotic
Borahola Depth potential potential potential Depth Potential
number {m) (MPa) (MPa) - (MPa) {(m) (MPa)

0.25 2.11 -8.29 -6.18 0.18 0.00

0.40 2.11 - -935 -7.24 0.33 0.00

0.56 2.11 -8.99 -6.87 0.48 0.00

0.71 2.11 -9.24 -7.12 0.63 0.00

¥M71 0.86 2.12 -950 -739 0.78 -0.02

1.17 2.12 -6.02 -3.90 1.12 -0.02

1.47 2.12 -5.65 -352 1.42 -0.09

1.78 2.13 -6.85 -4.72 1.73 -0.16

2.08 2.13 -569 -356 2.03 -0.28

2.39 2.13 -5.12 -299 2.34 -0.28

’ ' : 2.64 -0.30

2.95 -0.40

3.25 -0.45

3.56 -055

3.86 -057

4.20 -0.55

450 -0.43

496 -0.29

5.75 -0.26

6.67 -0.29

8.07 -0.16

8.7t -0.21

9.32 -0.22

0.10 2.11 -5.20 -32.09 0.02 0.00

0.25 2.11 -6.81 - =470 0.18 0.00

0.40 2.10 - -7.02 -4.92 0.33 0.00

0.56 2.10 -6.19 -4.08 0.48 0.00

0.71 2.10 -6.14 . -4.04 0.63 0.00

0.86 210 -5.20 -3.10 0.79 -0.04

1.01 2.10 -497 -287 0.94 -0.16

1.20 2.10 -267 -0.58 1.12 -0.26
1.50 2.09 -3.16 -1.07 1.42 -0.39 )

S 1.81 2.09 1 =366 -1.57 1.73 --053

2.11 2.09 -376 -167 2.03 -056

2.42 2.08 -3.88 -1.80 2.34 -0.54

2.75 2.08 - -289 -0.81 2.67 -0.37

3.06 2.08 -3.04 . -0.96 2.98 -0.32

YM72 3.36 2.07 -3.09 -1.02 . 3.28 -0.30

3.67 2.07 v -337 -1.30 3.59 -028

3.97 2.07 -~ =299 -092 3.89 -0.30

4.27 2.07 -2.91 -0.85 484 - -027

461 2.06 -352 =146 5.14 -0.27

5.07 2.06 -3.97 -1.91 5.60 -0.27

6.01 2.05 -32.96 -1.92 6.85 - -0.25

6.93 2.04 -422 -2.18 - 7.83 -0.21
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Table 4. cont.

Osmotic

Gravitational ~ Water Total

Borshole Depth . potential potential potential Depth Potential
number {m) {MPa) {MPa) (MPa) {m) (MPa)

7.90 2.03 -451 -2.48 8.91 -0.17 .
0.10 2.11 -497 -2.86 0.02 0.00
0.25 2.11 -5.74 -3.63 0.18 -0.01
0.41 2.10 -6.21 -4.10 0.33 0.00
0.56 2.10 -6.31 -4.21 0.48 0.00
0.71 2.10 -6.10 -4.00 063 -0.07

0.86 2.10 -5.69 -3.79 -0.79 -0.44 -
1.02 2.10 -6.15 -4.06 0.94 -0.91
1.20 2.10 -452 -2.43 1.12 -0.98
1.50 2.09 -4.14 - =2.04 1.42 -0.93
1.78 2.09 -459 -2.50 1.73 -0.90
2.11 2.09 =3.82 -1.73 2.03 -0.72
2.75 2.08. =3.11 -1.03 2.67 -0.40
¥YM73 3.06 2.08 -3.36 -1.29 2.98 -0.37
3.36 2.07 -4.07 -2.00 3.28 ~-0.38
3.67 2.07 -3.70 -1.62 3.59 -0.37
3.97 2.07 -3.59 -1.52 3.89 -0.39
4.31 2.07 -3.00 -0.93 4.23 -0.40
461 2.06 -3.60 -1.54 453 =0.40
5.22 2.06 -353 -1.47 5.14 -0.43
6.17 2.05 -3.54 -1.50 6.09 -0.39
6.93 2.04 -3.68 -1.64 6.85 -0.36
7.84 2.03 -4.11 -2.08 7.80 - -0.32
8.76 2.02 =393 -1.91 8.70 -0.32
9.58 2.01 -4.05 -2.03 9.50 -0.33
0.10 2.11 -10.43 -8.33 0.02 0.00
0.25 2.11 -9.47 -7.36 0.18 0.00
0.40 2.11 -9.29 =717 0.33 0.00
0.56 2.1 -8.69 -6.58 0.48 0.00
0.71 2.1 -8.95 -6.84 - 0.63 0.00
0.86 2.12 -9.29 -7.17 0.78 0.00
1.23 2.12 -7.15 -5.03 1.15 -0.40
1.53 2.12 -6.31 -4.19 1.46 -0.55
1.84 2.13 -6.12 -3.99 1.76 -0.66
2.14 2.13 -5.57 -3.44 2.07 -0.65
2.45 2.13 -6.17 =404 2.37 -0.50
YM74 2.78 2.14 -3.44 -1.31 271 -0.35
3.09 2.14 -3.45 - -1.31 3.01 -0.31
3.39 2.14 -3.56 -1.42 3.62 - =0.40
3.70 2.14 -2.96 -0.61 3.92 -0.37
4.00 2.15 -4.88 =274 5.17 -0.25
418 2.15 -3.20 -1.05 6.12 -0.25
5.10 2.16 -3.63 -1.47 7.03 -0.21
6.20 217 -2.87 -0.70 7.67 -0.21
2.18 -3.69 -152 8.50 -0.21
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Table 4. cont.

Gravitational Water Total Osmotic
Borehole Depth potential potential potential Depth Potential
number {m) {MPa) (MPa) {MPa) (m) (MPa)
7.75 2.18 -3.52 -1.34 9.69 -0.20
8.66 2.19 -4.35 -2.16
9.76 2.20 -3.68 -1.48
0.10 2.11 -9.47 -7.36 0.02 0.00
0.25 2.1 -8.73 -6.62 0.18 0.00
0.40 2.11 -9.35 -7.24 0.33 0.00
0.56 2.11 -8.41 -6.29 0.48 0.00
0.71 2.11 -8.41 -6.29 0.63 0.00
0.86 2.12 -8.85 -6.73 0.78 0.00
1.14 2.12 -5.10 -2.98 1.36 -0.51
1.44 2.12 -6.97 -4.85 1.67 -0.62
1.74 2.12 -4.18 -2.06 1.97 -0.42
2.05 213 -3.86 -1.73 261 -0.44
2.69 2.13 -2.02 0.12 2.92 -0.31
¥YM?73 2.99 2.14 -2.15 -0.01 3.22 -0.45
3.30 2.14 -253 -0.39 3.53 -0.48
3.60 2.14 -2.37 -0.22 417 -0.61
4.24 2.15 -2.48 -0.33 4.47 -0.60
4.55 2.15 -2.94 -0.79 5.39 -0.51
5.46 2.16 -3.06 -0.89 6.33 -053
6.41 217 -3.58 -1.41 7.08 -0.52
7.19 2.18 -5.94 -3.76 7.58 -0.53
7.66 2.18 -5.01 -2.83 8.68 -0.39
8.76 2.19 -4.79 -2.59 9.29 -0.36
9.36 2.20 -6.14 -394 9.62 -0.37
10.01 2.21 -5.69 -3.48
0.10 2.1 -5.21 -3.10 0.02 0.00
0.25 2.1 -4.97 -2.86 0.18 0.00
0.40 2.1 -5.72 =361 0.33 0.00
0.56 2.11 -6.97 -4.86 0.48 0.00
0.71 2.11 -5.72 -3.60 0.63 0.00
0.86 212 -6.39 -4.27 0.78 0.00
1.01 2.12 -8.22 -6.10 0.94 0.00
1.20 2.12 -5.92 -3.80 1.12 0.00
1.50 2.12 -6.50 -4.38 1.42 0.00
1.81 213 -6.04 -302 1.73 -0.05
2.11 213 -3.44 -1.31 2.03 -0.40
2.40 2.13 -3.24 -1.11 2.34 -0.38
YM76 2.75 2.13 -2.10 0.04 2.71 -0.36
3.06 2.14 -2.13 0.01 3.01 -0.36
3.15 2.14 -1.95 0.19 3.31 -0.46
3.36 2.14 -2.03 0.1 4.23 -0.48
4.31 2.15 -1.97 0.18 499 -0.37
5.68 2.16 -4.55 -2.39 6.55 -0.43
6.62 217 -390 -1.73 7.98 -0.35
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Table 4. cont.

Gravitational Water Total Osmotic
Borshole Depth potential potential potential Depth Potantial
number {(m) (MPa) (MPa) (MPa) {(m) {MPa)
8.05 2.19 -3.88 -1.69 8.74 -0.36
8.82 2.19 -5.60 -3.41 9.50 -0.26
9.58 2.20 -4.00 -1.79 10.29 -0.30
9.73 2.20 -3.17 -0.96
10.37 2.21 -4.93 -272 .
0.25 2.11 -6.08 -3.97 0.18 0.00
0.40 2.11 -6.68 -457 0.33 0.00
0.56 2.11 -6.14 -4.02 0.48 0.00
0.71 2.1 -6.08 -3.96 0.63 -0.07
0.86 212 -7.24 -5.12 0.78 -0.11
1.20 212 -35.56 -3.44 1.12 -0.17
1.50 2.12 -4.15 -2.03 1.42 -0.23
1.81 213 -3.57 -1.44 1.73 -0.34
2.1 2.13 -2.89 -0.76 2.03 -0.45
2.42 213 -2.81 -0.67 2.34 -0.59
2.75 213 -2.10 0.03 2.67 -0.54
3.97 2.15 -3.13 -0.98 2.98 -0.46
YM77 3.06 2.14 -2.38 -0.25 3.28 -0.42
3.36 2.14 -2.66 ' -0.52 3.59 -0.39
3.67 2.14 -293 -0.79 3.89 -0.37
4.31 2.15 -3.49 -1.34 4.23 -0.32
5.59 2.16 -5.62 -3.46 5.51 -0.27
6.47 217 -5.17 -3.00 6.39 -0.23
7.26 2.18 -6.08 -3.90 7.19 -0.27
8.02 2.19 -5.07 -2.88 7.95 -0.26
8.97 2.20 -3.75 -1.56 8.89 -0.26
0.10 2.11 -11.33 =022 0.18 -0.07
0.25 2.1 -9.48 -7.37 0.33 0.00
0.40 2.1 -90.56 -7.45 0.48 0.00
0.56 2.1 -9.90 -7.78 0.63 -0.03
0.71 2.1 -6.90 -4.79 0.78 -0.03
0.86 2.12 -7.28 -5.16 0.94 -0.04
1.01 212 -8.23 -6.12 1.12 -0.06
1.20 212 -5.91 -3.79 1.42 -0.10
1.50 2.12 -4.78 -265 1.73 -0.11
1.81 2.13 -4.23 -2.10 2.03 -0.18
2.11 2.13 -2.19 -0.06 2.34 -0.26
2.42 2.13 -1.44 0.69 2.67 -0.26
YM78 2.75 213 -1.47 0.66 2.98 -0.20
3.06 2.14 -2.01 0.13 3.28 -0.21
3.36 2.14 -2.17 -0.03 3.59 -0.23
3.67 2.14 -1.68 0.26 3.89 -0.25
3.97 2.15 -2.08 0.07 4.23 -0.31
4.31 2.15 -1.81 0.34 453 -0.30
461 2.15 -1.83 0.32 5.14 -0.29
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Table 4. cont.

Water

Gravitational Total Osmotic
Borehola Dapth potential potential potential Depth Potential
number (m) {MPa) (MPa) (MPa) {m) {MPa)
) 4.91 - 2.16 - =3.19 -1.03 5.45 -0.28
5.22 2.16 -2.19 -0.03 6.39 -0.32
5.52 2.16 -2.23 -0.06 . 6.70 -0.27
6.47 217 -2.51 -0.34 7.95 -0.27
6.77 217 -2.62 -0.45
0.10 2.1 -7.98 -5.87 0.02 0.00
0.25 2.11 -6.99 -4.88 0.18 0.00
0.40 2.1 -6.88 -4.77 0.33 0.00
0.56 2.11 -6.92 -4.81 0.48 0.00
0.71 2.1 -7.35 -5.23 0.63 0.00
0.86 2.12 -5.98 -3.86 0.78 0.00
1.01 2.12 -7.16 -5.04 0.94 0.00
1.36 2.12 ~7.67 -5.55 1.24 0.00
1.62 2.12 -3.67 -1.54 1.55 0.00
3.03 2.14 -2.08 0.05 2.64 -0.40
3.33 2.14 -2.82 -0.67 2.95 -0.29
3.64 2.14 -3.66 -1.52 3.25 -0.21
2.72 213 -2.51 -0.37 3.56 -0.42
- ¥YM80 3.94 2.15 -3.05 -0.90 3.86 -0.40
4.28 2.15 -2.61 -0.46 4.20 -0.46
4.58 2.15 -2.64 -0.49 4,50 -0.39
5.49 2.16 -3.21 - -1.04 5.42 -0.34
6.44 217 -296 -0.79 6.36 -0.38
7.38 2.18 -3.91 -1.73 7.31 -0.32
8.30 2.19 -3.81 -1.62 8.22 -0.28
9.24 2.20 -3.03 -0.83 917 -0.30
10.16 2.21 -4.43 -222 10.08 -0.28
0.10 2.11 -10.20 -8.05 0.02 0.00
0.25 2.1 -9.27 -7.16 0.18 0.00
0.40 2.10 -9.66 -7.56 0.33 0.00
0.56 2.10 -9.74 -7.64 0.48 0.00
0.71 2:.10 -8.63 -6.53 0.63 0.00
0.86 2.10 -8.31 -6.21 0.79 -0.03
1.20 2.10 -8.28 -6.18 1.12 -0.09
¥M81 1.50 2.09 -7.45 -5.35 1.42 -0.19
2.75 2.08 -3.16 -1.08 2.67 -0.66
3.06 2.08 -299 -0.91 2.98 -0.63
4.31 2.07 -254 -0.47 4.23 -0.82
461 2.06 -2.24 -0.18 453 -0.57
6.45 2.04 -2.40 -1.36 6.38 -0.31
8.27 2.03 -3.04 -1.01 8.19 -0.25
9.43 - 2.02 -4.69 -2.68 9.35 -0.23
9.70 2.01 -3.50. -1.49 -
0.27 2.11 -8.83 -6.73 0.22 -0.02
0.57 210 -9.21 -7.11 -0.98
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Table 4. cont.

Gravitational Water Total Osmotic
Borehole Depth potential potantial potential Depth Potential

number {m) (MPa) (MPa) (MPa) (m) {MPa)
0.69 2.10 -10.60 -8.93 0.66 -1.61
1.35 2.09 -6.81 -4.72 1.32 -1.14
1.67 2.09 -6.21 . =411 1.62 -1.04
1.98 2.09 -5.32 -3.23 1.93 -0.95
2.28 2.09 -5.01 -292 2.23 -0.97
261 2.08 -6.52 -4.43 2.54 -0.88
292 2.08 -4.83 -2.75 2.87 -0.87
3.22 2.08 -5.01 -293 3.18 -0.81
3.53 2.07 -4.78 -2.71 3.48 -0.82
3.83 2.07 -481 -2.74 3.79 -0.81
YMB84 4.16 2.07 -5.74 -3.67 410 -0.83
4.47 2.06 -4.12 -2.06 4.43 -1.00
4.78 2.06 -4.23 -2.17 4.73 -0.80
5.08 - 2.06 =434 -2.29 5.04 -0.77
5.39 2.06 -5.09 -3.03 5.34 -0.78
5.72 2.05 -4.72 -2.66 5.65 -0.77
6.03 2.05 -5.76 =371 5.95 -0.78
7.22 2.04 -4.05 -2.01 7.14 -0.71
8.19 2.03 -3.52 -1.49 8.15 -0.68
9.14 2.02 -4.01 -1.99 9.09 -0.66
10.10 2.01 -4.16 -2.15 10.00 -061
11.20 2.00 -4.05 -2.05 11.20 -0.58
12.70 -0.57

0.27 2.1 -7.86 -5.75 0.22 0.00
0.57 2.1 -9.04 -6.92 0.53 0.00
0.98 2.12 -9.68 -7.56 0.83 -0.02
1.36 212 -6.93 -481 1.32 0.00
1.67 2.12 -6.80 -4.67 1.62 0.00
1.97 2.13 -6.08 -3.95 1.93 0.00
2.28 213 -5.09 -2.96 2.23 0.00
2.61 2.13 -7.55 -5.42 2.55 0.00
292 2.14 -420 -2.07 2.87 0.00
3.22 2.14 -4.20 -2.06 3.18 0.00
3.53 2.14 -4.65 -2.50 3.48 0.00
3.83 2.15 -3.15 -1.00 3.79 0.00
4.47 2.15 -3.10 -0.94 4.49 0.00
4.78 2.15 -3.19 -1.04 4.79 0.00
YM85 5.08 2.16 -3.31 -1.15 5.10 0.00
5.39 2.16 -355 -1.38 5.40 0.00
6.03 217 -3.42 -1.25 5.98 0.00
6.94 2.18 -3.22 -1.04 6.90 -0.02
8.10 2.19 -3.17 -0.98 8.05 -0.03
8.83 2.19 -3.62 -1.43 8.79 -0.04
9.65 2.20 -3.44 -1.24 961 -0.11
10.39 2.21 -2.82 -061 10.34 -0.11
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Table 4. cont.

Gravitational Water Total Osmotic
Borehole Depth potential potential potential Dapth Potential
number {m) (MPa) (MPa) (MPa) (m) (MPa)
11.21 2.22 -2.66 -0.44 11.16 -0.09
11.94 2.22 -2.85 -0.63 11.89 -0.08
12.79 2.23 -4.29 -2.05 14.27 -0.06
1432 2.25 -195 0.30 15.83 -0.04
15.87 2.26 -1.08 1.18
0.27 2.11 -8.10 -5.99 0.22 0.00
0.57 2.10 -8.85 -6.75 0.53 -0.03
1.03 2.10 -9.51 -7.41 0.98 0.00
1.39 2.09 -6.71 -4.61 1.35 0.00
1.70 2.09 -6.16 -4.07 1.65 0.00
2.00 2.09 -5.88 -3.79 1.96 0.00
2.31 2.09 -6.21 -4.13 2.26 0.00
2.95 2.08 -5.64 -3.56 2.90 0.00
3.25 2.08 -5.42 -3.35 3.21 0.00
3.56 2.07 -5.29 -3.22 3.51 0.00
3.86 2.07 -5.36 -3.29 3.82 0.00
4.11 2.07 -5.94 -3.87 4.06 0.00
4.50 2.06 -4.39 -2.33 4.46 0.00
4.81 2.06 -4.00 -183 476 0.00
5.1 2.06 -3.75 -1.69 5.07 0.00
5.42 2.05 -3.90 -1.84 5.37 0.00
5.75 2.05 -6.34 -4.29 5.68 0.00
6.67 2.04 -3.91 -1.87 6.53 0.00
7.30 2.04 -5.00 -2.96 6.63 0.00
8.13 2.03 -3.27 -1.25 8.08 0.00
YME6 8.86 2.02 -4.06 -2.04 8.82 0.00
9.69 2.01 -3.54 -153 9.64 -0.01
10.40 2.01 -4.46 -2.45 10.37 -0.02
11.20 2.00 -3.44 -1.44 11.19 -0.03
11.93 -0.04
12.75 -0.03
1433 -0.02
15.86 -0.03
17.41 -0.05
18.98 -0.02
20.22 -0.02
0.75 2.10 -4.89 -2.79 14.20 -0.02
1.03 2.10 -6.47 -4.38 15.80 -0.03
1.33 2.09 -6.03 -394 17.40 -0.03
1.64 2.09 -5.46 -3.37 18.90 -0.02
1.94 2.09 =5.26 -3.17 20.50 -0.01
2.25 2.09 -4.95 -2.86 21.30 -0.02
2.55 2.08 -8.66 -6.58
2.89 2.08 -3.96 -1.88
3.19 2.08 -451 -2.43
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Table 4. cont.

Gravitational

Water Total Osmotic
Borehole Depth potential potential potential Depth Potential
- number {m) {MPa) (MPa) {MPa) {m) {MPa)
3.50 2.07 -395 -1.88
3.80 2.07 -3.60 -153
4.08 2.07 -482 -276
4.44 2.06 -235 -0.28
4.75 2.06 -2.07 -0.01
5.05 2.06 -1.74 0.32
5.36 2.06 -330 -1.25
5.63 2.05 - -1.70 0.35
6.00 2.05 -292 -0.88
6.55 2.04 -2.30 -0.25
7.25 2.04 =376 -173
8.07 2.03 -255 -052
YMB7 8.80 2.02 -32.39 . -1.37
9.62 2.01 -2.31 -0.30
10.40 “2.01 -266 -065
11.20 2.00 -2.02 -0.02
11.90 1.99 -283 -0.84
12.70 1.98 -1.95 0.03
14.30 1.97 -1.28 0.69
15.80 1.95 -097 0.98
17.40 1.94 -0.76 1.18
19.00 1.92 -1.39 0.53
20.50 1.91 =137 0.53
21.30 - 1.90 -168 0.22
0.27 2.11 -3.03 -0.92 0.22 -0.02
0.57 2.10 -2.90 -0.80 0.53 0.00
1.15 2.10 -2.00 0.10 1.10 0.00
1.46 2.09 -1.30 0.80 1.41 0.00
1.76 2.00 -0.80 1.29 1.71 0.00
2.07 2.09 -0.73 1.35 ©2.02 0.00
2.39 2.08 -0.75 1.33 2.34 -0.04
2.71 2.08 -0.64 1.45 2.66 -0.09
3.01 2.08 -0.63 1.45 2.96 -0.06
3.32 2.08 -0.63 1.44 3.57 -0.10
3.62 2.07 -0.75 1.32 3.89 -0.09
3.92 2.07 -1.11 0.96 4.21 -0.10
4.26 2.07 -0.85 1.21 452 -0.07
4.56 2.06 -0.62 1.45 4.82 -0.03
4.87 2.06 -0.40 1.66 513 0.00
5.17 2.06 -0.54 1.52 577 -0.08
¥YM88 5.81 2.05 -0.59 1.47 6.29 -0.28
6.33 2.05 -1.23 0.82 7.06 -0.32
7.05 2.04 -1.84 0.20 7.84 -053
7.89 2.03 -161 0.43 8.59 -054
8.63 2.02 -2.79 -0.77 9.15 -0.49
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Table 4. cont.

