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Analysis of Water Levels in the Frenchman Flat Area,

Nevada Test Site

By Daniel J. Bright, Sharon A. Watkins, and Barbara A. Lisle

Abstract

Analysis of water levelsin 21 wellsin the
Frenchman Flat area, Nevada Test Site, provides
information on the accuracy of hydraulic-head cal-
culations, temporal water-level trends, and poten-
tial causes of water-level fluctuations. Accurate
hydraulic heads are particularly important in
Frenchman Flat where the hydraulic gradients are
relatively flat (lessthan 1 foot per mile) intheallu-
vial aquifer. Temporal water-level trends with
magnitudes near or exceeding the regional hydrau-
lic gradient may have a substantial effect on
ground-water flow directions.

Water-level measurements can be adjusted
for the effects of barometric pressure, formation
water density (from water-temperature measure-
ments), borehole deviation, and land-surface alti-
tude in selected wellsin the Frenchman Flat area.
Water levelsin one well were adjusted for the
effect of dengity; thisadjustment was significantly
greater (about 17 feet) than the adjustment of
water levels for barometric pressure, borehole
deviation, or land-surface altitude (Iess than about
4 feet).

Water-level measurements from five wells
exhibited trends that were statistically and hydro-
logically significant. Statistically significant
water-level trends were observed for three wells
completedinthealluvia aquifer (WW-5a, UE-5n,
and PW-3), for one well completed in the carbon-
ateaquifer (SM-23), and for onewell completedin
the quartzite confining unit (Army-6a).

Potential causes of water-level fluctuations
in wellsin the Frenchman Flat areainclude
changes in atmospheric conditions (precipitation
and barometric pressure), Earth tides, seismic
activity, past underground nuclear testing, and
nearby pumping. Periodic water-level measure-
ments in some wells completed in the carbonate

aquifer indicate cyclic-type water-level fluctua-
tions that generally correlate with longer term
changes (more than 5 years) in precipitation.
Ground-water pumping fromthealluvial aquifer at
well WW-5¢ and pumping and discharge from
well RNM-2s appear to cause water-level fluctua-
tionsin nearby observation wells. The remaining
known sources of water-level fluctuations do not
appear to substantially affect water-level changes
(seismic activity and underground nuclear testing)
or do not affect changes over aperiod of morethan
1 year (barometric pressure and Earth tides) in
wells in the Frenchman Flat area.

INTRODUCTION

The Nevada Test Site (NTS) islocated in Nye
County, southern Nevada (fig. 1). The Frenchman Flat
area, for purposes of this report, includes parts of
administrative areas 5, 6, 11, 22, 23, and 27 in the
southern part of NTS. These administrative areas are
within the Frenchman Flat, Yucca Flat, and Mercury
Valley Hydrographic Areas’. The Frenchman Flat
Hydrographic Areais atopographically closed basin
surrounded by low-lying mountains that, to the south,
separate this area from the Mercury Valley Hydro-
graphic Areaand, to the north, separate it from the
Yucca Flat Hydrographic Area. These hydrographic
areas are in the Death Valley ground-water flow sys-
tem, aregiona system of about 15,000 mi in the
southern part of the Great Basin geographic province.

Water levelsin wellsin the Frenchman Flat area,
an area of previous underground nuclear testing,
have been measured since the 1950's when the first

1 Formal hydrographic areasin Nevadawere delineated sys-
tematically by the U.S. Geologica Survey and Nevada Division of
Water Resourcesin the late 1960's (Rush, 1968; Cardinalli and
others, 1968) for scientific and administrative purposes. The offi-
cia hydrographic-area names, numbers, and geographic bound-
aries continue to be used in Geologica Survey scientific reports
and Division of Water Resources administrative activities.

Abstract 1



116° 45 115° 30
37° 30 s S, i

LINCOLN COUNTY

NYE COUNTY

Area of Figure 2

: ______LINCOLN COUNTY _____]
YRR e e & | - S T.T | CLARK COUNTY,
; b {
= §
<
/
P 'fq
<
> :
s
i S £ o”@;
o e &z U, £+
f Fi z 3 § /7\9 4
7k 3ic 4 1
M o i T
fi X -~ e i 3
g3 i
f Z|o #1 a
o 1pr i : .. == o il
36° 15 - —
Base prepared by U.S. Geological Survey from digital data, 1:100,000 1979-89
Universal Transverse Mercator projection, Zone 11 .
Shaded-relief base from 1:250,000 - scale Digital Elevation Model; 0 10 20 30 Miles
sun illumination from northwest at 45 degrees above horizon. I I I I I i
0 10 20 30 40 Kilometers

EXPLANATION
< Precipitation station
== Nevada Test Site boundary

---- Administrative-area boundary within Nevada Test Site—~Area number is indicated

Nevada

. —— Hydrographic-area boundary
Test Site

Figure 1. Location of Nevada Test Site, and Frenchman Flat, Mercury Valley, and Yucca Flat Hydrographic Areas,
southern Nevada.

2 Analysis of Water Levels in the Frenchman Flat Area, Nevada Test Site



water-supply wells were constructed in thisarea. In
Frenchman Flat, water levels generally indicate the
existence of relatively flat hydraulic-head gradients
(lessthan 1 ft/mi) in the aluvia aquifer. Determination
of ground-water flow direction in areas of flat hydrau-
lic-head gradients requires accurate water-level mea-
surements. The accuracy of these measurementsis
affected by barometric pressure, formation water den-
sity (from water-temperature measurements), borehole
deviation, and land-surface altitude. In addition, water
levelsthat vary with time can be analyzed for trends,
particularly those trends with magnitudes that exceed
the regional hydraulic gradient and may have a sub-
stantial effect on ground-water flow directions. Deter-
mining accurate water-level measurements and
temporal water-level trends will aid ongoing studies
concerned with the direction of ground-water flow in
these areas and the potential transport of radionuclides.

Purpose and Scope

Temporal trends of water-level measurements
from 1954 to 1998 are presented for selected wellsin
the Frenchman Flat area, Nevada Test Site. Water-level
measurements from 21 wells in Frenchman Flat, Mer-
cury Valley, and the southernmost part of Yucca Flat
(fig. 2) were compiled and quality assured to (1) pro-
vide water-level adjustments for potential causes of
water-level fluctuations, (2) determine if statistically
and hydrologically significant water-level trends exist,
and (3) determine, if possible, the causes of water-level
trends or cyclic-type water-level fluctuations. Water-
level adjustments for potential causes of water-level
fluctuations such as precipitation, barometric pressure,
formation water density, borehole deviation, and land-
surface altitude are presented for wells with available
data. Causes of water-level trends were determined by
statistical correlation and by qualitative comparisons of
temporal data.

Hydrogeology

Erosion of the surrounding mountains has
resulted in the accumul ation of more than a thousand
feet of alluvial depositsin some areas of Frenchman
Flat and Mercury Valley (Winograd and Thordarson,
1975, p. C37; USGS datafiles, Las Vegas, Nev.). Vol-
canic rocks underlie the alluvium in the southern part
of Yucca Flat and the northern and western parts of
Frenchman Flat and, where exposed, form the sur-
rounding low-lying mountains (fig. 2; Laczniak and

others, 1996, pl. 2). Carbonate rocks primarily underlie
the aluvium in the eastern and southeastern parts of
Frenchman Flat and form much of the surrounding
mountains in these areas. Clastic rocks are less abun-
dant, but crop out in areas east and south of Mercury
Valley.

