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Abstract

The uranium-trend dating method is used to estimate the
ages of Quaternary deposits to help evaluate the age and origin
of a scarp in the Beatty, Nevada, area. For dating deposits of
5 to 800 ka (thousand years) age, the open-system technique
consists of determining a linear trend from analyses of six to eight
channel samples collected at different depths in a depositional
unit. The analytical results plotted as activity ratios of (238U-
230ThY238Y versus (234U-238Uy/238Y are required for the em-
pirical model. Ideally these data points yieid a linear array in
which the slope of the line of best fit changes predictably for
increasingly older deposits. Analyses of deposits of known age
are required to calibrate the empirical model; calibrations were
provided by correlations with deposits dated by independent
radiometric methods.

A sequence of the fluviai deposits next to the scarp and
exposed in trench BF-1 were sampled for dating. An age of
75+ 15 ka was obtained for the alluvial unit of sandy siit; an
underlving gravel unit indicated an age of 155+ 25 ka and an
average age of 500+ 60 ka was obtained for three different
lithologic units in lower silt and gravel deposits. Four suites of
samples representing the lower silt and gravel deposits provided
the iollowing ages: clayey silt, 480+ 50 ka; pebble gravel,
530 + 70 ka; pebble cobble gravels, 540+ 100 ka and 460+ 90
ka. For the older units, the dating method does not provide suf-
ficient resolution to distinguish differences in ages for the deposits
in the 500 ka group. Disseminated carbonized wood fragments
occur in the clayey silt; a radiocarbon age of 10,000+ 300 yr
for this wood is not consistent with the estimated 480 ka
uranium-trend age of the clayey silt host-sediment.

Two separate suites representing the alluvial fan deposit
that was truncated by the Beatty scarp adjacent to trench BF-2
also were analyzed; uranium-trend ages of 70+ 10 and 80+ 10
ka were determined on these two suites of samples. Estimates
for the time of carbonate accumulation as rinds on pebbles in

the same alluvial fan deposit, using the conventional 230Th/234y
method, were 41+ 3 and 68 + 4 ka.

INTRODUCTION

Uranium-series disequilibrium dating methods.
described by Ku and others (1979), use conventional closed
system 230Th/234U ratios for dating pedogenic carbonates
which form rinds on alluvial gravel. These ages provide
reasonable estimates of the minimum age of the alluvium.
For conventional uranium-series dating (Ku. 1976), a closed
system is assumed to exist throughout the history of a sample.
which means that there has been no postdepositional migra-
tion of 238U or of its daughter products (334U and 30Th).
In contrast. open-system conditions impose no restrictions
on migration. Results of other studies of uranjum-series dis-
equilibria indicate that uranium commonly exhibits an open-
system behavior in many near-surface deposits (Ivanovich
and Harmon. 1982). Because materials suitable for ciosed-
system dating are commonly absent in Quaternary deposits
in this area of the Great Basin. an open-system dating method
is needed.

An open-system variation of uranium-series dating
called uranium-trend dating has been tested extensively over
the past decade. A preliminary model for uranium-trend
dating was described by Rosholt (1980) with samples
collected from a variety of Quaternary deposits including
alluvium. eolian sediments. glacial deposits. and zeolitized
volcanic ash. A revised model for uranium-trend systematics
was described by Rosholt (1985). The empirical model
requires time calibration based on analyses of deposits of
known age: results of these calibrations are included in
Rosholt and others (1985b). The uranium-trend ages of
alluvium, colluvium, and eolian deposits at the Nevada Test
Site area were reported by Rosholt and others (1985a).

For uranium-trend dating of sediments, the distribu-
tion of uranium-series members during and after sedimen-
tation must have been controlied by open-system behavior.
Sediments and soils are penetrated continuously or epi-
sodically with water that contains at least small amounts of
transported or locally derived uranium. As this water-borne
uranium decays, it produces a trail of radioactive daughter
products that are readily adsorbed on solid matrix material.
If the trail of the daughter products, 234U and 230Th, is
distributed through the deposit in a consistent pattern, then
uranium-trend dating is possible. The large number of
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geochemical variables in an open sy¥fh precludes the defini-
tion of a rigorous mathematical model for uranium migra-
tion. Instead, an empirical model is used to define the
parameters that can reasonably explain the patterns of isotopic
distribution.

This model requires independent time calibration with
deposits of known age. None of the known-age deposits used
for calibration occur in Nevada; however, results on other
deposits in the Nevada Test Site region (Rosholt and others,
1985a) indicate that results obtained by the uranium-trend
method are reasonable when compared to geomorphic and
stratigraphic relations. In rare instances at NTS, ages can
be compared by two methods (Swadley and others, 1984).
At Crater Flat, a uranium-trend age of 270,000 years
{270+ 30 ka) was obtained for gravel deposits of unit Q2 of
Swadley and Hoover (1983) that locally overlie and contain
reworked cinders from a small volcano northwest of Lathrop
Wells. Nev.. which has yielded K-Ar ages ranging from 230
to 300 ka as determined by different laboratories (Vaniman
and others. 1982).

In an open-system environment, analyses of the abun-
dances of 238U, 234y, 230Th, and 232Th in a single sample
do not establish a meaningtul time-related pattern of isotopic
distribution. However, analyses of several samples. each of
which has only slightly different physical properties and only
slightly different chemical compositions within a unit. may
provide a consistent pattern in the distribution of these
isotopes (Rosholt, 1985). Analyses of five 1o eight samples
per unit from several alluvial, colluvial, glacial. and eolian
deposits has yielded time-related patterns (Rosholt and others,
1985a. b). These types of deposits range from clay-silt units
to gravel units. most of which have isotopic distributions that
appear to fit the model.

The purpose of this investigation is to apply the
uranium-trend dating technique to the geologic study of
surficial deposits along the Beartty scarp in southern Nevada
(fig. 11.1). Conventional closed-system uranium-series
dating was used to determine the time of carbonate accumula-
tion as rinds on clasts in an alluvial fan truncated by the scarp.
The surficial geology of the Beatty scarp site is described
by Swadley and others (chapter 9).

Acknowledgments
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Figure 11.1. Generalized geology of Amargosa River area,
Nevada, in vicinity of Beatty scarp (from Swadley and others,
chapter 9).
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‘SAMPLE COLLECTION, PREPARATION, AND
CHEMICAL PROCEDURES

Several samples, about 1 kg each, were collected from
a vertical section of each depositional unit. The number of
samples required to establish a reliable linear trend in the
data depends on the variation in ratios of uranium and
thorium that define the trend line: our experience indicates
that five to eight samples in a given unit are usually suffi-
cient. It is preferable to collect samples from a channel cut
through deposits exposed in a trench wall or a relatively
fresh. well-exposed outcrop. Depositional units in the Nevada
Test Site area commonly contain abundant pebbles and larger
fragments, which are removed by sieving. The remaining
less-than-2-mm-size fraction is pulverized to less than
0.2-mm size., homogenized. and retained for analysis.
Chemical procedures used for separating uranium and
thorium for alpha spectrometry measurements are those
described by Rosholt (1985). Spikes of 236U and 329Th are
used in the radioisotope-dilution technique to determine the
concentrations of uranium and thorium (Roshoit, 1984). For
defining uranium-trend slopes. each uranium separate is
counted four different times in an alpha spectrometer, and
each thorium separate is counted three different times. For
conventional closed-system dating using 230Th/234U ratios.
we sampied CaCOs rinds on the undersides of clasts found
in the alluvial fan deposit above trench BF-2. Selective
carbonate dissolution procedures followed Ku and Liang
(1984) and chemical procedures followed Rosholt (1984,
1985). Ages were calculated using the isochron-plot method
of Szabo and Sterr (1978).

SAMPLE SITES

Two trenches used in the evaluation of the origin and
age of a scarp located near U.S. Highway 95 south of Beatty,
are described in detail by Swadley and others (chapter 9);
map-unit symbols used for these sites are discussed in there.
Complete logs of these two trenches also are available
(Swadley and others. 1986).

Trench BF-1 exposed interbedded gravel, sand, sandy
silt. and clayey silt (unit Qf) that were deposited by the
Amargosa River at the base of the scarp (fig. 11.1). Unit
Qf is overlain by a thin deposit of silty alluvium (unit Qlc).
Six sample suites, containing approximately eight samples
each, were collected from the trench (fig. 11.2). Sample
suites BF5 and BF6 are duplicate suites, collected 2.5 m
apart, from the pebble-cobble gravel unit of Qf near the base
of the trench.

An alluvial fan (units Q2a, Q2b, Q2c¢) truncated by the
Bearty scarp near trench BF-2, 1.2 km south of trench BF-1,
was sampled at two sites 10 estimate the age of this fan.
Sample suite BT2F was collected from a2 1.3-m-deep hole

excavated in the exposbearide of the fan, approximately 50 m
northwest of the trench. Sample suite 2BT2F was collected
from a backhoe pit that penetrated the top of the same alluvial
fan surface, approximately 55 m northwest of the trench.
Stones found in the alluvial fan deposit, at 0.5 to | m depth,
were sampled to estimate the time of carbonate accumula-
tion in the fan; conventional uranium-series dating was used
with analyses of CaCOj rinds on the undersides of the clast.

RESULTS

The analytical results for the eight sample suites are
listed in table 11.1. Uranium and thorium contents are precise
within +2 percent (1 sigma). Standard deviation for the
234y/238y, 230Th/238Y, and 230Th/232Th ratios are 1.5, 2,
and 1.5 percent. respectively, based on the precision of
repeated counts of the chemical separates. The uranium-trend
model parameters (Rosholt, 1985) and calculated ages of the
eight suites are shown in table 11.2.