Gravitational Water Total Osmotic
Borehola Depth potential potential potential Depth Potential
number {m) {MPa) (MPa) (MPa) {m) (MPa)
9.20 2.02 -3.32 -1.30 9.73 -0.49
9.78 2.01 -3.06 -1.05 10.90 =-0.53
10.70 2.00 -2.86 -0.85 11.70 -0.60
11.70 1.99 -3.74 -1.75 12.50 -0.54
12.60 1.98 -3.79 -1.81
0.27 2.11 -461 -2.50 0.22 -0.01.
0.57 2.10 - -483 -2.73 0.53 -0.15
0.88 2.10 -4.30 -2.20 0.83 -0.38
1.39 2.09 -1.88 0.22 1.35 -0.28
1.70 2.09 -2.10 0.00 1.65 -0.27
2.00 2.09 -2.34 -0.25 1.96 -0.44
2.31 2.09 -1.96 0.13 2.26 -0.46
2.64 2.08 -2.52 -0.44 2.66 -0.30
2.95 2.08 -2.39 -0.31 2.90 -0.34
3.25 2.08 -2.37 -0.29 3.21 -0.37
3.56 2.07 -1.96 0.12 3.51 -0.40
3.86 2.07 -1.90 0.17 3.82 -0.33
- 4.50 2.06 -1.64 0.42 4.46 -0.26
4.81 2.06 =1.44 0.62 4.76 -0.30
5.11 2.06 -1.52 0.54 5.07 -0.23
5.42 2.05 -153 0.53 5.37 -0.20
5.75 2.05 -2.38 =0.33 5.40 -0.28
¥YM89 6.06 2.05 -1.54 0.51 6.01 -0.17
6.58 2,04 -1.82 0.23 6.53 -0.16
7.28 2.04 -2.58 -0.54 7.23 -0.16
8.16 : 2.03 -1.81 0.22 8.08 -0.16
8.80 - 2.02 -2.21 -0.18 8.76 -0.14
9.69 2.01 -1.92 0.09 9.64 -0.13
10.40 2.01 -2.06 -0.05 10.40 -0.12
11.20 2.00 -1.61 0.39 11.20 -0.12
12.00 1.99 -2.06 -0.06 11.90 -0.11
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however, were sampled after rainfall and had high water potentials near the surface (up to —0.6
MPa, YMY) that decreased sharply at the base of the wetting front (ﬁg: 3¢). Maximum water
potentials measured at the base of the profiiés in Blanca Draw ranged from —6.0 MPa (fig. 3c,
.YMIO) to —0.5 MPa (fig. 3f, YM54). Water potentials in closely spaced profiles were similar.

In the interstream setting, water potentials wére also generally low in the shallow subsurface
and increased with depth (fig. 4, table 3). The lowest water potential was measured in a soil
sample from YM66 (—44 MPa) at 0.16 ft (0.05 m) depth (table 3). Maximum Water potentials
measured at depths = 26 ft (8 m) ranged from -3 to -5 MPa with the exception of YM28, which
~ had maximum water potentials 2 —1 MPa (fig. 4i). The monitoring record for the in situ
psychrometers was ihsufﬁcient to evaluate long-term fluctuations in water potential. A vertical
profile based on data céllecfed on August 13, 1993, showed water potentials as low as -6 MPa at
1 ft (0.3 m) depth, which increased to a maximum value of -2 MPa at 60.7 ft (18.5’m) depth
(fig. 9). Deviations from the typical profiles were found in the fissured sediments and beneath the
~ borrow pit (figs. 5 and 6). The fissured sediments had much higher water potentials in the upper
43 ft (13 m) than fhe sediments adjacent to the ﬁssure (fig. 5). Within the ﬁssure, water potentials
were uniformly high (2 —1 MPa) from 3 to 30 ft (1 to 9 m) depth in profile YM35 and decreased to
-5 MPa from 30 to 43 ft (9 to 13 m) depth (fig. 5c). The general trend in the water potential profile
10 m distant (YM36) Was an ihcrease in water potential from —11.5 MPa near the surface to
-5 MPa at 98-ft (30-m) depth. The relationship betweén water potentials in the other pair of
~ profiles (YM88 and YM59; fig. 5f) in and adjacent to the fissuré wasbsirr‘lilar to that described for
profiles YM35 and YM36. Water potentials were generally greater fhan —0.5 MPa in the borrow
pit, whereas water potentials in the profile drilled 10 m distant from the borrow pit (YM16) ranged

from —5 to 2 MPa below the wetting front (YM16) (fig. 6c).
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Figure 9. Profile of water potentials monitored
by in situ psychrometers on August 13, 1993.
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Hydraulic Conductivity
Permeameter Tests

Results of the K, estimates that neglected the unsaturated effect (equation 10) were analyzed
to determine if soil heterogeneity in the test hole had a greater ef%ect on the calculated hydraulic
conductivities than the three different methods (equations 11, 12, and 16) of evaluating the C
coefficient (table 5). The effect of soil heterogeneity was evaluatect by comparing the Kf; estimates
for the two ponding depths within each test hole. If the soil is hemogenous, these K5 estimates
should be sirrﬁlar. For each test hole, K values based on H; were compared with those based on
H to evaluate the effect of heterogeneity (F heterog) and K, vallfes based on each equation were
compared to evaluate the effect of the different equations (F methed). Analysis of variance showed
that in 73 % of the tests the different methods of calculating the C eoefﬁcient had a greater effect on
the estimated K values than soil heterogeneity. Kfs values baseci on equation 12 (Reynolds and
others, 1983) were 9 to 38% higher than Kst based on equation 11 (Glover, 1953) and K}i values
based on equation 16 (Xiang, 1994a) were 45 to 64% higher than Kg'based on equation 11. The
results based on the new solution (Kfs, equatlon 16) are thought to be the most accurate because
this pressure solution most closely approximates the actual pressure distribution.

The unsaturated effect was also mcluded in the analysis of the permeameter data according to
equation 18 (table 6) Inclusion of the unsaturated effect, Wthh‘ considers some of the water as
capillary flow, generally results in lower Kfs values than when the unsaturated effect is neglected.
Calculated matric flux potentials estimated from equation 18 were fnegative for all three methods of
evaluating the C coefficient (equations 11, 12, and 16; GP2, ;GP4, GP12, GP15, GP21, and
GP26; table 6) when K, values based on equation 10 (which igneres the unsaturated effect) were
gfeater for the larger ponding depth (H3) than for the smaller;J ponding depth (H;) (table 5).
Conversely, calculated Kfs values based on equation 18 were neg%ative when Ky values estimated

from H> were' much less than those from H 1 (GP22, tables 5 afnd 6). Therefore, equation (18)
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Table 5. Calculated field saturated hydraulic conductivity (Kfs) values based on the permeameter data. These values
were calculated using equation 10, which ignores the unsaturated effect.

No

GP1
GP2
GP3
GP4
GP5
GP6
GP7
GP8
GP9
GP10
GP11
GP12
GP13
GP14
GP15
GP16
GP17
GP18
GP19
GP20
GP21
GP22
GP23
GP24
GP25
GP26

Dy
(m)
0.25
04
0.25
0.45
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.3
0.3
03

A

m2)  (m)
0.003509 0.1
0.003509 0.15
0.003509 0.05
0.000215 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
10.003509 0.05
0.000215 0.05
0.003509 0.05
0.000215 0.05 0018 0.1
0.003509 0.05 0.643 0.1
0.000215 0.05 <0.001 0.1
0.003509 0.05 0234 0.1
0.003509 0.05 0339 0.1
0.000215 0.05 0.022 0.1
0.003509 0.05 0.147 0.1
0.003509 0.05 1714 0.1
0.003509 0.05 0.14 0.1
0.003509 0.05 1205 0.1
0.003509 0.05 0468 0.1
0.003509 0.05 0.573 0.1

(m/s) (m)
0.538 0.15
0.143 0.25
0427 0.1
0071 0.1
4386 0.1
5.556 --

0.643 0.15
1439 0.1
4187 0.1
0.819 0.1
055 0.1
0.521 0.1
0.039 0.1
0.585 0.1

(m/s)
0.754
0.394
1.181
0.155
7.018
1.135
2468
5.954
2.193
0.819

0.55
0.072
0.994
0.057
1.462

<0.002
0.526
0.702

0.05
0.374
2936

0.316

2.164
1.082
1.491

H; Q1x10% H; Q2x10° Q/Q1

1.4

- 276
271
2.18
1.6
1.77
1.72
142
2.68
1.49
1.06
1.85
1.7
3.17
227
225
2.07
2217
2.54
1.7
2.26
1.8
231
2.6

K Kp©

(m/s) (m/s) -
9.56E-06 7.73E-06
146E-06 1.91E-06
1.73E-05 2.10E-05
2.86E-06 2.75E-06
1.77E-04 1.25E-04
2.25E-04 -

2.60E-05 1.16E-05

5.82E-05 4.38E-05
1.69E-04 1.06E-04
6.93E-05 5.21E-05
2.22E-05 1.45E-05
3.31E-05 3.89E-05
1.59E-06 1.27E-06
2.37E-05 1.77E-05
7.25E-07 1.02E-06
2.60E-05 2.60E-05
<1.0E-7 <1.0E-7
9.46E-06 9.35E-06
1.37E-05 1.25E-05
8.99E-07 8.91E-07
5.96E-06 6.65E-06
2.11E-05 9.76E-06
5.68E-06 5.61E-06
4.87E-05 3.84E-05
1.89E-05 1.92E-05
2.32E-05 2.65E-05

Kpi®  Kpo®

(m/s) (m/s)
'1.15E-05 9.97E-06
1.89E-06 2.65E-06
1.89E-05 2.53E-05
3.13E-06 3.33E-06
1.94E-04 1.51E-04
2.45E-04 -
2.84E-05 1.50E-05
6.35E-05 5.30E-05

1.85E-04 1.28E-04

7.57E-05 6.30E-05
2.43E-05 1.76E-05
3.62E-05 4.71E-05
1.74E-06 1.54E-06
2.58E-05 2.13E-05
7.91E-07  1.23E-06
2.84E-05 3.14E-05
<1.0E-7 <1.0E-7
1.03E-05 1.13E-05
1.50E-05 1.51E-05
9.81E-07 1.08E-06
6.51E-06 - 8.03E-06
2.30E-05 1.18E-05
6.20E-06 - 6.78E-06
5.32E-05 4.64E-05
2.07E-05 2.32E-05
2.53E-05 3.20E-05

Ky X

(m/s)
1.51E-05
2.23E-06
2.83E-05
4.70E-06
2.91E-04
3.69E-04 -
4.27E-05
9.55E-05
2.78E-04
1.14E-04
3.65E-05
5.44E-05
2.62E-06
3.88E-05
1.19E-06
4.27E-05

K fs2X

(m/s)
1.18E-05
2.77E-06
3.32E-05
4.36E-06
1.97E-04
1.77E-05
6.94E-05
1.67E-04
8.25E-05
2.30E-05
6.17E-05
2.01E-06
2.80E-05
1.61E-06
4.11E-05

<1.0E-7 <1.0E-7 -

1.55E-05
2.25E-05
1.47E-06
9.78E-06
3.46E-05
9.32E-06
8.00E-05
3.11E-05
3.80E-05

1.48E-05
1.97E-05
1.41E-06
1.05E-05
1.55E-05 . -
8.88E-06
6.08E-05
3.04E-05
4.19E-05

F F

method heter.|

25.88 16.48
27.77 40.14
7945 40.98

44 028

12.8 16.07]

34 2249

16.46 13.15|

9.09 20.3
16.05 13.04
10.59 19.25
7638 27.95
1925 9.58
164 13.96
4891 72.53
50.37 0.12
48.21
32.99

0.02
24

49 0.05

71.82 1291
5.05 28.27
48.66 0.01
19.32 10.75
5541 055
74.93 19.56

A is the cross sectional area of the water column in the permeameter, Q; and Q, are the measured flow rates, H; and H,
are the hydraulic hydraulic heads, and Dy, is the borehole depth, subscripts 1 and 2 refer to estimates of K¢; using H; and
H3, superscript G refers to Glover’s 1953 solution, superscript R refers to Reynolds and others, 1983 solution, and
superscript X refers to the new Xiang (1994a) solution, F 1ethod and Feter, are the F values obtained from the two
variable analysis of variance analysis for method effect and heterogeneity (H; and H>) effect, respectively.




Table 6. Calculated field saturated hydraulic conductivity (Kfs) values based on permeameter data.

No -

GP1

GP2

GP3

GP4

GP5

GP6

GP7

GP8

GP9
GP10
GP11
GP12
GP13
GP14
GP15
GP16
GP17
GP18
GP19
GP20
GP21
GP22
GP23
GP24
GP25
GP26

A H; Q1x100 Hy Qox10°® Q@Q1  Kg° KR KX Bm® Bm° B

m?)  (m)
0.003509 0.1

10.003509 0.15
-0.003509 0.05

0.000215 0.05
0.003509 0.05

0.003509 0.05

0.003509 0.05
0.003509 0.05
0.003509 0.05

0.003509 0.05 -

0.003509 0.05
0.003509 0.05
0.000215 0.05
0.003509 0.05

0.000215 0.05

0.003509 0.05

6 (m)

(m/s
0.538 0.15

0.143 0.25
0427 0.1
0.071 0.1
4.386 0.1
5.556 —

0.643 0.15
1.439 0.1
4.187 0.1
0.819 0.1
0.55 0.1
0.521 0.1
0.039 0.1
0.585 0.1
0.018 0.1
0.643 0.1

0.000215 0.05 <0.001 0.1

0.003509 0.05
0.003509 0.05
0.000215 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05
0.003509 0.05

0.234 0.1
0.339 0.1
0.022 0.1
0.147 0.1
1.714 0.1
0.14 0.1
1.205 0.1

0468 0.1
0.573 0.1

(m/s)

0.754
0.394
1.181
0.155
7.018

1.135
2468
5.954
2.193
0.819
0.55
0.072
0.994
0.057
1.462
<0.002

0.526
0.702
0.05
0.374
2.936
0316
2.164
1.082
1.491

(m/s) (m/s)  (mfs) (1/m) (1/m) (1/m)

1.4 3.84E-06 6.57E-06 4.30E-06 5.30E-07 6.02E-07 1.18E-04
2.76 2.61E-06 3.85E-06 3.64E-06 -3.07E-07 -1.77E-07 -2.20E-07
2.77 2.53E-05 3.29E-05 3.96E-05 -8.00E-07 -4.51E-07 -6.91E-07
2.18 2.62E-06 3.56E-06 3.91E-06 -2.46E-08 1.35E-08 4.85E-03

1.6 6.36E-05 1.01E-04 7.45E-05 5.32E-06 6.43E-06 1.33E-05
1.77 3.34E-06 7.22E-06 1.62E-06 1.21E-06 1.28E-06 2.53E-06
1.72 2.72E-05 4.07E-05 3.52E-05 1.31E-06 1.75E-06 3.71E-06
1.42 3.21E-05 6.15E-05 2.27E-05 7.06E-06 7.75E-06 1.57E-05
2.68 3.23E-05 4.83E-05 4.17E-05 1.57E-06 2.09E-06 4.43E-06
149 5.64E-06 9.79E-06 5.40E-06 8.28E-07 9.37E-07 1.91E-06
1.06 4.57E-05 5.97E-05 7.12E-05 -1.34E-06 -7.09E-07 -1.04E-06
1.85 9.01E-07 1.30E-06 1.23E-06 2.51E-08 3.92E-08 8.55E-08

1.7 1.07E-05 1.61E-05 1.37E-05 5.55E-07 7.31E-07 1.54E-06
3.17 1.36E-06 1.74E-06 2.16E-06 -5.41E-08 -3.57E-08 -6.00E-08
2.27 2.59E-05 3.48E-05 3.90E-05 -3.64E-07 7.47E-09 2.28E-07

< 1.0E-7 <1.0E-7 <1.0E-7 - L= -
2.25 9.21E-06 1.24E-05 1.38E-05 -1.18E-07 1.42E-08 1.04E-07
2.07 1.10E-05 1.51E-05 1.61E-05 -9.23E-09 1.53E-07 3.96E-07
2.27 -8.82E-07 1.19E-06 1.33E-06 -1.17E-08 9.62E-10 9.18E-09
2.54 7.44E-06 9.79E-06 1.15E-05 -1.88E-07 -8.34E-08 -1.05E-07
1.71 -3.30E-06 -1.17E-06 -9.52E-06 1.38E-06 1.38E-06 2.71E-0§
2.26 5.53E-06 744E-06 8.30E-06 -7.11E-08 8.53E-09 6.25E-08

1.8 2.65E-05 3.86E-05 3.58E-05 8.37E-07 1.26E-06 2.72E-06
2.31 1.95E-05 2.62E-05 2.96E-05 -3.14E-07 -3.48E-08 9.15E-08
2.6 3.03B-05 3.97E-05 4.70E-05 -8.24E-07 -4.01E-07 -5.50E-07
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should not be used for evaluation of Kfs and/or matric flux potential when the soil is obviously
heterogeneous.

The conductivities evaluated using equations 12 (K}%); Reynolds and others, 1983) and 16
(K}(s, the new solution, Xiang, 1994a) were similar in many of the tests (table 6). This similarity
can be explained by examining the C coefficients and the ponding depths H; and H; for each test.
The difference in estimated Kfs values calculated by the two methods (equations 12 and 16)
depends on the ratio of the coefficient difference (ACy) from the two solutions for the first ponding
depth (H;) and the coefficient difference from the two solutions (AC?) for the second ponding

depth (H>). If the following relationship exists,

AG _H O
AC, H,; Oy

(31
where AC; =C; — C? " (Cis calculated by equation 12 and C*i* is calculated by equation 16), then
equations 12 (Reynolds and others, 1983) and 16 (Xiang, 1994a) provide similar results. When
the ratio of the flow rates (02/Q7) changes greatly, however, equation (31) does not hold and the
conductivities estimated by equations 12 (K}i) and 16 (K,’é) differ, as shown by results from GP2,
GP5, GP7, GP9, and GP11 (table 6). |

In cases where Ky or ¢,, were negative (table 6), the estimated results using equation 10 that
neglected the unsaturated effect (¢, = 0) should be used (table 5). K¢; based on the Guelph
permeameter data ranged from <10-7 to 104 m s-! (tables 5 and 6). Hydraulic conductivities were
highest in the borrow pit (GP5, GP6; table 6, fig. 2). Sediments at this site are sandy and loosely
consolidated. Hydraulic conductivities were lowest in Blanca Draw (GP7, GP13, GP15, GP17,
and GP20, fig. 2). The hydraulic conductivity in GP17, which was in Blanca Draw, was

extremely low and was estimated to be < 10-7 m s-1.
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Constant-Head Borchole Infiltration Tests

Analysis of the éonstant—heéd boréhole infiltration tests was limited to evaluation of the field
satufated flow component of the hydraulic conductivity (table 7). Only one head measurement was
used because of potential problems reléted to soii'heterogeneity. Preliminary analysis showed that
ﬁéglecting fldw out of the bottorh of the borehole resulted in errors of less than 1%; therefore,
equation 9 was used in the final analysis, which neglects flow out of the bottom of the borehole.

- Results from the constant-head borehole infiltration tests showed that when the ratio H/a was
large, conductivities based on equations 12 (Reynolds and others, 1983) and 21 (the new solution)
were almost identical and were up to 60% higher than those based on equation 11 (Glover, 1953).
Glover’s solution overestimates the pressure on the top of the borehole, which results in the low
hydraulic conductivities. The range in Ky estimated by the new solution was approximately two
orders of magnitude (10-8 to 10-6 m s-1). Hydraulic conductivities did not seem to vary
systematically with geomorphic setting. The lowest (YM78: 10-8 m s-1) and highest (YM80: 10-6

m s°1) hydraulic conductivities were measured in the interstream setting.

Multistep Constant-Head Borehole Infiltration Tests

The unsaturated effect was neglected in es’timaﬁng the hydraulic c_ohductivity of layered soils.
In order to consider the unsaturated effect, two boreholes of different radii are required; however,
all boreholes drilled in the study area had the same radius. Equation 27 was used to calculate Kf;.
The conductivities of layered soils, evaluated by the computer code LAYERK, are shown in
table 8. Because the backfilled sediments were generally loose and had a high conductivity, their
effect on the flow from the borehole was nof included.

Results indicate that the hydraulic conductivity of individual layers varied up to three orders
of magnitude (YMS80 and YM84, table 8). Information on vertical variability in hydraulic
conductivity is important for evaluation of flow and contaminant transport. In geheral, the

geometric average conductivity obtained from the multistep constant-head borehole infiltration test
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Table 7. Calculated field saturated hydraulic conductivity (Kf;) values for deep soil using the

constant head borehole infiltration tests.

BN H(m) Ha Q(m3/s) CG  KiCSms) CR O KeRas) X ke X(mjs)
YM21 869 855 1.325E-04 4153  1.16E-06 6944  194E-06 7.016  1.96E-06
YM34 271 267 8330E-06 3.015  S43E-07 4.716  849E-07 4.792  8.63E-07
YM45 1008 9921 9.042E-05 4300  6.09E-07 7.235  1.02E-06 7.303  1.03E-06

| YM46 947 9321 4542E-05 4239  341E07 7.112  573E-07 7.183  5.79E-07
YM47 732 72 1.051E05 3984  124E07 6.609  2.07E-07 6.683  2.09E-07
YM48 415 408 6.151E-05 3426  195E-06 5514  3.14E-06 5.600  3.19E-06
YM51 1039 1023 6.308E-06  4.331  4.02E-08  7.295  6.78E-08 7.365  6.84E-08
YMS54 2365 2328 4.100E-05 5.148  6.00E-08 8918  1.04E-07 8.993  1.04E-07
YM78 1042 1026 1.577E-06 4334  100E-08 7300  1.69E-08 7.367  1.70E-08
YM80 836 8229 7.570E-05 4.116  7.09E-07 6.869  1.I8E-06 6.958  1.19E-06
YM84 1323 1302 3375E-04 4570  140E-06 7.769  2.38E-06 7.837  2.40E-06
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Table 8. Calculated field saturated hydraulic conductivity (Kfs) values for deep soil
using the multistep constant head borehole infiltration test and code LAYERK.