For purposes of this report, stratigraphic unitsin
the Frenchman Flat area (Laczniak and others, 1996,
fig. 4) were divided into four hydrogeol ogic units.
From ol dest to youngest, these unitsinclude: Paleozoic
clastic rocks that form the quartzite confining unit,
Paleozoic limestone and dolomite that form the carbon-
ate aquifer, Tertiary ash-flow tuff that forms the volca-
nic aquifer, and Tertiary and Quaternary sand and
gravel (valley fill) that form the alluvial aquifer. The
quartzite confining unit and overlying carbonate aqui-
fer are regionally extensive hydrogeol ogic units that
occur beneath the volcanic and aluvia aquifers
throughout NTS.

The primary hydrogeol ogic units occurring in the
open intervals of wells in the Frenchman Flat area are
listedintable 1. For the 21 wellsevaluated in this study,
10 wells are completed in the alluvial aquifer, 2 wells
in the volcanic aquifer, 2 wellsin aluvial and volcanic
aquifers, 6 wellsin the carbonate aquifer, and 1 well in
the quartzite confining unit. The shallowest water level
inawell occursin the alluvial aquifer at about 681 ft
below land surface (well WW-5b); the deepest water
level occursinthe carbonate aquifer at morethan 1,700
ft below land surface (well TW-F).

Lateral ground-water movement beneath the
Frenchman Flat area primarily occurs within the car-
bonate aquifer (Laczniak and others, 1996, p. 26). The
direction of ground-water flow in thisregion of the car-
bonate aquifer generally isfrom the northeast to south-
west (fig. 2). Withinthe overlying alluvial and volcanic
aquifers, lateral ground-water flow occurs from the
margins to the center of the basin, and downward into
the carbonate aquifer (Laczniak and others, 1996, p.
28). The hydraulic-head gradient in most areas of the
alluvia aquiferin Frenchman Hat isrelatively flat (less
than 1 ft/mi; Winograd and Thordarson, 1975, p. C60),
except near water-supply and (or) test wells (table 1).

Hydraulic heads in the only two wells completed
in the volcanic aquifer (wells WW-4, WW-4g; fig. 2)
are anomalously high — more than 300 ft higher than
hydraulic headsin the alluvial or carbonate aquifers.
Elevated water level sin thesewellsmay bedue, in part,
to an extension of an inferred hydraulic barrier formed
by the Cane Springs Fault Zone (fig. 2) occurring to the

INTRODUCTION 3
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southeast and downgradient from the two vol canic-
aquifer wells (Winograd and Thordarson, 1975, p.
C60). Reported water-level altitudes in the carbonate
aquifer north of the inferred barrier (Winograd and
Thordarson, 1975, fig. 31), however, do not appear ele-
vated relative to water-level atitudesin the carbonate
or aluvia aquifers south of the inferred barrier.
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WATER-LEVEL FLUCTUATIONS

Many natural processes and human activities can
cause water levelsin wellsto fluctuate. Natural pro-
cesses that cause water-level changesin wells are cli-
mate (precipitation and atmospheric pressure), Earth
tides, and seismic activity (earthquakes). Human activ-
ities known to affect water levelsin wellsat NTS are
underground nuclear testing and ground-water with-
drawal.

Climate and Earth Tides

Changes in precipitation, atmospheric (baromet-
ric) pressure, or Earthtides can cause cyclic water-level
fluctuations in wells. The frequency of the cyclic fluc-
tuations differs for each of these natural processes. Pre-
cipitation cycles typically occur on annual or seasonal
frequencies, barometric-pressure cycles range from
annual to diurnal frequencies, and Earth-tide cycles
occur at semi-diurnal and diurnal frequencies.

Precipitation

In addition to the annual or seasonal frequency of
precipitation, periods of morethan 5 years of lesser- or
greater-than-normal precipitation have intermittently
occurred in southern Nevada. These periods of |esser-
or greater-than-normal precipitation have been, in
some areas of southern Nevada, a cause of cyclic

water-level fluctuationsin wells and of long-term
water-level trends (Dettinger and Schaefer, 1995,
p. 198).

Cumulative departure from mean monthly precip-
itation for Yucca Flat station (fig. 3; Doug Soulé,
National Oceanic and Atmospheric Administration,
written commun., 1998) show the long-term dry and
wet periodsfor this areaof the NTS (fig. 3A). Decreas-
ing cumulative departure periodsin figure 3A indicate
lesser-than-normal (dry) precipitation conditions;
increasing cumulative departure periods indicate
greater-than-normal (wet) precipitation conditions.
Decreasing cumulative departures occurred from the
late 1950's to about 1969 and increasing departures
occurred from 1969 to about 1988. From 1988 to 1997,
cumul ative departure data suggest shorter periods of
lesser- or greater-than-normal precipitation conditions.

Recharge to the alluvial aquifer generally isa
function of precipitation, evapotranspiration, surface
topography, and the thickness, vertical permeability,
and heterogeneity of the unsaturated zone. Average-
annual precipitation at stationsin Mercury, Frenchman
Flat (well WW-5b), and YuccaFlat (fig. 1) rangesfrom
4.85inchesto 6.66 inches(figs. 3B-3D). Relatively low
annual precipitation, high air temperatures, high evapo-
transpiration rates, and a thick unsaturated zone of
more than 600 ft below land surface suggest that pre-
cipitation in the Frenchman Flat areais not alikely
source of water-level fluctuationsin wellscompletedin
the aluvial aquifer. For example, an analysis of soil-
water chemistry (Tyler and others, 1996, p. 1487) at
wells PW-1, PW-2, and PW-3 in Frenchman Flat indi-
catethat recharge hasnot occurred in thisareasincethe
last two glacial maxima, about 20,000 and 120,000
years before present when the climate was consider-
ably wetter and cooler.

In areas where the downward movement of
ground water occurs through fractured rock, the poten-
tial for cyclic fluctuations in wells due to precipitation
may be greater than that of the alluvial aquifer. In the
volcanic and carbonate aquifers, for example, recharge
through fracture systems in areas where fractured for-
mations outcrop might provide a mechanism for pre-
cipitation-induced water-level fluctuationsto occur in
wells completed beneath relatively thick unsaturated
zones. Lehman and Brown (1996) reported cyclic
water-level fluctuations in wells completed in the vol-
canic aquifer near Yucca Mountain where the unsatur-
ated-zone thickness generally is greater than 1,000 ft.
Lehman and Brown (1996, p. 10) concluded that the

WATER-LEVEL FLUCTUATIONS 5
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Table 1. Well-completion, water-level, and water-use information for wells in the Frenchman Flat area, Nevada Test Site

Depth of well: Depth to bottom of open interval of borehole or to bottom of perforated interval of well at time of completion.
Periodic data type: Water levels measured by wire-line, steel tape, or electric tape.
Continual data type: Water levels measured by pressure transducer.
Water levels: Period of record for water levels used for trend analysis (see section titled “Analysis of Water Levels in text).

