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ABSTRACT

This repurt documents almost 30 years of research on soil moisture move-
ment and recharge at the Department of Energy, Nevada Test Site. Although daca
is scarce, three distinct topographic zones are rebresenced: alluvial valleys,
inundated terrsins, and upland terrain. Recharge in alluvial valleys was found
to be very small ur negligible. Ponded areas such as playas and subsidence
cra:eés‘showed significant amounts of recharge. Data in the upland cerrains is
very scarce but one area, Rainier Mesa, shows lctiie reéharge of up to three

percent of the annual average precipitation in fractured volcamic tuff. The
report summarizes the resulcs.
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SECTION I
INTRODUCTION

Since 1963, all U.S. nuclear weapons testing has beean couanducsted unger-
ground, with & majoricy of these tests being held act the U.S. Uepartment of
Energy (DOE), Nevada Test Site (NTS) in southern Nevada.

By ‘conducting each detonation in the subsurface, the likelihood of imme-
diate release of radiovactivity to the environmenc is greatly reduced. Subsur-
face cetonation, however, does n&t negate all of che potential environmental
pathways for radionuclide release. One of the most likely pachways for release
to the accessible environment from testing is chrough the ground water. Since
many of the tests are conducted above cthe zone of ground=water saturation, \
partially saturated flow or soil water flow must be understood if these path-
wvays are to be fully evaluaced. _

In addition, other waste materials, both hgzardous and radivactive, are
stored vr dispused of at NTS. An understanding of soil water flow is also
critical to risk assessment from these practices. .

At first glance, NTS appears to offer litcle, if amy, areas for deep svil’
water movement. The area is one uf cthe driest areas in the continental Uniced
States (Winugtad and Thordarson, 1975)., Mean daily maximum temperactures may
range from 13 to 40°C, Combininé the low precipitation and the high poteantial
evapotranspiration into a water budget mudel, it has been generally cthought
that lictle or no ground-water recharge can vccur, Recent scucies (Gee and
Kirkham, 1984 and Tyler ec al., 1986) have,shown; however, that simple water
balance approaches tu svil wacer movement and ground-water recharge may be
insensitive in arid regivas. These insensitivicies arise from the conflice

between the loné time scales used in water budger models and che snorc cime



frames over which precipitaction, evaporation, and soil water movement occur in

cuarse-gf_w ;d;surface soils or fractured ruock fuund in many arid regivas.
'\»léiles may be on the vrder uf minuces to & few hours, while most
modeling aphfoaches use daily, weekly, ur even monthly estimates. In addicion,
studies by Clebsch (1961), Thordarson (1965), and Tyler et al. (1986), have
suggescted that deep soil water movement (recharge) is occurring in selected
areas of che NTS. These studies indicate chat areas such as wmesa tops, frac-
tured bedrock surfaces, wash boctoms, and man-made depressions may alluw aceep
soil water migracion. Ic is incerescing to note che two similarities of each
of these study sreas. In the firsc, each locale receives or concencrates pre-
cipitation in small sreas (ponds, channels, or fractures). In the second, each
locdle allows for the rapid migration of po:en:iai recharge below the depch of
active evaporacion and transpiraction because the surficial materials are hignly
permeable. These two criteria, source water and rapid transport, are crucial
to understanding the potenctial for recharge in arid areas. '

Although many of the studies already mentioned have dealt with aspects of
svil water movement, none have been revieyed in terms of geaerating an overall
recharge picture at NIS. The goal of this-study is to review the current daca
base regarding soil warter movement on or near the NTS., The results of this
scudy will provide g clearer understanding of che pocential recharge areas, an
estimite of cthe magnitude of recharge, and directions for future studies.

These results may also be used to design controls to prevent radivnuclide mig-
rarion to the ground-water syscem.

In Section 2 of this report, the general hydrologic and climatological
conditions of the NTS are described. 1In Section 3, che results of soil mois-
ture-relacted recharge studies are described in decail. The seccion describes
three methudologies used by previous investigations to estimate recharge and
flux. Ino addicion, a discussion i3 presented of studies conducted at Kainier
Mesa, an area of fractured cuff used fcr nuclear Qeapons tescing. In Sectivan
4, the results are summarized.

Alchough not included in cthis review, & cuonsiderable research efforc on
soil moiscure flux is presently being conducted for che Nevada Nuclear Wasce
Storage Invescigation. These studies are focused un characterizativn uf a
potencial high level nuclear waéte repository in fractured, partially sacu-
rated, tuffaceous rock. The repository sice is located un cthe wescern boundary

of NTS. Much of the data generated from cthis study have aut been formally



publisheﬁi>although, preliminary resules (DOE, 1984) indicate that moiscure
Yucca Mountain Site is small or negligible. ' Since this project has

flux a:é‘
~oegun, it will noc be included in this review. It is hoped that

oaly rg;éwk

in che near future, data from chis intensive effort will shed considerable

light on the processes of moisture movement in fractured rock.



SECTION II
GCENERAL RECHARCE CONSIDERATIONS

Various aspects of water flow through the unsa:;ra:ed zone at NTS have
been iavestigated for che past 25 years. Over 20 technical reports on the
subject appear in this report's bibliography. Due toc the wide variety in ter-
rain and scope of scudies, these_repbrts indicate a wide variety of soil mois-
ture conditions. This report describeg the key studies, which may be relaced
to soil water movement, and analyzes Che results and suggests ways to decermine
recharge potencial at NTS. ‘

Rechirze to ground water can come from numerous sources: iafilcration and
percolation of natural precipitacion; seepage from canals and streams; and
arcificial infilcration through wells or surface ponding (Freeze and Cherry,

p. 211, 1979). The primary source for recharée inc che cesting areas will be
meteoric water percolating through the soils and rock. In octher areas, dis-
pusal of vastewater may provide an additional source of recharge.

GEOGKAPHY ANC SURFICIAL CONDITIOND®

rﬁe NTS encompasses 3500 km? of Basin and Range topography in sovucthwestern
Nevada. The eastern part of the NTS is characterized by parallel Cenozoic
:opogéaphy and structural elemencs generally associaced with the Basin aand
Range province (U.S.G.S., 1976). The range and ridge cops coasisct of eicher
bare ruck or thin svil mantling fractured bedrock. The basins are character-
_ ized by cthick sequences of Quaternary alluvium. (Soil pedogenesis in bocth
locales is limited due tu che scarce rainfall.)



Ihe-véfqern parc of the NTS is made up of lace Miocene and early Pliocene
e topographic and structural effecte partly cover the typical
ahge copography (U.S.G.S., 1976),

Baein an K

"As in the eastern half, goile are thin in most highland areas while thick
sequences Of Quaternary alluvium £ill che valleye. Soils and sedimence are
generally derived from volcanic rocks.with lictle derived from the carbonate -
bedrock. Throughout the NTS, however, it is typical to find calecic horizons
either near the surface or as buried soil horizons.

CLIMATE

Precipitation in the form of intense convective summer storms and winter
frontal storms are the common weather patternes for the NIS. Mean annual preci-
pitation ranges from 7 to 15 cm on the valley floors to 25 to 40 cm on the mesa
tops. The potential annual evaporation from lake and reservoir surfaces in the
srea was estimated by Meyere (1962) to range from 150 to 200 cm or roughly 5 to
25 cimes the annual precipitation. The mean daily maximum temperature at Las
Vegas (scation alt. 665 m) ranges from 13°C in January to 40.5°C in July. The
mean daily minimum temperature for the same two months vanges from 0.5 to
24.5°C. The higher valleys, such ae central Yucca Flaf (1254 m), are as much
as 3 to 8.5°C lower,

Variations in precipitation and cemperature cauee marked differences in
planc life. Creosote bush, burro bush, and & variety of yuccae dominate the
basins below 1200 m. These give wiy to blackbrush and joshua trees at slightly
higher altitudes. Juniper, pinyon pine, and sagebrueh dominate above 1800 m
and are, in turn, replaced by white fir and yellow pine above 2300 m (Bradley,
1964). ’

Wincer precipitation originating in the weat is usually associaced with
transitory low pressure :ya:emi and, therefore, moves over large areas
(Quiring, 1965). The summer precipitation occurs predominantly as counvective
ttbrma.'which can be intense over a few square kilometers and which vary in
location from one storm to che next. Summer moisture usually originates from

the southeast or south (Winograd and Thordarsom, 1975).