BN. Layer Q H (m) H* (m) Layer Layer K
(Cub.m/s) bottom (m) Top (m) (m/s)
YM21 1 8.2008E-05 6.49 6.49 8.69 2.20 1.98E-6
2 1.3248E-04 8.70 8.69 2.20 0.00 1.36E-6
Backfilled 0.00 Average 1.82E-6
YM45 1 4.2051E-06 2.11 2.72 11.95 9.23 4.30E-7
2 2.3656E-05 4.27 4.88 9.23 7.08 2.95E-6
3 6.5186E-05 7.40 8.02 7.08 3.93 1.14E-7
4 9.0419E-05 947 10.08 3.93 1.87 2.36E-7
Backfilled 0.61 Average 8.31E-07
YM46 1 9.4625E-06 3.26 5.43 9.48 4.05 3.09E-7
2 4.5420E-05 7.32 9.48 4.05 0.00 1.74E-6
Backfilled 2.16 Average 9.22E-7
YMS51 1 - 2.75 6.04 10.40 4.36 < 1.00E-8
2 - 4.84 8.13 4.36 2.27 < 1.00E-8
3 - 6.25 9.54 2.27 0.86 < 1.00E-8
4 6.3083E-06 7.10 10.40 0.86 0.00 3.80E-6
Backfilled 3.29 -
YM54 1 3.6798E-06 6.56 14.00 23.65 9.65 2.35E-8
2 8.6214E-06 12.03 19.47 9.65 4.18 1.15E-7
3 4.1004E-05 16.22 23.65 4.18 0.00 2.19E-6
Backfilled 7.44 ' Average  4.27E-7
YM78 1 - 1.80 4.70 10.42 5.72 < 1.00E-8
2 - 3.63 6.53 5.72 3.90 < 1.00E-8
3 - 5.52 8.42 3.90 2.00 < 1.00E-8
4 1.5771E-06 7.52 10.42 2.00 0.00 2.64E-7
Backfilled 2.90 -
YMSB0 1 2.6285E-06 1.69 6.05 10.39 4.34 7.14E-8
2 9.4625E-06 2.84 7.19 4.26 3.19 4.77E-6
3 7.5700E-05 4.00 8.36 3.19 2.03 4.29E-5
Backfilled 4.43 Average 6.69E-6
84 1 1.5771E-06 3.47 9.83 13.53 3.70 1.87E-8
2 3.3750E-04 6.86 13.23 3.70 0.30 3.53E-5
Backfilled 6.36 Average 9.10E-6
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differed from the conductivity estimated from the constant-head borehole infiltration test that was

v conducted in the same borehole.

Chloride/Bromide Ratios, Meteoric Chloride, and Cosmogenic Chlorine-36

Chloride/bromide ratios in sbil water samples from YM61 ranged from 86 to 150. These
values are typical of méteoﬁc water and suggest that the chloride is of meteoric origin and that there
is no rock cofnponent, which is as expected in these terrigenous deposits. Typical chloride profiles
in the study area are bulge shaped and have low chloride concentrations near the surface, generally
less than 100 g m3, which inérease to maximum concentrations of approximately 3,000 to
18,000 g m™3 at depths of 1.7 to 17 ft (0.5 to 5 m) and decrease gradually below the peak to
concentrations of 1,000 to 6,000 g m™3 (table 3). Soil water ﬂuxeé are inversely proportional to
chloride concentrations because a uniform chloride deposition rate was assumed throughout the
study area; thefefore_, water fluxes were highest nc_ér the surface, decreased to. a minimum at the
chloride peak, and increased with depth below the chloride peak. Water fluxes decreased to less
than 1 mm yr-! within the top meter of soil (table 3). Water flux estimates for profiles in Blanca
Draw were a minimum because chloride in runon and runoff was neglected. Water fluxes were not
calculated in areas where chloride was leached, such as in areas of Blanca Draw, the borrow pit,
and the fissure. |

‘Deviations from the typical profile were found in somé areas of Blanca Draw where chloride
was leached (fig. 3e, k, and q). YM86 was located in a pseudo-fissure and YM87 was located
33 ft (10 m) distant from the pseudo-fissure (fig. 1). The highest peak chloride concentration was
found in YM43, which is in Blahca Draw (figs. 1 and 3n). High maximum chloride concentrations
were found in both profiles in the flank of Blanca Draw and were up to 9,720 to 13,850 g m3 in
YM9 and YM10, respectively (fig. 3b).

Chloride profiles in the interstream setting were also quite variable. The chloride profiles in

the area of the proposed repository were low in the upper meter and increased to a maximum with
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depth. The leached zone in these profiles probably results from high infiltration in sandy surface
soils. Chloride profiles in the fissure were leached (fig. 5b and e, table 3)>. The profile YM35 had
low chloride concentrations in the upper 30 ft (9 m). Below 30 ft (9 m), chloride concentrations
inéreased sharply to 5,200 g m-3 within a 7 ft (2 m) depth interval. Chloride concentrations
remained high below this depth. The chloride profile 33 ft (10 m) from the fissure had highest
concentrations near the surface (8,000 g m-3) and concentrations decreased to 5,000 to
16,000 g m-3 at depths from 39 to 98 ft (12 to 30 m). A low chloride spike (reduction of
épproximately 1,500 g m-3) was found at the same depth interval that the sharp increase in chloride
was found in the fissure. The other pair of profiles in and adjacent to the ﬁssure (YM59 and
'YM88) had similar characteristics. In YM 88 low chloride concentrations were found in the upper
20 ft (6 m) in the fissure, and chloride concentrations increased to 4272 g m-3 from 20 to 28 ft
(6 to 8.6 m) depth. The chloride profile adjacent to the fissure had variable coricentrations that were
much higher than those in the fissure in the upper 20 ft (6 m) but were similar to those in the
fissure below this depth. Chloride was also léached in the profile in the borrow pit (< 50 g m-3)
whereas chloride concentrations in the profiie 33 ft (10 m) distant reached a maximum ‘value of
2,621 g m3 and decreased to 860 g m-3 at 47 ft (14.4 m) depth (fig. 6b, table 3). -

Ratios of 36Cl/Cl ranged from 4.57 x 10-13 to 5.09 x 10-13 in the 6 to 37.1 ft (1.8 to 11.3 m)
depth interval. The average 36Cl/Cl ratio was 4.90 x 10-13 and was similar to the background
36C1/Cl ratio found in the Hueco Bolson (4.7 X 10-13 below 4.1 ft [1.25 m]). These 36Cl/CI ratios
agree with the predicted naturai fallout of 5 x 10-14 for this latitude. There was no systematic
variation in 36C1/Cl ratios with depth, which suggests that the secular variation in 36C1 production
is not preserved in the subsurface. The most likely explanation is thatb the variation is reduced by

diffusion.
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DISCUSSION

Water Content and Water Potential

Spatial variability in water content is controlled primarily by variations in sediment grain size.
Discontinuities in water content across different soil types indicate that water-content variations
with depth cannot be used to determine the direction of water movement. Temporal variations in
water content were restricted to sandy interstream sites, fissured sediments, and some areas in
Blanca Draw. The maximum depth of water penetration in these areas was 5 ft (1.5 m). The
absence of temporal variations in water content monitored in the reniainder of the neutron probe
access tubes indicates that water pulses did not move through these areas. Because a constant flux
could result in temporally invariant water content, the absence of such variations does not preclude
water movement.

The low measured water potentials indicate that the unsaturated system is very dry and water
fluxes are expected to be minimal. Except in the upper meter after rainfall, the water-potential
gradients indicate an upward driving force for water movement, probably controlled by
evapotranspiration. The length of the monitoring period (June to October 1993) was insufficient to
evaluate long-term fluctuations in water potential. Long-term monitoring of water potentials at the
Hueco Bolson can be used to evaluate temporal variations in water potential in a similar setting
(Appendix B). These data showed that water infiltrated to greater depth in sandy soils (< 2.7 ft
[0.8 m]) than in clay loam soils (< 1 ft [0.3 m]). Infiltration and fedistribution of water occurred in
response to abnormally high winter precipitation in 1992 and 1993. The progressive increase in
water potentials with depth during infiltration and redistribution suggests piston flow. Comparison
of field- and laboratory-measured water potentials in nearby profiles showed that the general shape
of the two profiles was similar; however, water potentials measured at the same depth differed by
up to 6 MPa in coarse-grained sediments and by up to 2 MPa in fine-grained sediments. The lower
water potentials measured by the laboratory psychrometers are attributed to drying during sample

collection and analysis.
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Meteoric Chloride

Many assumptions are used to estimate water fluxes from chloride data, and the validity of
these assumptions in this study area needs to be examined. The assumption of one-dimensional
vertical ﬂow is considered valid bvecauvse all chlbride profiles are from topographically flat areas
having slopes of less than 1%. The direction of water flux is assumed to be downward. If the
water flux were in fact upward, the higheét chloride concentrations would occur at the land
surface, as seen in chloride profileé from the Sahara (Fontes, 1986). Maximum chloride
concentrations typically found at ‘depths of 1.7 to 17 £t (0.5 to 5 m) indicate that the net water flux
is downward in this interval of the unsaturated zone. Precipitation is assumed to be the only source
of chloride; there are no chloride sources or sinks below the root zone. The sediments in this study
area are terrigenous and dd not contain ény chloride of marine origin. The low Cl/Br ratios are also
consistent with the chloride being of meteoric origin. | | v

The piston-flow assumption is more difficult to assess. The applicability of piston flow
depends on the temporal and spatial scales being considered. Near the soil surface where
desiccation cracks develop, nonpiston flow may be dominant. Higher water fluxes baséd on
ground-water chloride relative to those based on chloride concentration in the unsathréted zone in
many areas have been attributed to nonpiston flow or bypass of the matrix with low-chloride water
(Peck and others, 1981; Sharma and Hughes, 1985; Johnston, 1987). Chloride profiles in these
areas are generally smooth, which indicates that the smoothness of the profiles does ant help
‘discriminate between piston and nonpistoh flow. Flow along preferential pathways that bypasses
the matrix is used to explain the reduction in chloride concentrations below the peék in some
profiles (Sharma and Hughes, 1985). Many profiles characterized by a large amount of preferential
flow are from wetter regidns (precipitation 800 to 1,200 mm yr-! [Sharma and Hughes, 1985;
Johnstdh, 1987]) than the Eagle Flat area (precipitation 320 mm yr-1). The water potentials (matric

~and osmotic potentials) ih the Eagle Flat area are very low exéept in the fissured sediments and

beneath the borrow pits; therefore, in most areas water is adsorbed onto grain surfaces and is
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unlikely to move along larger openings or root channels. Long-term water potential monitoring in
the Hueco Bolson also suggests piston flow (Appendix B).

The long tirne period represented by chloride profiles in this study spans paleoclimatic
variations and may invalidate the steady-state subsurface flow assumption (table 3). The decrease
in soil water chloride concentrations below the peak may represent temporally varying
environmental conditions (Allison and others, 1985). Previous work in the Hueco Bolson
suggested higher water fluxes prior to 6,000 to 9,000 yr, which is consistent with paleoclimat'te
data that suggest that the climate during the late Wisconsinan and early Holocene (22,000 to 8,000
yr) was much wetter than middle to late Holocene (8,000 yr to present) (van Devender. and
Spaulding, 1979). In addition to higher precipitation rates in the past, the seasonality of the
precipitation is also thought to differ, winter frontal storms being dominant before 8;000 yr,
whereas summer convective storms are more typical of the climate since 8,000 yr (van Devender
and Spaulding, 1979), which would further reduce the water flux from 8,000 yr to the present.
This is the most plausible cause of the reduction in chloride below the peak in profiles from the

Eagle Flat site.

Numerical Modeling

Because of the limited duration of monitoring at the Eagle Flat site, numerical simulations of
unsaturated flow were based on long-term monitoring data at the Hueco Bolson test area. These
simulations are described in Appendix A. The main aspects of the modeling study are described in
this section. The objective of the modeling study was to evaluate and explain liquid and vapor
fluxes in the shallow unsaturated zone in respOnse to an annual climate cycle. We made no attempt
to calibrate the model. The initial conditions for the simulation were based on water potentfal and
temperature monitored by in situ psychrometers that were installed in an ephemeral stream setting
in the Hueco Bolson. The range in water potentials at the Hueco Bolson site is similar to that

measured at the Eagle Flat site. The upper boundary condition was based on hourly climatic data
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from October 1, 1989, to September 30, 1990, monitored at the meteorologic station. The total
precipitation for that year was 8.15 in (207 mm), which is lower than the long-term average annual
precipitation at Eagle Flat (12.60 in [320 rhm]) but within the range of variability of annual
precipitation at Eagle Flat. Soil textures for the model domain were based on grain size analyses
that ranged from clay to muddy sandy gravel. Material propérties were assigned to these soil
textures on the basis of laboratory retention data for soils of similar texture. Sediments in the upper
5 ft (1.5 m) of the profile modeled are finer grained (silty clay to clay) than sediments found in this -
depth interval in the aréa near thé proposed Eagle Flat repository (sandy loam, YM13 and YM14).
The gravel lens at depths of 5 to 23 ft (1.5 to 7 m) is similar to that found in YM13 and YM16 at
the Eagle Flat site.

There was remarkable consistency between the simulated water potentials and the available
field measured water potentials (Appendix A). The simulated seasonal changes of temperature were
also in good agreement with the field méasutements. Measured and simulated values both showed
the well-known extinction and phase shift of the ‘annual surface temperature wave with depth.
Below 1 ft (0.3 m) depth, the attenuation and phase shift of water potentials with depth were
similar to those of temperature. This similarity suggests that the water potential changes were
driven primarily by the temperature changes, with water content remaining relatively constant. This
was confirmed by the similarity between modeled water potentials and those computed using
temperature changes alone. Temkperature is likely to be the main control on seasonal water potential
fluctuations below the shallow subsurface active zone in many arid sites.

The changes in water storage associated with individual rainfall events were confined mainly
to the top 1 ft (0.3 m) of the soil. This was consistent with the field measured water potential
variations. The maximum depth of penetration of water would probably be greater at the proposed
Eagle Flaf repository becausé the surface sediments have more sand. The deeper penetration of
water in coarser textured sites is shown by watef potential monitoring data frdm the field

psychrometers at 77P at the Hueco‘Bolson site (Appendix B).
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A detailed analysis of water fluxes in this near-surface layer revealed that the dominant
process for downward water movement was liquid flow. Very close to the surface, upward
isothermal vapor fluxes were significant. Below 1 ft (0.3 m) depth, water fluxes varied relatively
little and were dominated by thermal vapor flux, which varied with season and depth following the
temperature gradient. In the annual mean, its downward values in summer outweighed the upward
values in winter, giving cumulative annual downward thermal vapor fluxes. Thermal vapor flux
was essentially unbalanced by the other water fluxes in the simulation. Comparison of numerical
modeling results with chemical tracer data showed that downward vapor flux below the
evaporation front (0.27 ft [0.08 m]) based on the numerical simulations agreed with the deeper
penetration of bomb 3H (volatile) relative to that of bomb 36Cl (nonvolatile). The simulated average
downward vapor flux from 0.27 to 4.7 ft (0.08 to 1.4 m) depth (1.1 mm yr-1) is within the same

order of magnitude as that based on the relative distribution of 3H and 36Cl/Cl (5.6 mm yr1).

Conceptual Flow Model

The hydrologic data were integrated to develop a conceptual flow model of the vadose zone
in the Eagle Flat study area. Profiles in the ephemeral stream setting are characterized by variable
water content, low water potentials, upward water potential gradients below the shallow
subsurface after rainfall, and variable chloride profiles. The generally low water potentials and
upward water potential gradients suggest dry soils and an upward driving force for water
movement under present conditions. Low chloride concentrations in some of the profiles in Blanca
Draw indicate that at some time in the past the chloride was leached, probably when these sites
were ponded. The typical profiles in the interstream setting have variable water contents, low water
potentials, upward water potential gradients, and high maximum chloride concentrations. In this
setting the water potential data suggest upward driving forces for liquid flow, and the chloride data
suggest very low fluxes for thousands of years. In the borrow pit, the sediments are disturbed and

ponded water occurs for long periods, which results in downward water movement as indicated by
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high wa’tef potentials and low chloride concentrations. The fissured vsediments also have ponded
water after rainfall. High water potentials and low chloride concentrations in the upper 20 to 30 ft
(6 to 9 m) of the fissured sediments indicate downward fluxes to this depth. Water content
monitoring défa showed downward movement of water to 5 ft (1.5 m) depth after raiﬁfall. The
sharp decrease in water potentials and increase in chloride at 20 to 30 ft (6 to 9 m) may occur
bécause the fissure has not been present long enough for water to move deeper or may mark the
location of a clay zone.

Long-term water potential monitoring data from the Hueco Bolson provide valuable
information on unsaturated zone processes in résponse to climatic variations. These data indicate
that the penetration depth Qf the wetting front after rainfall is greater in coarse textured soils (2.7 ft
[0.8 m] in sand) than in fine téxtured soils (1 ft [0.3 m] in clay loam). The progressive increase in
water potentials with depth during infiltration and redistribution 51; ggests piston flow.

The soil physics and chemical data for the area of the proposed Eagle Flat repository both
suggest negligible fluxes. Long-term ﬁet water fluxes estimated from the soil water chloride
concentrations were downward and were less thaﬁ 1 mm yr-1 below the top meter of soil. The
upward decrease in water potentials indicates an upward driving force for water movement under

present climatic conditions.
CONCLUSIONS

Soil textures in the study area varied with geomorphic setting. Sediments bcncath Blanca
Draw were fine grained and ranged from clay to clay loam. In the ..interstream settin g,v some pfoﬁles
were predominantly clay whereas others were primarily clay loam and‘sandy loam. Sediments
beneath the borrow pit and adjééent érofile were coarse grained and ranged from clay to muddy
gravel. The fissured sediments were primaﬁly loam whereas those adjacent to the fissure were

predominantly clay.
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Spatial variability in water content is controlled primarily by variations in sediment grain size.
Discontinuities in water content across different soil types indicate that water-content variations
with depth cannot be used to deterfnine the direction of water movement. Temporal variations in
water content were restricted to the fissured sediments and some areas in Blanca Draw. The
maximum depth of penetration of a water pulse in these areas was 5 ft (1.5 m). The absence of
temporal variations in water content monitored in the remainder of the neutron probe access tgb'es
indicates that water pulses did ndt move through these aréas. Because a constant flux could result
ih temporally invariant water content, the absence of such variations does not preclude water
movement. |

Typical water potential profiles at the site, which is located in an interstream setting, were
low in the upper 7 ft (2 m) (~-12 to'—2 MPa) and increase witﬁ depth below the minimum to
maximum values of —6 to 0.4 MPa in different profiles. The monitoring record for the in situ
psychrometers was insufficient to evaluate long-term ﬂﬁctuations in water potential. A vertical
profile based on data collected on August 13, 1993, showed low water potentials at 1 ft (0.3 m)
depth‘ (-6 MPa), which increased to a maximum value ‘of —~2 MPa at 60.7 ft (18.5 m) depth. The
low water potentials indicate that the sédi’ments are dry and the upward water potential gradients
indicate an upward driving force for liquid flow. Boreholes drilled after rainfall had high water
potentials in the surficial sediments which decreased sharply at tﬁe base of 'thc‘wetting front.
Exceptions to this typical profile were found in the profile in the fissured sediments and beneath the
borrow pit. The fissured sediments had much higher water potentials in the upper 43 ft (13 m) than
the sediments 33 ft (10 m) distant from the fissure. Water potentials in soil safnples from the
borrow pit were much higher than those in soil samples from the profile 33 ft (10 m) distant frofn ’
the borrow pit. |

In addition to water potential data, information on hydraulic conductivity is also required to
calculate water fluxes. ‘Kfs based on the Guelph permeameter data ranged from < 10-7 to 104 m
s-1. Hydraulic conductivities were highest in the coarse grained sediments beneath the borrow pit

and were lowest in fine grained sediments in Blanca Draw. The range in Kys values for the

119



constant-head borehole tests was 10-8 to 106 m s-1. Hydraulic conductivities estimated from the
constant-head borehole tests did not vary systematically with geomorphic setting, and the lowest
and highest hydraulic conductivities were measured interstream setting. The results of multistep
constant-head borehole infiltration tests indicated that the hydraulic conductivity of individual
layers within a borehole varied up to three orders of magniiude. Geometric average conductivities
based on the multistep constant-head borehole tests differed from conductivities based on the
regular constant-head tests by up to two orders of magnitude. Hydraulic conductivities based on
the regular constant-head borehole tests depend on the location of the high-conductivity zone.
When the high-conductivity zone is located in the upper portion of the borehole, the calculated
hydraulic conductivity based on the constant-head borehole test is lower than the average hydraulic
conductivity, whereas when the high-conductivity zone is located in the lower portion of the
borehole, the calculated hydraulic conductivity based on the constant-head borehole test is higher
than the average hydraulic conductivity.

Typical chloride profiles in the study area are bulge shaped and have low chloride
concentrations near the surface, generally less than 100 g m=3, which increase to maximum
concentrations of 3,000 to 18,000 g m-3 at depths of generally between 1.6 and 16 ft (0.5 and
5 m) and gradually decrease with depth below the peak to concentrations of 1,000 to 6,000 g m-3,
Calculated water fluxes are inversely proportional to chloride concentrations in the soil water
because a constant chloride deposition rate was assumed throughout the study area. Water fluxes
estimated from the chloride data were highest at the surface and decreased to less than 1 mm yr1
within the top meter. Flux estimates for profiles in the ephemeral stream were a minimum because
chloride in runon and runoff was neglected. Deviations from the typical profiles were found in
parts of Blanca Draw where maximum chloride concentrations in some profiles were less than 400
to 900 g m-3 whereas chloride in other profiles in Blanca Draw reached maximum concentrations
" of 17,821 g m-3. Chloride was leached in the upper 20 to 30 ft (6 to 9 m) depth in the fissure
whereas chloride concentrations in profiles 33 ft (10 m) distant from the fissure were much higher
in this zone. Below 20 to 30 ft (6 to 9 m), chloride concentrations in the fissure increased to

concentrations similar to those found in samples at the same depth in the profiles 33 ft (10 m) from
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the fissure. Chloride concentrations in the profile in the borrow pit were less than 50 g mf3,
whereas the profile 33 ft (10 m) distant from the borrow pit had maximum chloride concentrations
of 2,621 g m-3. |

Because of the limited monitoring data at the Eagle Flat site, numerical simulations of
unsaturated flow were based on long-term monitoring data at the Hueco Bolson site. These
simulations were conducted to evaluate unsaturated zone processes. The results frpm these
simulations are considered applicable to the Eagle Flat study area because the range in water
potentials is similar at both sites. The sediments in the upper 5 ft (1.5 m) of the model dorhain
(silty clay to clay) are finer grained than sediments found in this depth »interval in the area of the
proposed Eagle Flat repository (sandy‘loam). The gfavel lens at depths of 5 ft to 23 ft (1.5 to 7 m)
is similar to that found in some of the profiles at the Eagle Flat site. Precipitation for the one year
simulated (October 1, 1989, to September 30, 1990; 8.15 in [207 mm]) is lower than the long-term
average annual precipitation at Eagle Flat (12.60 in [320 mm]) but is within the-range of variability
of annual precipitation at Eagle Flat. Analysis of water fluxes in the upper 1 ft (0.3 m) revealed that
the dominant process for downward water movement was liquid flow. Below a 1 ff (0.3 m) depth,
water fluxes varied relatively little and were dominated byvnet downward thermal vapor flux.