‘Withdrawal: Period of record for annual water withdrawal (years with zero withdrawal not included); —, not applicable.

. Latitude Longitude Depth . Type of Period of record
Local USGS site (degrees, (degrees, Year of Hydrogeologic Use of
well name identification number? minutes, minutes,  OF el completion unit water-level well Water i drawal
seconds) seconds) (feet) measurement levels
Mercury Valley
Army-1 363530116021401  36°35'30” 116°02'14” 1,953 1962 carbonate periodic water-supply 1962-97  21962-97
Army-6a 363437116010801  36°34’37” 116°01'08” 1,228 1955 quartzite confining unit periodic observation 1958-97 —
SM-23 363905116005801  36°39'05” 116°00'58” 1,332 1996 carbonate periodic observation 1996-97 —
continual 1996-97
Frenchman Flat
PW-1 365105115565801  36°51'06” 115°56'58” 839 1992 aluvium periodic observation 1993-96 —
PW-2 365152115565701  36°51'52” 115°56'57” 920 1992 aluvium periodic observation 1993-96 —
PW-3 365201115581601  36°52'01” 115°58'16” 955 1992 aluvium periodic observation 1993-96 —
RNM-1 364928115580101  36°49'28” 115°58'01” 2999 1974 aluvium periodic observation 197577 —
RNM-2 364923115575701  36°49'23” 115°57'57” 935 1974 aluvium periodic observation 1974-85 —
RNM-2s 364922115580101  36°49'22” 115°58'01” 1,156 1974 aluvium periodic test well/observation 1974-97 1975-91
TW-3 364830115512601  36°48'30” 115°5126” 1,516 1962 carbonate periodic observation 1963-97 —
TW-F 364534116065902  36°45'34” 116°06'59” 3,400 41962 carbonate periodic observation 1962-97 —
UE-5c 365011115584702  36°50'11” 115°58'47” 2,682 51964 volcanic/alluvium periodic water-supply 1971-87  ©1967-97
UE-5n 364915115574101  36°49'15” 115°57°41” 1,687 1976 aluvium periodic observation 1977-97 —
UE-11a 365259115571601 36°52'59” 115°57'16” 1,400 71965 volcanic/alluvium periodic observation 1991-96 —
WW-4 365418116012601  36°54'18” 116°0126” 1,479 1981 volcanic periodic water-supply 1983-97 1983-97
continual 81992-93
WW-4a 365412116013901  36°54’12” 116°01°39” 1,516 1990 volcanic periodic water-supply/observation 1990-97 1993-97
continual 1991-93
WW-5a 364635115572901  36°46'35” 115°57°29” 910 1951 alluvium periodic water-supply/observation 1959-97 1951-70
continual 1996-98
WW-5b 364805115580801  36°48'05” 115°58'08” 900 1951 aluvium periodic water-supply 1959-91  21951-97
WW-5¢ 364708115574401  36°47°20” 115°57°49” 1,200 1954 aluvium periodic water-supply 1954-93  21954-97
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Table 1. Well-completion, water-level, and water-use information for wells in the Frenchman Flat area, Nevada Test Site—Continued

Latitude Longitude Period of record

Local USGS site (degrees, (degrees, onevsglll Year of Hydrogeologic w;lrtyeprelg\rel Use of
well name identification number! minutes, minutes, completion unit well Water i drawal
(feet) measurement levels

seconds) seconds)

Southern Yucca Flat
WW-C 365508116003501 36°55'08” 116°00'35” 1,701 1961 carbonate periodic water-supply 1961-75  21961-95
365508116003502 36°55'08” 116°00'35”

WW-C1 365500116003901  36°55'07” 116°00°'34” 1,707 1962 carbonate periodic water-supply 1962-72  21962-97

1The U.S. Geological Survey system for site identification is based on the | atitude-longitude grid. Each site isidentified by aunique 15-digit number: The first six digits denote degrees, minutes,
and seconds of |atitude; the next seven digitis denote degrees, minutes, and seconds of longitude; and the last two digits are the sequence number of the well or test hole within the 1-second grid of latitude
and longitude. The assigned number is retained as a permanent identifier even if amore precise latitude and longitude are later determined. To determine the geographic location of awell or test hole, the
latitude and longitude coordinates should be used rather than the site identifier.

2Withdrawal data missing for 1972-82.

3 Equal's depth to bridge plug inside casing.

4 Original well completed in 1961 to adepth of 1,871 ft; well deepened to a depth of 3,400 ft in 1962.

5Well recompleted with new perforated interval in April 1966.

6 Withdrawal data missing for 1968-82.

7Well recompleted (borehole cleaned for geophysical logging) in October 1982.
8 Trend analysis not performed due to short period of record (from December 1992 to March 1993).
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period of cyclic water-level fluctuations in these wells
was 2—3 years and suggested that these fluctuations
may be the result of recharge from precipitation. How-
ever, asubsequent study of water-level fluctuationsin
the same wells near Yucca Mountain (Graves and oth-
ers, 1997, p. 69) concluded that the 11-year water-level
record used by L ehman and Brown (1996) was not suf-
ficient to determine if a 2- to 3-year period of cyclic
water-level fluctuations was present.

Barometric Pressure

Water-levels in numerous wells completed in
confined or semi-confined aquifersat NTSfluctuatein
response to changesin barometric pressure. Water
levelsinwell WW-5ain the central part of Frenchman
Flat, for example, illustrate thisrelation (fig. 4A).
Water levels respond inversely to barometric-pressure
changes, with an increase in barometric pressure caus-
ing a decrease in the water level. The magnitudes of
short-term (less than 10 days) water-level fluctuations
inwellsvary throughout the year but commonly have a
maximum amplitude of about 1 ft during the winter
season when changes in barometric pressure are great-
est.

Water-level fluctuations in wells due to baromet-
ric-pressure changes probably are not a significant
cause of long-term water-level trendsat NTS. Baro-
metric-pressure changes occur at Desert Rock station
near Mercury (fig. 4B; National Climatic Data Center,
National Oceanic Atmospheric and Administration,
unpublished data accessed May 6, 1999, on the World
WideWeb at URL <http://www.ncdc.noaa.gov>) onan
annual frequency with maximum pressures during the
winter months. Linear regression of the long-term
barometric-pressure records yields a slope of +0.0003
Ib/in?/yr, which in equivalent units of head is about
+0.0007 ft/yr. Thisrate of change is less than water-
level measurement error and could not be detected in
long-term water-level trends.

Earth Tides

Earth tides are caused by the gravitational forces
exerted on the Earth’s surface by the sun and the moon.
Asthe relative configuration of the sun, moon, and
Earth change, gravitational fields fluctuate and cause
corresponding deformations in the Earth’s crust.
Crustal deformation caused by Earth tides can affect
aquifer pore pressure, which can result in water-level
fluctuationsin wells. Five principal Earth tides are

strong enough to cause measurable water-level fluctu-
ationsin wells (O’ Brien, 1997, p. 61). These five prin-
cipal Earth tides induce water-level fluctuations at
semi-diurnal and diurnal frequencies.