Uranium-trend plots of the results for alluvial fan sam-
ple suites (BT2F and 2BT2F) show acceptable ranges of
isotopic ratios and good linearity (fig. 11.3). yielding
estimated ages of 70+ 10 ka and 80+ 10 ka. respectively.
Estimated times for the carbonate accumulation in the fan,
41+3 ka and 68 £ 4 ka (table 11.3), are consistent with the
approximate 75-ka uranium-trend ages for the fan deposit.
For the two upper units from trench BF-1 (fig. 11.9)
uranium-trend ages of 75+ 10 ka and 155+35 ka. respec-
tively, were obtained. Results for two of the three lower
fluvial units, (suites BF3 and BF4) indicate negative slopes
(fig. 11.5) and uranium-trend ages of 480+50 ka and
530+ 70 ka. respectively. Duplicate results for the deeper
fluvial unit. (suites BFS and BF6) are shown in figure 11.6:;
uranium-trend ages of 540+ 100 k2 and 460 +90 ka. respec-
tively, were obtained. For the three lower fluvial units. the
dating method does not provide sufficient resolution to
distinguish differences in age. An average age and standard
deviation of the values for the three units represented by
suites BF3, BF4, and BF5-BF6 is 500+60 ka.

Disseminated carbonized wood fragments (6 mm max-
imum size) occur in the fluvial clayey silt unit (suite BF3;
fig. 11.2). A radiocarbon age of 10.0+0.3 ka was obtzined
on this carbonaceous material (W-5673. Meyer Rubin,
U.S.G.S., written commun., 1985). There is a great differ-
ence between the '4C age (10 ka) and the uranium-trend age
(480 ka) for this unit. After detailed petrographic study of
the carbonaceous material, N.C. Bostick (written commun.,
1985) determined that the carbon is not charcoal but coalified
pure wood tissue. In a further study using !3C nuclear
magnetic resonance spectroscopy and element abundances
(H. C, N, O), E.C. Spiker (written commun., 1986) found
that the carbonized wood is similar to highly oxidized humic
material aithough he could not rule out charcoal as a possi-
ble source of the material.
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DISCUSSION ~

The uranium-trend ages indicate that fluvial sediments
exposed in trench BF-1 were deposited over a time period
extending from the middle into late Pleistocene. We consider
these ages to be reliable because (1) plots of (234U-238yy/
238Y) versus (238U-230Th)/238U show good linearity and
extension (Rosholt, 1985), (2) the ages have stratigraphic
consistency, and (3) duplicate analyses of the same strati-
graphic unit (suites BF5 and BF6) show concordance within
experimental error. The uranium-trend ages suggest that all
of the lowermost units were deposited about 500,000 yr ago,
as dates are all concordant around this age within error limits.
Suite BF2 yielded a significantly younger age of about 155 ka
indicating a depositional hiatus between the units represented
by suites BF3 and BF2 of about 345 ka. If the top of the
fluvial silts (suites BF3) was exposed for about 345 ka before
deposition of the upper fluvial gravels (suite BF2), then a
well-developed paleosol should be present. The absence of
a well-developed paleosol at the contact between these two
units suggests a major period of erosion sometime between
about 500 ka and about 160 ka. A similar interpretation can
be made for the contact between the upper fluvial gravel
(suite BF2) and the silty alluviem (suite BF1) at the surface;
the dates suggest a depositional hiatus between about 155 ka
and about 75 ka. Again, the absence of a well-developed
paleosol at the contact between these two units also suggests
a major period of erosion some time between about 155 ka
and 75 ka.

T — ™Y

DOOGQLQ:\

The uranium-trend age estimate of the uppermost unit
(Qlc, suite BF1) in trench BF-1 is difficult to evaluate
geomorphically or pedologicaily, but some constraints are
possible. There is only weak pedogenic carbonate develop-
ment in unit Qlc, but a discontinuous, 2-cm-thick zone of
CaCO3 accumulation is found at depths of 40-50 cm. This
material is 15-20 percent CaCOj3, based on loss on ignition.
If the carbonate is pedogenic, it indicates enough carbonate
accumulation to suggest a pre-Holocene age for unit Qlc.
based on rates of carbonate accumulation in alluvium in
similar climates as summarized by Macherte (1985). The
surface there also has a weak stone pavement, with rock
varnish found on the pavement clasts (fig. 11.2). Stone
pavements can form in as short a time as a few years in arid
regions (Sharon, 1962), but observations by many re-
searchers indicate that rock varnish requires several thousand
to as much as 10,000 years to formm (Do and Oberlander,
1982). One can conclude from the combined carbonate and
rock-varnish data that unit Qlc is probably older than earliest
Holocene and perhaps considerably older.

The results from trench BF-1 suggest that a sequence
of severai alluvial deposits were laid down by the Amargosa
River at the base of the Beatty scarp in the last 500,000 yr.
The fan deposits actually cut by the Beatty scarp in the
vicinity of trench BF-1 have not been dated because suitable
sampling sites were not found. Presumably, they predate the
oldest unit (~500 ka) exposed in trench BF-1 if the scarp
is erosional and not tectonic. However, we have dated an
alluvial fan truncated by the Beatty scarp approximately
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Figure 11.2. Diagram of sampled area on south face of trench BF-1 (fig. 11.1). Modified from trench log of Swadley and others
(1986). Qlc, silty alluvium (Swadley and Hoover, 1983); Qf, fluvial sediments (Swadley and Hoover, 1983). Uranium-trend ages
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Tabde 11.1. Sample collection dept lement concentrations, and uranium-series ac - ratios
vy N

: Depth Th v 234,238, 2307,,238;  230g,,232n, 238,232,
Sample (cm) {ppm) {ppm)

Sandy gravel of fan deposit {(channel in outcrop)

3T2F-1 36-47 T7.74 1.18 1.149 1.138 0.538 0.473
BT2F-2 47-58 11.3 1.73 1.132 1.110 .523 4T
BT2F-3 58-69 11.2 1.76 1.157 1.133 .549 .u8s
BT2F-4 69-80 1.2 1.96 1.211 .986 .535 .52
B8T2F-5 80-3 12.2 2.43 1.279 .830 .513 617
BT2F-6 91-102 11.9 2.49 1.295 .837 .54 .6u7
3T2F-7 102-113 1.4 2.29 1.262 .904 .562 .622
BT2F-3 113-124 11.3 2. 21 1.224 .959 .579 . 604
Sandy gravel cf fan depcsit (channel Ln backhoe pit)
2BT2F-2 28-38 10.7 1.53 1.112 1.2u1 0.547 0.4
2BT2F-3 38-48 1.2 1.51 1.101 1.187 Luoy L6
2BT2F-U 4§-58 11.3 1.7 1.166 1.087 .508 468
28T2F-5 58-68 10.7 2.16 1.312 .834 .523 .627
28T2F-6 68-78 10.3 2.29 1.281 .8ug .585 .690
2BT2F-T 78-88 10.9 2,20 1.260 .926 577 .624
2BT2F-8 38-98 10.4 2.46 1,344 .834 .612 LT34
Silty alluvium and fluvial sand, %rench BF-1
BF1-2 10-20 14,3 2.27 1.036 1.345 0.634 0.47M
BF1-3 20-30 16.4 2.67 1.083 1.204 .607 .504
BF1-U 30-40 16.2 2.5 1.114 1.247 .596 .u78
BF1-5 u0-50 16.8 2.85 1.155 1.104 .583 .527
BF1-0 50-60 17.9 3.21 1.19 1.066 .598 .561
BF1-7 60-70 17.6 3.25 1.193 1.054 .607 .576
BF1-3 70-80 19.4 2.9 1.118 1.154 .536 . 465
Fluvial gravel, *rench BF-1
BF2-1 35-93 16.5 2.99 1.127 1.040 0.581 0.558
BF2-2 93-101 17.9 3.33 1.158 1.008 .578 S5TU
BF2-3 181-109 17.8 3.27 1.151 .995 .564 .566
BF2-4 109-117 17.4 3.16 1.184 1.001 .569 .568
BF2-5 117-125 16.7 3.39 1.205 .953 .596 .626
BF2-0 125-133 17.6 3.33 1.142 1.011 .593 .587
BF2-7 133-14 17.7 3.30 1.120 1.033 .593 S5T4
B8F2-8 141-149 18.4 3.06 1.099 1,145 .588 513
fluvial silt, trench BF-1
BF3-1 150-157 19.7 3.36 1.323 1.327 0.699 0.527
BF3-2 157-164 19.4 3.35 1.247 1.170 .626 .535
B8F3-3 164-1T1 17.3 2.94 1.227 1.139 .604 .53
BF3-4 171-178 14.83 2.50 1.234 1.153 .602 .522
BF3-5 178-185 17.6 2.95 1.290 1.219 .632 .519
BF3-6 185-192 20.2 3.35 1.449 1.366 .700 .512
BF3-7 192-199 15.4 2.70 1.312 1.282 .694 542
BF3-8 199-206 18.1 2.93 1.293 1.332 .668 .501
Fluvial gravel, trench BF-1
BFU-1 210-214 18.4 2.90 1.264 1.267 0.618 0.u488
B8F4-2 214-218 18.0 3.00 1.216 1.199 .616 514
BFU-3 218-222 18.3 3.00 1.228 1.265 . .6 .507
BF4-~U 222-228 19.4 3.15 1.314 1.390 .697 .501
BF4-5 228-232 19.7 3.01 1.272 1.3u8 .637 472
BF4-6 232-236 20.1 3.35 1.189 1.200 .616 514
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Table 11.1. Sample collection depths, element concentrations, and uranium-series activity ratios—Continued