BYDROGEOLOGIC SETTING
Data cullected by Winograd and Thorderson (1975) indicace up to 1O sepe-

rate hydrostratigraphic units. that are present in various locacions in the



na:ura:edw%gpe underlying the NTS. The units range from fractured carbonates
/7 SN

and clastiPfabediments to clastic volcanic and sedimentary rocks, each with

differeﬁimL variable hydrologic properties.

Fromnc;Gldoae zone standpoint, the NTS also contains some of the thickest
unsaturated zones in the United Staces. Depth to water in certain locales may
exceed 600 mecers (Winograd, 1980).

The great depth to the water cable in these areas is & combinacion of the
following: areas of moderate to high relief; relatively permeable strata with
the saturated zone; regional aquifers with topographically low discharge
points; and little recharge. These thick unsaturated zones can be made up of
any of the hydrostratigraphic units, but are typically made of layered Tertiary

volcanics and Quaternary alluvial sedimence.

SUMMARY

The climatic and hydrologic condicione found at the NIS indicate chat
vater movement through the unsaturated zone should be slight. The lack of
perennial screens and the small number of springs found in the area tend to
support. this conclusion. In any other locale, there would be little incentive
to study soil moisture movement and recharge. At NTS, however, the activities
conducted require a reasonable knowledge of soil water flux to assess its
impacts on radionuclide transport. In the next section, reviews of scudies
conducted for DOE and its predecessor agencies will be used to assess the mag-
nitude of water flov in the unsaturated zone of the NTS.



SECTION III
RESULTS OF MOISTURE FLUX STUDIES AT KIS

The measurement of water muvement in the unsaturated zone has receivea
significant actencion in the last few years. The need to estimate the impact
of man's activity on ground=water resourtes has driven this efforc. At NTS, ac
least three methodologies have been applied to this end. '

In the firsc method, soil hydraulic properties have been combined vith
measured svil water energy data in Darcy's equation to estimate fluid flux and
velocity. This technique assumes that the muisture condicions remain conscanc
wich time. Eanvironmental tracers, such as tritium or chlorine=-36, have also
been used to estimate the velocity of soil water. These tracers, introduced
during atmospheric testiag of nuclear weapons, are assumed to move as discrece

packecs with each precipitation event. By knowing their position in che soil

_ profile and cheir first appearance in the precipitation, che svil water velo-

city may be estimaced.

Direct measurement of soil water movement is, of course, the optimal cech-
nique for understanding grounde-water éechar:e. In arid eavironments, however,
this methodology encuunters many difficulties. The difficulties arise from
estimation of the small net volume of water which may be moving downward below
the root zune. Several studies of this nature have been cunducted at NTS and
provide detailed informacion vn soil water movement.

A fourth, but noc encirely independent, methodology has been applied to
estimate the magnicude of water flux in fractures in the unsacuraced zune.
These studies, centered at Rainier Mesa, have utilized a combinacion of frac-

ture discharge measurements, envicronmental tracers, and geuchemical data cv



undericandlche complex phenomenon of water flow in partiall}y saturaced frac-

2§ che following sections, a detasiled review of the results of
each methodeibgy_will be presented. The cunclusiuns reached in these scudies
will be critically reviewed and alﬁernative conclusions will be presented. By
reviewing all che studies at once, general conclusions and comparisvas on the .
rate and magnitude of soil water flux.at NTS can be drawn.

I:_is the intent of chis document to show the applicability and accuracy
of various methodologies for measuring soil water flux. As will ve shown, musc
of che cechniques produce similar conclqa{ons as to the magnitude and lucacion
of svil wacer flux at NTS.

FLUX ANALYSIS USING SOIL HYDRAULIC PROPERTIES

The use of soil hydraulic data may be used in an indirect method to caleu~
late soil water migraciom. Svil water, under must deep soil conditicas, is
driven by two forces, capillarity and gravity. In the near surface svils,
thermal forces may affect the movemenc both by inducing vapor transport and
through thermal convection. For deep nigfa:ion. we shall assume cthat soil
water is unaffected by thermal gradiencs, gradients are vertically downward,
and the soil water uvbeys Darcy's equation for flux:

flux = hydraulic conductivicy x hydraulic gradient.

In order to calculate the flux, the hydraulic conductivicy (a fumctionm ot
the soil texture and water concent) and the driving forces, capillarity and
gravity, must be known.

Field and laboracory measuremencs of these properties have been reported
by several auchors (Mehuys et al., 1975; Kearl, 1982; Romney et al., 1973; and
" Tyler ec al., 1986). Figure J.1 shows the approximate losativas where hyarau-

lic prupercy data has been collected. _ ' '

In each of these studies, soils used ip the analyseﬁ.were teken from near
the surface (<50 m) and were collected in the alluvial basins. Alluvial thick-
nesses may exceed 300 @ in some of these basins. No svil samples have been
reporced from che upland areas where thin svils mancle the fractured bedrock.
Core aata from unsaturated fractured rock have also been reported by Pecers et
al. (1984) and Weeks and Wilson (1984) from the Yucca Muuntaia area.
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Our dacs base for review is biased toward soil moisture movement in thick

?ncs. Flux estimates obtained from this data are only valid for
_ L has been collected, but may be used to provide ranges of the
values of recharge over the entire NTS. Flux in areas of periodic £looding,
such as washes and playas, may be much higher than those predic:ed in this sec~
tion using the interfluvial data. . '

The most complete set of soil hydraulic data was published by Mehuys et
al. (1975) on soil samples from Rock Valley (area 25). In their study co
determine the effects of stone content on hydraulic conductivity, comductivity
measurements oa gravelly sandy loam using the transienc outflow mechod (Weeks
aud Richards, 1967) were collected over the range of =0.05 to -50 bars of
capillary pressure. In addition, water retention data was also collected.
This data is shown in Figures 3.2 and 3.3.

Figure 3.2 shows the steep drop in hydraulic conductivity as che capillary
presaure decreases by seven orders of magnitude over the range of pressures
tested, ' As expected, little difference was observed with and without the stony
fraction when conductivity was plotted 1gaxna: capillary presaure. This '
1nd1c¢tes that the fine soil fraction was controlling the flow uader par:xally
saturated conditions. »

In order €o estimate a range of fluxes using :he Rock Valley socil, the
conductivicy dats must be combined with hydraulic gradient data., Unfortunate-
ly, no in situ matric potential or gradient daca vas preseated by Mehuys et
al. (1975). Ocher scudies co be discussed later in the report (Case et al.,
1984; and Tyler et al., 1986) on similar textured soils report ip situ matric
potentials of betwveen ~5 and =35 bars. Using the data presented in Figure 3.2,
this corresponds to a counductivity range of 10~€ ec 10~ 7 ca/nr. ‘Hydraulic
gradients estimated from these other studies ranged from 0.5 to 30 w/m,

To estimate the flux, these data may be combined in Darcy's equation under
the simplifying assumpcions that all flow is downward and steady. ‘The four
possible daca combinations may be combined to produce a range of fluxes gad
velocities as shown in Table 3.l.

Although the results presented above may not truly represent the actusl
field condi:iqna. the least conservative estimate is a flux of 0.26 cm/year,
and an average pore water velocity of 2.9 cm/year, indicating that flux through

these sediments assuming steady-scace conditions may be quite small. In later

10
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Vol. Wat ‘Potential Flux Velocity
Contenc™:; (bars) K (em/hr)* dh/dz*** (em/hr) (em/yr) (ca/ye)
0.09 -5 10~ 0.5 sx10~7  4.4x10%  4.9x102
0.09 -5 10-§ 30 3x10-5  2.6x10"!  2.9x10°

 0.06 =35 10‘3 0.5 5:10': 4.3:10-; 7.3x10-3
0.06 =35 10" " 30 3x10°°  2.6xt0" 4.9x10~!