The amplitude of Earth-tide induced water-level
fluctuationsin wells near NTS generaly isless than
about 0.40 ft, which in comparison to other sources is
relatively small. Analysis of water levelsin wells 20—
50 mi south and southeast of NTS indicated that Earth
tides caused water-level fluctuations with amplitudes
from 0.0004 to 0.056 ft (Kilroy, 1992, table 5). Report-
ed amplitudes of water-level fluctuations due to Earth
tidesin wellsnear YuccaMountain are as high as 0.40 ft
(Geldon and others, 1998, p. 12). Because of the small
and consistent amplitude of Earth-tide induced
water-level fluctuations, Earth tides are not alikely
source of long-term water-level trendsat NTS.

Seismic Activity

From 1950 to 1998, 526 earthquakes of
magnitude 4 or greater were documented at or
near NTS (Seismological Laboratory, University
of Nevada, Reno, unpublished data accessed Septem-
ber 10, 1998, on the World Wide Web at URL
<http://www.seismic.unr.edu>). Only 33 of these earth-
quakesoccurred after 1992, theyear themoratoriumon
nucl ear testing was established. Consequently, many of
these earthquakes likely were associated with nuclear
testing in the Pahute Mesaand YuccaFlat areasof NTS
(fig. 1) where most of the earthquake epicenters were
recorded.

Water-level fluctuationsin response to earth-
quakes are relatively common phenomenain wells
completed in confined aquifers (Todd, 1980). Gener-
ally, high frequency (acontinual chart recorder or mea-
surement of lessthan 1 per second) water-level
measurements are necessary for detecting seismically
induced water-leve fluctuations in wells. Periodic
water-level measurements generally are not sufficient
for detecting dynamic earthquake-induced fluctua-
tions, but may be adequate for monitoring long-term
effects on water levels after a seismic event has
occurred.

Continual water-level measurementsin wells
near YuccaM ountain showed aresponseto theLanders
(magnitude 7.5), Big Bear (magnitude 6.6), and Little
Skull Mountain (magnitude 5.6) earthquakes that
occurred between June 28 and June 29, 1992. The
earthquake epicenters were about 15 to 190 mi away

WATER-LEVEL FLUCTUATIONS 9
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from the wells at YuccaMountain. Water-level fluctua-
tions in response to these earthquakes ranged in ampli-
tude from about 2 to 35 inches (O’ Brien, 1993, p. 8).
However, continual water-level measurements at 15-
minute intervals in well WW-4a, located about the
same distance from the earthquake epicenters as the
wellsat YuccaMountain, did not show any response to
these earthquakes. Water levelsin thiswell are strongly
influenced by pumping in nearby well WW-4 and the
pumping most likely masked any potential water-level
response. Well WW-4awastheonly well in the French-
man Flat areain June 1992 instrumented for continual
water-level measurements.

Water levelswere monitored in well SM-23 at 15-
minute intervals from June 1996 to June 1997, and in
well WW-5a at 5-minute intervals from June 1996 to
December 1997. During these periods, seven earth-
quakes of magnitude 4.0 to 5.0 occurred within
approximately a 125-mi radius of Frenchman Flat (no
earthquakes of magnitudes greater than 5.0 were
recorded during this period). Water-level records for
these two wells did not show any response to these
earthquakes. A lack of water-level response may bedue
to numerousfactors. For example, barometric pressure
at well SM-23 or nearby pumping at well WW-5a may
have obscured an earthquake-induced water-level
response. Additionally, alack of response in these
wells may be due to the long distance or small magni-
tude of the seismic event.

Thelong-term effects of seismic activity on water
levels may include elevated or depressed water-level
altitudes. Typically, seismically induced water-level
fluctuations equilibrate with pre-earthquake atitude
(Ferrisand others, 1962), but cases have been reported
where anew equilibrium water-level atitude has been
established. For example, the response of water levels
differed in wells near Yucca Mountain after the
June 28-29, 1992, earthquakes—nboth elevated and
depressed water-level fluctuations were observed and
water levelsin one well did not return to the pre-earth-
quake atitude more than 3 years later (Graves and oth-
ers, 1997, fig. 39). Water-level measurementsin wells
in the Frenchman Flat area do not indicate any general
shiftsto anew elevated or depressed equilibrium asa
result of seismic activity.

Underground Nuclear Testing

Prior to the moratorium on nuclear testing in Sep-
tember 1992, areported 828 underground nuclear tests
were detonated at NTS (U.S. Department of Energy,
1994). Most underground tests were detonated in
Yucca Flat, Rainier Mesa, and Pahute Mesa (fig. 1).
Ten nuclear testswere detonated in the Frenchman Flat
area between 1965 and 1971 (table 2). Threetestswere
detonated in the central part of basin (in thevicinity of
the RNM and UE-5n wells) and seven tests northeast of
well PW-3 (fig. 2) near the border of NTS. These tests
were detonated in the aluvia or volcanic aquifers
overlying the regional carbonate aquifer (Laczniak,
1996, p. 23).

Similar to the effects of earthquakes, nuclear det-
onations may cause short-term dynamic water-level
fluctuationsin wells and (or) long-term effects of ele-
vated or depressed water-level atitudes. The detection
of short-term water-level fluctuationsin wellsrequires
high-frequency monitoring instrumentation or many
manual measurements shortly after thetest. These mea-
surements, however, were not collected from wellsin
the Frenchman Flat area during the period of under-
ground nuclear testing between 1965 and 1971.

Long-term effects of underground nuclear testing
on water levelstypically include lowered (depressed)
levels within the chimney region (borehole “rubble”
area above the detonation) of the nuclear test and ele-
vated level s outside the chimney region (Laczniak and
others, 1996, p. 44). Documented decreases in water
levelswithin the chimney region can be up to hundreds
of feet (Laczniak and others, 1996, p. 44). Lowered
water levelsinthe chimney region have been attributed
to increased drainage through the more porous rubble
and to the expulsion of water by the explosion.
Although highly pulverized rock typically extends
radially outward from the chimney region, zones near-
est the chimney region after atest often become less
permeabl e than the native (pre-shot) rock. This reduc-
tionin permeability is due to tight compaction induced
by the compressional shock wave generated by the test
and to the local injection of radioactive molten rock
along fractures.