Depth Th u 234,238, 2307,,238;  230q,,232p,  238;,2324
Sample {cm) (ppm) {ppm)
Fluvial gravel, trencn SF-1
BF5-1 244-250 18.8 2.92 1,163 1,204 0.577 0.479
BFS5-2 250-256 17.7 2.7 1.188 1.168 .553 LU473
8F5-3 256-262 19.3 2.85 1.133 1.072 .489 L457
BFS-d 262-268  20.0 2.90 1.227 1.219 547 .4u9
BF5-5 268-274 18.7 2.74 1.187 1.149 .520 .452
BF5-6 274-280 19.7 2.73 1,182 1.136 .u86 .428
8FS-7 280-286 20.2 2.88 1.145 1.100 .48y L4490
8rF5-8 286-292 19.2 2.65 1.225 1.272 .S544 427
BF6-1 222~-232 16.7 2.60 1.180 1.175 .567 .482
BF6-2 232-242 16.4 3.00 1.265 1.144 .57% .502
BF6-3 242-252 18.4 3.07 1.131 1.070 .561 .525
BF6-4 252-262 18.1 3.06 1.187 1.1 .576 .509
3F6-5 262-272 18.5 2.84 1.142 1.079 L49Y4 .458
BF6-5 272-282 191 3.03 1.137 1.098 .566 .516
3F6-7 282-292 18.2 2.91 1.133 1.094 .534 .488
BF6-3 292-302 18.4 3.06 1.238 1.106 .609 .551
Table 11.2. Uranium-trend model parameters and ages of depositional units in Beatty area
{F(O), uranium flux|
Half pericd
Sample J-trend z ef F(0) Age
suite Descripticn of deposit slcpe intercept (ka) («a)
Trench BF-2 area
BT2F  Alluvial fan deposit adjacent +0.u87 -0.426 100 70+£10
to trench BF-2 {outcrop
channel ).
28T2F Alluvial fan depesit adjacent + .554 - 400 110 80+10
to trench BF-2 (backnoe
pit channel).
Trench BF-1
BF1 Silty alluvium at surface----- + 0.538 - 0.4oY4 100 75154
8F2 Upper fluvial gravel---------- + .588 - .275 <0 155+35
BF3 Lower fluvial silt--------==-- - .753 + L1143 520 u80+50
BFY4 Lewer fluvial gravel---------- - .570 + .155 500 530+70
BFS Lower fluvial gravel---------- - .490 + 204 420 5404100
BF6 Lower fluvial gravel (same =2.071 - .026 680 460190

as BFS).

1.2 km south of trench BF-1 (fig. 11.1); this fan is about
55 m northwest of trench BF-2. Samples taken from a natural
exposure along the side of this fan yielded a uranium-trend
age estimate of 70+ 10 ka (table 11.2). In order to confirm
this age, a backhoe pit was dug on a flat, stable part of the
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fan surface, and samples collected there gave a concordant
uranium-trend age estimate of 80+ 10 ka (table 11.2). In both
cases, the uranium-trend plots are highly linear (correlation
coefficients are both 0.98, significant at the 99.9 percent
confidence level).



As a further test of the uranih{trend age estimates,
carbonate rinds from fan clasts were collected in the pit from
depths of about 0.5-1.0 m; the rinds are 1-3 mm thick. Two
samples were analyzed for conventional closed-system

( 234 U_ 238u)/ 238U

~0.4 1 N | 1
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Figure 11.3. Uranium-trend plot of fan alluvium adjacent to
trench BF-2 (fig. 11.1). A, Suite BT2F. 8, Suite 2B8T2F. The
x-intercept is where regression line intersects zero line for
(234U_238U)/238|J_

20T1/234Y dating thirfielded age estimates of 41+ 3 ka and
68+4 ka (table 11.3). These age estimates support the
uranium-trend age estimates, because the uranjum-wrend ages
theoretically date the time of deposition of the alluvial fan
materials whereas the uranium-series dates should be time
integrated age estimates of the period of carbonate accumula-
tion. Because carbonate accumulation had to occur after the
fan deposits were stabilized, uranium-series age estimates
for the carbonate should be no older than uranium-trend dates
of the fan deposits themselves.

Finally, all radiometric determinations on these fan
deposits are supported by pedologic and rock-varnish data.
The surface of the fan has a well-developed stone pavement,
and clasts in the pavement have been strongly varnished. The
soil developed in the fan deposits has Stage T carbonate mor-
phology following the scheme of Gile and others (1966). Soils
in similar climates with a Stage [I carbonate morphology have
been estimated to be roughly 60.000 to 120,000 yr old, based
on previous uranium-series dates (Ku and others, 1979) and
observations summarized by Machete (1985).

The significance of the age estimates of the fan deposits
near trench BF-2 is that they provide a maximum age for
the Beatty scarp, because they are exposed in the scarp. The
results of our studies here are inconsistent with the results
from trench BF-1, which suggest that the Beatty scarp is
older than ~-500 ka. Several interpretations of this apparent
inconsistency are possible: (1) the alluvial deposits exposed
in trench BF-1 may be downfaulted sediments, rather than
deposits set in by fluvial processes against 2 preexisting ero-
sional scarp, in which case the Beatty scarp is of tectonic
origin (but see discussion in Swadley and others, chapter 9);
(2) the Beatty scarp may have different ages at different
localities: or (3) some of the uranium-trend age estimates
in the lower units exposed in trench BF-1 may be too old,
despite the fact that they meet all criteria for reliable age
estimates.

Table 11.3. Concentrations, isotopic activity ratios, and uranium-series age estimates for carbonate pebble rinds in alluvial fan

deposits near Beatty trench 2

Age
cacd Th U . estimate

Sample (pcf.; (ppm) (ppm)  23%y,238y 2301y ,2327, 2309233, 234,238y  42304,,234; (ka)
2BT2F-A 91

leachat@e=-w-vsccono- 1.7 1.18 1.71£0.03 1.49120.02 0.39:0.0 1.9120.06 0.32:0.00 4123

residue~=--=-c-ccem-- 8.5 1.37 1.07¢ .08 Lu2¢ .01 79 .01 ———- ———- ————
28T2F-B 78

leachata-=-cc-ccoacaa 9.70  1.82 1.72¢ .02 6.7 ¢ .1 .49 .01 1,762 .04 .48t .02 6824

resjdug@~«~-s-cscevoao 5.7 2.60 1.55¢ .02 1.13%¢ .02 .52+ .01 cae= -—-- ———-

*Corrected for detrital 23°Th and U contamination using the isochron-plct methcd of Szabo and Sterr (1978).
Errcrs reported are based on multiple alpha counts in different detecters (:\g).
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A serious incoasistency arises\&)m comparison of the
sranium-trend age of 480 ka for suite BF3 and a 14C date
on carbonaceous material collected from this same unit. The
carbonaceous material yielded a 14C date of 10 ka. The
results of the petrographic study that indicate the carbon-
aceous material is coalified wood tissue rather than charcoal
suggests that the carbon may be decomposed remnants of
abundant root growth that penetrated the clayey silt horizon
about 10 ka. We were not able to determine the exact source
of the carbon using !3C nuclear magnetic resonance
spectroscopy.

CONCLUSIONS

The following conclusions can be made, based on
uranium-trend ages on fluvial deposits from trench BF-1:
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Figure 11.4. Uranium-trend plots of alluvium and fluvial deposit
in trench BF-1 (fig. 11.1). A, Suite BF1. B, Suite BF2. The
x-intercept is where regression line intersects zero line for
(234u_238u)/23ﬁu_
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(1) deposition of sﬂt/sand, and gravel took place at about
500, 155 and 75 ka; and {(2) erosion took place between 500
and 155 ka, and again between 155 and 75 ka as indicated
both by the differences in age and by the absence of well-
developed paleosols between depositional units.

From uranium-trend and uranium-series ages and soil
development on fans near trench BF-2, we conclude that the
Beatty scarp at that locality is no older than about 80 ka.
This conclusion is not consistent with the chronology and
stratigraphic relations at trench BF-1, which suggests that
(1) the Beatty scarp may be of tectonic origin, (2} the Beatty
scarp may have different ages at different localites, or
(3) some of our age estimates in the lower units of trench
BF-1 may be too old. No unambiguous interpretation will
be possible without further age control and more detailed
examination of the field relations.
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Figure 11.5. Uranium-trend plots of fluvial deposits in trench
BF-1 (fig. 11.1). A, Suite 8F3. 8, Suite BF4. The x-intercept is
where regression line intersects zero line for (34U-238)/238y,
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A3STRACT
Fracture and cavity filling caleite and opal in the unsaturated zone of three
drill cecres at Yucca Mountain were analyzed for wanium and stable isotope
contents, and were dated by the uranium-series method. Stable isotope data
indicate that the water from which the calcite precipitated was meteoric in
origin. The decrease in '®0 and increase in '®C with depth are interpreted as
being due to the increase in temperature in drill holes corresponding te an
estimated maximum gecthermal gradient of 43° per km. Of the 2ighteen calcite
an opal deposits dated, four of the calcite and all four of the opal deposits
yield dates older than 400,000 years and ten of the remaining calcite deposits
yield dates between 26,000 and 310,000 years. The stabie isotope and uranium
data together with the finite uranium-series dates of precipitation suggest
complex history of fluid movements, rock and water interactions, 3nd episodes

¢f fracture filling during the last 310,000 vyears.

INTRODUCTION
Tertizry ash-flow tuffs of Yucca Mountain in southwestern Nevada are
teing considered 2s possible hosts Zor a repository for high-level ratisactive

waste. Initial examination of exploratory cores revealed that fractures and




——

cavities are commonly oatad and [n some <ases are ocmpletely fillad with
seccnlary caicite and opal together with occasicnal “race amounts of manganese
and lr~on oxiles. Apparently tnese sacondary mineral.s were precipitates from
tercolating Iroundwater trnat Tecame saturiate: with calzite and silica by
seaching wall rocks and fault gouge materials. The purpose of this study is
“0 use the stadle isotopic composition cf tne calcite to Zetermine -he origin
of tne fluids passing through fractures, and %2 attempt to determine the ages

cf calcite and opal samples by the uranjum-series dating method.