The hydrologic data were integrated to develop a conceptual flow model of the vadose zone
in the Eagle Flat study area. Profiles ih the ephemeral stream setting are characterized by variable
water content, low water potentials, and upward water potential gradients except in the shallow
subsurface immediately after rainfall, and variable chloride profiles. The generally low water
potentials and upward water potential gradierits suggest dry soils and an upward driving force for
water movement under present conditions. Low chloride concentrations in some of the profiles in
Blanca Draw indicate that at some time in the past the chloride was leached, probably when these
sites were p,o’nded.v The typical profiles in the interstream setting have variable water contents, low
water potentials, upward water potential gradients, and high maximum chloride concentrations. In
this setting the water potential data suggest upward driving forces for liquid flow, and the chloride
data suggest very low fluxes for thousands of years. In the borrow pit, the sediments are disturbed

and ponded water occurs for long periods, which results in downward water movement as
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and ponded water occurs for long periods, which results in downward water movement as
indicated by high water potentials and low chloride concentrations. The fissured sediments also
have ponded water after rainfall. High water potentials and low chloride concentrations in the
upper 20 to 30 ft (6 to 9 m) of the fissured sediments indicate downward fluxes to this depth.
Water cohtent monitoring data showed downward movement of water to 5 ft (1.5 m) depth after
rainfall. The sharp decrease in water potentials and increase in chloride at 20 to 30 ft (6 to 9 m)
may occur because the fissure has not been present long enough for water to move deeper or may
mark the location of a clay zone. Long-term water potential monitoring data from the Hueco
Bolson provide valuable information on unsaturated zone processes in response to climatic
variations. These data indicate that the penetration depth of the wetting front after rainfall is greater
~ in coarse textured soils (2.67 ft [0.8 m] in sand) than in fine textured soils (1 ft [0.3 m] in clay
loam). The progressive increase in water potentials with depth during infiltration and redistribution
suggests piston flow. The soil physics and chemical data for the area of the proposed Eagle Flat
repository are consistent and suggest negligible fluxes. Long-term net water fluxes estimated from
the soil water chloride concentrations were less than 1 mm yr-! below the top meter of soil. The

{
upward decrease in water potentials indicates an upward driving force for water movement.

ACKNOWLEDGMENTS

This report was prepared for the Texas Low-Level Radioactive Waste Disposal Authority
under Interagency Contract Number IAC(92-93)-0910. The conclusions of the authors are neither
endorsed nor approved by the Authority. Illustrations were prepared under the supervision of
Richard L. Dillon. Word processing was by Susan Lloyd, editing by Amanda R. Masterson, and
layout by Margaret L. Evans.

122



REFERENCES

Ababou, R;, McLaughin, D., Gelhar, L. W., and Tompson, F. B., 1987, Numerical

simulatioﬁ of thfeé-dimenSio__nal saturated‘ﬂow‘ in randomly heterogeneous porous
" media: paper submitted to the Journal of Transport in Porous Media. | | |

Allison, G. B., Stone, W. f.,’and‘Hughes, M. 'W.,‘ 1985, Recharge in karst and dune

| elements of a semi-arid landscape as indicated by natural isotopes and chloride:
Journal of Hydrology, v. 76, p.b 1—2 6. |

Bentley, H. W., Philiips, F. M., and Davis, S. N., 1986, 36Cl in the terrestrial
enviro‘nme.nt,v in Fritz, P., and Fontes, J.-C., Handbook of environmental isotope |
geochemistry: New York, Elsevier Science, p. 422-475.

Bresler, E., 1973, Simultaneous transpoft of sdlutes and water undcr transient unsaturated
flow conditions: Watér Resources Research, v. 9, p. 975-986. |

Brown, R. W,, and Bartbs, D. L., 1982, A calibration _fnodel for screeﬁ-caged Peltier
thermocouple psychrometers: USDA, Intermtn. For. Range Exp. Stn., Ogden, Utah,
‘Report 293, 155 p. " | N

Campbell, G. S., 1985, Soil physic;s with BASIC: transport models for soil-plant syStems:'
New York, Elsevier, 150 p. |

Darling, B. K., and Hibbs, B. J., 1993, Ground-water hydrology and hydrochemistry of
Eagle Flat and surrouﬁdihg area: The Uniyersity of Texlas‘ at Austin, Bureau of
Econdnﬁ'c Geology, final report prepared for the Texas Low-Level Radioactive Waste
Disposal Authority, 122 p. | |

de Marsily, G., 1986 Quantltatlve hydrogeology London, Academic Press, 440 p.

Elmore, D., Conard, N J., Kubik, P W, and Fabryka-Martm J., 1984, Computer
controlled isotope ratio measurements and data analysis: Nucl. Inst. Meth. Phys. Res.,

v. B5, p. 233-237.

123



Elmore, D., Fulton, B. R., Clover, M. R., Marsden, J. R., Gove, H. E., Naylor, H.,
Purser, K. H., Kilius, L. R., Beukens, R. P., and Litherland, A. E., 1979, Analysis of
36C1 in environmental water samples using an electrostatic aécelerator: Nature, v. 227,
p. 22-25. ‘ ‘ _

Enfield, C. G., Hsieh, J‘. J. C., and Warrick, A. W., 1973, Evaluation of water flux above
a deep water table using thermocouple psychrometers: Soil Science Society of America
Proceedings, v. 37, p. 968-970.

Folk, R. L., 1974, Petrology of sedimentary rocks: Austin, Hemphill, 182 p.

Fontes, J. C., Yousfi, M., and Allison, G. B., 1986, Estimation of long-term, diffuse
ground-water discharge in the Northern Sahara using stable isotope profiles in soil
watér: Journal of Hydrology, p. 315-327.

Gaudet, J. P., Jegat, H., and Vachaud, G., 1977, Methodes de mesure permettant de '
caracterizer 1'ecoulement de 1'eau et de solute dans la zone non-saturee: Symposium on
Hydrodynémic diffusion and dispersion in porous media: Pavia, Italy, International
Association for Hydraulic Research.

Gee, G. W., and Bauder, J. W., 1982, Particle-size analysis, in Page, A. L., ed.,
Methods of soil analysis, part 2, chemical and mineralogical methods: Madison,
Wisconsin, American Society of Agronomists, p. 383—410.

Gee, G. W., Campbell, M. D., Campbell, G. S., and Campbell, J. H., 1992, Rapid
measurement of low soil water potentials using a water activity meter: Soil Science
Society of America Journal, v. 56, p- 1068-1070.

Gee, G. W, and Heller, P. R., 1985, Unsaturated water flow at the Hanford site: a review
of literature and annotated bibliography: Richland, Washington, Pacific Northwest
Laboratory, Report PNL-5428, 42 p. |

Gee, G. W., and Hillel, D., 1988, Ground-water recharge in arid regions: review and

critique of estimation methods: Hydrological Proceedings, v. 2, p. 255-266.

124



Gile, L. H., Hawley, J. W., and Grossman, R. B., 19-8l, Soils and geomorphology in the

Basin and Range area of Southem New Mexico—Guidebook to the Deserl Project: New |
}' Mexico Bureau of Mines and Mineral Resources, Me}moir‘ 39, 222 p. |

Gloyer, R. E., 1953, Flow from a test-hole located above ground-water level, in Zangar,
C.N, ed, Theory and probloms of water percolation: US. Dept. of Interior, Bureau of
Reclamation, Engineering Monograph 8, p. 69-71.

Hudson, D. B., and ‘Wierenga, P.J., 1988, Agronorny Abstracts, Neutron probe standard
counts, Madison, Wisconsin, Arnencan Soc1ety of Agronomy, p. 184—185

Isaacson R. E., Brownell, L. E,, Nelson, R. W, ‘and Roetman, E. L., 1974, Soil-
moisture transport in arid site vadose zones: Atlantic Richfield Hanford Company, |
Richland, Washington, Report ARH-2983, 90 p.

‘Jackson, M. L. W, Langfofd, R. P., and Whitelaw, M. J., 1993, Basin-fill strati_graplly,
Quaternary history, and paleomagnetics of tllc Eagle Flat study, area, southern Hudspelh
County, Texas: The Universityb of Texas at Austin, Bureau of Economic Geology, final
report prepared for fhe Texas Low-Level Radioactive Waste Disposal Authority, 137 P |

}Johnston, C. D., 1987, Distribotion of ‘enviromental chloride in relation to subsurface
hydrology Journal Hydrology, v. 94, p. 67-88. |

Lang, A. R. G,, 1967, Osmotic coefficients and water potennals of sodium chloride
solutions fromO to 40°C: Australian Joumal of Chemistry, v. 20 p- 2017-2023.

| Langford, R P 1993, Landscape evolution of Eagle Flat and Red Light Basins,
Chihuahuan Desert, south-central Trans-Pecos Texas: The University of Texas at
Austin, Bureau of Economic Gcology, final report prepared for the Texas LovaLevél
Radloacnvc Waste Disposal Authonty, 153 p ‘ ‘

Larkin, T. J., and Bomar, G. W., 1983 Climatic atlas of Texas: Austm Texas,
Depa:nnent of Water Resources, Publication LP-192, 151 p-

Matﬁck, J. L., Duval, T. A., and Phillips, F. M., f1v987, Quantiﬁcation of ground-watcr

recharge rates in New Mexico using bomb 36CI, bomb 3H and chloride as soil-water

125



tracers: Las Cruces, New Mexico, New Mexico Water Resources Research Institute,
Report 220, 184 p.

Mazaud, A., Laj, C., Bard, E., Arnold, M., and Trice, E., 1991, Geomagnetic field
‘control of 14C production over the last 80 ky: implications for radiocarbon tifne-scalc:
Geophysical Research Letters, 18, 1885—1888. | |

Meyh, R. L., and White, R. S., 1972, Calibration of thermocouple psychrometers: a
suggested procedure for development of a reliable predictive model: Logan, Utah, Utah
State University, Utah Agricultural Experiment Station, Psychrometry in water relations
research, p. 56-63. ’

Montazer, P., and Wilson, W. E., 1985, Conceptual hydrologic model of flow in
unsaturated zone, Yucca Mountain,-Nevada: U.S. Geolological Survey Water-
Resources Investigations, Report 84-4345. |

: Nichols, W. D., 1987, Geohydrology of the unsaturafed zone at the burial site for low-
level radioactive waste near Beatty, Nye County, Nevada: U.S. Geological Survey
Water Supply Paper 2312, 57 p. | | |

Peck, A. J., Johnston, C. D., and Williamson, D. R., 1981, Analyses of solute
distributions in deeply weathered soils: Agﬁcultural Water Management, v. 4, p. 83—
102.

Phillips, F. M., Mattick, J. L., and Duval, T. A., 1988, Chlorine-36 and tritium from
nuclear weapons fallout as tracers for long-term liquid movement in desert soils: Water
Resources Research, v. 24, p. 1877-1891.

Phillips, F. M., and Stone, W. J., 1985, Chemical considerations in ground-water
recharge: Symposium on Water and Science, Socorro, Néw Mexico, New Mexico
Water Resources Research Institute, p. 109-125.

Rawlins, S. L., and Campbell, G. S., 1986, Water potential: thermocouple psychrometry,
in Klute, A., ed., Methods of ‘soil‘ analysis, part 1, physical and mineralogical methods:
, Madison, American Society of Agronomy, Wisconsin, p. 597-617. |

126



Reynolds, W. D., and Elrick, D. E., 1985, In situ measurement of ﬁeld-saturatcd
hydrauliccbnductivity, ‘sorptivity, and the alpha-‘parameter using the Gﬁelph '
permeameter: Soil Science, 140, p. 202-302. | | |

Reynolds, W D, and Elrick, D. E., 1986; A method for simultaneous in situ -
measurement in the vadose zone of ﬁeld-saturat¢d hydraulic conducfivity and the
éonductivity—pressuré head relationship: Ground Water Monitoring Review, v 6, p. 84—
95. | o |

Reynolds, W. D., Elrick, D. E., and Topp, G. C;, 1983, A reexamination of the constant- |
head well permeameter méthod for measuring séturated hydraulic condﬁctivity above the
water table: Soil Science, v. 136, p- 250-268. |

Robinson, R. A., and Stokes, R. H., 1959, Electrolyte Sqlutions: London, Butterworths
Publishing, 571p. | |
Rose, C. W., Stern, W. R, and Drummond, J. E., 1965, Detérmination of hydraulic

| conductivity as a function of depth and water COntént for soil in situ: Aust. J. Soil Res.,
v.3,p. 1-9. | |

Scanlon, B. R., 1991, Evaluation of moisture flux from chloride data in desert soils,
Journal of Hydrology, v. 128, p. 137-156.

Scanlon, B. R, 19923, Evaluation of liquid and vapor flow in desert soils based on
chlorine-36 and tritium tracers and nonisothermal ﬂon simulations: Water Resources
Research, v. 28, p. 285-297.

Scanlon, B. R., 1992b, Moisture and solute flux along preferred‘pathWay‘s chafacterized
by fissured sediments in desert soils: Journal of Contaminant Hydrology, v. 10, p. 19—

46 | o -

Scahlon, B. R, Wang, F. P, ahd Richter, B C., 1991', Fieid studies and ‘numcrical
modeling of unsaturated flow in the Chihuahuan Deser;, Texas: The University of Texas

at Austin, Bureau of Economic Geology, Report of Investigations No. 199, 56 p.

127



~ Schlemon, R. J., and LaChapelle, W. A, 1992 Pseudo earth fissures in the Lancaster
area, Antelope Valley, California: Association of Engmeenn g Geologlsts 35th Annual
meeting, p. 165-169. |

Sharma, M. L., and Hughes, M. W, 1985» Ground-water recharge estimation using
chloride, deuterlum and oxygen-18 proﬁles in the deep coastal sands of western
Austraha Joumal of Hydrology, v. 81, p. 93-109.

Stephens, D. B and Knowlton, R. J., 1986, Soil water movement and recharge through
sand at a semiarid site in New Mexico: Water Resources Research, v. 22, p. 881-889.

' Tyler, S. W., McKay, W. A., Hess, J. W.,: Jacobson, R L., and _Taylor, K., 1986,
Effects of surface collapse structures on infiltration and 'moisture redistribution: Desert
Research Institute, Report 45045, 48 p- . |

U.s. Department of Agriculture, 1975, Soil taxonomy: Washington, D.C.,dSoil
Conservation Serv1ce, 754 p. | | |

‘van de Pol, R. M., Wierenga, P. J., and N1e1sen D. R 1977, Solute ‘movement in a field
| soil: Soil Science Society of America Journal, v. 41, p. 10-13. _

van Devender, T R., and Spauldlng, W. G, 1979, Development of vegetatlon and chmate |
in the Southwestern United States: Scrence, v. 204, p. 701-710.

- Van Genuchten, M. T., 1980, A closed- form equation for predrctmg the hydrauhc
conducuv1ty of unsaturated soﬂs Soil Serence of Amenca Journal, v. 44, p. 892—898
Wiebe, H. H., Campbell, G. S., Gardner, Ww. H., Rawlins, S L., Cary, J. W., and
'Brown, R. W., 1971, Measurernent' of plant‘and soil water status: Utah Agricultural
Experiment Station. | |

Winograd, L J., 1981, Radioactiye waste disposal in thick unsaturated zones: Science,
v.212, p. 14571464, | |

Xiang, J.‘, 1994a, A new vsolution for the constant-head borehole permeameter test: paper

submitted to Water Resources Research.

128



Xiang; J., 1994b, A single borehole test for conductivity measurements of layered soils or
rocks: Water Resources Resea:ch.

Xiang, J., and Chen, L., 199.4’ A solution fdr the constant-head borehole tesf: Water
Resources Research.

‘Zreda, M. G., Phillips, F M., Elmore, D., Kubik, P. W., Sharma, P., and Dorn, R. L.,
1991, Cosmogenic chlbﬁne-36 production rates in terrestrial rocks: Earth and Planetary

Science Letters, v. 105, p. 94-109.

- 129



APPENDIX A. WATER AND HEAT FLUXES IN DESERT SOILS 2.
NUMERICAL SIMULATIONS

- Bridget R. Scanlon
- Bureau of Economic Geology
W. L. Fisher, Director
The University of Texas at Austin
Austin, Texas

- P. C. D. Milly
U.S. Geological Survey
Geophysical Fluid Dynamics Laboratory / NOAA
Princeton, New Jersey

131



ABSTRACT

Transient one-dimensional fluxes of soil water (liquid and vapor) and heat in response ‘to one
year of atmcs_pheric forcing were simulﬁed'ndmerically for a site in the Chihua.huan Desert of
Texas. The model was initialized imd evaluated usiﬁg the monitoring data presented in a compa_niori
. paper. Soil hydraulic and thermal properties were estimated a priori from a combination of
léboratory measurements, models, and other published information. In the first simulation, the
main drying curves were used to describe soil water retention, and hysteresis v_vas,ignored.
Remarkable consistency was found between computed and measured water poten&als‘and
temperatures. Attenuation and phase shift of the seesonal cycle of water potentials below the
shailoW subsﬁrface ‘active zone (0.3 m) were similar to those of temperatures, suggesting that
~ water potential fluctuations may be driven primarily by temperature changes. Water ﬂlixes in the
~upper 0.3 m Were dominated by dcwnWard and upward liquid fluxes that resulted from infiltration
- of rain and subsequent evaporation from the surface. Only in the top several millimeters of the soil -
during evaporation pe_riods was upward flux vapor-dominated. Below 0.3 m, water fluxes varied
| slowly and were dominated by downwafd thermal vapor flux that decreased with depth, causing a
net accumulation of water. In a second simulation, nonhyéteretic -water retention was instead
described by the estimated main_wetting curves; the resulting differences in fluxes were attributed ;
to lower initial water contents (given fixed initial water potentials) and lower unsaturated hydraulic
conductivities in the second simulaticn. Below 0.3 m, the thermal vapor fluxes dominated and
were similar to vthose in the first simulatioh. Two other sifnuiations were perfcrmed, differin g from
the first only in the prescripﬁon of different (wetter)'ini_tial water potentials. These three simulations
converged in the uppef 0.2 m after infiltration of summer rain; however, the var_ioué initial water
potentials were preserved throughout the year at greater depths. Comparison of all four simulations
showed that the predominantly upward liquid fluxes below 02 m Were Very sensitive to the
differences in water retention curves and ini_tial‘ water pot_em:ials among simulations, because these
stcongl'y affected hydraulic conducu'vities. Compariscn of numerical modehng results with

chemical tracer data showed that values of downward vapor flux below the surface evaporation
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zone were of thesame order of magnitude as those previously estimated by analysis of depth

distributions of bomb 3H (volatile) and bomb 36Cl (nonvolatile).
INTRODUCTION

The complexity of ﬂow in the shallow unsaturated zone of desert soils requires the use of
numerlcal models to evaluate flow processes and to analyae interactions and feedback mechanisms
be‘tween various controlling parameters. Most numerical modeling studies focus on isothermal
‘liquid,t'low and neglect the effect of vapor flow. However, vapor flow may be important,
vparticularly’ near the soil »su.rface in arid systems, ‘where the soils are very dry and where
temperature gradients are steep. Numerical models of varying complexity have been used to
simulate nonisothermal liquid and vapor flow. Development of these models has been motivated by
problems such as evaluation of shallow unsaturated zones,' geothermal reservoirs, and nuclear
waste disposal sites. This study is concerned primarily with the “weakly” nonisothermal systems -
of Pruess (1987), in which temperatures remain below the boiling point of water. Models of these

wea.kly nonisothermal systems are generally based on the equations of Philip and de Vries (1957).
| Application of these numerical models to evaluate subsurface water flux has been limited by lack of
appropriate field data. Although field studies were conducted to evaluate the numerical model ’
developed by Sophocleous (1979), test cases represennng dry conditions were hypotheucal |
 because of problems with field psychrometnc measurements Only water content data were
available to evaluate results of heat and water flux sunulatlons conducted by Baca et al. (1978)

because temperature and water potential were not momtored
| ~ Previous sunulanons of nonisothermal liquid and vapor flow in the shallow unsaturated zone
of an area w1thm the Chihuahuan Desert of Texas were restncted to 5-day penods in the summer
and winter and showed that below the evaporation front, downward vapor fluxes in the summer
were much greater than generally ui)ward vapor fluxes in the winter (Scdnlon, 1992a). The results
suggested an annual net downward vapor flux that is consistent with the observed de_eper |

penetration of 3H'(volatile) relative to that of 36C] (nonvolatile).
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The objective of this study was to evaluate and éxplain quuid and vapor fluxes in the shallow
unsaturated zone of the Chihuahuan site in résponse to an annual‘climate cycle. Our approach was
to use numerical simu_lati_oné to interpret observed ﬁeld data. In cbntrast to previous simulations
(Scanlon, 1992a) that considered short-term precipitation-free periéds, the full annual cycle |
includes altematihg pe,riods 6f precipitaﬁon ana »evaporation. The long-term monitoring record of |
~ subsurface temperatures and water potentials in‘ this study providéd initial c_oﬁditions for the model
and data to test model results. Bécause, of the complexity of the system and the numericai model,
there were considerabic uncertaiﬁﬁcs in thbe‘ soil physical pfoperties. We frxade no attempt to . |

" éal_ibrate the model, but did use sensitivity runs to understa'nd the physical factors that control water
movement. | |

One major difference between this and previous studiés of nonisothermal flow systems is that

ﬂow in the natural system was evaluated in this Study,-whereas many previops Studies evaluated -
subsurface flow after an initial peﬁod of artificial saturation (Hanks et al., 1967, Ro.se, 1968). In
;ctddition, the one-year period simulated is much lon gér than the peﬁods (hours to days) simulated

~ in previous studies (Sophocleous, 1979; van de Griend et al., 1985; de Silans et al., 1989); this

| gives a more compfeﬁensivé view of flow prbceés¢§ with reduced dependence on initial

conditions.
' GOVERNING EQUATIONS

Water and heat flux were simulatcd with a one-dimensional numerical model, SPLaSHWaTr
(Milly, 1982). SPLaSHWaTr is based on the formuiﬁtion of Water ah'd heat flux by Philip'and
de Vries (1957) and de Vries (1958), as generalized by Milly (1982). Two featur.es’of
SPLaSHWaTT are critical for this study and distinguish this code from many other codes that
simulate nonisothexmﬂ flow in the unsanirat_ed zo,rie. The ﬁrst is the use of mauicpotenti:il rather
~ than water content as one of the dependent variables; this allows simulation 6f flow in
heterogeneous, variably saturated systems. The second critical fea'turé‘bis the épeciﬁcation of the

* upper boundary condition in terms of atrnospherié forcing. Model assumptions include (1) no
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uptake of water by plants, (2) 1océi hydraulic and thermal equilibrium among solid particles, air,
and water, and (3) a static a1r phase (Milly and Eagleson, 1982). The lack of water uptake by
plants is appropriate for the study area because hydraulic parameters were monitored in-bare soil.
The assumption of local hydraulic and thermal equilibrium only breaks down at high infiltration
rates in coarse soil (Milly, 1982); therefore, this assumption is reasonable for the study area, which
is characterized by fine-grained surficial sediments. The effect of the static air phase assumption on
simulation results will be discussed in a later section.