Lowered water levelsin well RNM-1in central
Frenchman Flat are likely due to the long-term effects
of anuclear detonation. Well RNM-1 was drilled as a
re-entry hole into the chimney region of the 1965
Cambric underground nuclear test (Nimz and
Thompson, 1992, p. 7). During the period of water-

WATER-LEVEL FLUCTUATIONS 11



Table 2. Underground nuclear tests in the Frenchman Flat area, Nevada Test Site

[Sources of data: U.S. Department of Energy (1994) and Drellack (1995). Symbol: <, less than]

Local well  Cross-eference Depth Detonation

number nu.mber Test name of hole Depth Yield

(fig. 2) (feet) (feet) Date (kilotons)
Central Frenchman Flat
U-5a 1 Wishbone 628 574 Feb. 18, 1965 <20
U-5b 2 Diluted Waters 675 632 June 16, 1965 <20
U-5e 3 Cambric 1,000 967 May 14, 1965 75
Northeast Frenchman Flat

U-5i 4 Derringer 2,124 837 Sept. 12, 1966 7.8
U-5k 5 Milk Shake 905 868 Mar. 25, 1968 <20
U-11b 6 Pin Stripe 980 970 Apr. 25, 1966 <20
U-11c 7 New Point 835 785 Dec. 13, 1966 <20
U-11e 8 Diana Moon 835 794 Aug. 27, 1968 <20
U-11f 9 Minute Steak 910 868 Sept. 12, 1969 <20
U-11g 10 Diagonal Line 1,155 867 Nov. 24, 1971 <20

level measurementsin well RNM-1 (1975-77), the
average water-level atitude was more than 50 ft below
the average water levelsin nearby wells RNM-2 and
RNM-2s. The lag in water-level recovery in well
RNM-1to levels measured in nearby wells may be the
result of a post-shot, low permeability zone that often
forms adjacent to the chimney region.

Water-level data for Frenchman Flat are too
sparse to determine elevated water-level atitudesfrom
comparing pre- and post-shot potentiometric surfaces.
However, recent (1996) water-level measurements
indicate that the difference in water-level atitudes
between wellsin the central and northeastern parts of
Frenchman Flat is less than 3 ft. The minimal differ-
ence in water-level altitudes between wellsin these
areas suggests that elevated water levels currently do
not exist in wells within the Frenchman Flat testing
areas.

Ground-Water Withdrawal

Ground-water withdrawals from the Frenchman
Flat area have been made by 10 production wells.
Monthly and annual withdrawal data, however, are
incomplete. Excluding well RNM-2s, limited monthly
withdrawal data are available for 1958-67 but are not
available for 1968-82. Complete monthly withdrawal
data are available for 1983-97 (fig. 5). Annual with-
drawal data are not available for all wellsfrom 1972
to 1982 except wells UE-5¢ and RNM-2s. For well

UE-5c, annual withdrawal data are not available for
196466 and for 1968-82. Annual withdrawal dataare
available for well RNM-2s for 1975-91. Annual with-
drawals are summarized for each production well in
table 3 and for each aquifer in figure 6.

Available withdrawal data (table 3) indicate an
upward trend in water use in the Frenchman Flat area
from an average use of about 130 Mgal/yr for 1951-71
to about 430 Mgal/yr for 1983-97. Since 1989, the year
of peak water use (based on existing data), water use
has decreased. Ground-water withdrawalsin 1996-97
arethelowest since 1961. Relatively low ground-water
withdrawal s since 1989 coincide with the general
decrease in operational activitiesat NTSfollowing the
ban on nuclear testing in 1992.

Ground water in Frenchman Flat, during yearsin
which data are available, primarily has been pumped
from wells RNM-2s, WW-5b, WW-5c, UE-5¢, WW-4,
and WW-4a. Test well RNM-2s was pumped from
1975 to 1991 for aradionuclide migration experiment
and the remaining wells have been pumped for water
supply (table 1). In Mercury Valley, ground-water
withdrawal has been from water-supply well Army-1
and in southern Yucca Flat from water-supply wells
WW-C and WW-C1.

Previous investigations in the Frenchman Flat
areaindicate that ground-water withdrawal from some
water-supply wells appears to affect water levelsin
nearby wells. For example, atracer experiment at wells
WW-C and WW-C1 (fig. 2) showed adirect hydraulic

12 Analysis of Water Levels in the Frenchman Flat Area, Nevada Test Site
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Figure 5. Monthly withdrawals for selected wells in the Frenchman Flat area, Nevada Test Site. Monthly withdrawal data not
available for some years in which annual withdrawal data are available.
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Table 3. Annual water withdrawal from water-supply wells and test well RNM-2s in the
Frenchman Flat area, Nevada Test Site, 1951-97

[ND, no data (withdrawa data not available); —, well not yet drilled. Total, annual withdrawa for available data]

Water withdrawal (million gallons)

Year Army-1 RNM-2s UE-5¢ WW-4 WW-4a WW-5a WW-5b WW-5¢ WW-C WW-C1 Total
1951 — — S — 97 1203 — — — 30.0
1952 — — S — 97 103 — — — 30.0
1953 — — S — 97 T3 — — — 30.0
1954 — — - — 197 1203 2181 — — 48.1
1955 — — - — 197 1203 2181 — — 48.1
1956 — — - — 197 1203 2181 — — 48.1
1957 — — - — 197 1203 2181 — — 48.1
1958 — — S — 72 263 202 — — 53.7
1959 — — S — 98 179 128 — — 405
1960 — — - - 127 217 196 — — 54.0
191 — — - - 195 372 221 49 — 83.7
1962 42 @ — - - 345 661 729 374 162 2313
1963 27 @ — - - 238 233 695 430 315 1938
1964 307 — ND  — 195 308 483 569 706  256.8
1965 254 «— ND  — 98 232 580 309 391 1864
1966 473 — ND — 166 359 566 340 760  266.4
1967 561 — 165 — 14.7 90 436 289 340 2028
1968 527 @ — ND  — 162 104 595 810 269 2467
1969 781 «— ND  — 5.7 68 399 956 364 2625
1970 694 — ND  — 35 236 411 624 183 2183
1971 9%.1 — ND  — 0 81 442 834 204 @ 2522
1972 ND — ND  — ND ND ND ND ND ND

1973 ND — ND  — ND ND ND ND ND ND

1974 ND ND ND  — ND ND ND ND ND ND

1975 ND 37 ND — ND ND ND ND ND 36.7
1976 ND 1715 ND  — ND ND ND ND ND 1715
1977 ND 1798 ND  — ND ND ND ND ND 179.8
1978 ND 3212 ND  — ND ND ND ND ND 321.2
1979 ND 3252 ND  — ND ND ND ND ND 325.2
1980 ND 3007 ND  — ND ND ND ND ND 300.7
1981 ND 3000 ND ND ND ND ND ND ND 300.0
1982 ND 3129 ND ND ND ND ND ND ND 312.9
1983 56.8 3095 13 241 0 322 421 277 376 5313
1984 821 3059 24 484 0 579 587 312 233  609.9
1985 416 2838 50 429 0 678 471 194 290 5366
1986 349 3017 35 282 0 585 640 173 301 5382
1987 347 3153 84 282 0 505  50.3 72 223 5169
1988 531 310.2 88 467 0 575 678 174 248  586.3
1989 1144 3116 32 1920 0 0 354 316 281 7163
1990 1260 233.1 0 682 0 0 384 297 233 5187
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Table 3. Annual water withdrawal from water-supply wells and test well RNM-2s in the
Frenchman Flat area, Nevada Test Site, 1951-97—Continued

Water withdrawal (million gallons)

Year Army-1 RNM-2s UE-5¢ WW-4 WW-4a WW-5a WW-5b WW-5¢ WW-C WW-C1 Total
1991 109.9 1546 45 1707 0 0 0 28.8 2717 238 420.0
1992 1394 0 53 845 0 0 0 61.1 148 30.3 3354
1993 110.2 0 73 754 2 0 29.8 63.2 222 9.4 317.7
1994  76.9 0 65 530 215 0 55.2 46.8 16.5 6.1 282.5
1995 241 0 71 162 309 0 87.7 44.3 42 139 228.4
1996 17.7 0 62 155 322 0 47.8 35.0 0 314 185.8
1997 114 0 63 141 46.0 0 42.6 27.2 0 28.6 176.2

1 Equals average annual withdrawal for 1951-57.
2 Equals average annual withddrawal for 1954-57.

connection between thetwo wells, which are about 100
ft apart and completed in the carbonate aquifer (Isaac
Winograd and Lewis West, U.S. Geological Survey,
written commun., 1962). A hydraulic connection
between wells WW-5a and WW-5c can be inferred
from similarities in water-level changes, specific
capacity, and water chemistry (Claassen, 1973, p. 38).
Wells WW-5a and WW-5c are about 1 mile apart and
completed in the alluvial aquifer.