EXPERIMENTAL PROCZIDURES

Samples of calcite and opal were collected from the unsatwrated zones of
three drili holes at Yucca Mountain, Nevada: UE25a#1, USW G-2 and USW
G-3/GU-3 (fig. 1). leologic descriptions and reaults of geophysical
measurements of the drill holes are reported by Hagstrum and others, 1980;
Maldonacdo and Koether, 1983; and Scott and Castellanos, 1984. The thickness
of the calicite and opal deposits sampled from these cores vary between about
I mm and 1 cm. The calcite and opal coating was chipped or scrapped from the
bed rock surfaces and fragments showing little or no wall rock contamination
were hand-picked for subsequent analyses. Samples containing opal were
checked for fluorescence under ultraviolet light. Opala exnibiting yellow-
green light emission under ultraviolet stimulus are referred to as uraniferous
opal in contrast to other silica which procduced no noticeable fluorescence,
Samc-les which were predominantly calcite were separated from occasional
uraniferous opal fragments by hand-picking under ultraviolet light
illuminztion. Samples that contained mixtures of calcite and uraniferous opal
were collected together and were subjected to acid treatment for separation of

calcite from opal, as discussed later.
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Portions of calzite Trom the v2ins were dissolved [n 130 percent
phospnoric acid and the released C02 Zas was analyz2d in an isctope ~atio mass
stectrometer fIr car2on and oxygen (3stipic zcompositions. The values are
repcrted in %he familiar de.ta notation as the !32/'2C or '%*9/'%Q ratio in the
sample relative %o the ratios in a standard such that §!°C or §'%) =
-1) x 1000 where R = '?C/'%C or '*0/'%2, Standard mean

(R ]

/
sample’ ‘'standard

Jcean water (SMOW) is the standard for oxygen and a belemnite from the Peedee
Formation in North Carolina is the standard for carbon. Using these
techniques, we obtained a §'*0 value of +7.20 and a 6'?C value of -5.00 for
NBS-18 carbonatite, in agreement with other laboratories.

Fure calcite sémples selected for uranium-series analysis were ground to
a fine powder and heated for a period of about 8 hours at 900°C to convert
CaCO3 to Ca0. The samples were then dissolved in 8 F (formal) solution of HCl
and spiked with 23*%y, 22%Th, and 22%Th standard solution. Uranium and thorium
isotopes were isolated and purified using an anion-exchange procedure
described by Szabo and others {(1981). 1Isolated and purified uranium was
electroplated onto a platinum disc. Purified thorium was extracted in a small
amount of 0.4 F thenoyltrifluoroacetone (TTA) in benzene and evaporated onto a
Stainless steel disc. Both discs were counted in an alpha apectrometer.

Mixtures of calcite and opal, or calcite and wall-rock were heated for a
period of about 8 hours at 900°C converting calcite to Ca0, then were
separated hy 4dissolsing Ca0 in dilute nitric acid solutions (0.25 to 1.0 F
HN03. depending on sample size). The weighed sample was added to continuously
stirred solution of nitric acid in small portions to prevent the slurry
turning basic. The final acidity was adjusted to about pH 2, and the scluble

and insoluble fractions were separated by centrifuging.




-ne §3libl2 2aroonate fractllon was spi<ed wistn 135y, 2287 3.4 229-, .-

,acerazed T3 2 smaller vel.me. Iranium and tacrium were coprecipitated with
EY i AT o
mpawmaxstes 3f iron oand aluminum ¥ 333iticon f concentratei NH_ CH, tren the

-2 %as i:ssolved in : sclutizn. The 3cid-insclizie fraction
‘apal andsor wall-roc« partiti2s) Wwas spixed with '8y, 228Tp, ang 2%9Th and
;2d by repgeated refluxing «itn concentrated HF-HCIZ, mixtures. After
raxen to dryness, tne residue was dissoived in § F HC1l solution. For toth

cractions, -he dissclved wranium and thorium were separated and purified by

anion-exchange, and the discs were prepared and measured as descriSed above.

RESULTS AND DISCUSSION

Uranium-series and stable isotopic data for fracture-filling calcite and
ospal samples from drill holes UE25a#1, USW G-2 and USW G-3/GU-3 at Yucca
Mountain are shown in tables *, 2, and 3. Errors reported for the uranium and
trhorium measurenents are 1 g propagated errors. All 5 values are accurate to
= 0.15 (2 o).

The uraniunm concentrations of the calcite, acid-:-soluble residues, and
uraniferous opal samples vary from about 0.01 to 58 ppm (fig. 2). The uranium
concentrations of the carbonate samples range between about 0.01 and 5.0 ppm
Wwith the exception of sample 348.8-B which has an unusually high uranium
content of 33.3 ppm (table 2). The uranium contents in the residue fractions
consisting mainly of secondary silica and bedrock minerals vary between about
0.7 and 7 ppm and the uranium concentrations of the uraniferous opal samples
range detween apout 15 and 58 ppm.

The calculated uranium-series dates of the fracture rfilling calcite and
opal samples from drill holes at the Yucca Mountain area are listed in table

4. The datas of calcite free of acid-insoluble residue and of opal samples



Table i

. Analy-i
Wwa.. r22k material

~——

2al Jata of fracture filling cal
frem o or

{11 hale UEZ233#1 at

" —

th

ite and acid-insoludbla
e Yucca Mountain area

Sam:)'.e .‘".ate."ial ':."Ef‘.ium 2!~U/2!|-J zso-:-h/z:zw:h ZJOTh/ZSQv‘r 61!c 61‘0
depth “opm) ‘activity ratio) (%700}
(m}
34 Zalcite 767 A7 2.37 1.02 -4,52 +290.00
+3.015 +0.02 +£0. 07 +0.04
87 Fault .18 1.09 0.989 1.06 n.a. n.a
gouge +3.10 +3J.02 +0.03¢C +0.04
283 Calcite £.03 1.47 22.2 1.04 -3.13 +17.50
«0.10 £3.02 +0.7 «0.04
611 Calcite 3.43 1.29 72 1.19 -5.41 +15,60
+£0.07 +0.02 +3 +0.05
n.a. not applicable.




Table 2.

Analytical data of fracture £

iling caleite, uraniferous opal and

acid insolible residue fractisns from drill 2ole USW G-2 at
7Yucca Mountain area

the

Sample  Fractiin Percent Uranium 2MtUs/270y 0Ty 23Ty 230p,230y  gidc 59
depth carbonate {pgm; {activity ratio) (°/50)}
{m)
230 Calcite >99 0.520 1.032 12.0 1.023 -8.35 +19,21
+0.010 £0.015 + 2.4 +3.0
202 Calcite n.d. n.d. n.d. n.d. n.d. -7.90 +19.31
346.7 Calcite 64 0.405 1.167 4.29 0.915 -7.43 +18.,22
+0.008 «0.018 +0.21 +0.037
Residue 0 5.85 1.135 2.43 0.965 n.a. n.a.
«0.14 +2.017 +0.10 +0.049
346.8 Calcite n.d. n.d. n.d. n.d. n.d. -7.37 +18.30
348.7 Calcite >99 0.073 1.02 4.6 0.73 -7.47 +18.19
+0.006 +0.03 +0.5 +0.06
348.8-A Calcite 97 0.136 0.937 .7 1.010 -6.93  +18.13
+0.004 +0.028 +#1.6 +0.C40
3u48.8-B Calcite 63 33.3 1.026 94 0.093 n.d. n.d.
+0.7 +0.015 £15 +0.037
U Opal 0 57.8 1.031 232 1.027 n.d. n.d.
+1.,2 +0.015 +34 +0.031
359-A Calzite 61 1.21 1.020 261 0.795 -6.82 +17.98
+0.06 +0.015 +80 +0.032
359-8 Calcite 75 0.644 0.965 36 0.811 n.d. n.d.
+0.013 +0.014 £#11 +0.032
U Opal 0 27.0 1.068 234 1.04 n.d. n.d.
+0.5 +0.016 +70 +3.04
33 Calcite n.d. n.d. n.d. n.d. n.d. -6.56 +17.77
n.d. not determined
n.a. not applicanle
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: Table 3. Analytizal data of fracture filling calgsite, urani
: G-3/GU-2 at tne

-5

o

— 3c1d inszludle residues from ¢rill hole USW
Yucca Mountain area

Sampie Tra2tidn’  Percent lUranium 13y 228y 2307hK 2327, 230TR 236 gl 6187
22230 carbonate ‘prm) {activity ratic) (°/20)
L3
53 Caicite 35 0.533 2.26 33 1.0C -7.06 +25.23
+0.011 +0.03 4 +0.03
Residue n.a. 0.65 1,37 7.6 1.94 n.a. n.a.
+0.04 +0.190 1.5 +0.19
131 Calcite 52 3.02 1.43 84 0.216 -5.11 +20.18
! +0.06 +0.02 +40 +0.009
| U Opal 1.a.  35.9 1,113 73 1.15 n.d. n.4.
+0.7 +0.02 +190 +0.05
147 Calcite n.d. n.d. n.d. n.d. n.d. -5.58  +20.04
159 Calcite n.d. n.d. n.d. n.d. n.d. -5.44 +20.28
318 Caicit2 95 0.0836 Q.99 2.58 1.10 -5.10 «18,11
+0.0017 +0.020 +0.13 +0.06
4 Residue n.a. 1.98 0.73 4.89 1.27 n.a. n.a,
1 +0.11 +0.07 +0.73 £0.13
I3 zalcite 87 0.36 1.06 13 0.24 -4,54 +18.73
0. N +0.CH +5 «0.02
J Opal 1.a. 14.9 1.05 153 1,13 n.d. 1.4
+0.4 +0.03 +61 +0.06
n.a. not applicanie
n.d. not Jdetermined
8
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Table 4. Taltulataed uraniim-seriaz ages o fricture Tllling caldive
and 2zal from 2rill o MTl2s 3t tn2 Yufca Meuntain area, Neviaza
Srill Zeptn Jraniam Zzlrulated
~zl2 - ‘opm) zge
‘%2 years:
UE25a T 0.7 307,08
3U-3 23 2.56 227=2Q
GU-3 Y 3.0 26+2
USW-G2 230 0.50 >400
+70
vE23ai1 283 5.0 310 .,
GJ-3 378 0.084 >400
GU-3 XN 0.36 30+4
USW-G-2 346.7 0.40 190+20¢®)
USW-G-2 348.7 0.073 T42+30
USW-G-2 3u48.8-2 0.14 »400
USW-G-2 348.8-8 33 280+70
USW-G-2 359-A 1.2 170218
JSW-G-2 359-B 0.64 *85+18
UE25ain 511 3.4 ~400
Uraniferous Qpal
U-3 131 35 >400
Gy-3 N 15 >u00
USW-G-2 3u8.8-8 58 >u00
USW-G-2 359-3 27 >400

a. Isochron-plot corrected using analytical data of fault gouge.