* estimated from Mehuys et al., 1975
** escimated from Figure 3.3
*%% Tyler et al., (1986) and Rearl (1982)

sections, we shall see that these results agree quite closely with flux values
derived from other wmethods.

Kearl (1982) presents an analysis of fluid movement adjacent to the radio-
active vaste management area (Area 5). Kearl reports a mean saturated hydrau-
lic conductivity value of 4x10™" cm/sec from cores in shallov sandy loam im
Area S. - Another study in the area (Case et al., 1984) indicates chac the area
is ynderlain by sand and losmy sand. In addition to the saturated hydraulic
conductivity results, moisture retention data presented by Romney et al. (1973)‘
were used to construct & partially saturated hydraulic conductivity curve using
the method of Mualem (1976). Although Kearl (1982) presents these calculated
counductivities, the range of capillary pressures and wvater contents reported is
not great enough to estimate the conductivicies at the capillary pressures
found st the site. FKearl auggeéta that st these capillary pressures, vapor
transport may dominate over liquid transport and Darcy's equation may not be
valid. _

A particularly interescing set of soil data from the NTS is reported by
Romney et al. (1973). BEomney et al. (1973) presents water retention data at
several capillary pressures (0, -0.33 bar, =1 bar, and =15 bar) from near-
surface soil samples collected from Yucca Flat, Jackass Flat and Frenchman
Flac. In Frenchman Flat, 52 soii samples were analyzed in detail. 1In a
similar approach to that of Kearl (1982), an estimate of the hydraulic
conductivity may be made following the approach of Campbell (1974). Campbell
suggests the following relationships for the water retention curve and
coaductivity:

13



(3.1)

(3.2)

where ¥ is the capillary pressure head; V, is the air entry pressure; 0 is
the volumetric vater content at ¥; €y is the saturated volumetric water
content; K and Ky refer to the partially saturated and saturacted hydraulic
conductivity, respectively; and b is aa empirical pore geometry factor.

This approach was applied to the mean water content presented in Romney. et
al. (1973) frow Frenchman Flat to estimate the partially sn:hra:ed conductiv-
ity. A linear least squares fit of the data to equation 3.l yields:

veeexig? (§ 493 (3.3)
8

~ Unfortunately, Romney et al. (1972) does not presén: data on the saturated
conductivity needed for equation 3.2. For this analysis, the saturated conduc-
tivicy presented by Kearl (1982) (K, = 4.0x10"" cm/sec) will be used as a

first approximation. Equation 3.2 then becomes:

-ly : '
R(8) = 4x10 ({-) =2.61 (3.4)

With this set of soil data, Darcy's equation may be used to oance again estimate
fluid flux and velocity assuming steady dowaward flow. Table 3.2 shows these

results.

TABLE 3.2 FLUX ESTIMATES.

Water* Macric Pot. Rx* Flux Flux Velocity
Content (bars) (cm/sec) dh/dz (cm/sec) (ca/yr) (em/yr)
0.066 -5 1.3x10°!Y 0.5  6.5x10~12 2.0x10~" 3x10-3
0.066 -5 1.3xt0”} 30 3.9x1073%  1i2x102 1.8xi07)
0.046 =35 9x10™%* .5 4.Sxl0™l“ 1.4x10~% 3xi10-3
0.046 =35 910~ !* 30 2.7x10"12 8.5x10" S 1.8x10"3

* calculated from eq. 3.3
** cgleulated from eq. 3.4

14



since Eﬁgyﬁi e quite similar considering two different soils from differing
locales ;}é compared.

For the purposes of comparison, it appears chat this simple approach
yields consisctenc results and further shows chat fluid velocicies may not

exceed 4 cm/year and may, in fact, be significantly lower.

CONCLUSIONS

Although simplistic, sceady flow assumptions have been applied tou the
available soil data; fairly consiscent results were obtained. Values of poten-
tial flux calculated, although independent of climatic variarions, indicate
that less than one percent of the average annual precipitation is moving down-
ward through these soils. No values were calculated that spproached signifi-
cantly high velocities. In the areas wvhere these samples were taken and the
condicions assumed in the analysis, the depth to the saturated zone exceeds 300
meters. Using the highest velocity escimated (2.9 cm/year), the travel time co
che saturated zone under steady flow cunditions may exceed 10,000 years. It is
important to nore, however, that these estimates represent Mohave deserc soils
subject only to natural precipitation and plant cover. It will be shown in a
later section that desert soils subject to periodic flooding (such as wash
boctoms vr ponds) will have much higher rates of soil water velocity.

FLUX ESTIMATES USING TRITIUM TRACERS

Since 1952, atmospheric tescing of nuclear weapons has produced cuncentra-
cions of tricium in precipitation that have been well abuve levels that exisced
prior to 1952, Relatively few relisble measuremeats vn natural tritium levels
in the atmusphere were made before the atmospheric test of & thermonuclear
device in 1952 injecred artificial cricium into the acmosphere. These early
measurements sufficed, however, to estgblish anatural tritium levels ia precipi-
tacion, ranging for different locations from abour 4 to 25 TU (1 TU = 1x10-18
acoms of tritium per atom of hydrogem or 3.2x10"} pCi/ml). Details of the
discribution in time and space are sketchy and the picture of natural ctricium
geophysics relies, to a large extent, on additional informacivn from the posc-
1952 era, based un the assumption that the atmospheric face of cusmic-ray aund

bomb-produced tricium was similar.

L5



station
norchein'f}nﬁébhere stations, with varying amplicudes and some significanc
phase shifts. Figure 3.4 shows the average northern hemisphere values and the
notgble feature of this curve is a yearly cycle of maximum concentrations in
spring and summer and a wvinter minimum, with typical concentration ratios of
2.5-6 becveen maximum qud ninimumvvalues. The annuagl cycle is superimposed
upon long-~term changes which have ranged over three orders of magnitude since
1952.

The changing tritium iﬁven:ory of the stratcsphere of receant years re-
flects the massive injections by weapon tescs in 1954, 1955, 1958, aad again
during 1961-1962, mostly in the northern hemisphere. At any time, the ianven-
tory decreases by 5.5 percent per year through radicactive decay and some of
the tritium leaks into the troposphere from where it.is lost imnto the ocean or
ground waters, both of which can be considered a sink for the stratospheric
tricim (Fricz and Fontes, p. 24, 1980).

Bistoric data on tritiun levels in precipictation at NTS unfortunately, are
not available., The result of this dramatic increase in tritium levels in pre-
cipitation has been used extenaiveiy for datiag of both soil and ground wacer
in other areas, however. Since tritium levels dramatically increased after
1952, waters containing elevated tritium levels are believed to have had con-
tact or come exclusively from post-1952 precipitatien. '

In soils work, this tritium "pulse" has been used toc detect the depch of
migration of post=1952 infiltration (lsaacson et al., 1974; Anderson and Sevel,
1974), 1In ground-water systems, exiscence of elevated tritium levels indicates
that some post=i952 recharge has been introduced into the aquifer.

At KTS, both of these approaches have been used to determine the rate of
infilcration and areas of rapid ground-water recharge. Figure 3.5 shows the
locations of studies where tritium tracing has been used.