WATER-LEVEL MEASUREMENTS

Water levels in wells in the Frenchman Flat area
were measured periodically by manual methods and
(or) continually (5- or 15-minute measurement inter-
vals) by pressure transducers. Periodic water-level
measurements for 21 wellsin the Frenchman Flat area
are shown in figure 7. The mean, minimum, and maxi-
mum static water levelsin these wells are summarized
in table 4. Continual water-level measurements for
three wellsin Mercury Valley, Frenchman Flat, and
southern Yucca Flat are shown in figure 8.

Water levelsin pumping wellsat NTS (table 1)
generally were not measured for at least 24 hours after
pumping to allow the water level in thewell to return to
the pre-pumping level. A water-level measurement 24
hours after pumping stops may better represent a static-
aquifer condition. A water-level measurement within
24 hours of pumping may represent a non-static or
recovering aquifer condition. The actua time for water
levelsin pumping wellsto fully recover to a pre-pump-
ing level is, in part, afunction of the hydraulic conduc-
tivity of the aquifer, the efficiency of the well, and the
magnitude of the water-level drawdown in the well.
Therefore, the water-level recovery timein wells at

NTS varies and may extend beyond 24 hours; asa
result, pumping-well water-level measurements may or
may not represent static-aquifer conditions. Water-
level measurements in pumping wells known to be
affected by or likely affected by recent pumping are
noted in the hydrographs shown in figure 7.

Water-level measurements made immediately
after the well was drilled may not represent static-aqui-
fer conditions. The time required for water levelsto
equilibrate varies but depends on the type of drilling
fluid, the well-developing techniques, and on the per-
meability of the formation contributing water to the
well. Anomalous water-level measurements collected
inthe same year that the borehole wasdrilled are noted
in the hydrographs shown in figure 7.

Also noted infigure 7 are water level s aff ected by
oil in the well and “anomalous”’ water-level measure-
ments. Water levelsin wellsin the Frenchman Flat area
have been affected by oil only in well TW-3. Water-
level measurements for thiswell from 1964 to 1997
likely represent the depth below land surface to the top
of the oil column in the well. The thickness of the ail
columninwell TW-3 hasbeen estimated to be lessthan
1.5ft (U.S. Geological Survey datafiles, Las Vegas,
Nev.) Anomalous measurements indicate water levels
that differ from previous or more recent measurements
for unknown reasons. For purposes of this report,
anomal ous measurements include statistical outliers—
water-level measurements that fall outside the 95-
percent confidence interval computed for the water-
level trend analysis(see* Statistical AnalysisMethods’
section).

WATER-LEVEL MEASUREMENTS 17
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Table 4. Mean, minimum, and maximum water levels and land-surface altitudes for wells in the Frenchman Flat area, Nevada
Test Site

[Period of record for mean, minimum, and maximum water levels based on “water levels used for trend analysis’ data shown in figure 7. Number of
measurements: number indicates periodic water-level measurements by wireline, steel tape, or electric tape; continua water-level measurements by pressure
transducer. Previously estimated altitude of land surface data from USGS files; GPS and previously estimated land-surface altitudes referenced to the
National Geodetic Survey of 1929. Abbreviation: GPS, Global Positioning System. All water-level values rounded to 0.1 foot]

Water level Land surface (feet)
Minimum Maximum Difference
Local well Mean (deepest) (shallowest) Previously in GPS and
name Period of record Number of GPS altitude estimated previously
measurements . ;
(feet below land surface) altitude  estimated
altitude
Mercury Valley
Army-1 1962-97 25 785.8 791.2 783.6 3,153.50 3,153.30 0.20
Army-6a 1958-97 27 1,031.3 1,033.0 1,028.4 1 3,446.22 3,445.00 1.22
SM-23 1996-97 15 1,164.6 1,164.8 1,164.5 3,543.35 3,543.40 -.05
SM-23 Oct 1996 to continual 1,164.7 1,164.9 1,164.4
July 1997
Frenchman Flat
PW-1 1993-96 73 7711 7713 770.8 (2 3,178.24 (2
PW-2 1993-96 60 840.0 840.3 839.7 3,246.41 3,246.52 -11
PW-3 1993-96 78 889.1 889.4 888.5 3,295.47 3,295.62 -15
RNM-1 1975-77 5 787.9 789.0 786.0 3,135.03 3,136.40 -1.37
RNM-2 197485 7 724.1 727.8 718.8 3,128.76 3,131.73 -2.97
RNM-2s 1974-93 35 725.6 728.4 720.3 3 3,131.25 3,133.00 -1.75
RNM-2s 199497 8 723.5 723.6 723.4
TW-3 1963-97 20 1,103.8 1,104.9 1,101.8 3,484.10 3,484.00 .10
TW-F 1962-97 27 1,735.6 1,737.1 1,733.8 4,140.82 4,142.70 -1.88
UE-5¢c 1971-87 6 807.1 810.5 805.4 3,216.14 3,216.00 14
UE-5n 1977-91 43 704.8 706.1 702.9 3,112.38 3,112.20 .18
UE-5n 1991-97 38 704.5 705.2 703.3
UE-11a 1991-96 23 1,131.7 1,132.6 1,130.5 3,538.19 3,538.00 .19
WW-4 1983-97 26 835.3 837.2 829.0 3,604.12 3,601.50 2.62
WW-4a 1990-97 26 835.6 836.8 834.6 3,604.24 3,605.67 -1.43
WW-4a Aug. 1991 to continual 835.8 838.2 834.6
Mar. 1993
WW-5a 1959-95 34 709.1 714.1 695.7 3,092.47 3,093.00 -53
WW-5a 1996-97 22 711.6 712.3 710.9
WW-5a 1996-98 continual 711.8 7125 710.3
WW-5b 1959-91 14 683.8 688.8 681.4 3,092.80 3,092.10 .70
WW-5¢ 1954-93 23 702.1 729.8 689.1 3,081.42 3,081.00 42
Southern Yucca Flat
WW-C 1961-75 13 1,542.9 1,545.4 1,537.0 3,924.06 3,921.00 3.06
WW-C1 196272 14 1,544.3 1,548.0 1,542.0 3,923.50 3,921.00 2.50

Mean of absolute difference in GPS values 1.08

1 Land-surface altitude from USGS level survey. A nearby surveyed benchmark was not available for level survey; therefore, GPS altitude at well
Army-1 was used for level-survey benchmark at well Army-6a.