b. Isochron-plot corrected using analytical data of both acid-soluble
carbonate and acid-inscluble residue.
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Figure 2. Histogram of uranium concentrations in calcite,
uraniferous opal and acid insoluble residues.
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Table 4., Zalculated urianium-series ages of fracture filling calzite
and opa. from 3r-il. Noles at the Yucca Mounta:in area, Nevaca
Jrill Depth Uranium Zalculated
aol2 (m) {ppm) age
'x10? years)
Caicite

JE23a# 3y 310:::(a)
GU-3 63 2.56 227+20
GU-3 131 3.0 26+2
USW-G2 280 0.50 >400

LS25a 283 5.0 3101,
GU-3 318 0.084 >i20

@U-3 331 0.36 304
USW-G-2 346.7 2.40 190520(®)
SW-G-2 348.7 0.073 142+30
UsSw-G-2 348.8-A 0.14 >400
USW-G-2 348.8-B 33 280+70
USw-G-2 359-A 1.2 170£18
USwW-G-2 359-B 0.64 18518
UE25a#1 611 3.4 >400

Uraniferous Opal

GJ-3 131 35 >400

Gu-3 331 15 >400
USW-G-2 348.8-8B 58 >400
USW-G-2 359-B 27 >400

a. Iscchron-plot corrected using analytical data of fault gouge.

h. Isochron-plot corrected using analytical data of both acid-soluble
carbonate and acid-:insoluble residue.
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are cajculated from their measured *’°Th/2'*Yy activity ratiss using standard

-

1)

dinactive growth and decay equations assuming that the authigenic calcite
and opal nhad remalised ({deal closel systems with respect to the isotopes of
dranium and thcrium since thelir formation. In contrast, the dates for impuwre
calzite samp.es w~are laiculated using the results for the acid-soluble and
acid-insoluble fractions in 3 pseudo-isochran-plot method described by Szabo
and others {1381}, and Szabo and Rcsholt (1982),

Urarium-series dates of fracture-filling calcite samples range from
26,000 to >400,000 years and uranium-series dates of uraniferous opal samples
are all older than 400,300 years. The dates are plotted against their
corresponding depths in fig. 3. Depth intervals lacking dated samples,
however, may not be real because we arbitrarily selected the thicker deposits
best suited for dating. Two calcite samples yield an average date cf 28,000
years, four calcite deposits yieid an average date of about 170,000 years and
four calcite deposits have an average date of about 280,000 years. 1In
addition, four calcite and fow uraniferous opal deposits are yielding minimum
dates of precipitation of greater than 400,000 years. The distribution of the
finite calcite dates suggests fluid movement and fracture and cavity filling
in these drill holes between 25,000 and 310,000 years.

The distribution of uranium in uraniferous opal at 348.8 m depth in drill
hole USW G-2 was determined by fIission-track mapping. A photomicrograph of
the uraniferous infilling in the host calcite is shown in fig. 4-A and the
corresponding fission-track image i3 displayed in fig. 4-B. The dark areas (n
fig. 4-8 correspond to localities of uraniferous opal, the lighter-colored
area are the partialiy crystallized opal of lower uranium content, and the
ligntest area is the host calcite of the lowest uranium content. Bulk uranium

analysis of the separated calcit2 (0.136 ppm U-sample 348.8-A, table 2) and of

12
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Figure 3. Calculated uranium-series dates (x10° years) of

fracture and cavity filling caleite and opal in
drill holes area plotted against corresponding
depths in meters. Bars indicate experimental

errors.

13




\ . ! . 5 . .._' E R . e . '.'..; "' o : :" .t »l e '—f‘(ﬁ
& N oot e Photomicrograph (A) and corresponding tission track
image (B) of uraniom distribution in cileite and opy
at 348.8 m depth in drill core USW G-2. Scale is l&
mm using cross-polar light. Uranium appears as dark

shading in the fission track image in B; the lighter,
banded regions show uranium redistribution due to

,ﬁ : : . P . R e partfal crystallization ol the amorphous secondary apal
AT ] T Mg B and the white area corresponds to low uranium caleite,
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spal {57.8 prm U-sample 243.8-3, tsdle 2) conlirms that nearly all uranium s
‘n the silic2 phasa. Hcwever, significant amounts of wanium may be lost from
the amorpnous opal oy the process of crystallization.

Ixamination of the stabla isctopic composition of calcites raeveals no
obvious zcrrelation cetween the £!'%0 values and dates obtained for the
samples. The absence >f such a correlation indicates that the samples have
not Yeen subjected =Oo systemati: diagenesis or that significant change with
time in the isotopic composition of the fluids which precipitated the calzite
had not occurred. Alao because the isotopic composition of the fluids did not
apparently change with time, the §'°0 value of the calcites can be used to
constrain the isotopic composition and the origin of the fluid. The
difference in 8§''0 values of co-existing calcite and water at 20°C is about 30
per mil (Q'Neil and others, 1969) so that the water in equilibrium at this
temperature with the shallowest calcites with §'*0 of about +20 (fig. 5) would
have §'°%0 values near -10. This value is normal of modern meteoric water of
this area and suggests that the source for the oxygen in these fracture-
filling calcites is meteoric water., The fluids which precipitated the deeper,
more '®)-depleted calcites (fig. 5), had either lower §'"® values or
experienced higher temperatures than those which equilibrated with the shallow
samples.

The §'3C values in drill core caleites of the Yucca Mountain range
between abcut -4 and -8 (fig. 6). There are two probable sources for the
carbon in these secondary calcites. One source is dissolved atmospheric C02
in the groundwaters which would produce §'*C values near -1 in carbonates
similar to those from the nearby Amargosa Desert (Kyser and others, 1981).

The other source is reduced carbon from either organic matter or from the

tuffs themselves; the §'? value of these sources may approcah -20. The §!3C
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Figure 5. 6'*0 values of calcite from drill holes and surface
travertines are plotted against depth of sample.
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Figure 6. Relationship between the §'°C value and depth of
calcite from the Yucca Mountain area.
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- frcm
_l ncias even if §!'7C result of the

Howaver,
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trends .7 wne other irill
llsregarded,

well tne
Si2 i) ls

fit
tasti -ne general decrease of
§'*0 and increase of §'’C with deptn of tne calcites may result from several

-~

(9]

do not
24 m,

shalliowest sample
processes including (') enrichment of *®) and '2C in the fluids which produced

rich CO, from ascending deeper fluids, {2) depletion of '®*0 and '2C in the
calcite,
zrigins, and (&)

the shallowest samples through evagporation of !®0-poor water and loss of !C-
(3)
with depth as the same

deeper fluids as a result of continued precipitatisn of
having different

production of each calcite from fluids
increase in the temperature of precipitation of calcite

fluid responds to the local geotherm.
Although the climate of the Yucca Mountain area :s conducive to
§'%0 values of the

evaporation at the surface, the regular decrease in the
calcites to depths of several hundred meters in conjunction with the nigh

degrees of evaporation (>50%) needed to produce the required appropriate
modification of the deep fluid suggests that this mechanism is

-

isotopiz
Similarly, the quantity of calcite that would have to precipitate
f~om the shallow fluids to produce the appropriate §'*0 values of the deeper

unlikely.
fluils should produce much greater variation of the 4'?C values than is
The regular increase in the §'*0 and decrease in the §!3C values of

observed.
the calcites with depth argue against distinet fluids for each calcite.
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Tne isotopic fracticnation (n response to increasing tampirsture appears
o Dest explain the depth-related <rends in the stable Isotope Zata of the
ca.zites in these drill nholes. Using the oxygen isotcope fractictnation factor
metseen calcite and Water as reported by O'Neil znd cthers [°3£:) and assuming
a §'%0 vaiue for marteoriz water of -3, the measured §'%) vaiues »f the Yucca
Mountain calcites suggest equilibriation temperatures at about 20°7 near the
surface and at about 46°C for thne sample at a depth of 611 meters (fig. 7).
The corresponding enrichment of '?C with depth in calcites from the same drill
holes can also be explained by increasing the temperature at which the calcite
precipitates. These estimates of the changes of temperature with depth
correspond to a maximum geothermal gradient of U43°/km. This valie represents
an upper limit of the gradient because the descending meteoric water can also
cecome !'?Q-depleted and '?*C-enriched as a result of the precipitation of the
carbonate.

Sass and others (1980) estimated thermal gradients of about 36°/km for
depths to 470 meters in hole UE25a#1 and mean annual ground-surface
temceratures of 14.8°C. A gradient of 45°/km was estimated for another hole
(UE25ai#t3) about 12 xm from UE25a#1 (Sass and others, 1980). These gradients
agree well with that estimated from the isotopic composition of calcite in the
drill holes although we assumed a surface temperature of precipitation of the
calcite of about 20°C. Sass and Lachenbruch (1982) also report the possible
downward percolation of ground water through both unsaturated and saturated
zones at a rate on the order of 1 to 10 mm/year in the Yucca Mountain area,
Tne stahble isotope data presented here suggeat that meteoric water moved
downward from -he surface along fractures and precipitated calcite in near

2quilibrium with the geotherm.
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Figure 7.
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§'%0 versus the 6'°C values of calcite from Yucca
Mountain. Lines and temperatures represent the
calculated isotopic composition of calcite in
equilibrium with meteoric water having a §'%0
value of -9 and §'?C values of either -11.5
(lower line, nole USW G-2) or -8 (upper l:ine,
hole USW G-3). Fractionation factors for oxygen
are thcse suggested by O'Neil and others {1969)
and for carbon are those derived by Friedman 1970).
The depth of some of the samples in meters are
indicated in parentheses.