SOIL MOISTURE TRITIUM

At least two published reports describe tritium migra:ion.in soils from
natural precipitation on NTS. In a Master's thesis, Hansen (1978) describes
the results of soil coring and soil water tricium analysis from several areas
of the NTS. Samples were collected in alluvial and playa sediments of both
Yucca and Frenchman Flac. Triﬁiun analysis of borings from Forty Mile Wash ia
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Jackass Flat are also presented. Unfortunacely, the tritium analysis cech-

uged. Hansen's work have high errors associaced wicth any samples con-
taining ZE¥S-than 100 TU (3.2x10"! pCi/ml).
As af;esdlt, samples cuntaining less chan 100 TU (3.2x10-!} pCi/ml) may pe

incerpreted as either old (pre=1952) or younger water. In each of his shallow
borings (<l mecer), ctricium in excesa:of pre=1952 levels and well above the 100,
TU (3.2x10"} pCi/ml) experimencal error level were found throughbu: the pro-
file. Maximum cricium levels were generally found at or near the soil surface.
These results indicate cthat recent (less than 26 years vld) precipitation had
migraced to &t least one mecer below the soil surface. Since no pre-~1952
levels were detecred in cthese shallow sices, no estimates of soil moisture
velocities may be made except that the velocity was greater than | meter in 26
.years or 3.8 cum/year. '

Bansen alsc presents date from three deep borehcles. Borehole YF-1U com-
pleted in playa sediments in Yucca Flac, showed elevated tritium levels tu a
depch vf 5 meters., Below this depth, tritium levels appear tu be at pre=1952
levels (2-15 TU or 6.4=48x10=? pCi/ml). Figure 3.6 shows the measured soil
water tritium levels. Figure 3.7 shows the soil water tritium from burehole
FFI1-Al. This borehole, drilled to a depth of 3 m in alluvial fan sedimencs of
Frenchman Flac, shows a decline in soil water tricium from the surface to 3 m.
The tritium levels in FFI-Al are slightly higher than those of YF-10, indi-
cating that recent moiscure may have penetrated to at least 3 m. The uncer-
taioties in analytical techniques may, hewevef, mask the actugl cricium discri-~
bucion at the bottom of the borehole. Data from borehole UE2 ce, part of an
emplacement hole augered in alluvial soils ian Yucca Flat to a depth of 26 =m,
are also presented. Tritium levels in suil water from these cores at UE2 ce
were elevated above pre-1952 levels in most of the sampled interval. Two
depths (20 and 26 m) showed less than 2 TU, however.

The data from these deeper boreholes is quite enlightening.’ Using che
daca presencted from YF-10, post-1952 water had migrated to a depch of 5 mecers.
Assuming cthat recharge vccurred uniformly from 1952, the average soil moiscure

velocity (V) may be escimated from che following simple mass balance equatiun.

V = Depth uf Penetration/Date of Sample-1952

1y
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Thi;kgihple approach neglects dispersion and diffusion phenomenon ;nd

gssumes i; fflow. For the purpose of this review, however, this approach is

adequate. :ing the daca provided in Hansen, the soil water velocity at YF-10

may be calculated at 0.2 n/year. From the same approach, .f one assumes a
uniform water countent with dépth. the recharge flux may aleo be calculated by
multiplying the velocity term by the average volumetric water content. Using -
an estimaced bulk densicy of 1.6 glcm’ and the gravimetric wvater content repor-
ted by Hansen of gpproximately 102, the flux is calculated as approximately 3
cm/year. This represente approximately 202 of che average yearly precipicacion
ac Yucca Flat. Although this may seem rather high, the site is in playa sedi-
mencs and is periodically inundated by ponded water.

An glternative hypothesis often suggested for desert woisture transport is
also possible at YF=10. 1In thie scenario, the scil system ia not under steady
flow conditions. Precipitation falling on the soil is incorporated as soil
wvater storage in the top 5 m. Following precipication events or periods of low
evgpotranspiration, thie etored soil water is évaporl:ed end tranepired by
plants and is removed from the system. At borehole YF-10, this maximum storage
depth would be estimated to be' 5 m.

The dats collected from borehole UE2 ce and reported by Hansen is diffi-
cult to interpret. 1If tritium migration ie considered to be piston~-like, there
ehould exist a sharp distinction between pre- and poet=-1952 soil water. Dacta
from UE2 ce, however, is erratic showing layering of both tritiated and nonm-
tritigted soil water. This layering may be g result of the sampling procedures
used at UE2 ce, vhich was sugered with a 3 m diameter bucket auger. Cross A
contamination of cuttings semples may have occurred during thie process. In
light of this, these results are not unexpecced but shed no light on tritium
migration. | |

In a recent study by Buddemeier and Isherwood (1984), tricium profiles in
¢oil are presenced from Frenchman Flat. Two hollow stem auger holes were
drilled to depths of 6 m adjacent to the Cambric RNM site in 1983. Borehole #!
was drilled 15 @ from an unlined ditch containing high levels of triciaced
water while borehole #2 wae drilled 30 @ from the same ditch. This site is
underlain by alluvial soile classified ae sand to esandy loams. Coarse cobble
layers were also encountered during drilling. The resulcs of soil water
cricium are presented in Table 3.3. .
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Interval Sampled Tritium Comcentracion

(a) , (T.U.) (pCi/ml)

0-0.6 17502344 5.621.1
0.6-1.2 7505312 2.4%1.0
2.5-3.1 . 63153 0.2%.2
5.5=6.1 19%19 0.07%0.07
0.0-0.6 1543312 4.9%.0
2.5~3.1 <19 <0.07
5.5=6.1 19 <0.07

Figure 3.8 graphically shows the tritium levels in the soil water. From
this daca, it appears that post-1952 precipitaction had migrated no deeper than
2.5 @ in the sandy alluvial soils at Freanchman Flat. Using the same flux
approach g8 applied to Hansen's data, the soil moisture velocity at this sice
is estimated to be 0.08 m/year. Asswming a soil volumetric wvater coatent of 10
percent.'che average downward flux is escimated to be 0.008 w/year or less than
1 cu/year. An alternative hypothesis for this discributiom indicates that 2.5
meters is the maximum depth of storage of precipication. Precipitation, held
in storage in the upper 2.5 m of scil, is evaporated and transpired &t a rate
equal to yearly flux intoc the soil surface. Eence, the 2.5 meter depth may
cepresent a s0il moisture flow divide. .

In addition to soil tricium, tricium in aquifers has been used to
delineate post=1952 recharge. Due to underground testing at NIS, however, the
. question of contamination of many recently collected ground-water samples is of
concern. A relatively "virgin" suite of s&mpiea was published by Clebsch
(1961) from various wells and springs at the RTS. These values are shown in
Table 3.4. .

Five wells were sampled in 1958-59 and contained ground water with less
than 0.5 TU (1.6x10~?
years. Three of the wells were completed in alluvium; the remaining two in

pCi/ml), indicating residence times of greater than 50

fractured volcanic rocks.
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TABLE 3.4, TKITIUM IN NTS GROUND WATERS (afcer CLEBSCH, 1961)

I
cpr

Date of Councentration

Tricium

Sample L&&i;xun Aquifer Sampling (T.0.) (pCi/ml)
Well #3 (Yucca Flat) Tuff 8/17/58 <0.5 <t.6x10-3
Well #3 Tuff 4/21/59 <0.5 "
Well #5A (Frenchman Flac) Alluviem 2/26/59 0.5 "
Well #5C (Frenchman Flac) Alluvium  2/26/59 <0.5 "
Well #J-11 (Forty Mile) Tuff 8/7/58 <0.5 "
Well #J-11 (Forcy Mile) Tuff 4/21/59 <0.5 "
Well 1558/49-14aal (Forcy Mile) Alluvium 1/28/59 <0.5 "
Whice kock Spring (Rainier Mesa) Tuff 8/17/5% 34 u.tt
Tunnel Ul2¢.05 (Rainier Mesa) Tuff 9/12/58 36 12

Two 'perched' flow sys:éms were also sempled in this study. A sample from

White Rock Spring, a small spring located northeast of Kainier Mesa and dis-

charging from zeolicized tuff, cuntained 34 TU (0.11 pCi/ml), leading Clebsch

to conclude chat this spring had a hydraulic resideace time of less tban 6

years. Clebsch also reports a value of 36 TU (0.12 pCi/ml) from a sample taken
ac & seep ia E-cunnel ac Rainier Mesa.

Since several underground nuclear tests

had been conducted in the vicinity of the sample poinmt, the "purity" of this

sample is in question. Simce the tritium level is very similar co chat found

at White Rock Spring, which was believed to be far enough from testing areas to

be unaffected, ic is possible that this sample also represencs receat recharge

from post=-1952 precipitacion.

Following the same ceasoning as at White Rock Spriag, Clebsch suggests a

residence time of less than 6 years in chis area of E-tumnel.

Since the unsat-

urated zune above E-tunnel is approximately 400 @ thick, this indicaces very

high recharge velocities (70 m/year) through the fractured cocks.

This resulc,

as well as other more recent data from Area 12, will be presented in a later

sestion devoced strictly to Rainier Mesa.