It is well known that the relation between matric potential and water content of soils exhibits
hysteresis. In this study, however, we assume that the water content is a unique function of matric
potehtial and temperature at any time. This neglect of hysteresis is a definite limitation of this
study. The SPLaSHWaTr code permits hysteresis bui fails to consider the entire wetting and
drying history in an internally cdnsistent way (Milly and Eagleson, 1980). We judged that it was
better to neglect hysteresis altogether in this study than to use a quéstionablc parameterization of it.
Furthermore, we were not aware of any comparable model with a valid description of hysteresis,
we did not have the resources to develop one, and we felt that meaningful results could be obtained
without considering hysteresis. The Slight hysteresis in the dependence of hydraulic conductivity
on water content is also ignored here. |

The SPLaSHWaTT code is fully documented by Milly and Eagleson (1980) and Milly (1982;
1984); however, the governing equations are provided here for convenience. The governing

equation for water is given by Milly (1982):

R AC R
p. )oVl, p 9yl | ot p.)oT\, p, dT|, |0t

d dy Jar|. oJK
=E[(K+D,,)—a;-+(DT,+D“)E]+E- (1)

whére Py is density of water vapor in the air-filled portion of the porc space, pj is density of liquid
water, 6is volumetric liquid water content, y is matric potential, 6, is volumetric air content, T is

temperature, ¢ is time, K is hydraulic conductivity, z is vertical space coordinate, Dy is isothermal
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vapor diffusivity, Dr, is thermal vapor diffusivity, and Dr, is transport coefficient for adsorbed
liquid flow due to thermal gradients, which is ignored in this study because we believe it is
negligible in comparison with D, at the study site. Dy and Dy, are gchn by Milly (1982) and

Milly and Eagleson (1980):
= aﬂl ae __L _gga gpv
*RT
and
DTv = Afc_&
b v
Dun o 1, 9P _ 8P, )
= 2o (% - 22

in which D4, is molecular diffusivity of water vapor in air, a is tortuosity factor, g is acceleration

due to gravity, R is gas constant for water vapor,
n , 6<6,

f=16,+-b¢ 6.<0
n-6,

in which n is porosity, 6 is highest water content at which unsaturated hydraulic conductivity (X,

is much lower than Dy, { =(VT),/ VT, (VT), being average temperature gradient in the air
phase, A is relative humidity, py; is saturated vapor density, and T is absolute temperaiure (°K).

The heat equation as given by Milly (1982) is the following:

(C+H%1 +H—{) ( ap,,l H239|)3w
| vl ol

_d[,or oy v
=5 [Agw,(w +gTDT)a -q(T- T)] ‘-(2)

where
H =[Ly+c,(T-T,)]e,

H2 = (clpl —Cppv)(T-TO)_plW—pvl‘O
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and C is volumetric heat capacity of the soil, A is effective thermal conductivity, L is latent heat of
vaporizatibn of watcr; ¢, is specific heat of liquid water, Ly is the value of L at an arbitrary
reference témpcrature Ty, q is total water flux, ¢, is spccific heat of water vapor at constant
pressure, and W is differential heat of wetting of the soil. The volumetric heat capacity of the soil is
a weighted mean of the capacities of its components (de Vries, 1963). The effective thermal
conductivity of the soil and C were calculated according to de Vries (1963), and the differential heat
of wetting was calculated according to Groenevelt and Kay (1974).

The effects of temperature enter directly through the temperature gradients in equations 1 and
2 and indirectly through the temperature dependence of the matric potential, hydraulic conductivity,
and vapor diffusivity. The temperature dependence of the matric potential was calculated by
introducing the variable ¥, in essence, a temperature corrected potential, which is assumed to be a

function of water content only (Milly, 1984):

¥(6) = yexp[-C, (T - T,)] (3a)
where
_loyl |
C,, = ,W T ] | o ,(3b)

T is temperature, and T} is an 'arbitrary reference temperature. The surface tension model generally
underestimates observed values of C v Wilkinson and Klute, 1962; Nimmo and Miller, 1986). In

an early application of SPLaSHWaTr, Milly (1984) assigned a value of —-0.0068 °K-! to Cy
(Milly, 1984); this value is approximately three times that predicted by the surface tension model
~ (Philip and de Vries, 1957). Milly’s (1984) value was refained er simulations in this study. The
temperature dependence of the hydraulic conductivity (K) is given by

K =K K,(0)UT,)/ UT) | - @
where K is saturated hydraulic conductivity at the reference temperature Ty, K, is relative hydraulic
conductivity (which is a function of water content [6]), and v is kinematic viscosity (Milly, 1984).
In fact, this approach may dnderestirhate the sensitivity of K to T by a factor of 2 or 3

(Giakoumakis and Tsakiris, 1991).
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If the surface does not become saturated, then the surface boundary r:ondition associated with

the water flux is:

(q/p,),_,=P-E | CE |  (5)
where P is précipitation and E is ev#poration (Milly, 1984). The évaporation rate is defined by the
‘aerodyna.mic diffusion relation (Milly, 1984). When the surface becdmes saturatcd the boundaiy
corldition can be shown by: | . ,_ |

V=0 L S B
where the depth of ponded water at the surface is neghglble In that suuanon, the model determines
the surface influx, and any excess precipitation produces runoff. This surface boundary condition
fails to allow for infiltration of runoff producéd upstream of our ephemeral channel site. Such
runoff events are rare and short lived. Furthermoré, they would tend to occur when the model -
predicts surface saturation and maximum possible infiltration, in which case the additional water
avallable from upstream could not infiltrate. | |

The surface boundary condition associated with the heat flux equation is (lely 1984):

Gy == A, - 1. - a(TL,o + 273)‘] +p[L+e(Tlo ~To)|E-pT, ~T,)P+ H ®
where gy is soil heat flux, A is albedo, I, is incoming solar radiation, € s emissivity, I is
incoming atmosphcric radiation, ois Stefan-Bolrzman constant, T is témperature (°C), T+273 is
absolute temperaturc (°K), and H is turbulent diffusion of sensible heat into the atmosphere.

The one-dimensional forms of the governing partial differential water and heat equations are
solved by the Galerkin finite element mefhod in SPLaSHWaTr. The resulting nonlinear system of
ordinary differential equations is solved by finite differencing and Picard iteration at each time step.
The water and heat equations are solved alternately to maintain the tridiagonal nature of the matrixv.
Convergence and mass-conservation problems are sometimes cited as problems in y-based
numerical models, such problems were eliminated in SPLaSHWaTr by mtroductxon of a new

numerical technique (Milly, 1985) and by automatic control of the time step size, allowing high
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accuracy to be achieved without excessive use of computing time. The code was implemented on a

MicroVax computer workstation.

NUMERICAL SIMULATIONS
Overview

We performed four 1-year (October 1989-September 1990) simulations of water and heat
fluxes in response to atmospheric forcing. Hysteresis in the soﬂ hydraulic properties was ignored -
in all simulations in this study. Simulation NHD (nonhysteretic drying) employed the measured
main drying data to describe nonhysteretic water retention; NHW (nonhysteretic wetting) used the
main wetting data estimated from the measured main drying data. The purpose of running both
NHD and NHW was to obtain some insight into the sénsitivity of long-time simulations to
differences in water retention curves and associated differences in relative hydraulic conductivity,
which was derived from the retention curve. (Comparison of NHD and NHW may also give some
crude esﬁmate of the importance of hysteresis, though such inferences would be tenuous, because
the computed variables in NHD and NHW do not necessarily bound the variables that would be
computed with the consistent hysteretic soil.) Both NHD and NHW were initialized with field
measurements of water potential and tempcx;ature. Two other simulations, WP/5 and WP/10, were
identical to NHD, except that the initial values of water potential inferred from field measurements
were increased by dividiné initial water potentials by 5 and 10. The purpose of these additiohal
simulations was to provide an understanding of the sensitivity of the simulation to the initial
condition. '

Further details on initial conditions, boundary conditions, water retention, and hydraulic

conductivity are provided in the remainder of t.hls section.

Initial and Boundary Conditions

Initial conditions (Fig. 1) were based on water potential and temperature monitored by in situ

psychrometers that were installed in an ephemeral stream setting (20P and P, Fig. 1, Scanlon, this
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Figure 1. Variations in soil texture from borehole 50S (Fig. 1, Scanlon, this issue) with depth for simulated
region. Water potential and temperature profiles measured by in situ psychrometers
(P and 20P; Fig. 1, Scanlon, this issue) on October 1, 1989. These profiles constitute the initial conditions
for the one-year simulations. The corresponding water content profiles for the nonhysteretic simulations
were estimated from the measured water potential data using the main drying (NHD) and main wetting
(NHW) curves for the materials at each depth. The WP/S and WP/10 profiles represent the water content
profiles calculated with the main drying function from initial water potentials that were divided by 5 and 10.
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isSue). Water potentials were out of range of the in situ psychrometers in the upper 0.8 m of the
 soil; therefore, the initial surface water potential (for NHD and NHW) was aSSighed a value of
—-15 MPa, which is apprbximately equal to the lowest water potential measured in the laboratory on
soil sampledfrom the field site. Rainfall data were mostly obtained from the RE gauge whieh is
located approximately 2 km east-northeast of the psychrometers 20P and P (Fig. 1, Scanlon, this
issue). The Rg gauge malfunctiohed in September and Dec_ember 1989 and in August 1990 and
data for these months were obtained from the other gau ges (Rw gauge Syeptember, 1989; R¢ gauge
December 1989 and August 1990; Fig.' 1, Scanlon, this issue). Rainfall of 207 mm for the year
simulated (October 1, 1989 — September 30, 1990) (Fig. 2) was lower than the long-term (1966—
~ 1987) mean annual rainfall of 280 mm for_the Fort Hancock observation station situated 1.8bkr‘n
southwest of the study area. Rainfall occurred primarily from J uly through September 1990. The
initial temperature at the soil surface was approximated by thesoil temperature measured at 0.01 m '
depth. The upper boundary cohditions were based on hourly avefages of air'temperature, solar
radiation, wind speed, and absolute hurmdity measured from October 1, 1989 through September
30, 1990, 2 m above the soil surface at a meteorological station approximately 1.6 km northeast of
20P and P (Fig. 1, Scanlon, this issue). Daily averages of these parameters were plotted to
evaluate seasonal ﬂuctuatlons (F1g 2) Air temperature and solar radiation were h.l ighest in the
- summer. Wind speed was characterized by large short-term fluctuations. The absolute hurmdlty
was highest in the summer of 1990, when rainfall and temperature were highest. Incoming
longwave radiation was calculated aCcording to Milly and Eagleso'n (1982) Values ‘of albedo for
, dry (0.2) and wet (0.1) silt loam (lely and Eagleson, 1982) were assigned to the surficial
sediments. A surface roughness value of 25 mm, based on previous analyses (Scanion, l992a)
was used in the simulations and is a reasonable value for bare soil. v

| Zero gradients of water potential and temperature were assigned as the lower boundary (15 m
depth) conditions. At this depth, temperature ﬂuctuatiens are knoWn to be negligible, and water
flow is assumed to be controlled by gravity. Nodal spacing ranged from 0.25 mm near the soil |

surface to 500 mm at depth; the 15-m section of the unsaturated zone was represented by 57
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Figure 2. Daily rainfall and daily mean air temperature, solar
radiation, wind speed, and absolute humidity for October, 1, 1989
through September, 30 1990. Rainfall based on east stn oct 89 no
rain nov. center dec east Jan to Jul 1990 Aug center to 8/10 and then
east and east in sept 90. only used center when east malfunctioned.
- Chose east stn because closest to A&M and problems with A&M
data I presume. v -
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elements. PreVioﬁs simulations showéd that increases and decreases in gﬁd size did not affect the |
output (Scanlon, 199251). The time étep size was cohfrolled autoxhatica_lly so that temperature would
not change by more than 0.1°C or water conteht by more than 0.001 m3 m-3 during a time stép.
Hydraulic pardmeter estimation methods

Soil texmrcks'f(.)r the model domain were based on grain-size analyses bf soil samples from |
borehole 50 (Fig. 1, Scanlon, this issue). Material properties were assigned to these soil téxrurcs
- onthe b_asis of laboratory.retentior‘l déta for soils of similar texture that ranged from clay to muddy |
sandy gravel (Fig. 1, Table 1). Experimental da_ta on soil-water dcsbrption weré fitted to determine
a niain drying curve, Ga(‘P ), described‘by» the following function (Brooks and Corey, 1964; Milly -

and Eagleson, 1980) (Fig. 3, Table 1)

6,(¥)=min{6,,6 [(‘I‘/a) ~(-10°/a)*]+ 5~ log(—‘I‘)]} R
: whére b 4 is in m, 6, is the water content obtained upon rewetting and is taken to be 90% to 95‘% of
the porosity follov}ing Mualem (1974) because of air entrapment, and a, b, and c are fitting
parameters. This water retention function was emplbyed tb describe nonhysteretic soil watef
~ retention in the NHD simulétion. For the NHW simulation, the main Wetting curve, 6,(¥), was
_ used‘ instead. The main wetﬁng curve was estimated from the measured main drying data by the
independent domain theory (Mualem, 1977): | | |

o(®)=2-g8,®p.y) O ®
Data on saturated hydraulic conductmty were obtained from field and laboratory measurements
_ (Table 1) as dcscnbed in Scanlon (this 1ssue) The unsaturatcd hydraulic conductivity (Fig. 4) was
calculated by numcncal mtcgranon of the followin g (Mualem, 1976):

EL8)= {‘/—[F'Wd(sm] [ﬂ‘l‘dgv) }K' - ‘é’

where S, is the effective saturation
S _ 6-6,
i e - ek :
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 Table 1. Hydraulic parameters for soil textures used in the simulations.

- Soil texture  clay =~ silty clay loamy sand  muddy sandy
, . » ~ gravel

Ks (cms1) 270 x 10°6 3.20 x 106 370 x 1073 2.60 x 1073
porosity - 0.51 : 0.47 0.45 041
6 ‘ 048 042 041 0.37
ad 80 : —50 =2 -1

- av 80 -50 2 |
bd : © 2,632 -2067 - 0430 -0.560
W - -3.856 . -1.808 - -0.562 -0.664
g ' 0.08149 0.07875 0.00898 0.0078
¥ : : 0.0522 0.0526 0.0051 0.0041
o4 013 0.11 0.034 - 0.029
[t : 0.12 0.11 ‘ 0.021 0.019

Superscripts d and w refer to main drying and main wetting curves.
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- Figure 3. Measured main drying water retention data; fitted ana-
lytic function (Brooks and Corey, 1964; Milly and Eagleson, 1980)
; estimated main wetting water retention data (Mualem, 1977) and
fitted analytic functlon (Brooks and Corey, 1964; Milly and
Eagleson, 1980).
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Figure 4. Liquid hydraulic conductivity (K) and isothermal (Dyw)
and thermal (Dy) vapor diffusivity as a function of water content
and temperature for representatlve soﬂ textures.
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6 iS the value of wafer content at which' liquid ﬂ’ow:'k_bec'ome’s xiegligibie (spéciﬁed as the water

content at which isothermél vapor diffusivity is an order of magnitudé greater than unsétm_'atcd
hydraulic condhctivity [Milly and Eagleson, 1982]) and S is a dummy integration variable for S,. ’ |

| The percent quartz, other minerals, and ofganic niatter were input for soil thermal

conductivity, which was caiculated according to the method of de Vries (1963)‘(Mil.ly, 1984).
Isothermé.l and thermal vapor diffusivities ’we‘r_e calculated aécording to Milly (1982) and Milly and

B Eagleson (1980). The temperature ahd water content dependencies of liquid hydraulic coﬁductivity
- and of isothermal and thermal vapor diffusivities \t'dr representative soil tc;xturesvare shown in

Figure 4.

RESULTS AND DISCUSSION

Comparison of NHD Simulation with Measd_fé,inents -

‘There is remarkable consistehcy between ihe NHD simulated water pote’ntials and the
aQailable field measurements. Figure 5 shows simulated and measured water potentials at 0900 hr,
for the 1-year period, at depths of 0.3, 0.5, 0.8, 1.1, 1.4, and 10.5 m. Computed wéter potentials
at 10.5 m depth were temporally in\;ariant, and were similar to measured water potentials at bthat
depth. At depths of 1.4 and 1.1 m, the measured and éimulated seasonal changes in‘Water |
potentials were véry similar; however, the simulated values were somewhat hi ghet than the
meaéured values throughoui the I-yeér period, and had somewhat sfnaller seasonal variations.
,W‘atcr potentials at 0.3, 0.5, ’and 0.8 m depths were below the measurement range of the in situ
psychrometers (< -7 to —8 MPa) for most of the monitorin g peribd; compuied water potentials
were also less than —8 MPa. Measured water pbtentials increased to 2 -7 MPa at 0.3 m depth in
September 1990 after summer rain, and this change in water pbtenﬁals was rcproduc;ed by the
simulation. | | | | v ‘ » | ._ |

The NHD simulation of seasqhal changes of temperature at 0900 hr is alsoj in good agree"mem' B

| with the field mcasuremcnts (Fig. 6). Measured and simulated values both show the well-knOwn ,
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Figure 5. Comparison of time evolution of daily (0900 hr)
measured and computed (NHD) water potentials.
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Figure 6. Comparison of time evolution of daily (0900 hr) measured and computed
(NHD) temperatures.
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extinction and phase-shift of the annual surface temperature wave with depth. There isa pesitivc '

error in simulated peak temperaulres at depths of 0.3 m and be_loW, despite a relatively aeeurate

simulation of the temperature at 0.01 and 0.1 m depths. This can be attributed to errors in the
pniscribed (and uncalibrated) thermal properties of the soil.

The sinﬁlarity,between Figures 5 and 6 suggests an explanation for the measured depth and
time dependencies of water potential and their faithful reproduction in the simulation, which was
achieved despite gross uncenainties in hydraulic properties. Ignoring the effect of the surface water -
input in the summer of 1990, we can see that the attenuation and phase shift of water potentials
with depth are similar to those of temperature. We propose that the water potehtial changes are
~ driven pnmanly by the temperature changes, with water content remaining relatively ednstant, .

accordirig to (3a). For the model simulation, this hypothesis is confirmed by Figures 7aand b,

- which compare modeled potentials at depths of 1.1 and 1.4 m with those computed from (3a)
using the modeled soil ternperatures and the initial values of V. Figttres 7c and dfcompare the
potentials computed from (3a), using ﬁeld-_meastxred ternperatures and Cy, =-0.0068 °K-1, with
the field measured water potentierls.v The computed potentials chan ge cortsiderably less than the
measured values. However; it should be kept in mind that the true value of Cy is quite uncertain,
and may vary With depth and time. A vétlue of Cy = ~0.015 °K-1 provides muchvbe}tter, but still far
frem perfect, agreement between water potentials computed using (3a) and field measurements -
except after June 1990. Thtls, the field data are geﬁeraily consistent with the proposed hypothesis -
if one accepts an average field-inferred vaiue for Cy, of about -0.015 °K-1. |

Consistent with the time and depth behaviors of water potential noted above, the chahges m
water storage associated with individual rztinfall events were confined mainly tb the top 0.3 m of _
soil. Water potential data for this upper layer are n'ot. available for comparison with simulated |

results. Simulated water potentials in this zone ranged from 0 to 387 MPa. The dominant effect of
rainfall in the summer of 1990 is shown by substantial increases in computed water potentials and

‘water content at this time (Figs. 8 and 9).
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Figure 7. Comparison of modeled water potentialsat 1.1 m (a) and 1.4 m (b) depth with
those computed from (3a) using the modeled soil temperatures and initial values of ¥;
comparison of field-measured water potentials at (c) 1.1 m and (d) 1.4 m depths with
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Figure 8. Time evolution of computed water potentials based on daily 0900 hr output from NHD and daily
precipitation. Water potential output from the simulation was for 20 depths that range from 0.0025 m near
surface to 0.2 m intervals at depth; water potentials in between these levels were mterpolated linearly and
are shown on a linear scale as gray tones.
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Figure 9. Time evolution of computed water contents based on daily
0900 hr output from NHD and daily precipitation. See Figure 7.
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Another important feature of the measurements, which is present also in the simulation, is the
vertical gradient in water potential. The measured annual mean water potential decreased from —2.1
MPa at 10.5 m depth to 4.7 MPa at 1.4 m depth and -5.4 MPa at 1.1 m depth; this indiéates a
driving force for upward liquid water flow. The reproduction of this gradient in the simulation
could be attributed to its specification in the initial condition; such a possibility cannot be eliminated
without knowing how long the effective “memory” of the system is. This issue is discussed in the
next section.