2 GPS land-surface altitude survey wasin error; previoudy estimated land-surface atitude at well PW-1 from first-order level survey (Brian Dozier,
Bechtel Nevada, written commun., 1997).

3 GPSland-surface altitude survey wasin error; altitude shown in table from USGSlevel survey. A nearby surveyed benchmark was not available for
level survey; therefore, GPS altitude at well RNM-1 was used for level-survey benchmark at well RNM-2s.
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Periodic Measurements

Periodic water-level measurementsat NTS have
been collected by the U.S. Geological Survey (USGS)
since 1951 and are maintained in the USGS National
Water Information System (NWIS). Periodic water-
level measurements are collected using steel tapes,
electric tapes, or electric-cable units (wire-line or iron-
horse devices; Wood and Reiner, 1996). Water-level
measurements prior to 1996 typically were made with
electric cable units; after 1996, most measurements
were made with electric tapes (Fenelon, 2000, p. 8).
The accuracy of the electric tapes and cable units are
affected by mechanical stretch, thermal expansion, or
damage. To maintain instrument accuracy, tape and
cable units have been calibrated annually against a
2,000-ft reference steel tape since at least 1968, when
Garber and Koopman (1968, p. 6) reported itsuse as a
calibration standard. The reference steel tape was cali-
brated in 1997 by the National Institute of Standards
and Technology and showed a measurement error of
less than about 0.20 ft at a depth of 2,000 ft. Tape and
cableunitsare calibrated at different water-level depths
to within 0.10 percent of the reference-tape measure-
ment and assigned an instrument correction factor. At
the time of measurement, the depth-to-water reading is
adjusted using the appropriate steel tape or cable unit
correction factor.

Continual Measurements

Continual water-level datain the Frenchman Flat
areafor period of records of at least nine months are
available for wells WW-4a (1991-93), SM-23 (1996—
97), and WW-5a (1996-97; fig. 8). Water-level mea-
surements at these wells were recorded every 5 or 15
minutes using submersible pressure transducers and
electronic dataloggers. Thetransducer and data-logger
systemswere calibrated by recording transducer output
at known depths of submergence. Manual water-level
measurements were made when transducers were
installed and removed from service to reference the
depth of submergence to land surface, and during the
period of continual measurements to assure proper
operation and accurate data collection. The procedure
for calibrating pressure transducers is outlined by
La Cameraand Locke (1997, p. 15).

WATER-LEVEL ADJUSTMENTS

Adjustments of periodic and continua water-
level measurements are presented for the effects
of barometric pressure, water density (from water-
temperature measurements), borehole deviation,
and land-surface altitude. These adjustments are
not required for the analysis of long-term water-
level trendsfor selected wellsin thisreport, but may be
critical for future calculations of hydraulic heads.

Barometric Pressure

Water-level measurements shown in figure 8 for
wells SM-23 and WW-5a were adjusted for the effects
of barometric pressure prior to evaluating the hydro-
graphsfor significant water-level trends. Water-level
adjustments were determined from hourly barometric-
pressure measurements collected at each well during
the same period as the continual water-level measure-
ments.

A graphical procedure (Brassington, 1988, p. 83)
was used to adjust water levelsfor the effects of baro-
metric pressure. Asoutlined by Brassington (1988), the
graphical procedure includes:

(1) determining a constant barometric efficiency
of the aquifer at each well. Barometer efficiency isthe
change in water level divided by the change in baro-
metric pressure, expressed in equivalent units of
hydraulic head as a percent,

(2) multiplying the changein barometric pressure
between two successive measurements by the baromet-
ric efficiency, and

(3) adding the amount calculated in (2) to the
water-level measurement if success ve barometric-
pressure measurements increased, or subtracting
the amount calculated in (2) if successive barometric-
pressure measurements decreased.

This adjustment for barometric pressure is based
on a constant barometric efficiency that represents an
average value for the period of record. Some error in
the water-level adjustment, therefore, may be intro-
duced in shorter-term periods (for example, daily,
monthly, or seasonal periods of the hydrograph) when
the constant barometric efficiency used inthe graphical
procedure differs from the true barometric efficiency.
The slope of adjusted water levels, therefore, may be
slightly different over short interval s of the hydrograph
than the slope of water levels adjusted using avariable
barometric efficiency; however, the beginning and end-
ing adjusted water levels would be equivalent.
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A second limitation of the procedureisthat the
absolutevalue of the adjusted water level isafunction of
theinitial barometric pressure. Therefore, achangein
the initial barometric pressure causes a“ shift” in the
absolute value of the adjusted water level. However, the
relative change in adjusted water levels (the slope or
trend of the hydrograph) is unaffected.

The barometric efficiencies of the aquifers at
observation wells SM-23 (86 percent) and WW-5a (64
percent) were substantially higher than at observation
well WW-4a (about 1 percent). Water-level adjustments
for the effects of barometric pressurein wells SM-23 and
WW-5a (fig. 8), therefore, resulted in hydrographs that
contain lower amplitude water-level fluctuations (figs.
8A and 8B). Because of alow barometric efficiency,
water levelsin well WW-4a were not adjusted for the
effects of barometric pressure (fig. 8C). A water-level
responsein well WW-4ato barometric pressure likely is
masked by the effect of pumping from nearby well
WW-4,

Water Density

Variation in water density (from water-temperature
measurements) in the study areamay affect the accuracy
of hydraulic-head measurements. Water density and
temperature are inversely related and as water tempera-
ture increases, water density decreases. The water level
in wellswith anomalously high water temperature will
be higher than water of lower temperature in nearby
wells open to the same aquifer and pressure conditions.

The average temperature of water samples col-
lected from wells in the Frenchman Flat area with avail-
able data (Perfect and others, 1994; Rose and others,
1997) is about 94°F for wells open to the carbonate aqui-
fer (excluding well TW-F) and about 75°F for wellsopen
tothealluvia and volcanic aquifersand quartzite confin-
ing unit (fig. 9). The average water temperaturein well
TW-F (147°F) for water samples collected sincethewel |
was deepened and completed in the carbonate aquifer in
1962 (Perfect and others, 1994) is substantially higher
than in other wells open to the carbonate aquifer. The
depth of well TW-Fis3,400 ft, whichismorethan 1,400
ft deeper than other wells completed in the carbonate
aquifer with available temperature data (wells WW-C,
WW-C1, TW-3, and Army-1). The greater depth of well
TW-F, however, does not completely account for the
high temperature in this well. For example, assuming a
geothermal gradient of 0.014°F per foot (the average
gradient estimated for the Pahute M esa area; Pottoroff
and others, 1987, p. 3), a2,000-foot increase in the depth
of well TW-3 to a depth equal to that of well TW-F

would cause a corresponding increase in water tempera-
ture of about 28°F. However, water temperaturesin well
TW-F are almost 50°F higher than temperatures in well
TW-3. The anomalous trend of decreasing temperature
with increasing depth for the carbonate-aquifer wells
shown in figure 9 (not including well TW-F) also illus-
trates that factors other than depth, such as geologic
structure, likely are important in controlling water tem-
perature.