Clebsch's work indicaces that active and rapid soil water movement may be

occurring in certain locales of NTS.

areas where soils are thin to aon-existent and where winter precipitation vfcen

Specifically, these areas are upland

falls as snow. The unsacturated zone in these areas consists of sequences of

highly fractured and permeable volcaniec cuff.

Areas undeclain by chick allu~-

. vial sedimencs (all wells sampled by Clebsch were overlain by alluvium) showed

ov input from recent soil waters.
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CONCLUS IONS .
Th e;’:

movement : ffiiﬁvial soile ie elow or negligible in wost areas tested. In the

3 .7':_"/»'-

ulee of tritium tracing mechode at NTS indicate that the soil water

studies presented, soil moisture velocities ranged from 0.03 co 0.08 m/year.
Ihese.conclusioat are supported by both goil moisture and ground-water studies.

As expected, the depth of recent scil water penetratios was significantly .
greater in those aresae where periodic‘ponding or flooding hae occurred. The
areas wvhere datg supporte chis conclusion are the playa areas but it is expect-
ed that other eites receiving periodic inundation, such ae washes and man-made
depressione (including subsidence craters and wasce pite), will also shov evi-
dence of rapid soil water movement. A detailed discuseion of the iuplic@;ions
of recharge through manr-made structures will be presented at the conclusion of
this report.

Based upon the analyeis of Clebach (1961), rapid recharge (and hence, toil
vater movement) appears likely in at least one perched ground-water system
(Whice Rock Spring). This conclusion is ressonable, since the unsaturated zone
above this syetem ie highly fractured and permeable.

IN SITU MEASUREMENTS /MONITORING _

long term direct monitoring of soil moisture movement is ex:remely'diffi—
cult in arid enviromments, due to very small rates of fluid movement. Errors
associated with input signals (precipication), evaporatiom, tranepiration, and
the small changes in soil moisture storage, are each potentially larger thanm
the magnitude of the flux term. Neverctheless, several auchors: (Kearl, 1982;
Casze et al., 1984; Morgan and Fischer, 1984; and Tyler et al., 1986) have
reported data on<i£.3252 moisture and flux messurements at or near the NTS.
These guthors provided valuable data on: '

® (Quantifying the energy state of soil moiscure;

¢ Quantifying soil moiscure scorage changes; and

® pDevelopment of field inscrumencaction technology.

Figure 3.9 shows cthe locaticns of these studiee. Each of che studies
presencs data which may be applied to & hydraulic analysis approach to estimate
soil water flux. Unfortunately, no studies have been performed to quantify, in

a direct way, the mechanism and magnitude of soil water flux using weighing
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lysxme:etiﬁkaee and Heller (1984) report that weighing lysimecers are the most
effecei ﬁgﬁﬁfﬁadology for the measurement of soil water sturege. These devices

measure tﬁziuexghc change and fluid flux chrough large masses of isolated soil.
Dicect evaluation of evaporation and :ranspxrat;on, as well as the flux through
the bottom vf the lysimeter, may be used to measure directly the relative mag-
nitude of each of these parameters. TJTracer experiments may also be conducted -
wichin a lysimeter to determine the radionuclide migration potenctial in various |
soils, |

The work of Kearl (1982) and Case et al. (1984) providea a complete data
set on the energy state (matric potential) of a field site in Frenchman Flac.
Baseline monitoring of matric potentisl for approximately two moachs to a depth
of S m is shown in Figure 3.10, as reported by Kearl. The data shows that
below 1 m, a relatively uniform set of potential values betveen =35 and =40
bars are present. As expected, much lower potentials were observed near the
soil surface iadicating the extreme evaporation and Cranspiratiovn occurring in
the desert soils. Also reported is a neutroun log to a depth of 5.5 m, shown in
Figure 3.11. The data shows 1 slight decrease in moisture content from 9 to 7
percent below the first meter. It is not rﬁpor:ed, however, if the neutron log
was calibrated for che site soils; hence, the absvlute value of the watec

coatents reported may not be exace.

o Case et 11.‘(1984) conducted a more detailed investigation of Freachman
Flat Site. Their work provides a much longer data set (1 year). Using
psychrometer data from 1.9 and 3.1 m below land surface, Case et al. (1984)
" indicate that the gradients of matric potencial ranged from approximately +25
to =30 m/m over the one year period. These results are shown in Figure 3.12.
Iaterpretation of Figure 3.12 surprisingly indicates that matric gradiencs
(hence, fluid driving gradients) are conducive to upward flow between September
and February while downward flov would be dominant the rest of the year.
Although gravity gradients were neglected in the analysis, their aagnicude (+1)
allows the use of matric gradiencs alome to calculate flux except at those
times when the matric gradients are near zero. Theae'reaults are rather sur-
prising as upward flow would be expected :6 dominate duriang the hot summer
wonchs when evaporation and transpiration effects are highesc. Extreme summer
precipitation events may account for the downward flow during these periods and
thermal gradient effects may alsu be & significanc facctor.
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Case et al. (1984) combined this gradient daca with cthe nhydrauliz conduc~

resented by Keart (1982), to esctimate the magnicude and direccivn
;cxcy ‘at both the 1.9 and 3.1 m depths. The results of chis anal~
ysis nre’shown in Figure 3.13. The cesulcing velocities range from 12 :m/year
downward to 25 cm/year upward ac cthe 1.9 @ depth to 2 cm/year dowawaerd tu &
cu/year upward ac che 3.1 m depth. Figure 3.13 shows a cyclic behavior indi-
cating that nec yearly velocicies ma§ be near zero at this sice. (The reader |
should noce cthat Figure 3.13 has been corrected by including the estimaced
volumecric water cuntent insctead uf the soil porosicy.)

Although not within che boundary of NTS, Morgan and Fischer (198k) present
preliminary daca on a large scale in situ scudy near Beaccy, Nevada adjacenc to
a commercial low-level radivactive wasce disposal site. Az the site, a [.5 o
diameter monitoring shafc was inscglled co a depth of lé @ in silcy sand and
gravelly alluvium. The intenc uf the scudy is to determine the scate of mois~
ture flux and to estimate the potential for radivnuclide release to che sacu-
rated zone, Data presented in the report covers both the shaft design and soil
conditions encountered during shafe construction as uell as datg Eram a42m
deep burehole adjacenr to cthe sice. .

The shaft design is quce unique. After installation, thirty=-three lac-
eral drill holes were excended 4 m from the shaft. Specially designed, ser-
viceable, thermocouple psychrometers were iastalled and recorded aucomatically.

Matric potential measurements from the shaft indicacte very dry conditioas
ranging from =10 to =70 dbars in the upper 10 m of the profile. Moiscure con-
cents in the upper 4 m of soil were also quite dry ranging from & to 10 percent
by weight. Data from a deep (42 m) borehole indicace that cthe moisture cun=
tents remain low, ranging from & to 17 percenc by volume. '

Although this project has only been in operational dode for a short cime,
valuable dats has already been accumulated. The range of moistures and energy
staces agree with data collected at other sites un NTS, indicating relative
consistency in alluvial sediments and hydrology. As more data is collected,
this project will provide a unique opportuaity to study deep soil moiscure
flux.

Tyler et al. (1986), in an iavestigation of potential downward svil amois-
ture movement from punded water in subsidence c¢raters in Yucca Flat, presents
data from two deep (530 m) boreholes. The first borehole (N-1) was cumpleced
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within a subsidence crater while the second hole (N=2) was completed in nearby

Wi

#d-alluvial secimencs.

glisis fcom burehole N-1 indicated high moiscure cuancencs and very
low captlflt; pressures (>=-0.l bar). A unic hydraulic gradienc was observed
chroughout the borehole. Using core aata ac downward Flux of ac leasc S5.4xio™!
aw/year and a wminimum average pore vater velocity of 4.4 m/year was calculaced. _
In che undiscurbed area, core data showed much lower moisture conteats aad
matric pocentials of between -8 and =36 bars. Potencisls are shown for boch
bocreholes in Figure 3.14. Gradients calculaced in the undisturbed zone were
errgtic wich depeh, indicating both upward and downward flow. These cunditions
dare typical of soils receiving little or no recharge (Gee and Heller, 1984).