The water balance computed for the simulated year is summarized in Table 2; the
accumulation of this balance over time is shown in Figure 10. A total precipitation of 207 mm was
balanced by 162 mm evaporative loss to the atmosphere, 10 mm surface runoff due to surface
saturation during storms, and an increase of storage in the modeied soil (0 to 15 m depth) of
35 mm. The effluk from the bottom of the modeled soil was negligible. Measurements of
evaporation are not available for comparison. Analysis of stream gauge data for the site suggests
that 0.2% to 2% of precipitation runs off (S. Akhter, pers. comm., 1990), which would result in
0.4 to 4 mm runoff for the simulated year. These values are slightly lower than the simulated
runoff of 10 mm. Rainfall in summer was approximately chén times higher than that in winter and

resulted in high surface runoff, evaporation, and storage change in the summer.

Mechanisms of Water Transport in the Model

In this section, we discuss the simulation results in terms of the various fluxes. Vertical

fluxes of water can be decomposed into fluxes of liquid (-K ‘2_‘!’)’ which are driven by water

potential gradients, and diffusive fluxes of vapor, which are driven by vapor pressure gradients

that are in turn caused by water potential gradients (isothermal vapor flux, (—Dw 99_'/’)) and
z
temperature gradients (thermal vapor flux, (—DT, ;E) ). The sign convention for subsurface fluxes
Z

is that upward fluxes are positive and downward fluxes are negative.
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Table 2. Soil-water balance.

|

P (mm) E (mm) Rg (mm) AS (mm) Deep drainage
(mm) .
NHD (1 Oct 89-30 Sep 90) 207 162 9.9 35.2 4.8 x 10-3
NHD (21 Jun 90-21 Sep 90) | 138 109 5.5 233 -1.2 x 10-3
NHD (21 Dec 89-21 Mar 90) 19 17 0.00 1.6 -1.2 x 10-3
NHW (1 Oct 89-30 Sep 90) 207 156 19.3 32.1 1.8 x 104
NHW (21 Jun 90-21 Sep90) | 138 105 123 20.0 -4.5 x 1072
NHW (21 Dec 89-21 Mar 90 19 17 0.0 2.0 -7.9 x 1074
WP/S (1 Oct 89-30 Sep 90) 207 174 10.2 22.9 -1.3 x 10-1
WP/10 (1 Oct 89-30 Sep 90) | 207 182 10.4 14.8

-5.5x 101

P is precipitation; E is evaporation; Rg is surface runoff; AS is storage change; NHD and NHW are
nonhysteretic drying and wetting simulations, respectively; WP/5 and WP/10 are similar to NHD except

that the initial water potentials have been increased.
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Figure 10. Measured cumulative precipitation, computed cumulative evaporation
(E), surface runoff (R;), and storage change (AS) for NHD.
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In the upper 03m of the soil, the direction, magnitude, and mechamsm of water fluxes vary
' m} response to the intermittent wettmg and drying by weather events discussed earher Asa
consequence, it is not easy to charactenze them succinctly. A detaﬂed analysrs of water fluxes in |
tlﬁs near-surface layer revealed that the dorninant process for downward water movement was
liquid flow (Fig. 11a). Very close to the surface, upward isothermal vapor ﬂuxes were significant.
The annual evaporation of 162 mm may be cotnpared to mean annual isothermal vapor fluxes of
128, 86, 35, andv16 mm at depths of 1.25, 7 5,25,and 55 mm Cumulative downward liquid flux
in summer penetrated toa much greater depth (0.3 m) than downward liquid ﬂux in winter (O 05
m) because of high summer rain (Fig. 12). |

Below 0.3 m depth, water fluxes varied relatively little. The dormnant term was the thermal
. vapor ﬂux, which vaned with season and depth following the temperature gradient. In the annual
mean, its downward values in summer outweighed the upward values in winter (Fig. 12), giving
cumulative annual downward thermal vapor fluxes of 1.5, 0.9, 0.65, and 0.17 mm yr! at depths
of 0.5, 1.0, 2.0, and 5.0 m (Fig. 11). Thermal vapor flux was essentially unbalanced by the other
water ﬂuxes in the sxmulauon As a result, there was anet convergence of total water flux and
hence an accumulatlon of water at all depths below the near surface layer. The associated rate of
change of water content was 0.0018, 0.0003, 0.0003, and 0.0001 m3 m-3 yr-! at depths of 0.5,
1'.0; 2.0, and 5.0 m. The low water flux ,througbout most of the domain confirms the earlier |
suggestion tbat the preservation of the initial water potential distribution was a major factor in the

simulation.
Possible Causes of Lack of Equilibrium in the Model

We have shown that simulated thermal vapor flux convergence in NHD was unbalanced by
other water fluxes below 0.3m. Itis 1mportant to consider whether such a situation is hkely to
‘occur in the field. On the basis of sensitivity sunulauons and approxrmate calculat10ns, it appears
‘that the sign and magmtude of the net annual convergence of thermally driven vapor flux is

realistic, robust, and persistent through the years, as long as the soil below 0.3 m does not become
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Figure 11. Variations in annual cumﬁlative liquid (qy), isothermal vapdr (Qviso)s
thermal vapor (qv w), total vapor (qv o), and total (liquid + vapor; q 1) flux for
the upper 0.3 m (a) and for 0.3 to 5 m (b) for NHD. : .
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Figure 12. Variations in liquid (qy), isothermal vapor (qy iso), thermal -
vapor (qv @), total vapor (qy 1), and total (liquid + vapor; q 1) flux for
the upper 0.3 m (a and c) and for 0.3 to 5 m (b and d) for summer
(June 21 to September, 21; a and b) and winter (December 21 to
March 21; ¢ and d) for NHD. . ‘ ‘ _
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so dessicated (potential of approximately ~10*m [—IOO MPa] or lower) that the rélative humidity of
soil air drops far below saturation. Furthermore, the isothermal vapor flux appears to be too small |
to balaﬁce the thermal vapor flux. Tlﬁs implies that thér_e is an annual rriéan source of liquid watef
below 0.3 m (and a related sink near the surface), which must be balancéd by some combination of
changes in liqtiid storage and divergences of liquid ﬂux‘. _ |

In the short term, annual st_ofage changes could balance vapor convergence below »O.3 m, but
in the long _termbliquid flux divergence would have to occur. In our simulation, values of hydraulic-
conductivity: were far too small for such liquid flow compensation to occur, and sforage changes
resulted instead. If the same forcing had beén continued through many annual cycles, the soil
- would have eQentually moistened to the point where the source term was balanced in the ahnual
mean, by liquid efflux, either upward or downward, from the source region. ‘

The question naturally arises as to whether the source was balanced by storage chahgc or
liquid flux divergence in the field during the year thai we simulated. ‘If hydraulic conductivity
values were aétualiy greater than those computed from (9), then a retum'ﬂqw of liquid toward the
surfabe, driven By the observed hydraulic gradient, could have balanced the thermal vapor flux.
Indeed, the riecessaxfy increase in éonducﬁvity values would be within the known rahge of errors of
‘equations such as (9). Thé compensating upward liquid return flow would imply in situ values of
hydrau_lic conductivity oxi the order of 3.4 x 10-1,4,’6.0 x 10-13, and 3.0 x 10-13 m s-1 at depths
of1,2,and 3 m. The alternative hypothesis is that the liquid fluxes were indeed negligible in the
ﬁeld, and that storage increases occurred instead, as ih the model. Such behavior might be | |
expected if the year under consideration were somehow anomalous relative to the preceding years;
if pi'olohgcd drying of the soil bélow 0.3 m had océurred in recent hiétory, then ‘theb model-mfefred :
stiﬁ{)e trend in water content could represent a recovery from the dry périod.."l’here are -
~ insufficient data available to determine whether the net downward thermal vapof flux Waé balanced

~ by storage chahge or liquid flux in the field.
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Model Sensitivity to Water Retention Function

Simulations NHD and NHW used the same initial profiles of water potential and temperature.
However, initial water contents were much lower m NHW than in NHD beealise éoil holds less
water at a given potential “when it ie wetting than when it is drying (Fig. 1). Differences between |
main wetting and drying curves at the prevailing water potentials‘,were greater for fine-textured
sojls than for coarse-textured soils (Fig. 3). Thermal properties of the soilsj were minimally
affected by fhe difference in initial soil-water content. At depths greater than 0. 3v m, the agreement
between measured and simulated water potetitials and temperatures found in NHD was present alse
in NHW. This insensitivity to soil hydraulic‘properties, within the range considered here, is
consistent with our h‘ypotheSiS that the measured and simulated water potential fluctuations below
~ the nea;'-surfacé zone are controlled pnmanly by temperatdre variations. However, it should be
kept in mind that these results were obtained m a model whose hydraulic conductivity, we have o
argued ‘may be too low. |

The annual water balance for NHW is ngen in Table 2; differences between NHD and NHW
are relatively small The deference in hydraulic properties apparently changes the ability of the soil
to absorb the heaviest rainfalls, with decreased infiltration occurrin g in the NHW case. This loss of
input is compensated by reducuons in water accumulation and evaporanon relative to those in
NHD. The relative magmtudes of cumulative liquid and vapor fluxes in the near-surface layer in
NHW (Fig. 13) were similar to those in NHD (Flg 11).

The uncompensated thermal vapor flux convergences below 0.5 m depth found in NHD were
present also in NHW (Figs. 11 and 13). Magnitudes of thermal vapor fluxes were aearly the same
for NHD and NHW; mean annual values differed by less than 10% at most depths.bBecause’of the
iower water contents in NHW , the hydraulic eOnductivities and associated upWard liquid fluxes |
below the 0.3 m depth were even smauer in NHW than in NHD. vLiqu'id fluxes were typically
reduced by factors of 10 in the coarse-grained sediments and by factors of 30 vin the ﬁne-grained
- Asedim_ents. The NHW simulation thus confirmed that the deeper liquid fluxes are highly sensitive

158



Vi -0.14
g .
£
&
o
-0.24
-0.3 T T T T T D 5 T T T
© -150 -100 -50 -0 50 {00 150 -2 -5 -1 05 O 05
Flux mm yr") - Flux (mm yr')

QAa1636¢
Figure 13. Variations in annual cumulative liquid (qy), isothermal vapor

(Qv iso), thermal vapor (qv 1), total vapor (qy 1ot), and total (liquid + vapor; _'
q 1ov) flux for the upper 0.3 m (a) and for 0.3 to 5 m (b) for NHW.
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- to the assumed hydraulic properties. This is a consequence of the fact that the profile of water

potential remains almost frozen at its initial shape for the entire simulation.

 Model Sensitivity to Initial Water Potentials

In simulations WP/5 and WP/10, only the initial conditions differ from NHD. Differeuces in
initial water potential among NHD (-15 to -2 MPa), WP/5 (-3 to —0.4 MPa), and WP/10 (-1.5 to
—0.2 MPa) are much greater than the standard error assoc1ated with psychrometer calibration
(0.2 MPa). Because the three simulations differed only in their mltlal water potentlals,
simulations for these three cases would be expected to converge to the same solution at sufﬁ01ent1y
large time. Water potentials for the three stmulauons converged in the upper 0.2 m after infiltration
of summer rain (Fig. 14). At dept_hs greater than 0.2 m, the relaxation time greatly e:tceeded one

year, and the higher initial water potentials in WP/S and WP/10 were preserved through the
simulation. - |
The water balances for WP/5 and WP/10 are given in Table 2. Because the water balance is
| determined mainly by the upper soil layers, and because NHD, WP/5, and WP/10 converge within
a year in these upper layers, the'difference in l-year water balances is mainly attributable to the ~
difference in initial storage of water in the soil and is insensitive to increased hydraulic
conductivities associated with increased iniﬁal water potentials. WP/10, with the highest ihitial :
stomge, experieuces the smallest storage increase. The difference in storage changes of about.
20 mm between NHD and WP/10 is approxxmately equal to the initial d1fference in storage thhm
| the top O. 3-m silty clay. _
In the layers below 0.2 m, the effect of hlgher initial water potentials is opposite in sign, but
- otherwise similar, to the effect of changmg from NHD to NHW. From about 0.2 to 2 m, the
hydraulic conducuvmes are large enough in WP/10 to make computed upward liquid fluxes |
comparable to net downward thermal vapor fluxes on an annual ba51s (Fig. 15). The sensitivity of
fluxes to variations in initial water potential suggests that accurate information on initial water

potentials is important, particularly below the shallow subsurface active zone. These results differ
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Figure 14. Time evolution of water potentlals for NHD, WP/5, and WP/10 for

selected depths.
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Figure 15. Variations in annual cumulative liquid (qp), isothermal vapor (qviso)s
thermal vapor (qy ), total vapor (qv o1), and total (liquid + vapor; q o) flux for
the upper 0.3 m (a) and for 0.3 to 5 m (b) for WP/10. :
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from those‘ of isothermal liquid flow simulations using the computer code TRACR3D (Scanion
etal., 1991; Scanlon, 1992b). Isothennal liquid flux in these simulations were insensitive to

variations in initial water potentials except at very high values (> -0.1 MPa).

Comparison with Chemical Tracer Data

Chloride is nonvolatile and is restricted to liquid phase flow, whereas tritiated water is
volatile and can move in both liquid and vapor phases; The 35C1/Cl peak was measured at a depth
of 0;5 m aﬁd suggested a liquid ﬂux of 1.4 mm yr-l baséd ona 35-yr period since peak f.allout'and
an average water>c‘:ontent-of 0.1 m3 m3 in the top 0.5 m of the uxisaturated zone (Scanlon, 1992a).
The 3H profile was multipeaked and the peak at 1.4 m depth was assumed to represent the 1963—
1964 bomb pulse. The resultant water (liquid +>' vapor) flux was 7 mmvyr-1 based on a 25-year -
| period sincé 'peak fallout and an average water c_ontenf in the upper 1.4 m of 0.13 m3 ‘m-3. The
relative distribution of the two tracers suggests a vapor flux of 5.6 mm yr"l..vThe previous 5-day |
summer and winter simulations suggested an annual net downward vapbr flux that was consistent
with the chemicél tracer data (Scfanlon, 1992a). Because of the limited time of the simulations
(5 days), the rnagxﬁtude of the simulated fluxes was n'oi compared with that suggested by the
chemical tracers. The l-year simulati'onkin this study also suggests cumulative dowhward vapof
flux except in the upper 0.08 m. The average valué of downbward vapor flux (NHD‘ 1.1 mm yr-l;
NHW 0.9 mm yr-1) from 0.08 to 1.4 m depth (the depth of the 3H peak) is thé same order of
magnitude as the 5.6 mm yrl vapor flux estimated from the relative distribution of the 3H and
36CUC1 tracers. 7 |
The vapof fluxes estimated from the tracer data ’dnd from the model differ by a factor of 5 or
6. If the flow system is not in equilibrium, then the simuiated year could be nonrepresentative of |
the bériod since bomb fallout begaﬁ. Howevei‘, it would seem to be very difficult to ‘explain the
noted discrepancy in terms of any interannual variability of the factors driving vapor flux, at least
within the diffusibn theory abplied h¢re. As already mentiohed, the thcrmé.l vapor flux calculations !

appear to be rclaﬁvély robust. An alternative explanantion is that the apparent S/apor transpbrt

162



!

inferred from the tracer dafa is attributable to the s&ong seasonality of .th'c thénnal vapor flux. |
Seasonal thermal vapor fluxes are much larger than the annual fneéms, yet this factor was not
considered in the simple steady-advection estimates of vapor flux from the tracer data. Further
evaluation of this issue WOIﬂd be facilitated by the use of a transport model having»sevas_onally

- varying liquid and vapbr flux proﬁles.

Sources of Uncertainty

One of the greatest sources of unéernainty in these simulatioﬁs is the estimated hydraulic
bconductivity funcn'dn (K(8)). The K(8) function is much more nonlinear than the Dyv(8) or the
D1v(0) functions (Fig. 4). Because the K(6) function is estimated from the water retention function
and saturated hydraulic conductiVity (Ks), inaccuracies in the K(8) function result from |
méocumdes in the water retention functiovns,‘the K data, and especially in the estimation
pfocedure. Lucknér etal. 1(1989) discuss many possible sources of error in K, measurements and
Suggest that the unsamratéd h&draulic conductivity' at a water content slightly less than saturation be
uéed as a matching point rather than K. ‘Uncertainties in the K(8) »functibon make it difficultto -
assess the relative importance of liquid and vapor transport mand systems. Some ongoing studies
are examining different procedures to obtain direct measurements of ihc K(G).fu‘nction (prmans,
pers. comm. 1992; Hudson, 1992). These laborétory measurements should provide data to
~ evaluate various K(8) estimation procedures. If the hypothesis advanéed herein concerning balance
of upward liquid ’and downward thermal vapor fluxes is correct, then it may be possibie to estimate
in situ hydraulic conductivity values from measurements of water potentials in the field in arid
enﬁronments. | | o » |
. Simulations in this study demonstrate that most of the variations in hydraulic parameters and

fluxes were féund in the top 0.3 m; however, instrumentation has not been dcvélo;x:’d to monitor
water potential variations in this zone. In sitﬁ thefmocqupl_c psychrometers do not work well in

these shallow sediments because of steep temperature gradients. The lack of detailed measurements
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of water potential in the upper 0;3 m makes it impossible to evaluate the simulation results in this
zone. |

The conceptual model used for this study neglected hysteresis in the water retentdon
functions. Although main wetting and main drying water retention curves bound hysteretic
scanning curves, simulated liquid fluxes based on main curves do not necessarily bracket those
based on hysteretic curves. There are many problems with simulating water retention hysteresis.
Different procedures to estimate the main wetting function from the main drying funcdon (Mualem,
1977; Kool and Parker, 1987) result in substantial differences in the estimated main wetting
functions; this indicatcé that the main wetting and drying functions should be ba‘scd on measured
data. Even if measufements and an accurate model of water retention hysteresis are available, the
saturation history of the profile must be determined, such as whether the system is inidally drying
or wettihg, or whether sections of the profile are drying or wetting before the natural system can be
simulated. The present analysis suggests that this is a serious concern, at least in principle, for the
deeper soil horizons in an arid setting.

One of the assumptions in this study is that the air phase is static; however, in the unsaturated
zone, the air phase is generally not static and the ability of the air phase to remain close to
atmospheric pressure is attributed to the air phase being much more mobile than the water phase
(Hillel, 1980). Air pressure may affect both liquid and vapor fluxes. The effect on liquid flux
should be negligible because air pressure gradiems are small relative to water potential gradients,
and air pexméabilities should be sufficiently high to allow, without much pressure buildup, the
needed air displacement with the computed water fluxes from the simulations. Air movement‘may
also result in water movement in the vapor phase. Our model assumed that vapor phase transport
simply results from diffusion relative to‘a static air phase. In fact, the air moves both as a result of
displacement by a dynamic liquid phase and, more imponan;ly, as a result of atmospheric pressure
fluctuations, from wind gusts to synoptic-scale weather systems. The net effect is to increase the

effective diffusion coefficient in the upper layers by a pumping action; that is, the air is breathed in
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and out. Thé effect of a separate air phase is thought to be greatest during individual storm events

and should be relatively minor over the long time considered in these simulations.

CONCLUSIONS

Good agreement was found between NHD-(nonhysteretic drying water retention function)
simulaied and field-measured water potentials and temperatures. Below 0.3 m, attenuation and
phase shift of water potentials and temperatures were similar and suggest that water potential
variations may be controlled by temperature fluctuations, with little influence from‘changes of
water content. Water balance data indicated that of the 207 mm of precipitation, 162 mm was
evaporation, 10 mm was runoff, and 25 mm was increased soil water storage. Simulated surface
runoff values (10 mm) were slightly higher than estimated values (0.4 to 4 mm) based on stream
gauge data. Rainfall was much higher in summer than in winter, and summer infiltration dominated
annual cumulative subsurfacé fluxes in the upper 0.3 m. Below this zone, downward thermal
vapor fluxes were dominant and were not balancedk by other fluxes. This annual cumulative
down§vard water flux indicates that the model is not in equilibrium with its atmospheric forcing.
This could indicate true disequilibrium in the field, or it may be attributable to inaccuracies in
hydraulic conductivities, which may underéstimatc upward liquid fluxes. |

Sensitivity of model results to use of the nonhysteretic wetting water retention function was
examined in the NHW simulation. Usé of the main wetting data resulted in much lower initial
saturation distribution relative to that in NHD. Thermal properties of soil were negligibly affected
by differences in initial water content. Computed water potentials and temperatures based on NHD
and NHW were similar below 0.3 m, which supports the explanation that water potential vaﬁaxions
are controlled by temperature fluctuations. Increased surface runoff in NHW relative to that in
NHD was compensated by reduced water accumulation and evaporation in NHW. Below 0.3 m,
smaller upward liquid fluxes in NHW relative to those in NHD suggest that liquid fluxes in this
zone are sensitive to the water retention functions that enter the calculations of hydraulic

conductivity.
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Simulations WP/5 and WP/10 differed from NHD in that the initial water potentials were
increased by dividing by 5 and 10. Water potentials in the upper 0.2 m in all three simulations
converged after infiltration of summer rain; however, initial water potentials at greater depths were
preserved thréughout the year. Befow 0.2 m, the initial water distribution remains almdst
unchanged for 1 year, and the increased upward liquid fluxes associated with increased initial
water potential are attributed to increased unsaturated hydraulic conductivity. The water balance is
* determined mainly in the shallow subsurface (< 0.3 m). Differences in water balance among the
three simulations can be explained by variations in initial soil water storage and are negligibly
affected by differences in unsaturated hydraulic conductivity associated with variations in initial
water potential.

Comparison of numerical model results with chemical tracer data shows that simulated
downward vapor flux below the evaporation front (0.08 m) based on these numerical simulations
agrees with the deeper penetration of bomb 3H (volatile) relative to that of bomb 36Cl (nonvolatile).
The simulated average downward vapor flux from 0.08 to 1.4 m depth (NHD 1.1 mm yr-1; NHW
0.9 mm yr1) is within the same order of rriagnitude as that based on the relative distribution of 3H
and 36CY/CI (5.6 mm yr-1).