21




SUMMARY

Yucca Mountain 2rill cores precipitated frem downward migrating meteoric
Jater. The otserved decrease in ‘%) and increase in '?)C ~ontents of calcite
depcsits with n=23pect to depth (fig. 7) are _nterpreted as being primarily due
to increase in temperature of the water moving downward alceng frzctura2s in the
unsaturated zone. The changes of temperature with cepth, deduced from
measured §'®0 values, ccrrespond tO> a maximum geothermal gradient of 43°/km.
The percolating ground water leached .ranium and other elements from
wall-rocks becoming saturated wWith respect Lo calecite and silica.
Subsequently, virious amounts of dissolved uranium coprecipitated with calcite
and opal. Some of these deposits in three drill holes were selected for
dating by the uranium-series method. All dates are calculated by assuming a
closed system, and single generation with rapid rates of accumulation of the
fracture filling deposits. Of the eighteen samples dated, four calcite
deposits and all four of the opal deposits are older than the detection limit
of the method of about 400,000 years, and ten cilcite deposits yield dates
between 26,000 and 310,000 years (table 4). The finite dates of precipitation
indicate fluid movement and fracture filling during the last 310,000 years.
Jeneralizing on a limited data base, the migration of meteoric water and
subsegquent calcite precipitation are probably tectonically controlled.
Fractures cause?d by tectonic processes allowed ground water to move until the
orenings became obstructed by precipitating caleite. The obtained dates for
calcite precipitation are then minimum ages for tectonic episocdes. Ancther
possible interpretation of the results is that water migration and calcite

precipitation were climatically regulated. That is, ground water movement and

calcite formation cccurred during period <f high rainfall. Three groups of




caicite dates may te recognized from our data which may corresponi to pluvial
periods at the Yucca Mountain area: two calcite deposits vield an average
date of 29,000 years, four calcite deposits yield an average date of about
179,000 yers, and the average date of four other c3lc¢jite deposits is about
280,000 yers (fig. 3). Alternatively, the finite calcite dates may be the
result of copen-system medification. In this explanation, all calcite deposits
are presumed to be older than 400,000 years. Crystallization of opal then
released additional uranium which was incorporated in some of the calcite
deposits making them to appear too young. AsS presented in fig. 4-B,
crystallized opal coexisting with calcite exhibits uranium redistribution and
possibly uranium loss as a function of recrystallization, but there is no
indication of secondary uranfum uptake by the lowest-wranium containing host
calcite (sample 348.8-A in table 2).

In conclusion, this preliminary investigation of calcite and opal
deposits in fractures of Yucca Mountain drill cores combining uranium-series
dating and stable isotope data show promise to warrant a more systematic
sampling. Refinements of the procedure in a future study should include
identification of possible multiple generation of calclte, determination of
relationship betwen coexisting calcite and opal, and searching for evidence of
secondary wranium migration by using thin-sections, luminescence observations

and fission-track radiography.
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A power spectrum of the natura) atmospneric
carbon-1s variations since 5400 B.C. revesls o
very distinct cycle with 3 period of 203 years.
This period wis particularly pronounced during
sub-Atlantic times since abcut 800 B.0. [t iy
also very rarked for the time arior to 3400
C.C.. the so-called Atlantic period. The time

DATING CALICHLS FRIM SOUTHEDY NEVADA
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Th VERSYS
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Sy Rarney .

abo-

92093

of the Subboreal shows & narkedly different pow-
er spectrum, indicating a correlation between
carbon-14 variations and climate. During subd-
Atlantic and Atlantic times, the 200 year cycle
is in phase and 13 so regular thet the clock

governing this periodicity can be assumed to be
in the sun.
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Caliches are widespread cosponents in mnst
of the world's dry zones. Dating these depostts
13 fseportant because it would help to sstess
paleoclimatic conditions, 1t would allow yt to
understand the geomorphic processes df’ecting
pediments and river terraces, anc 1t would play
¢ stgnificant role in studies of Juaternary
fauiting.

[norganically precipitated cardonstes, such
85 caliches, may De dated by the wranium-series
setrod, provided that the samples (nitia)ly nad
urinism but A0 thorium (sotopes and that the
sdroles ware free of pott-depositiona! aigration
of uranium and 1ts long-Vived daughter isotope
-Y4In, The mafor prodlem with dating caliches
13 that they alwiys contain targe smounts of
detrital materisls that cennot be separsted from
the cartonste frection By simple physical meang.

Secause of the ¢ifficulties Involved, there
are few published dats on dating caliches. Ko
{oral cosmun., 197%) and Ky and others (1977)
reportad on diting on sofl catiches. They
lesched the sanples with dflute hydrochloric
acia ang snalyzed both 10lutle and Inscluble
frections, Ages were calculated from the
results of the scluble fraction after correcting
for chemical fractionstiony. Rosholt {1976)
daterd caliche rinds and travertines. The
1870l were ashed to (30 ond the soluble ang

.

tnsoludle fractions of iadividual aliquots
wtre separated by means of éilute acettc,
aftric and hydrochloric acids. The ages mne
calculated vsing “I°0TH/ 'Th versus ° 22N,
plots of the soludle and insoluble fractioms.
It was shown that the use of diluts nitric
&cid produced the least chesical fractienation.
Szabc and Butzer (1e press) snalyzed caliches
from plays deposits. They ¢lasolved and
analyzed an aliquot ¢f the tots] sample: then
another aliquot was lesched bLv diluts acetic
acid and the scid inscluble restdue was alse
analyzed. Rges were calculited from the
I NY pergut TVTIEIY ang TNy
versus 3TNy plots. .o
Samples for this study were crushed, ground
to & fine powder, then sshed for a paried of
sbout efght hours at 300°C te convert all CalD,
to Co0. Cach sasple was odded to o ¢igte 5

“solutfon of nitric actd (0.1-0.5 N 10,)} ta
- vary small

rtions ¢ that at no time wis the
salutfon sllowed to turn basic. The fina!
acldity of the solutfon, with the slurry ef the
detrital acid-1nscludle component, was set to
sbout pH 1. The Viquid and solid fractions
were sepirated by centeifuge and the 30114
frection wat dried and weighed. Both fractions
were than spiked by & combined solution of
Sry, YA, and “Th,

"RERT SYAILAR F POPY™




The acid-insoluble residue was totally dis-
solved by repeated addition of concentrated
HCI0 . N0 and HF miztures. The uranium and
thoriun 1n the acid-soluble fraction were co-
precipitated with tron ana alumiaum hydroxides
by the addition of concentrated Nt OH. The
precipitate was separated by centrifuge, Qis-
solvea in 6K M0., and loaded on an anion-
exchange resin column in N0~ form. Fyrther
steps of purtification and separation were
described previously By <zabo and Rosholt
{1969). The uranium and thor um concentrations,
BTV TN IN/-*Th and  "Th/: '*{) were
determined by alpha-ypectrometry {Roshol:
and others, 1966).

Qasults of the analyses and calculated ages
of sir caliche samples (botn soluble and
insoluble fractions) from southern Nevada
localities are shown 1n tadble . AQes are
calcalated by means of icocnron plots of the

respective 3cid-soluble and acid-iasoluble
restdue rairs. ‘ne slooe o° the -" Th! Th
versys - ‘U’ h plot yield: the ™/ v
activity ratio nf the pure carponate coooonent.
The stooe ot the U/ Tn wversus - Y/ T
yields the ' "\ activity ratio of tne pure
carbrnate cnmoonent.  From these tsotopic ratios
isochron-pint aqes of ihe caliches are calculat-
€3 using the standargd radioactive decdy 4nd
Growth equations.

Sample no. 60 1s 2 thick caliche rind
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Abstract

The distribution of vein calcite, tufa, and other features
indicative of paleo-ground-water discharge indicates that dur-
ing the early and middle Pleistocene the water table at Ash
Meadows, in the Amargosa Desert, Nevada. and at Furnace
Creek Wash, in east-central Death Valley, California, was tens
to hundreds of meters above the modern water table, and that
ground-water discharge occurred up to 18 km up the hvdraulic
gradient from modern discharge areas. Uranium-series dating
of the calcitic veins permits caiculation of rates of apparent water-
table decline; rates of 0.02 to 0.08 m/ka are indicated for Ash
Meadows and 0.2 to 0.6 m/ka for Furnace Creek Wash. The rates
for Furnace Creek Wash closely match a published estimate of
vertical crustal offset for this area, suggesting that tectonism is
a major cause for the displacement observed. In general,
displacements of the paleo water table probably retlect a
combination of (1) tectonic uplift of vein calcite and tufa,
unaccompanied by a change in water-table altitude, (2) decline
in water-table aititude in response to tectonic depression of areas
adjacent to dated veins and associated tufa, (3) decline in water-
table altitude in response to increasing aridity caused by major
uplift of the Sierra Nevada and Transverse Ranges during
the Quaternary, and (4) decline in water-table altitude in
response to erosion triggered by increasing aridity and {(or)
tectonism.

A synthesis of hydrogeologic, neotectonic, and paleo-
climatologic information with the vein-calcite data permits the
inference that the water table in the south-central Great Basin
progressively lowered throughout the Quatemary. This inference
is pertinent to an evaluation of the utility of thick (200-600 m}
unsaturated zones of the region for isolating solidified radiocactive
wastes from the hydrosphere for hundreds of millenia. Wastes
buried a few tens to perhaps 100 m above the modern water
table—that is above possible water level rises due to future pluvial

climates—are unlikely to be inundated by a rising water table
in the foreseeable geologic future.