No soil moisture flux estimaces were made for the core data in the undiscurbed
environment, due to the conflicting gradient measurements.

Calibrated neutron logs were run on both boreholes and indicaced a signi-
ficantly higher scored n&iatute content im the soils below che crater, further
iudica:ihg the cheory of enhanced recharge in the crater edvirbnment. Ia che
undiscurbed borehole, 50 percent lower moisture storige was ovbserved as well as
much lower variability im moiscture cuatenc. )

Although simplified mechods were used to determine éhe iafilcracion below
ché crater eavironmenc, it is clear that this eaviroomenc significancly ia-
creased cthe recharge potentigl. Data from the undisturbed soils showed liccle
or no decectable soil water movemenc.

By assuming that cthe infiltrating water moves vertically downward below
the crater bottom, the velocity of the wetting fromt is at least 4.4 m/year.

By using an average precipitation value of 0.168 m/year, & minimum of L3
percent of :he.precipita:iou falling on the crater catchment resulcts in deep
percolation.

CONCLUSIONS

Several in gsitu experinen:i have been used to estimate the magnicude of
soil moisture movement in the alluvial filled valleys of NTIS and surrounding
areas. In all buc ore case, soil moisture movement was very slow wich fluxes
aud velocities less chan several centimeters per yesr. Ouly one area, where
precipitation has been concentrated and ponded due to wespoans tescing (subsi~-
dence craters), was there significant downward movement decected. In general,
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melsured,mltrtc putentials were less than -2 bars with most sonsideragbly lower.

' suntent ranged from &4 to 17 percent by weight in the low flux
&t Che average volumecric moiscure conrent at the acrive flow site
(subsidgatt;é}ateé U3fd) ranged from 20 co 37 percenc. [t is clear from chis
daca therefore, that very dry soils with slow moisture fluxes extends over much
of the natural terrgin of che NTS. .
RECHARGE STUDIES IN FRACTURED TERRAID

Fractured rock has recently received accearion as a putentially safe
disposal medium for radivactive wasce. Studies of unsaturated fracture flow
are, however, very limited. Two sSuch areas oa NTS have been studied in derail:
Rainier Mesa and Yucca Mountain. This review limits discussion to Rainier Mesa
since much of che Yucca Mountain data has not yet been published vn field
scudies of partially saturaced fluid flow. It is expected, however, thac in
the next severgl years, scudies ac Yucca Mountain will greactly enhance our
knowledge of fracture flow under parcially saturated conditions. In the
interim, there exists quite a great deal cf information un fractured flow on
Rainier Mesa. Since the understanding of fracture flow is in ics iafancy, a
review of thé Rainier Mesa data may provide valuable guidance for future
research.

Studies of geology and mviscture movement at Rainier Mesa were begun in
1958, The work of Clebsch (1961) and Thordarson (1965) stand as the major
wurks on Rainier Mesa.

Rainier Mess is the highest uvf a group of mesa ridges and low mountains
thac border the northwescera part of Yucca Flat. The mesa trends north-sourh
and is 5 km loag and 2.5 km wide. The altitude of the mesa caprock is roughly
2300 @ above sea level (Thurdarson, 1965). Due to its high elevation, the mesa’
top rgceives in excess of 30 cm of precipitation yearly (French, 1985) and
supports a large stand of pinyon pine and jusiper. The mesa top is character-
ized by relatively gentle :opogéaphy with several vell=developed drainage nec=
works. Soils are thin over much of the mesa top.

The mesa is underlain by sequeﬁces of welded tuff, bedded tuff, and zeoli-
tized bedded tuff. The caprock is hydraulically characterized by high fracture
permeabilicy and low marrix peruelbility; Underlying the caprock lies a fri-
able non-welded tuff. Figure 3.15, from Thordarson (1965), shows the general
hydroscracigraphic units at Rainier Mesa.
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In order tu cunduct nuclear weapuns tescing activicies, numerous adics,
boreholes, and drifts have been construcced wicthin the zeolitic tuff unics
300 to 400 m Selow che mesa top. Alchough the regivnal zone of saturacion lies
500 m below the adit portals, water has been intercepced in many areas of the
tunnels. The existence of this water combined wich the unique opportunicies co
examine, in three dimensione, the flow characteriscics of parcially saturated
fracture flow make Rainier Mesa a very.a::r(ctive study areas.

Clebach (1961), and Clebech and Barker (1960) present daca on water chem-
istry from tunnel seeps and drill holes at Rainier Mesa. In addiciun, Clebsch
(1961) presencs tritium data from several wells on NTS. As has been discussed
earlier in chis report, Clebsch (1961) interpreted tritium levels in a seep in
E~tunnel to indicate that the water was introduced into the soil and traveled
through the fractured rock above the tumnel in less than 6 years but greacer
than 0.8 yeara. At E-tunnel, the thickness of the unsaturaced zone is approxi-
mately 400 m.

Aseuning chac che vater originated at the surface in 1952 and was s:mpléd
6 years later, the minimua ctravel velocity chrough the fractured tuff and fri-
able cuff was 66 m/year. Such high rates are not lu:piising, since the
effective fracture porosity may be very low allowing for rapid migration down-
ward. Unforcunacely, underground ceating prior to Clebsch's sampling may also
have contributed cto the higher tritium levels in E-tunnel. Clebesch and Barker
(1960) report chemistry data from 24 seeps and drill holes in B and E-turmnels,
however, tritium data is not reported directly. They report background beta
activity (presumably caused by cosmically-produced tricium) to be less than 25
pCi/l (8 TU). Of the 24 samples, 16 were at or below the sssumed background
level. Due to the nuclear tescing at Rainier Mesa concurrent to sampling, it
is imposeible to determine if the remaining 8 samples contained precipitation
tritium or lucally derived tritium.

Thordarson (1965) presented a detailed report of daca on perched ground
water at Rainier Mesa. According.:o Thordarson, the zeolitic tuff at the
tunnel level haes very limited hydraulic conductivicy and is fully saturated ac
the tunnel level. The low conductivity causes che perching of cecharging wacer
from the mess top. The only free flowing water is found in fractures and fault
zones intercepted by tunnels. No major springs or seepe appeit at the mesa

sides.
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Although Thordarson does aoc dwell on the mode of transport from the sur-
face co the tunnel levels, he gugseécs that watar is moving vercically downward
chreough the zeulicic tuff ac che cunnel level based upon hydraulic gradieats in
wells penetrating this unit. Gradieacs from head measurements in packed off
boczholes range from 0.3 to 1.0 m/m downward.

Thordarsvon also suggests that water in the fractures has a considecably
lower fluid conductivity, at least 25°co 35 cimes lower than che intersticial
fluid, indicating a much shorter residence time.

Several other more recent studies have dealt with the moisture flux ac
Rainier Mesa. Bensoa (1976) presents data on rock water ianteractions as does
Henne (1982). Henne also presents data on soil wacer chemiscry from the mesa
top, and time series discharge measurements from three seeps in N-tunnel. He
ceports mean flow rates are 8, 6.5, and 6.5 l/m from these seeps.

A very iateresting "back of the envelope" recharge calculation may be made
using some of this data., If one were incerested in recharge estimates, combin-
ing Henne's flow data with the recharge catchment area would yield the approxi-
mace annui; €lux through the system and indicate the percent of precipitation
contributing to recharge. Several simplifying assumpcions must be made:

- @ g]1l seep water is recharge vater and oot wvater released from storage;
® cthe catchment area is known; a&nd
© che tunnel seeps iotercepct L00 percent of the recharge water.

For simplicity's siko. we will gssume that the tunnel crecharge catchment
i3 a circular area whose diameter is equal to the length of the tuanel (approx-
imately 2000 m).

Figure 3.16 shows the conceptual model of the catchment area a3 well as
the outline of the caprock area.