This simulation research providcs‘ a gréatcr understanding of unsaturated zone processes in
desert soils. Agreement between computed and measured parameters is attributed to the robustness
of the thermal calculations. These simulations also indicate some of the main sourées of
uncertainty, particularly in the estimated hydraulic conductivities.
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ANALYSIS OF LONG TERM WATER POTENTIAL MONITORING DATATO
EVALUATE UNSATURATED ZONE PROCESSES IN AN ARID REGION UNDER
NATURAL CONDITIONS

ABSTRACT

The use of thennoéguﬁle péychrometry to evaluate unsaturated flow processes under
natural conditions in a seniia_rid site in thé Chihuahuan Desert of Texas was examined. |
Water»pot_ential and temperature were moﬁitored by thérmocouple psychfometers installed
’ | in the bed of an ephemeral stream from 0.3 m to 24.1 m depth from April 1990 through |
June 1993. Soil texture in the upper 8.4 m ranged from gravely muddy sand io sand and
below 8.4 m was clay. Water potentials were also measured in the laboratory on soil
samples collected in a nearby borehole. Infiltration and redistribution of water was
mdnitoréd by psychrometers in the upper 1.4 m durmg ’1 992 and 1993 as aresultof
abnormally high winter precipitation. The wetting front'_i)enetrated' to a maximum depth of
0.8 m. The wetti_ng front penetr_ation depth monitored by another set of psychrofneters in
the Hueco Boison was much less (0.3 m) becaus_eb the surficial sediments weré finer |
grained (clay loém). Water moved down by piston flow as evidenced by the progressive
increase in water potetitials with depth. The spﬂ, parﬁcularly in the upper 0.8 m dried |
within a short time as indicated by the short lag between water’pote‘ntial changes in -
psychrometers at different depths. The short time required for drying the soil can be
~ explained by roots effectively removing water from various depths at a’pproximatelyvthe
same time. Seasonal ﬂuctuatipns in water potential were monitored at depths of 2.3 0 7.4
m. The magnitudc of the water potential fluctuations decreascd with depth and the phase of
the wave shifted with depth similar to tﬁose of temperénma ﬂuctuations. These seasonal
water potenﬁal variations are attributed to seasonal temperaturc fluctuations and probably’
do not reﬂcct changes in water content. The general shape of the labomtdry and ﬁcld

measured water 'potential profiles was similar. Below the zone of active circulation, water
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potentials measured at the same depth differed by up to 6 MPa in the coarse grained
sediments and by up to 2 MPa lower in the fine grained sédiments. The lower watér
potentials measured byvthe laboratory psychrometer are attributed to sample drying during
collection and analysis. Water potential profiles based oh the field monitored data suggest
an upward driving force for liquid and isothermal vapor movement except in the zone of
active water circulation. A sharp increase in field monitored water potentials was found
from 5.9 to 7.4 m depth and marks the sand clay contact. This corresponds to a chloride
mass balance age of 13 kyr and may reflect transient conditions and increased recharge in
the Pleistocene when vegetation was mesic. Comparison of water potential data from the
Hueco Bolson with those from dther desert sites in the southwest shows that water -
potentials are low and gradients are generally upward except in the shallow subsurface after
rainfall. Water potential monitoring data from the Hueco Bolson have important
implications for waste disposal in arid sites and emphasi‘ze the importance of fine grained
surficial sediments and revegetation of trench caps to minimize subsurface water

movement.
INTRODUCTION

Although much of the previous work on unsaturated zone processés in arid regions
has concentrated on flow in the shallow zone in réSponse to agricultural irrigation (Gaudet
et al., 1977; van de Pol et al., 1977), more recent interest in desert soils h}as developed |
because of their suitability as repositories of radioactive materials (Enfield et al., 1973; Gee
and Heller, 1985; Montazer et al., 1985; Nichols, 1987; Winograd, 1981). Water fluxes
under natural conditions in desert soils are generally very low and difficult to estimate.
Various method§ have been used to quantify water fluxes in arid settings. Although the
water balance approach may be suitable in irrigated agricultural regions, it is generally
unsuitable in natural arid systems because evapotranspiration comprises a large component

of the water balance and techniques for measuring actual evapotranspiration in partly
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. vegetated desert regions are highly inaccurate. _Weighing lysimeters have ,b':een used to
measure directly evapotranspiration and drainage (Gee and Jones, 1985); however,
dlsturbance of the natural soil and artificial botmdary conditions may affect flow |

~ Monitoring water content with a neutron probe may not be sufﬁc1ently accurate to detect the
small fluxes that move through the unsaturated zone. In addmon, water content is
discontinuous across different lithologies and variations in water content with depth do not
indicate the direction of water movement. | ‘

In contrast to water content data, under steady state conditions energy vpotential is
continuous across different soil types and is typically used to infer the flow direction. The
energy potential consists of matric, gr'avitadonal, temperature, and osmotic components.
Steep temperature gradients are generall); restricted to the upper meter of the unsaturated
zone and osmotic potential gradients are generally negli gible. In dry soils,'matrie potential

gradients are dominant. ' |
Thermocouple psychrometers are used to measure water (matric and osmotic)
potential and temperature of dry soils both in the field and in the laboratory. The theory of
thermocouple psychrometry is described in Rawhns and Campbell (1986). Thermocouple

psychrometers measure the relative humxdlty (p/po) of the soil atmosphere, which is

proportional to water potential (y in MPa) according to the Kelvin equation:

y= RT/Mln(p/po) P s
where R is the ideal gas constant, M is the molecular mass of water (R/M is 0 462 MPa K-
1y, and T is temperature (K). '

'_I'he use of thermocouple psychrometers in previous hydrologic studies has been very
limited because these instruments are small and easily broken, and individual psychrometric
calibration is time consuming and expensive. Psyehr‘ometers_mayvralso lose calibration in
; the field (Merrill and Rawlins, 1972) Much of the psychromeuic data in the literature is
questionable because of poor mstallauon procedures and lack of sophtsucated data loggers

for recordmg water potentials accurately (Montazer etal., 1985)
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Purpose

The objective of this study was to examine the use of thermocouple psychrometry to
evaluate hydrologic processes in thé shallow unsaturated zone of a natural semiarid system.
Thermocouple psychrometers provide information on water potential and temperature
gradients which are the driving forces for liquid and vapor flow. Examinau'un of temporal
and spatial variations in these parameters helps us understand the controls on unsaturated
flow processes. | Water potcntial data from the Hueco Bolson and from other arid and
semiarid regions were compared. Analysis of long-term monitoring data provides insights

that can be used to optimize the design of future monitoring programs in similar settings.

Study Area

The study area (31° 25°N, 105° 40°W) is located in the Hueco Bolson, a 200-m-thick
sediment-filled basin within the Chihuahuan Desert of Texas (Fig. 1). Groundwater ranges
from 110 to 150 m deep within the study area (Mullican et al., 1989). The unsaturated
zone consists of 0 to 15 m of clay to »gravel of the Tertiary/Quaternary Camp Rice
Formation and 140 to 200 m of clay containing interbedded silts and sands of the
underlying Tertiary Fort Hancock Formation. Extreme textural variations from clay to
gravel were found in trenches dug to a depth of 7 m. A discontinuous layer of caliche lies
approximately 2 m deep. The present surface of the Hueco Bolson is an alluvial plain that
slopes 1 to 1.5% toward the Rio Grande. The elevation of the study area is approximately
1,300 m. Modern ephemeral streams that drain the alluvial plain lack well-defined channels
(maximum relief is 0.6 m) and drain into arroyos that border the study area. In general
both streams and arroyos are dry except after rainfall. Shrubs such as native grasses,
creosote (Larrea tridentata) and mesquite (Prosopis glandulosa) with rooting depths of 1 to

5 m are common.
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Figure 1. Location of sampled boreholes and thermocouple psychrometer monitoring stations
in the study area.
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The regional climate is subtropical arid (Larkin and Bomar, 1983). Long-term
meteorologicéd data were based on a 22 yr record (1967 to 1991, excluding 1971, 1983,
and 1989) from Fort Hancock, which is 18 km southwest of 'the‘study area; Monitoring at
the Fort Hancock station wasrdiscomin'ued in Mﬁy, ‘19'92.. Long-term mean annual
precipitation is 296 mm and exhibits large interannual variations (from 115 mm in 1967 to
433 mm in 1970). Analysis of the 22 yr record indicates that 63% of the precipitation vfalls
from June through September (Fig. 2). Most of _this rain falls aé local inténse, short |
duration convective storms, when ;empefature d_nd evaporation are -highcst; Minor winter
ﬂbntal storms are of longer duration. Mean annual class-A pan evaporaﬁoﬁ is
approximately seven times mean annual precipitation. Mean monthly air tc‘rnpei'atures
based on data from 1966 to 1987 at Fort Hancock range from 5°C in December to 28°Cin

July.
METHODS

Field psychrometric measurements were conducted w1th Peltier- or 'Spanner-type
psychrometers that use a cooling current (the Peltier effect), td condense water below the
dew point on the thermocouple (Spanner, 1951). These psychromgters caﬁ be used for
laboratory and field measurements; they opefate m the range of approximatély -0.2t0-8
MPa because the Peltier effect cannot condense water at poteﬁtials oflessthan
approximately —8 MPa. Laboratory psychrometric measurements were made with a
Richar.ds-typc psychrometer which uée-s a drop of water that is added mechanically to the
thermocouple and spans a much larger.mnge in water potential (-0.2 to -300 MPa)
(Rawlinsv and Campbell, 1986). After water is added or ‘condeynsed onto the thermocouple,
this water evaporates and results in a temperature dcpréssion that is translated into output
- voltage. The output voltage changes rapidly initially and theh stabilizes at a plateau value |

- before final reduction to the reference voltage level.
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Figure 2. Long-term average monthly precipitation based on 22 yr of data from Fort Hancock.
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Temperature gradients, whether in laboratory systems or near the soil surface, are
critical because a 1K temperature difference between the dry bulb and the sample at 20°C
can result in a measurement error of approximately 13 MPa (Rawlins and Campbell, 1986).
Temperature gradients can be inferred in Spanner-type psychrometers from the null output
(Brown and Bartos, 1982). The null output is the temperature difference between the
reference and measuring junctions before Peltier cooling and should be zero under
isothermal conditions. For example, a null output of +60 mV indicates that the sensing
junction is approximately 1°C cooler than the reference junction.

Because psychrometers are manufactured manually, each has a slightly different
geometry which results in a unique relationship between water potential and emf output.
Psychrometers arev generally calibrated individually because of their unique characteristics.
Fifty screen-caged, single junction, Peltier (Spanner, 1951) thermocouple psychfometers
(Model PST-55, Wescor, Logan, UT) were calibrated with four NaCl solutions (0.0, 0.5,
1.0, and 1.5 molal [M]) which correspond to water potentials of 0.0, -2.2, -4.6, and 77"0 |
MPa at 20°C (Lang, 1967). Calibration procedures similar to those outlined in Browh and
Bartos (1982) were followed. A constant temperature water bath provided temperatures of
15, 20 and 25°C + 0.01°C for calibration. A Peltier cooling current of 5 ma and a 30-s
cooling time are considered optimal (Brown and Bartos, 1982) and were used in calibration
and monitoﬁng. Psychrometers were calibrated with the required cable lengths for field
installation 30 m). A datalogger (Model CR7, Campbell Scientific, Inc., Logan, UT)
supplied the cooling current to the psychrometers and recorded psychrometer output. The
calibration data for all psychrometers were combined to develop the following general

calibration equation using stepwise regression procedures (Meyn and White, 1972):

y =0.0345-0.4176V +0.0073VT | )
where y is water potential (MPa), V is vbltagc' (microvolts) and T is tcmperatuic ©C).
The general regression equation had a coefficient of determination t2) Qf 096 and a

standard error of estimate of 0.49 MPa. Most of the error occurs in the dry range. When
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the readings from the 1.5 M solution were excluded ffom the calibration equation, the r2
increased to 0.98 and the standard error of estimate reduced to 0.25 MPa.
Voltage output from psychrometers increa_Scs w1th decreasing water potential down to a
water potential of épproximately -7 to -8 MPa as represented by equation (1). Below this,
the voltage output decreases with decreaéing water potential (Brown and Bartos, 1982)..
Therefore, low voltage output from thermocouple psychrometers may correspond to very
dry soil (beyond the calibration range of the psychrometers) or wet soil (Wiebe et al.,
1971). To distinguish between very dry and wet soil 100 0.1-s readings were recorded to
determine the evaporation curve for each psychrometer because the shape of the
evaporation curve is narrow and spiked in the dry range and is flat and stable in the wet
range. Because the plateau voltage is very short in Spanner type psychrometers in the dry
range a representative voltage is not readily determined. Comparisonb of different methods
to obtain the voltage endpoint including 2 s and 5 s readings and extrapolation of the
plateau voltége to the beginning of evaporation showed that extrapolation of the plateau
| gave the most consistent results (Savage and Wiebe, 1987). An algorithm was used to
estimate the plateau voltage region and to éxtrapolate the plateau voltage to zero time using -
linear regression (Kurzmack, pers. comm. 1990). |

Psychrometers were installed in an ephemeral stream setting to determine the water
potential gradient to 24.1 m depth and to evaluate temporal variations in water potential
(Fig. 1). Duplicate psychrometers were placed in holes (13-mm diameter, 0.5 m length)
drilled horizontally into a vertical face exposed by digging a trench to 1.7-m depth. The
horizontal installation minimized the effect of temperature gradients on psychrometer output
(Rawlins and Campbell, 1986). The trench was backfilled with the original sediments after
psychrometer installation. At depths of 2 to 24.1 m, duplicate psychrometers were
installed in a borehole that was drilled using a solid-stém auger. Epoxy (DER324/DEH?24)
was used to prevent preferential water or air ﬂow between psychrometer stations within the

borehole and to form a seal at the surface that would preclude surface drainage into the
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borehole. Epoxy was chosen because it does not introduce water into the system. Epoxy
properties (curing time, viscosity, and exothermic curing temperature) were tested in the
laboratory before field use to ensure that the epoxy would not become viscous while being
poured down the tremie pipe. Sand was poured down a separate tremie pipe immcdiately
after the epbxy to form a sand/epoxy column that reduced the reaction temperature to 80°C.
The small diameter of the borehole (50 mm) was designed to minimize psychrorﬁeter '
equilibration time. Water potentials were monitored daily in the field at 0900 hr because
temperature gradients in the shallow subsurface should be minimal at this time.

Soil samples were collected from boreholes 158, 308, 54S and 74S for laboratory
measurement of water potential with a Decagon psychrometer SC-10A sample changer
(Decagon Devices, Incorporated, Pullman, WA) that was calibrated using NaCl solutions
that ranged from 0.05 M to saturated and correspohded to osmotic potentials (yg) of -0.2
t0-38 MPa at 20°C (Lang, 1967). The 1-s réadings were recorded with a data logger for
120 s. The plateau output voltage from Richard's type psychrometers is fairly stable over a
wide range in water potentials and the 120 s microvolt reading is generally used to calculate
the water potential (Jones et al., 1990) and was used in this study. Because water potentials :
from —0.01 to —10 MPa correspond fo relative humidities from 93 to 100 percent, all
measurements were conducted in a glove box lined with §vet paper tpwcls to minimize
water loss from the samples. Temperature variations in the laboratory were minimal. A set
of 20 calibration ‘solutions were prepared and measured initially to test the inStrurnent, and

the resulting regression gave an r2 of 1.0 and a standard error of estimate of 0.06 MPa.
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RESULTS

Lal M { Water P ial Profil
Sediments from borchol¢ 74 were uniformly coarse grained (gravelly muddy sand to
sand) in the upper 8.4 m and fine grained (clay)b bélovfs./»this'depth (Fig. 3a). ’ Graviniétric |
o Wa‘ter content was low in the coarse grained scdiménts and high in the fine grained
sediments (Fig. 3b). An increasé in water conteni of 0.22 g ‘g'1 was found at thé contact
bet@een tﬁe sand and the und'eﬂying clay. |
Althoughkwater potential measured by thermocouple psychrorneterS is the sum of |
matric and osmotic potential, psychrometers at this site essentially measured the matric
pbtenﬁal because the osmotic potential was negligible "(Q.O' to -0.8 MPa). Total (matric +
osmotic + gravifational) potential is generally ‘usea to indicate ﬂle direction of liqﬁid wafer
ﬂow. Variatidns in gravitaﬁonal potential were estimaited from the elevation of the samplé
point above the water table and were small (< 0.14 MPa within a profile). Laboratory
measured water potentials in Saﬁ:ples frém borehole 74 rangéd from -1 1;5 to -2.6 MPa
(Fig. 3c). Water potcntials in‘ _surﬁcial sediments were low (-7.9 MPa at the surface to -4.6
'MPa at 0.26 m depth) and suggestbt}hat thesé sediments were dry. The upward water
potential gradient in this zone reflécts evapot;'anspiration. The ddwnward water potential »
gradient ﬁom 0.26 (-4.6 MPa) to 1.3 m (-11.5 MPa) probably resublfe’d frorh a pfgvious o
infiltration event. Below 1.3 m the overall water potential gradient was upward. . Under
eqﬁilibrium conditions, the sum of the watér and gravitational potentials is zero and the
| water potential'at the »soil surface is equal to thé water table depth (-110 m or -1.08 MPaat
this site) (Kodrc_vaar etal, 1983). Water potentials plotted to the right of vequil‘i‘brium line
indicate doanﬁd flow, whereas those plotted to the left indicate upward flow under
equilibrium conditions. Th_etﬁbsition of the water potehtial profile to the left of the

- equilibrium line and the upward water’ potcnﬁal gradients both indicate an upward driving
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- Figure 3. Profiles of soil texture, water content, water potential (), osmotic potential (yr), and total
potential (y+yy) for boreholes 74, 15, and 30, soil texture and water content for borehole 50, and water
~ potential for borehole 54. Soil textures: GMS, gravelly muddy sand; S, sand; LS, loamy sand; SL, sandy
loam; SCL, sandy clay loam; LS, loamy sand; L, loam; and CL, clay loam. Sediment samples that contained -
gravel were classified according to Folk (1974), and those that did not contam gravel were class1ﬁcd
according to the U S. Department of Agriculture (1975). : :
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- force for water movement. A sharp increase in water potehﬁals from -8 to -3.4 MPa waé

found from 7.4 t0 8.4 m depth. This water potential increase correspohds té the soil

~ textural change from sand to clay and to the water content inc'reasebof 0.22 g g‘l. Af

depths 2 8.4 m, water pOtentials wére uniformly high and ’ra.nged. from -2.6 to -3.4 MPa. i

“The range and géneral lrend in water potentials in soil samplcs from borehole 74S‘ _ :

were similar to those in soil samples from other boreholes in the sfudy area (Fig. 3). Water

potentials in near surface sediments varied dependih’g on the tirﬁe of sainbling relative to

i'ainfall events. The existence of sharp wetting ﬁonts after rainfall evénts is shown in the

profiles frdm borehole 15. Water potentials from approximately 3 to 7.5 m depth in

borehole 74 were lower than those in the other proﬁles. Thé soils in this zone were
generally coarser grained than soils from the same depth interval in the other boreholes.
This low water potential zone in profile 74 may be partly an arﬁfact of a greater effect of
drying during sample collection and _analySis on water potentials in coarse grained sand |

than in fine grained sediments. Coarse grained sediments in the other profiles géneral_iy
have a fine matrix such as clay or silt which would not lose water during sampling and

| analysis as readily as the sand from bérehole 74S. Water po'tentialsvvin the clay below 8.4

- mdepth in borehole 74 were similar to water potentials at similar depths in the other

- boreholes.
Field Monitored Water Potentials

Generally good agréement was found between water potentials monitored by
duplicate psyéhrometerS installed in the trench face from depths of 0.3 ,t'o 1.4 m. Only one
(7.4 m) of thvek 14 pairs of psychrometers at greatér depths shpwed good agreemént. One
can readily determine which of the duplicates was operating correcﬂy becausé in most éases
water potemiais monitored ‘by one of the duplicates was fairly stable whereas water |

potentials recorded by the other duplicate migrated toward O (Fig. 4). Some drifted to 0
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‘Fi gure 4. Temporal variations in water potential measured at 0900 hr by duplicate
psychrometers at 5.9 m depth in borehole 77P.
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immediately after inStallation urhereas others drifted toward O within the first year. This
-phenomenon cannot madily be explained o

The monitoring record for the 'psychrometers is discontinuous. Data are not available
from January to June, 1991 because the monitoring program was _shut down. Loss of data
at other times resulted from problems with downloading the data loggers. The shallow in
situ psychrometers (< 1.7 m depth) which were installed in a pit in close_contact with the
surrounding sediments, equilibrated withln aday of installation, whereas the deeper
borehole psychrometers (23t024.1m depth) requlred from 30 to 120 days to equilibrate.
- The rate of equrhbratlon decreased with time. Water potentials increased during |
equlhbratron because the backfill sediments that dned while being stored during dnlhng
recovered water from subsurface sedlments after psychrometer 1nstallat10n

Water mﬁltratxon and redistribution occurred to a depth of 1.4 m. Water potentlals
from 0 S5told4m depth were much higher in the latter half of 1991 than in 1990 as'seen in
| the water potentlal data for 1 4 m depth in Frg 5. The lack of water potential data for the
first 5 months of 1991 makes it difficult to determme how this increase occurred. The
increase probably resulted from h1 gh rainfall that was recorded from July through |
September in 1990 (223 mm) and in January 1991 (75 mm) (Fig. 5) The greatest mcrease .
in water potenuals was recorded in the begmmng of 1992. Prec1p1tat10n in December
(1991) and in June (1992) was 4.8 and 3.5 t1mes long term average for these months _
respectively (Fig. 2). Water potentlals increased by up to 4 to 4.5 MPa at 0.5 and 0.8 m
depths (Fig. 6) The increase in water potentials was very rapid (0.2t0 0.3 MPa d'rl) .
The water potential i increase was attenuated thh depth with maximum water potentxal »
 increases of 2.4 MPa at 1 Im depth and 1.6 MPa at 1.4 mdepth. The phase of the wave

- also sh1fted with depth. A lag of 30 d occurred between water potential mcreasesvrecorded

at depths of 0.5 m and 0.8 m uvhich suggests a water velocit)l _of 001 md-l. Water
potentials remained close to 0 for 120 to 70 d at depths ‘of | 0.3 ’and 0.8m respectiyely '

although rainfall was low for much of this period. Water potential variations at depths of
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Figure 5. Temporal variations in water potential monitored by psychrometers
at 0.3 and 1.4 m depth. Monthly precipitation was recorded at the Fo
Hancock station. . ‘
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Figure 6. Seasonal temperature fluctuations monitored by psychrom-
eters atdepths of 0.3,2.3, and 7.4 min borehole 77P and adjacent trench.
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0.3 to 0.8 m resembled a square wave whereas water potentials at depths of l.1and 1.4 m
peaked and decreased in a short period. During the drying phase Water potentials decreased
rapidly (-0.07 MPa d-! at 0.5 and 0.8 m). The lag between water potential decreases at 0.3
to 0.8 m depth was much less during the drying phase than during the wetting phase.
- Rainfall during May 1992 was high (90 mrh); however, water potentials continued to
decline. This lack of response to rainfall may have occurred because of saturation of
surficial sediments and rainfall runoff. Psychrometers also recorded an infiltration event in
the fall and winter of 1992 to 1993. This infiltration event did not penetrate as deep as that
in the beginning of 1992. Many of the features found in the first infiltration event can also
be seen in the second event such as attenuation and phase shift of the water potential
increase with depth and very little lag between water potential decreases at different depths
dﬁring the drying phase. There are no precipitation records for this period as monitoring at
the NOA station in Fort Hancock station was disco_ntinued in May, 1992.