INTRODUCTION

Regional interbasin flow of ground water through the
thick section of Paleozoic carbonate rocks of the south-central
Great Basin has been the subject of numerous studies in the
past 25 years (Hunt and Robinson, 1960; Loeitz, 1960;
Winograd, 1962, Winograd and Thordarson, 1968;
Winograd, 1971; Winograd and Friedman, 1972; Naff,
1973; Winograd and Thordarson, 1975; Dudley and Larson,
1976; Winograd and Pearson. 1976; Waddell, 1982). Flow
through the regional carbonate-rock aquifer is directed
toward major spring discharge areas at Ash Meadows in the
Amargosa Desert of Nevada and toward Furnace Creek Wash
in east-central Death Valley, California (fig. 13.1). The flow
occurs under hydraulic gradients as low as 0.06 m/km
(Winograd and Thordarson, 1975, pl. I}, reflecting the high
fracture transmissivity of this aquifer. Locally, major
hydraulic barriers compartmentalize the aquifer (Winograd
and Thordarson. 1968. 1975). A detailed hydrogeologic and
hydrogeochemical synthesis of this vast flow system. in-
cluding potentiometric maps, is available in Winograd and
Thordarson (1975).

A variety of geologic evidence indicates that during the
Pleistocene the water table in the regional carbonate-rock
aquifer at Ash Meadows and at Furnace Creck Wash (fig.
13.1) was tens to hundreds of meters above the modemn water
table (Winograd and Doty, 1980). The evidence consists of
tufas: ancient spring orifices; calcitic veins and cyclindrical
calcite-lined tubes that mark the routes of paleo ground water
flow to spring orifices; and paleo water levels inscribed on
the walls of Devils Hole (fig. 13.1), a fault-controlled col-
lapse feature adjacent to the Ash Meadows discharge area.
Most of these have been bricfly described elsewhere
(Winograd and Thordarson, 1975, p. C82-C83; Winograd
and Doty, 1980; Pexton, 1984; Winograd and others, 1985).
In this study we focus on the calcitic veins as indicators of
paleo water tables because they are readily datable using
uranivm-disequilibrium methods (Szabo and others, 1981;
Winograd and others, 1985) This report is an initial step
toward a quantification of the observations of Winograd and
Doty (1980).
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RATES OF APPARENT WATER-TABLE DECLINE

At Ash Meadows, the calcitic veins occur in associa-
tion with, and adjacent to, a structurally controlled 16-km-
long spring discharge area (Winograd and Thordarson,
1975). The veins occur as much as 50 m higher than and

N’
as much as 14 km up the hydraulic gradient from the highest
water level (altitude 719 m) at Ash Meadows—narmnely, that
in Devils Hole (Winograd and Doty, 1980). Veins AM-7,
DH-1, and AM-10 from Ash Meadows and northern
Amargosa Flat (fig. 13.1) are, respectively, 11, 19, and 26 m
higher than the water level in Devils Hole (table 13.1). (The
hydraulic gradient in the region between these veins is
extremely small—0.06 m/km (Winograd and Thordarson,
1975, pl. D—so that for practical purposes the altitude of
the veins can be compared directly to the water level in Devils
Hole.) Uranium-disequilibrium dating of these veins yields
an age of 510+62 ka for the youngest laminae in vein AM-7,
660+7S ka for the youngest laminae in vein DH-1. and
750452 ka for the center of vein AM-10 (table 13.1). These
data permit calculation of the average rates of apparent water-
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table decline; rates on the order—(2 to 0.03 m/ka are
indicated (table 13.1). These rates are minimum values, first,

“because we do not know how high above outcrop the sam-
pled veins might have extended prior to erosion; and second,
because the youngest laminae in our veins may only record
the time of sealing of the vein, rather than the time of cessa-
tion of ground-water discharge. Nevertheless, because the
numerator (that is the altitude difference between vein out-
crop and water level in Devils Hole) in our ratio is so much
smaller than the denominator (vein age), any reasonable com-
bination of values yields a very slow rate of decline. For
example, if the altitude of vein DH-1 were 20 m higher prior
to erosion (a large value considering the present relief on
the Pliocene and Pleistocene rocks in central Ash Meadows)
and if ground-water discharge ceased 400 ka instead of
660 ka ago. we still calculate an apparent rate of water-table
decline which is less than 0.1 m/ka.

The average rates of water-table decline cited above
(0.02 to 0.03 m/ka) were calculated (table 13.1, columns
1-5) assuming a constant rate of decline during the middle
and late Pleistocene, that is over times 510 to 750 ka long.
A more realistic computation of decline rate is one involv-
ing three vein pairs that differ in age by only 90 to 240 ka.
Such 2 computation (table 13.1, columns 6-7) yields rates
of decline which are 2 1o 2'4 times as large as the average
rates. namely 0.05 to 0.08 m/ka. The paired veins record
ground-water flow in the period 510 ka to 750 ka (table 13.1).
When these data are arranged by decreasing age and are
coupled with the average rate of decline calculated for the
past 510 ka (0.02 nvka. derived from the youngest and lowest
vein, AM-7, and the water-table altitude in Devils Hole),
we see a suggestion of a possible reduction in rate of water-
table decline during the middle Pleistocene; that is. a rate
of 0.08 m/ka is indicated for the period 750 to 660 ka, a

rate of 0.05 m/ka Nthe period 660 to 510 ka and a rate
of 0.02 m/ka for the past 510 ka. In view of the caveats
presented in the preceding paragraph, additional work is
clearly in order to verify the suggested change in rate of
water-table decline in the Ash Meadows region. In summary,
the data of table 13.1 indicate rates of apparent water decline
of 0.02 to 0.08 m/ka for the Ash Meadows-Amargosa Flat
area.

At Furnace Creek Wash (fig. 13.1), the rate of lower-
ing of the water table during the Quaternary is an order of
magnitude greater than the cited rates for Ash Meadows and
vicinity. Here a calcitic vein swarm and associated tufa occur
at an altitude of about 855 m. Uranium-disequilibrium dating
of vein 10B (fig. 13.1) from this area indicates that ground-
water flow in the fracture containing this vein ceased about
1,000+ 100 ka. In the absence of wells or artesian springs,
the water-table altitude in the regional carbonate aquifer
beneath the vein swarm is unknown, but we can bracket the
range of possible water-table altitudes by reference to known
water levels both up and down the hydraulic gradient from
the vein swarm. The altitude of the water table in the valley-
fill aquifer bencath the southern Amargosa Desert, 15-20
km up the hydraulic gradient from the vein swarm, is about
640-670 m (Winograd and Thordarson, 1975, pl. I), or about
185-215 m lower than the vein swarm (855 m). The altitude
of the water table in the regional carbonate aquifer at Nevares
Spring (fig. 13.1) in east-central Death Valley, 18 km down
the hydraulic gradient. is 286 m or about 570 m lower than
the vein swarm. (The water level at Nevares Spring is the
highest level known for the regional carbonate aquifer in east-
central Death Valley.) Due to the extreme aridity of the
region. plus the high transmissivity of the regional carbonate
aquifer (Winograd and Thordarson. 1975), the presence of
a ground-water mound (a2 potentiometric high) in the

Table 13.1. Uranium-disequilibrium ages of calcitic veins at Ash Meadows and Amargosa Flat, Nevada, and rates of apparent water-

table decline during the Quatemary

[Altitude of vein AM-10 estimated from USGS 1:24.000 Specter Range. SW topographic quadrangle: altitude DH-1 from laser-altimeter survey; altitude
AM-T7 from average of four ancroid-barometer surveys. Justification for dating the calcitic veins by the 3*U/3%U method in Winograd and others (1985).
Average rate of water-table decline assumes constant rate of decline between time of deposition of youngest laminae in vein and the Holocene: values
rounded to one significant figure and represent minimum rates for reasons given in text]

vesin AlSitude 33MU,23BU Vain altitude above Average rate of Differance in Rate of water-
(see fig. 13.1 (m) age water-lavel at Devils water-sable altitude (m) tabla decline
for leccaticn) (xa) dele (719 m) decline and’ in youngest using data cf |
(m) (m/ka) age (ka) for praceding column’
indicated vein (m/ka)
pair
AM~10-=~necmma=  TUSe] 2750452 2613 0.03 7, 90 (AM 10-DH 1) 0.08
DH=1->=ammmmm—n 738 660275 to 19 .03 15, 240 (AM 10-AM T} .26
890192
AM=Twmmmmmnaca- 73041 510262 to 1120 .02 8, 150 (DH 1-AM 7) .05
620266

lyatues rounded %o one significant figure.

Sample came [rom zenter of l-cm~thick vein; given avarage growth rates (0.3 mm/ka) in cther Ash Meadcws veins, the time

spannad during depositicn cf this very thin vein {s unlikely to have exceeded S0 ka.

from the walls.)}

(Wa assume the vein grew symmetrically
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"+ carbonate aquifer between the south)ﬂ(Amargosa Desert and
) gast-central Death Valley is extremely remote; that is, we
have confidence that the potentiometric surface in the
carbonate aquifer beneath the vein swarm at Furnace Creek
Wash is intermediate between the cited altitudes in the
southern Amargosa Desert and in east-central Death Valley.
The uranium-disequilibrium age. in conjuction with the cited
vein and water-table altitudes, indicates an average water-
table lowering of 0.2 to 0.6 m/ka.

DISCUSSION AND SYNTHESIS

Tectonics, climate change. and erosion in response to
tectonics and (or) climate change are obvious potential causes
for the observed water-table displacements. A comparison
of the cited water-table displacement rates at Ash meadows
(0.02 to 0.08 m/ka) and Furnace Creek Wash (0.2 to 0.6
m/ka) with average rates of vertical crustal offsets in these
regions seemingly supports tectonism as a major cause for
the displacement we have observed at Furnace Creek Wash.
In east-central Death Valley, a rate of vertical crustal offset
of 0.3 m/ka has been calculated by Carr (1984) for the Black
Mountains (fig. 13.1) utilizing the data of Fleck (1970). In
contrast, data presented by Pexton (1984, p. 49) on the
displacement of a 3-m.y.-old tuff at Ash Meadows indicate
relative vertical crustal offset of about 0.01 m/ka, or one-
half to one-eighth of the indicated rate of water-table decline
at Ash Meadows and vicinity.