The recharge is calculaced as follows:

techarge flux = yearly flow from seeps/catchment area

From this simple analysis, the recharge flux is approximately 0.3 cm/year.
Based upon Freach (1985), the estimaced yearly precipitation for Rainier Mesa
is 30 cm. Therefore, this "simple" recharge estimate indicaces chat 1 percent
of che total precipitation at che Rainier Mesa top becomes recharge. A
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slightly more realiscic area vf escimaced recharge is obtained by assuming a
circular area vf recharge equal in diamecer uf che tunnel length underlying che
mesa cap rock, Since liccle recharge is expected to vesur un che sceep side
slopes of che mesa. This area is also shown in Figure 3.l16 and is approxi-
macely t.2x10%2, Using the same simplified recharge model, che escimaced
recharge flux is | ¢m/year or 3 percenc of the average annual precipitaction.
Eakin er al., (1951) in qualicacive estimate uf recharge, suggest that 7 percen:.
of the annual precipitacion would be recharging areas with similar precipi-
tacion to Rainier Mesa.

Of course, this exercise is only for example and urder of magnitude esci-
maces. I[f for example, recharge were uniform uver the mesa caprock, each tun~
nel would produce an amount of water proportional Co the square of its lengch.
As repurted by Fernandez and Freshley (1984), G-tunnel, locaced ac the southern
end of Rainier Mesa, produces only 20 nalyear of fluid, well below that which
would be estimaced by its lengch. Certain ocher factors, such as fracture
densicy, cunnel elevation, and surface topography, may &ll contribute co the
variabilicy of fluid discharge. 1In addition, it is not possible co rule out
the possibilicy that all vater produced in the tunnels is being released from
storage only., Thordarson (1965) suggests chat the rapid decline in discharge
from many fractures following intersection may be the result of local dewater-
ing of the perched wacer system. In this scenario, it is aot neceasary for
techarge to be ac:i#ely occurring at ﬁaiuier Mesa. lascead, all che fluid
produced was recharged during a more pluvial period.

CONCLUSIONS

Evidence collected over the last 28 years has not conclusively proven the
sources and mechanisms for recharge in the Rainier Mesa area. It appears mosc
likely that some recharge is actively moving through the fractured units above
the cunnel elevaction. Using simpliscic calculacions, 1 to J percenc of che
average annual precipitation may be transformed inco recharge. In- additionm,
hydraulic gradient daca suggests thact fluid is moviag through the tunnel levels
and into the saturated zone below. Both the rate and velocity of chis rechargze
is unknown at this time. It is quite likely, however, that weapons testing in
the tunnels will significancly increase the fracture permeability of the perch-

. ing zeolitic tuff. The cesulting increase in flux may also increase the
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potential for radivnuclide migration from the cuannel levels co che underlying

ground water.
Furcher studies are vngoing at Rainier Mesa to study these effeccs. It is

hoped that the next few years will provide the answers to some of these ques-

tions.
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SECTION IV
CONCLUSIONS

The dacs collected at che NTS covers a wide range of conditions and cer-
tains. In order to apply the results co test sicte activities, it is useful to
divide the topographic conditivns into three broad areas: alluvial basins,
ponded vr flooded terrain, and upland areas. Soil moisture flux condicions in

each of these areas may then be summarized.

ALLUVIAL BASINS

In the alluvial basins, the studies have found cthat low water contents and
low mactric pocencials dominate. These observativns are a cesult of low preci-
pitgcion, long periods of drying, and efficienc extraccion uof soil water by
plants. The following results support the comclusion that licctle, if any, deep

soil moiscure flux or recharge is occurring in these areas.

1) Estimaces of fluid flux using hydraulic analysis are hampered by the
lack of field data on hydraulic conductivity. However, simplified
mechods indicate chat fluid flux is no greater chanm 0.3 :m/year in the
areas studied. Assuming a 10 percent volumetric water suatent, maximum
fluid velocities are less than 3 ca/year. '

2) Tritium scudies conducted inm these areas shows thac recent (posc=19952
precipitacion) has penetraced less than 2.5 m. Flux estimates, assum-
ing sceady=-stace flow, ranged from 0.3 to 0.8 cm/year. Fluid veloci-
ties ranged £tom 3.0 to 8.0 cm/year. These estimates agree quite well

with the hydraulic analysis.
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INUNDATED AREAS }

Due to the nature of precipitacion and topography, areas vf che NTS are
perivodically fluovded, These areas ianclude washes, playas, and incermitcent
streams. In additiom, ponding vccurs in nan~made scructures, Such as subsi-
dence :zraters and runoff cuantrol structures. These topugraphic features occur
throughout the sice. Washes, in fact, are a subset of the alluvial basin copo-,
graphy. ’ .

The common features vf these landforms are highly permeable svils and
petiuds'ofbsaturaced condicivas at the soil surface. Playa sedimencs, alchough
generally of low permeasbilicy, may contain deep desiccaction fractures which
‘allow for rapid infilcration of waters and are, therefore, iacluded in this
Sategory. The following results supporc the conclusion that recharge may be
significanc in chese areas. ’

1) Moisture content cranged from 20 to 40 perceat by volume in areas re-
-ceiving periodic inundatioan. Hydraulic gradients calculated from cap-
illary pressure dacta showed a gravity-dominated drainage process was
oécurring in &t least one subsidence crater.

2) Estimates of fluid flux at subsidence craters was limited by the lack
of unsaturated hydraulic conductivity data; however, escimaces indi-
caced that as much as 13 percent of the average aannual precipitation
€alling on the subsidence crater catchment was contributing to re-
charge.

3) Tricium profile daca for playa sediments indicaced mois:ure‘véloci:ie:
as high as 20 cm/year. Using an estimated volumectric water content,
the average soil water recharge may be as high as 20 percent of the

annual precipication.

UPLAND AREAS 4 _

At chis cime, the daca base in cthe upland areas is very scarce and limiced
to Rainier Mesa. The area is characterized by high precipiti:ion, @uch in the
form of saow, flac lying topography, reduced potential evapotranspiration, and
thin svils. These characteristics are typical of much of the northwestern
portion of the NTS, including the Pahute Mesa area and comprise roughly 25 co
40 percent of the total upland areas of the NTS. The remaining 60 to 75 per-

ceat of cthe upland areas is characterized by lower precipitation, steep Ctopo~
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draphy, and higher potencial evaporativa. It i3 ancicipated thac potencial
recharge vver auch of chese areas is significantly reduced uver the Rainier/
Pahute Mesa 3rza. Based upun the available daca, the folluwing cunclusions may

be made:

1) Tritium scudies at Rainier Mesa indicace che active techarge may be
oceurring with water velocicies in the fractured Cuff exceeding 60
m/year. Contaminacion of the samples from nuclear cescing leads co
some questioning of these results, however.

2) Rainier Mesa tunnel discharge measurements appesar tuv show some seasvnal
Eluctuacions, indicating possible rapid respoase of cthe perched syscenm
to precipitacion., Simple mass balance calculations indicate chat | tou
3 percent of the average yearly precipication unm the mesa tup may be
contributing to recharge.

3) Data are noc yet available to make estimates of recharge in upland
.areas other than Raigier Mesa, however, it is &nticipated that as much
as L0 percent of the average annual precipitatioa of areas such as

Pahute Mesa becomes ground-water recharge.
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sands. The cosl ball occurs ot 30 ¢z anz conrtituies ~754
eata. pyrite; it consists mainly of cell fillings ¢! cel.llosar
i petioles geaus Mveloxvion. Late cdispenezic pyrite ir the
emsists 0f 8 single tiny clest Just delow tre coil tall.

- 4325 wvalues of sarly pyrite take: froz eight der:: frtervals
.o range froc =3.1 to 23.7, generaliy iccressing with depct.
of the coal-ball pyrite have t3-c valuer rarzing only froz
3.4. The cleat pyrite hss a 8345 value of 37.5. The tncrease of
deptt 4o the column sazple 45 most likely the res.it of early
;e bactarial redustion of agueousr eulfate introcuie: §mic the
e Mig=ite froc er overlying source. Withir 10 kx c: eo.r sas;lc.
pu bef 13 tocfe? by marine-fossil-bearir; rocas. 8. seavater wa:
@ fate so.rce. Sulfate-reducipg becteris prefere 1y mcta-
.. therety iccreasing the ¢2°% of tre resaining faze.
> pedactios ef sulfate percolating cr diffusing 10:c the peas
43 the probadble csuse of the top-to-betton incTease ir Sul-
walues. The distincely high £3%S of the clea: prrite ma: Te-
aet peductior of the 3é5-enriche? raznacts of the early da-
s:fate, or lacer introductior of 3-5-esricnez s.ifate froz -
source, suct as connate or formatios wilers.