Seasonal fluctuations in water potential were monitored at depths of 2.3 to ‘7.4 m
(Fig. 7). The magnitude of the seasonal water potential variations decreased from
approximately 1 MPa at 2.3 m depth to approximately 0.2 MPa at 7.4 m depth. At 2.3 m
depth max1mum water potentials occurred in the summer and minimum water potentials in
the wintér. The phase of the wave shifted with depth such that at 7.4 m depth the seasonal
maxima and minima were reversed and maxnnum water potentials occurred in the winter
instead of the summer. The seasonal water potential variations were generally in phase
with seasonal temperature fluctuations at each depth (Fig. 8). Seasonal variations in null
output were also recorded and ranged from -3 to 2 uV at 2.3 m depth to -0.5 to 0.5 pV at
7.4 m depth (Fig. 9). These null output fluctuations also followed temperature |
fluctuations. Psychrometer readings were corrected in the data logger for variations in null
output. Water potential variations monitored by psychrometers at depths greater than 7.4 m

were negligible (Fig. 10). .
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Figure 7. Variations in water potential that show infiltration and redistribu-
tion of water at depths of 0.3 to 1.4 m.
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Figure 8. Seasonal fluctuations in water potential monitored by psychrom-
eters at 2.3 and 7.4 m depth.
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Figure 9. Seasonal variations in the null output monitored by psychrom-
eters at 2.3 and 7.4 m depth. '
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Figure 10. Water potentials monitored by psychrometers at 15.4 m and
24.1 m depth.
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Comparison of Laboratory and Field Measured Water Potentials

Laboratory measured water potentials of soil samples collected from bofehole 74 in
September 1989 were compared with field vmbnitered water- potentiais in September 1990
(Fig. 11). This comparison should be valid for depths greater than 1.4 m because temporal
 variations in water poten_ti_al were small below this depth. The general shape of the
- laboratory and field water potential profiles was sirnilar. Both profiles have predominandy
‘upward wéter notential gradients exceptkin tne,shallow' subsurface.

Laboratory measured water potentials were much iower than field measured water
: potentials, particularly in the cdarse grained eediments that were found in the upper 75 m.
- Water potentials measufed at approximately the safne depth differed by upb to 6 MPa in the
coarse sediments between 2 andk8.4 m depth, whereas the maximum difference in the clay
section (2 8.4 m depth) was approximately 1.4 MPa.: These differences in water potential
are attributed to drying of sediments durin g sample cellection and laboratoi'y measurement |
. of water pbtential. The effect of such drying would be greatest in coarse grained sediments
becauée of lower initial water eontents and steeper water retention functions in coarse
sediments (Fig. 12). The 2.1 :MPa jncrease,in the ﬁeld monitored water’potentiais 'from"5‘.9
‘te 7.4 m depfh is less than the 4.6 MPa increase m the laboratory measured daia from 7.5
~ t0 8.4 m depth. The 2.1 MPa increase probably marks the sand/clay contact; nowever, the
| boreholevfor psychrometer installation was drilled with a solid stem auger; and spil samples '

could not be co_llected, therefore, the depth of the sand/clay contact is not known.
Comparison of Field Psychrometer Data from Dif‘feren\t Sites in the Hueco Bolson

- Water potenﬁals were record_ed by field psychrometers to 14.3 m depth in another

~ borehole and adjacent trench (ZOP, Fig. 1). The calibration eguatibn for'these

psychrometers (20P) is sirnilar to equationl for psychrometers at 77P: |
y=-0.3918V +0.0074VT -0.0293
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Figure 12. Laboratory-measured water retexition
data for different soil textures (Scanlon, 1993).
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Th1s equation has an r2 of 0.99 and a standard error of estimate of 0.21 MPa. Momtormg

data for these psychrometers from March 1989 to December 1990 were descnbed in

- Scanlon (1993) and the monitoring data from March 1989 to May 1993 are described here. -

' Psychrometers at many depths did not work because the wires in 6 of the 20 psychrometers
were chewed by animals unmedrately after installation. | |

Similar trends in water potentral variations found in psychrometers at 77P were also

found in psychrometers at 20P. Water potentrals decreased from 1989 to 1990 down to
1.4 m depth. Water potentials in the upper 0.8 m Went belowthevca'lib’rationvrange in
summer 1989 and stayed below this range nntil fall of 1990. This water potential' decrease
is battributed to below normal rainfall . Rainfall during 1989 (157-mm) was 53% of the
long term average (296 mm) and rainfall duringthe first 6 months of 1990 (25 M) was

‘only 8% of the long term average for thls perlod. The water potentlal increase during the
fall of 1990 is attnbuted to above average ramfall from July through September (223 mm) |
Large increases in water potential were recorded in psychrometers down to 1.4 mdepth-
during 1992 and 1993. Three i_nﬁltration events can be distinguished. Two of the events
are similar to those recorded at 77P, and the third event was not recorded:at 77P-because of
problems with data collection. The Wetting front penetration depth was much less at 20P
than at 77P.‘ Only psychrometers at a depth of 0.3 m reached a water potential of 0 at:ZOP .
whereas psychrometers down to 0.8 m depth increased to 0 at 77P. Soil textural data‘ from
borehole 50 which is adjacent to 20P indicates that the sediments are much finer grained in
the upper 1.3 m (clay loam to clay) than those near 77P (gravelly muddy sand). The finer
grained sediments account for the shallovt'er penetration of the wetting front at 20P relative:
to that at 77P. Attenuation and phase shift of the water potential increase with depth was
recorded i in both psychrometer stations. The water potential i increase dunng the wettmg

; phase and the decrease durmg the drym g phase was raprd The lag between water potential

‘increases recorded in the upper 0.57 m was much greater during the wetting phase than
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during the dfying phase. Simiblér features of the water potefn:ial variations were recorded at |
77P. | -

‘Seasonal '_ﬂuctﬁati'ons in water potentials were recorded by psychrorr‘lebtvers at depths of
1.1, 1.4 and 7.6 m. Seasonal water potential fluctuationé at 1.1 an‘d. 14 m depth were
‘masked by water potential increases durin g 1992 and 1993. The water potential incfease :
during the first ~ 2 yr at 7.6 m depth cannot readily be explained. The niagnitude of
 seasonal fluctuations (~ 1.5 MPaat 1.1 m depth th ~ 0.1 MPa at 7.6 m depth) was similar

 to that recorded in 77P and the shift in seasonal maxima from shmmer at shallow depths to‘

winiei' at greater debpths‘was siniilar in 20P and 77P. Thcrc é’vas a,water pote'ntial decrease
from 1989 to 1990 superimposed on the seasonal fluctuations at depths of 1.1 and 1.4 m.
* Maximum summer water potentials decréased by 1 and 0.4 MPa at depth's'of 1.1 and 14m
réspeétively. Water potential fluctuations at dépt_hs P épproximately 10 m were negligiblc.
The range in watef potcn_tials from -1 to -2 MPa in t_lvlis‘zonc was similar m b'othv 20P and

~77P.
Comparison of Water Potential and Chloride Data

~ The chloridé mass balance appro‘acﬁ was used to eﬁ'aluate subsurfacé water fluxesin

the study area; According to this theory, chloride, originating in rainfall and ’dry fallout,
ihcreases in concentration thrdugh the root ane as a result of evapotranspiration and
B Should ‘remain }constant below the root zone. If chloride input in the study area is

-r éonsidered constant, then, chloride concentrations in soil water are in&erse’ly prbportional
to water flux; low chloridé concentrations indiéaté high water fluxes as chloride is leached
out of the soil whereas hi gh chloride concentrations indi_cate low water flux as-chloride is -
concentrated by evapotranspiratioh. Chloride concentration data from 10 profiles in the
Hueco Bolson were used to estimate subsurface water fluxes (Scénl‘on, 1991). The
chloride profile from borehole 74 has low Coﬂcenti‘ati"oné < 300 g m-3) in the upper 1.3 m

(Fig. 14) which generally corresponds to the zone of active circulation indicated by the
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Figure 13. Temporal variations in water potential monitored by
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Figure 14. Chloride concentrations in soil samples from
borehole 74. v
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water potential monitoiing data (Fig. 6). A zone of high chloride was found ’between
depths of 1.6 and 7.4 m. The reduction m chloride concentration between 7 4 and 8.4 mto
concentrations < 540 g m-3 occurs slightly above the sand clay contact (8.4 to 87 m) and
corresponds to the water potential increase recorded in the laboratory and field data. The
 residence time of soil water chloride was calculated by dividing the total mass of chloride
from the surface to 7 4 m depth by the annual chloride deposition and was approximately

13 kyr.

DISCUSSION

Comparison with Other Arid Regions

Water potenual and temperature data from setmand and arid regions are limited N
because of the difficulty of momtortng these parameters Detailed momtormg of water
potential and temperature was conducted near Beatty, Nevada in the Amargosa desert
(Fischer, 1992). Long term average annual rainfall at this site (114 mm Beatty) is much
lower than long term rainfall 1n the ‘Hu_eco Bolson (280'mm Fort Hancock). -The.seasonal |
precipitation pattern at the two sites also differs. Most precipitation at Beatty occurs frorn
Nos'ember through March (Fischer; 1992) whereas precipitation at Fort Hancock occurs
- mostly r'rom J une through September. Psychrometers were installed in duplicate at the
Beatty site at 1 m depth mtervals from3to13mina shaft and from 1to 12 min an
adjacent borehole. The momtormg record reported in Fischer (1992) extends from October '
- 1986 to February 1988. Water potentials monitored by the duplicate psychrometers at each
depth were in general agreement. Water potentials monitored at 5 depths were not analyzed
| becatlse the variations were considered unreasonable. Water potentials increased to > 0.5
MPa to 1.2 m depth as a result of infiltration of rainfall (total daily rainfall of 18 mm) in

November 1987. Psychrometers at greater 'depths‘ were not affected_by this infiltration
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~ event probably because o_f the capillary barrier effect'of a gravel zone. Seasonal
ﬂuctuations in Water potential were recorded by pSychrometers at depths of 1 o 7m.
~ Seasonal maxima and minima also vaned with depth Seasonal water potential variations at "
12,16, 4. 2 and 5 m were generally in phase with seasonal temperature ﬂuctuatlons,
‘ however water potential variations at depths of 2.8, 3, 3.4, 6. 2 and 7 m were out of phase
with seasonal temperature variations. It is difficult to fully evaluate the relationship
- between water potential and temperature with one year of data. At depths greater than 12 m
water potential variations were negligible. Psychrometers installed at depths of 8 to 11.5m
showed a gradual increase in water potential throu ghout the monitorin g'period that may be
j natural or may be an artifact of equilibration of sediments that were dried dunng dnllmg by
air mjection Many of the borehole psychrometers from depths of § to 12 m exhibited short
term ﬂuctuations in water potenual and temperature after the November rainfall. These
fluctuations were thou ght to be an artifact of preferential air movement in the borehole and »
‘were not observed in psychrometers installed in the shaft at similar depths. Fischer (1992)
“also noted that water potentials measured in the laboratory (range: -4.0 to -8.0 MPa) were
equal to or lower than those measured in the field (-3.1 to -5.8 MPa) and attnbuted the
' d1screpancy to drying during sample collecuon and analys1s | |
Comparison of vertical water potenual profiles at Beatty and the Hueco Bolson
indicate that hoth have _upward water potential gradients and plot to the left of their
equilibria lines which indicates upward driving forces for liquid and isothermal vapor
' movement at both sites (Fig. 15). Good agreement was found between bw’ater potentials
monitored from 3 and 6 m at both sites. Below this depth water potentials at Beatty were'
lower than those monitored at the Hueco Bolson. , Water potentials were also monitored :
_ from April 1989 to September 1990 in Ward Valley in the Sonoran Desert 35 km west of
- Needles. Cahforma This site is being evaluated for dlsposal of low-level radioactlve waste.
Average annu‘al rainfall is 119 mm. The unsaturated» zone is approximately 200 m thick at

this site. Four psychrometers were installed at 12 different depths approximately evenly
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spaced from 3 to 30 m. ‘The data have high frequency oscillations at all depths that are up
to 0.6 MPa which make it d_ifﬁcult to evaluato systematic v_aria,t,i}ons w1th depth or time. |
Some of the short tenn variations are thought o be an artifact of the data collection process.
‘A vertical proﬁle based on data from November 7, 1990 suggests an upward water
potennal gradient from -3.7 MPa at 30 m depth to -5.4 MPa at 7.5 m depth (Flg 15).

- Water potentials momtored at Hanford, Washmgton were much higher than those
recorded in the other arid sites in n the southwest and ranged from 0 to -0.9 MPa at Hanford
(Brownell et al., 1975). The Hanford data plot to the right of the equilibrium line, which
indicates downward water flow (Fig. ). This is supported by neutron probe logging and
: weighing lysimeter data, Which recorded downward water movement (Gee and Heller,
A1985). Although the mean annualv precipitation at Hanford (162 mm) is much lower fhan
that r_eoorded in the Hueco Bolson (280 mm), much of the precipitation at Hanford occurs
as snowfall _when tempe'rature‘and evapotranspiration are lowest and rechérge potential is
greatest. Also, surficial sediments nre rnnch coarser at Hanford than at the Hueco Bolson, ,

* which further conuibuteSjto drainagé in this study area.
Conceptual flow model

Results from the water potential monitorin‘g data provide detailed information on
unsaturated‘ zone processes in an arid system under natural conditions. Vé.riations in soil
téx_ture are important in controlling the Wetting front peneu"ation depth. The wetting front
pcn_efréﬁon depth was restricted to the upper 0.3 min &e clayey soils but extended to 0.8 m
in the sandy soils. Psychrometeré below the wetting front donm to a maximum depth of
14m s_hoWed incrcasés in water potentiah hooner’, water potentials in >this zone remained
~less than -2 MPa and the water potential increases probably ieﬂoct negﬁgible inCrééses in
soil water storagé. Although the Hueco Boison generally has high summer precipitation,
the occurrence of water mﬁltratmn and redlsmbutlon pnmanly in response to above normal

winter prempltauon unphes that winter precipitation is much more effective i in percolating
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| through the soil. This is also supported by data from the Hanford site where drainage of
soil water occurs in response to high winter precipitation. This also suggests that thei
- seasonal distnibution of precipitation is more important than the annual aVerage precipitation
in controliing infiltration. Large mterannual variations in water infiltration and
redistribution in response to 'ihterannual variations m precipitatiOn underline the impdrtahce
monitoring.soil physics parameters for several )yeabrs to evaluate unsaturated zone
~ processes. |
The progtessive increase in water potentials with depth as water pulses move down
 into the unsaturated zone suggests that water at both psyehrometer stations in the Hueco
Bolson moves by pistonbﬂow_. Evidence for piston flow was found m tracer experiments‘
conducted in an arid site in N_ew Mexico where the tracer front lagged the wetting front as
piston displacement of initial soil water occurred (Young et al., 1_992)._ Because piston
flow is assumed in analysis of many environmental tracers such as chloride, it is important
o determme the validity of this assumption. | |
The rmmmal lag between water potentlal decreases at each depth during the drymg
', phase at the Hueco Bolson suggests that‘ve__getatwn plays an important role in removmg
water from the subsurface. This is suppot'ted by data from other arid sites where |
comparisons of subsurface water movement between adj acent vegetated a’nd nonVegetated
sites have been made (Gee et al., 1993). At the Beatty site, evapotransplratlon effecuvely B
removed subsurface water in the vegetated site, whereas water storage was much hlgher in
~ the nonvegetated site. Revegetation of a previously bare lys1rneter at the Hanford site
removed excess water storagewithin a few months. | |

Below a depth of approximately 1.4 min the Hueco Bolson, seasonal ﬂuctuations’in
water potential are found. In the tlpper 1.4 m the effects of infiltration and evaporation are
, superimposed onb seasonal fluctuations. Seasonal water potential variations from 1.4 to7
m depth are generally in phase with seasonal tempet'atur'e fluetuations. The extinctipn and

phase shift of the water potential variations are similar to those of temperature. Numerical
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simulations of subsurface water movement in the Hueco Bolson suggested that these water
potential variations niay be controlled by temperature fluctuations and reflect little water
movement (Scanlon and Milly, 1994).

- Water potential data from the Hueco Bolson and from other arid sites in the southwest
all have upward gradients except in the shallow subsurface after rainfall. The water
potentials at all these sites plot to the left of their respective equilibria lines. Both the
upward gradients and the position of these proﬁlésrelativc to equilibrium suggest an
upward driving force for liquid and isothermal vapor movement. Tempcratﬁre gradients in
the Winter are also upward and provide an upward driving force for thermal vapor
movement. In contrast, terhperature gradients in the summer are downward, oppose water
potential gradients, and provide a downward driving force for thermal vapor movement.

| Numerical simulations of flow in the Hueco Bolson in response to an annual climate cycle .
(October 1989 through September 1990) basedvon water potential data monitored at 20P

| showed that liquid fluxes were dominant in the upper 0.3 m where downward and upward
movement occurred in response to infiltration and evaporation (Scénlon and Milly, 1994).
Below 0.3 m, fluxes were dominated by downward thermal vapor flux. The simulated
average annual downward vapor flux below the evaporation front (0.08 m) (~ 1 mm yr-1)

- was within the same order of magnitude as the vapor flux estimated from the deeper

penetration of bomb tritium relative to that of bomb chlorine 36 (5.6 mm yr-1).

The range in water potentials in the Hueco Bolson is similar to that found at the
Beatty and California sites in the zone from 3 to 6 m. Below this depth water potentials in
the Hueco Bolson increase sharply from -4.2 MPa to -2 MPa whereas water potentials at
the other two sites remain low. This ‘in'créase in water potentials in the Hueco Bolson
probably occurs near the contact Between surficial sands and underlyin'g clays and indicates
nonequilibrium conditions. The increase may reflect an increase of water potentials toward
equilibrium values, or the inability of vegetation to remove water from the clays, or

increased percolation in the past. The chloride data also provide evidence for increased
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water flux in the past and the chloride age for this depth zone is 13 000 yr. Thisis
consistent with Phillips (1993) analysis of environmental tracers throughout the American
Southwest. Chloride data fromv profiles in Nevada, Arizona, New Mexico and Texas
indicated an increase in water flux from 13 to 16 kyr. Water fluxes based on the chloride
data agreed with water level data from closed-basin lakes in the Great Basin which also
indicated a shift in the water balance about 13 kyr. The uniform regional response of
subsurface flux to the PleiStocene-Holocenc.climate change is attributed to the replacement
of mesic Pleistocene flora by a xeric Holocene flora which is much more efficient at

extracting soil water.
Implications

Information on unsaturated flow proécsses based on sOﬂ physics monitoring has

‘ important bimplications for waste disposal in arid sites. Data from this Study can help to
design trench caps that minimize subsurface water flux. Fine textured soils in the shallow
subsurface provide a large storage capacity to buffer the effect of rainfall and decrease the
penetration depth of the wetting front. The psychrometer data suggest that water moves by
piston flow which is more readily characterized and modeled that preferential flow. Most
intense monitoring should be conducted in the shallow subsurface because water potential
variations are greatest in this zbne. One year of data is generally required for site
characterization for a low-level radioactive waste disposal facility; however, the results
from this study indicate that several years of soil physics data are required because of large
interannual variations in precipitation distribution and amount. The importance of
vegetation in removing water has been shown at many sites and also during the drying
phase of many cycles. These data suggest that trerich caps should be revegetated to »

minimize subsurface water movement.
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CONCLUSIONS

Long term monitoring of water potentials in the Hueco Bolson provide valuable
insights intb unsaturated zone processes in arid systems under nz-itural conditions.
Abnormally high winter precipitation in 1992 and 1993 resulted in active water circulation
to 1.4 m depth. The maximum penetration depth of the wetting front was 0.8 m in sandy
soil and 0.3 m in clayey soil. Water moved down by piston flow as evidenced by the
progressive increase in water potentials with depth. Water potentials remained high for
long periods (120 to 70 d) at depths of 0.3 to 0.8 m. The rapid decrease in water potentials
during the drying phase and the small lag between water potential decreases at different
depths suggests that plants effectively remove water from the shallow subsurface.

Seasonal water potential ﬂuctuationS recorded at 1.4 to 7.4 m depth werc‘similar‘ to
seasonal temperature variations ahd probably do not reflect changes in water content.
Below 7.4 m depth, water potentials did not vary with time. Vertical water potential

- profiles suggest an upwérd driving force for liquid and isothermal vapor movement cxcept
in the shallow subsurface after rainfall events. Teinperature gradients in the‘ winter were
also upward which suggests an upward driving force for thermal vapor movement.
Downward temperature gradients in the summer oppose upward water potential gradients

- and indicate a downward driving force for thermal vapbr movement. A sharp water
potential increase near the sand clay contact at 5.9 to 7.4 m depth corresponds to a chloride
mass balance age of 13 kyr and suggésts that the system is not at Steady state and probably
reflects higher recharge during the Pleistocene. Vertical profiles based on data from Beatty, R
Nevada; Ward Valley, ‘Califorvnia, and the Hueco Bolson showed similar water potentials in
thé 3to6m zone; below this zone water .potentials in thebHueco Bolson were up to 3 MPa
higher than those recorded in the other sites. The water potential monitoring data from the
Hueco Bolson su ggests‘that fine grained sediments and vegetation are important in

minimizing subsurface water movement and should be used in cap design for the facility.
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