Climatic change cannot be discounted as an important
auxiliary cause for the documented water-table displace-
ments. Major uplift of the Sierra Nevada and Transverse
Ranges during the Pliocene and Quaternary should have
markedly and progressively reduced the precipitation
reaching the Great Basin during this time. Smith and others
(1983, p.23) suggested that 3 m.y. ago. when the Sierra
Nevada was about 950 m lower, about 50 percent more
moisture might have crossed the Sierra and moved into the
Great Basin. Various lines of evidence support such notions.
Raven and Axelrod (1977) and Axelrod (1979), using
paleobotanical evidence, argued for increasing aridity in the
Great Basin, Mojave Desert, and Sonoran Desert during the
late Tertiary and Quaternary. They attributed this increas-
ing aridity to uplift of the Sierra Nevada, Transverse Ranges.
Peninsular Ranges, and the Mexican Platcau. Winograd and
others (1985) described a2 major and progressive depletion
in the deuterium content of ground-water recharge in the
region during the Quaternary; the most logical explanation
for their data is a progressive decrease in Pacific moisture
due to uplift of the Sierra Nevada and Transverse Ranges.
And Pexton (1984, p. 43-46, 57), on the basis of studies
of sediment depositional environments, believed that the Ash
Meadows area became progressively more arid during the
Quaternary.

The role of erosion in the apparent lowering of the
water table is not known. We assume that in east-central

150 Geologic and Hydrologic Investigations, Yucca Mountain, Nevada

Death Valley, where# rate of vertical crustal offset is large,
tectonism dominated both erosion and climate as a factor in
water-table change during the Quaternary. This may not,
however, be correct for the Ash Meadows region, where the
rate of vertical crustal offset is an order of magnitude smaller
(see above); here, the erosional history of the bordering
Amargosa Desert—a history influenced by climate change
and possibly also by tectonism in Death Valley—may have
played an important role in the water-table changes we see
at and northeast of Ash Meadows.

We should emphasize that the evidence presented by
Winograd and Doty (1980), and its initial quantification
herein, suggests only an apparent lowering of the water table
during the Quaternary at Ash Meadows and Furnace Creek
Wash. We do not know to what degree the displacement of
veins and tufas relative to the modern water table reflects
(1) tectonic uplift of the veins and associated tufas. unaccom-
panied by a decline in water-table altitude; (2) a lowering
of water-table altitude in response to the tectonic downdrop-
ping of a region adjacent to the veins and tufas: (3) a lower-
ing of water-table altitude in response to increasing aridity,
or to erosion: or (4) some combination of these. Locally,
uplift of the veins was probably a major cause for the
displacements we observed. For example, the occurrence of
the veins at Furnace Creck Wash (site LOB, fig. 13.1) at
altitudes higher than the modern potentiometric surfaces to
the west and east (see above) strongly suggests that major
uplift of the Funeral Mountains and Greenwater Range
occurred relative to both Death Valley on the west and the
Amargosa Desert on the east. However, a synthesis of
regional hydrogeologic. tectonic. and paleoclimatologic
information with our observations indicates that a progressive
and absolute lowering of the regional water table (more
correctly the potentiometric surface) is likely to have
occurred throughout the south-central Great Basin during the
Quatermary. This inference is based on the following three
considerations. (1) The several-thousand-meter topographic
relief in Death Valley developed principally during the
Pliocene and Pleistocene (Hunt and Mabey, 1966; U.S.
Geological Survey, 1984), and the movement of the floor
of Death Valley has probably been downward relative both
to sea level and to bordering areas (Hunt and Mabey, 1966,
p- Al153). (2) Gravity-driven interbasin flow of ground water
through the carbonate-rock aquifer is widespread in the
region today (Winograd and Thordarson, 1975) and is
directed toward Ash Meadows and Death Valley. Such
interbasin flow of ground water toward Death Valley in all
likelihood also occurred during the Quaternary in response
to the progressive lowering of ground-water discharge outlets
there. (3) The progressive increase in aridity of the region,
due to uplift of the Sierra Nevada and Transverse Ranges,
would presumably have resulted in a progressive reduction
in ground-water recharge.

We are aware that the regional carbonate-rock aquifer
is hydraulically compartmentalized by faulting (Winograd
and Thordarson, 1975, p. C63-C71) and that, consequently,



the postulated lowering of ground-water base level in Death
Valley during the Quaternary may not have propagated
uniformly throughout the region. specifically northeast of
the major hydraulic barrier at Ash Meadows (Winograd and
Thordarson, 1975, p. C78-C83). Nevertheless, we believe
that the combination of increasing aridity and local erosion
in the Amargosa Desert during the Quaternary should, in
any event, have resulted in a progressive lowering of the
water table at and northeast of Ash Meadows.

Yet another mechanism for water-table lowering at and
northeast of Ash Meadows that involves neither erosion nor
climate change, but rather extensional fracturing, was out-
lined by Winograd and Doty (1980). They pointed out
(p. 74-75) that the major springs at Ash Meadows oasis
differ in altitude by as much as 35 m and are as much as
50 m lower than the water level in Devils Hole. Thus,
periodic initiation of discharge from new spring orifices (or
an increase in existing discharge) in the lower portions of
this oasis due to faulting would have resuited in new and
lower base levels for ground-water discharge. Implicit in their
hypothesis is the belief that the faulting would be of exten-
sional nature, opening new (or widening old) avenues of
discharge from the buried Paleozoic carbonate-rock aquifer
which underlies eastern Ash Meadows and which feeds all
the modern springs (Winograd and Thordarson, 1975). In
support of their hypothesis. we note that most of the calcitic
veins in Pliocene and younger rocks at Ash Meadows strike
N. 40°+10° E., that is. nearly at right angles to Carr’s
(1974) estimate of the direction of active extension in region.
namely N. 50° W. This mechanism may also have period-
ically lowered the water table in east-central Death Valley
(fig. 13.1) where the difference in altitude between the
highest (Nevares) and lowest (Texas) major springs discharg-
ing from the regional carbonate aquifer is about 170 m
(Winograd and Thordarson. 1975. p. C95-C97).

QOur evidence for water-table decline pertains only to
the Paleozoic carbonate-rock aquifer. the *‘Lower carbonate
aquifer'* of Winograd and Thordarson (1975, table 1). As
mentioned in the introduction, this regional aquifer serves
as a gigantic *‘tile field'* which integrates the flow of ground
water from perhaps as many as 10 intermountain basins
(Winograd and Thordarson, 1975). The water-table altitude
in this regional aquifer system presently exerts a major con-
trol on the altitude of the potentiometric surface in locally
overlying Cenozoic welded tuff and valley-fill aquifers
(Winograd and Thordarson,1975, p. C53-C63, and pl. I).
Accordingly, we suggest further that the progressive water-
table decline postulated for the regional carbonate aquifer
during the Quaternary was accompanied by a decline in
water-table altitude in the overlying welded tuff and valley-
fill aquifers of the region.

The suggested progressive lowering of the regional
water table throughout the Quaternary does not preclude
superimposed and relatively rapid cyclical fluctuations in
water level in response to the glacial (that is, pluvial) and
interglacial climates of the Pleistocene. Indeed, preliminary

data from Devils Hole indicate that the water table in the
carbonate aquifer may have fluctuated as much as 10 m in
the past 30 ka (A.C. Riggs and B.J. Szabo, oral communica-
tion, December 1986). This, in turn, indicates that vein
AM-7 (see above), which is only 11 m above the modern
water table, would by itself be of limited utility for deter-
mination of the postulated water-table decline since the
middle Pleistocene. Intensive studies of paleo water level
fluctuations are underway in Devils Hole where excellent
records of both Quaternary paleohydrology and paleoclima-
tology are preserved. We hope that these studies will permit
us to distinguish between short-term (1-10 ka) and long-term
(100-1,000 ka) water-table fluctuations at Ash Meadows and
vicinity where the difference between the highest dated paleo
water level and the highest modern water table is only 26 m
(table 13.1).

IMPLICATIONS FOR TOXIC WASTE DISPOSAL

The cited evidence for an apparent lowering of the
water table at Ash Meadows and Furnace Creek Wash and
the inference of an absolute lowering of water table in the
south-central Great Basin during the Quaternary are perti-
nent to an evaluation of the utility of the thick (200-600 m)
unsaturated zones of the region for isolating solidified
radioactive and toxic wastes from the hydrosphere for tens
to hundreds of millenia (Winograd, 1981). Important infor-
mation which must be obtained before using such zones for
toxic waste disposal is the magnitude of water-table rise that
occurred during past pluvial climates of the Pleistocene: such
information would, by extension, provide clues to the
likelihood of buried toxic wastes being inundated by a future
rise of the water table. Winograd and Doty (1980) and
Czamecki (1985), using worst-case assumptions, suggested
possible pluvial-related water-table rises of several tens of
meters to 130 m above the modem water table in Frenchman
Flat and beneath Yucca Mountain (fig. 13.1). As noted in
the preceding section, we have preliminary information
suggesting a late Wisconsin water-table rise on the order of
10 m in the carbonate aquifer at Devils Hole. Thus, it appears
that solidified wastes emplaced in the thick (200-600 m)
unsaturated zones of the region—at levels a few tens to a
hundred meters or so above the water table—should not be
inundated by a rising water table during future pluvial
climates. (The depth of placement within the unsaturated zone
would, or course, be chosen to preclude exhumation of the
wastes by erosion.) Moreover, if our inference of 2 pro-
gressive lowering of water table during the Quaternary is
sustained by ongoing studies of the carbonate rock and other
aquifers, then it is likely that wastes buried in the unsaturated
zone will in any event become increasingly displaced from
the water table in the foreseeable geologic future. That is,
the continuing uplift of the Sierra Nevada (Huber, 1981) and
Transverse Ranges, and lowering of Death Valley (Hunt and
Mabey, 1966, p. A100-A116), relative to surrounding
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regions, should result in a continued progressive decline of
the regional water table in the next 100,000 to 1 million yr
(and beyond?) in response to increasing aridity and to lower-
ing of ground-water base level.
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