OF THT VARDFALDSDZLEN MACROZIKI, £ 6IAVT .
GARERZIC DIKE ATJACENT TG THI SKAERGARS. LIS
. E. GRZENLAND -
i, Crafg M., Dept. of Geology anc Geop-ysice, Brise St. U-tw.,
_Gise, 10 83725; GEIST, Dennts J., Dect. o Geslogy anc Geo-

persics, Untv, of Myoming, Leramie, WY 8207].

tlesdalen macrocike 15 & funneleshapec, layerec anc ¢ifferen-
st -oic ¢ike spproximately 3.5 kr long anc 200-4DC ¢ wige. It
0323 wvertical section more thar 500 & thick. The compositior
‘Nee margin 1ndicates the nitial magma was o tholelftic

lar the Inferrec tnftial Skaergaard magre.
Bcrodike can be divided Into three structural divisions: 3
Series gdjscent to the walls; & central series 1n the inter-
€ felsic serfes at the top. The margina) series 1s 50-90
Contains gaddros that sre modally layered parsllel to the
the ¢ike. Differentistion 43 veflected 1n the compositions of
¢lution minersls which vary serially to lower-terperature
imarg froc the contacts with the countey rock, Sample
Cross the marginal serfes show plagioclase varies from Ané9
Mgh-Ca pyroxene varies from En/EneFs=B0 to En/EneFse64,

: N2 103530
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A central secies formee tn the interior of the sucrodite st higher
stratigraphic levels, wnere the width of the gike 13 equel to er
grester thar 1ts vertica) thickness. Layering fn the central series 13
synforsul with gips ranging fror 30° {nwsrg from the marging to hort-
tontel slong the gxis. Mineral compositions very wpward through the
central serigs tn 3 manner gnelogous tc the inward varigtion odserves
tr the margiral series.

The felsic ser1es oscuctes & 2one ur to )30 & thick adove the
Qeb2re 0F the Ce~tral gec1ey arc beneatr the dasslttc roof. It cer-
$U5ts Mty € granIficmtivI PpZES Wil pburdart Inclysiors ©f g.evtr-
1€ OnC Quirtiz-felosses Aorrie’s.  Fetrog=ap™il, geochericai anc
130t0;12 Geta nc cate the feistc se-ies contains o large proportice
of partiatly meltec $11921C crustal mocks.

TUFF RINCS AN. MAARS OF THF BOP] BUTTES, NE ARIZINA °
WHITE, Jazer ané FISEEF, K.V., Dept. of Geosziences, N2 103583
Uriversity ¢f Calafornse, Senta Berbara, 93)0¢
The Fops Butter velcanic faelé of anortheasterr A7 cocpraser Pliozene apr
alkalic basslts erupte? artc lacustrine gné sanéllst-pleye environzes:s
regresente? ty the lowe: Eidahochi Fe. Most surficie]l wolceric depos:te
sre tuff ringe (los height/rae widtl ratios, low-sngle dips), which sre
bes. presecvel where cappel by leter extrusive basslts. Vent-fillisg
tuffs extenc downward intc fault-bound contact with underlying Mesdzd:c
sedamentsry roch:, som cf whick sre aquifers. Rocks of the upper
Bidakochs Fu. bdegir with revorked rhyolitic tuffs depositel froc
shsllos, ephesera! streazs. Tuff ring depositr are overlain by leve o
lover Bidahoch: seliment; intredbasins]l volcanisc was got directly re-
sponsible for the transitior froz lacustrine to fluvisl sedisentstion.

Tuff rinp deposits shov asbundsnt evidence of base-surge depositio:,
including sandwaver, plansr tc sassive beds, and bellistic ejects.
Expandel, relatavely dry sutges may have developel despite the preserce
of surface water 1if iritisl coatsct with wster and eudsegue:n:
fragzentstion began et deptih (uper contsct wath sguifer). Superheste?
("dry") steas co.ld resclt froc extended magea water contact during ver:
transit, st will as fro- verjations in iritial magza/water ratios.

Many verts contair cinder and spatter deposits, suggesting cyclic
phrestomapuatic/Stroebslier eruption. Bssslt dikes, sills end spatter
are locally peperitic, inficeting mixing of magsa and wer sedimert.
Intre-vent lecustirine depdsits are comsor arong vents lacking baseltic
cops. Differen: levels ¢f expasure allov exaz:nstior of both extra-ver:
ejecta an? wvert-filiin; sejueaces. Ssndvaves snd planar bellins are
best developel bevor? wes: margins. Proxiesl tuff ring material seies
up much of tre subs:ide? wen: 1rfalling et levels less thar 100 beice
eruptior surfsce., L-shapel channelr carvel snd filled by surges are
present ir proxae:l tuffs. Deeper in the vents, blocks of country ro:b
quarried froz west marg:ins forc one or more bouldery breccis lavers
interlayered vit® weakly beddel tuff breccia rich in juvenile material.
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RECUREENT QURTERNREY MOVEMENT ON THE HINDY i
wWASK FALLT, NYE COUNTY, NEVADA iN® 102850
WrITAEY, J. ., Snrode, k. K, SINONDS, F, ., ond HARDING, 5. T,

.S, Gediogica! Survey, S 912 Boa 25048, Denver Federsl Center,

Denve-, C U EL2i
Tae ning, wass fa.'s 15 & £ R)9° northatrenting fault or the wes: sioe 07 Yucze
MourIaIn, 8534% S kP west Of @ poDoseC mgh-level nuclea” waste reposito~, sTe
in soutner hevazs. Detsiies inveshization of three trernzhes aross tre fa 't
revedls several bumes shed” 20%es, offset SLratiz; FaPRIC UNILS, Bnc SOV hemzo~t
that nacate & Fim e L of Seven ep1sodes o Quatemary roveren: adlong tre
Wing, was- ta.'s. Tre~zr (FoZ eaposes evigence 0° 82 least theee fault ecsooe-
tres preddte tre ersidier e 0° 4 DASAITIC 45" alon; two fault planes dunm~; ¢
shomiy after a fou== faull enisoze. Fault episodes five, 1z, ang sever are
relorges wr tre~cnes CFe2 = CFed; Dot trenchnes expose offses alluvia’ an:
€0"137 GeDOSItS yoLazer thar tre Dasaitic asn in trench CF-2,

The pasalz as 1s chemicaliy s1eflar te two neardy Dasalt cones that are FoAe
aates 8t U.3 842 1.) w.v. The ash is cormelated witr the younger cone becauss
the uncemented as™ occu™s In open fractures In CF+2 that breach ali
stratigraphic unmits except the uppermost deposit, 8 Holocene sfit. Uranium-
treng ayes of aliuvial depostts tn CF- indicate that the fifth faulting eprsode
toox place between 270 anc 190 thousand years 430; the sixth episode between
19U ang 40 thousanc years 830; and the seventh and latest episode took place
during the past 40 thousand years. The timing of the last episode is refined by
thermoluminescence sge determinations en the youngest faulted depostt (eottan
siit); these age dates range froe 6.5 £0 3,0 thousand years 890, which indicates
tne last faulting episode probadly took place Buring the last severs) thoussnd
years, Snhe fault has an average recurrence intirva) of 75 thousand years based
on the occurrence of the last four episodes during the past 300 thousand yesrs.
Trenches CF-2.5 and CF-3 show en spparent vertical offset of about 40 ¢cm on
the 270 thousand-yearold gravel. This vertical component s consideredto be o
sinfrum Indicator of net throw, because seisaic refiection grofiles scross the

" fault revea) subsurface structures which suggest that the fault has & strike-stip

component. Apparent vertical sffset on the Nolocene sTit 45 less then 10 ce.