Although temperature likely is the most important
factor affecting water density inwell TW-F, other factors
such as arelatively high dissolved-solids concentration
or the compressibility of water caused by pressure from
the overlying water column can influence water density.
However, the relatively low dissolved-solids concentra-
tions of water in well TW-F (less than about 550 milli-
grams per liter between 1962—80; Perfect and others,
1994) would not significantly affect water density. Addi-
tionally, based on standard rel ations between water den-
sity, pressure, and temperature, Winograd (1970, p. 24)
concluded that the effect of pressure on water density in
well TW-F is minor in comparison to the effect of tem-
perature.

An adjustment for the effect of water density on
water levelsin well TW-F was determined using a pro-
cedure applied by Winograd (1970). Using this proce-
dure, the density of the water columnin well TW-Fis
adjusted to a standard density that best represents the
average density of the water column in nearby wells
completed in the carbonate aquifer. The following equa-
tion, modified from Winograd (1970, p. 23), wasused to
adjust water levelsin well TW-F to a standard density:

WCcorrected = (DTw/Dcab) * WCuncorrected (1)

where WC,qrecteq IS the corrected length of the water
column between the static water
level and the top of the open inter-
val, in feet;

WC ncorrected 1S the uncorrected length of the water
column between the mean static
water level and the top of the open
interval, in feet;

Dty isthe density of 144°F water in well
TW-F, in grams per cubic centimeter
(g/cm®) = 0.98207 g/cm? (Chemical
Rubber Publishing Co., 1985, p.
F-10); and

Darb isthe standard density of 94°F water
= 0.99425 g/cm? (Chemical Rubber
Publishing Co., 1985, p. F-10).
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The magnitude of the water-level adjustment
using equation 1 depends on the length of the water col-
umn to be corrected and on the ratio of the density of
water in well TW-F and the standard density. For this
report, thelength of thewater columnisbased on 1,414
ft of water between the mean static water level in the
well for 196297 (1,736 ft below land surface) and the
top of the open interval (3,150 ft below land surface).
The density of water in well TW-F (D) isbased on
the average temperature of the water column (144°F)
determined from a borehole geophysical temperature
log (Winograd, 1970, p. 24). The average temperature
of water inwells TW-3, WW-C, WW-C1, and Army-1
(94°F) was used to determine the standard density.

The average temperature of water in these wellswas
determined from pumped water samples because bore-
hole geophysical temperature logs were not available.
Solving equation 1 for WL o ecteq: the length of the
water column would be 1,396.7 ft, resulting in a
decrease in water level of 17.3 ft. This adjustment is
about 15 percent larger than the 15 ft adjustment deter-
mined by Winograd (1970, p. 24) using a standard den-
sity based on atemperature of 100°F.

Equation 1 can be used to estimate the effect, if
any, of temporal changesin water temperature and
associated density on water-level fluctuationsin well
TW-F. For example, the maximum difference in water
levelsin well TW-F between 1962 and 1997 was about
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3.5ft (fig. 7). During this period, four temperature
measurements of water samples collected from well
TW-F indicate a maximum change of lessthan 2°F.
Assuming that these temperature measurements are
representative of the average water column tempera-
turein well TW-F, a 2°F risein average temperature
from 144° to 146°F, would result in a new water den-
sity (Dqyy) of 0.98149 g/cm®. Solving equation 1 for
WL correcteqr the length of the water column would be
1,395.9 ft — anincrease in the water-level adjustment
from 17.3 ft to 18.1 ft. A risein water temperature of
2°F in well TW-F, therefore, would cause a corre-
sponding risein water level of about 0.8 ft, or about 23
percent of the maximum water-level change observed
during this period.

Borehole Deviation

M ost boreholesdeviate slightly from true vertical
during drilling. If agyroscopic or * borehol e deviation”
survey was made during geophysical logging of the
borehole, measured water level s can be adjusted to rep-
resent the true vertical water-level depth below land
surface. Borehole deviation surveyswere completed in
about half of the wells drilled in the Frenchman Flat
area

Three water-level adjustments were devel oped
using linear equations based on measured cumulative
borehole deviation across a selected depth interval
(table5). If acomplete deviation survey was available,
linear equations were developed to adjust water levels

Table 5. Water-level adjustments for borehole deviation in selected wells in the Frenchman Flat area, Nevada Test Site

Borehole-deviation survey: Complete results, data available for entire borehole; limited results, data for horizontal displacement at bottom of borehole

only; depth interval, equals depth interval used to determine linear equation.

Type of water-level adjustment: Adjustment 1, based on a borehole deviation survey (BDS) depth interval that bounds historic water levels; adjustment 2,
based on a BDS depth interval from top to bottom of borehole; adjustment 3, no BDS data available; therefore, based on adepth interval from top to bottom
of borehole and the horizontal displacement and deviated depth at the bottom of the borehole.

M ean water-level depth: Equals mean water level for period of record based on “water levels used for trend analysis data” shown in figure 7.

Water-level adjustment: Vertical water-level depth (V 4) computed for measured water-level depth (M) equal to mean water-level depth. Adjustment
equals difference between V 3 and mean water-level depth, rounded to nearest 0.01 foot.

Borehole-deviation survey Water-level
Local well - Type of Linear equation used -
name Results Depthinterval  agjustment for adjustment Mean depth  Adjustment
(feet) (feet) (feet)
Mercury Valley
Army-1 limited 0-1,946 3 Vq=Mg* 0.99923 785.8 0.61
Frenchman Flat
PW-1 complete 770-775 1 V4=Mgy* 0.99800 + 1.27 771.1 .27
PW-1 complete 0823 2 V4=Mg* 0.99960 7711 31
PW-2 complete 835-845 1 V4=Mg* 0.99900 + 0.17 840.0 .67
PW-2 complete 0-878 2 Vg=Mg* 0.99915 840.0 71
PW-3 complete 885-890 1 Vq=Mg-0.06 889.1 .06
PW-3 complete 5924 2 Vq=Mg* 0.99994 889.1 .05
TW-F complete 1,725-1,750 1 Vq=Mg* 0.99960 + 0.49 1,735.6 .20
TW-F complete 50-1,875 2 Vq=Mg* 0.99984 + 0.01 1,735.6 .27
UE-5c complete 800-825 1 V4=My-0.02 807.1 .02
UE-5c complete 0-2,360 2 Vg=Mg* 0.99998 807.1 .02
UE-1la complete 1,125-1,150 1 Vq=Mg* 0.99960 + 0.36 1,131.7 .09
UE-11a complete 0-1,370 2 Vq=Mg* 0.99985 1,131.7 17
Ww-4 complete 800-1,000 1 Vg=My-0.05 835.3 .05
WW-4 complete 0-1,000 2 V4=Mg* 0.99995 L 835.3 .04
Southern Yucca Flat
WW-C limited 0-1,540 3 Vq=Mg* 0.99959 1,542.9 .63
WW-C1 complete 1,525-1,550 1 Vq=Mg* 0.98480 +19.21 1,544.3 4.26
WW-C1 complete 25-1,707 2 Vq=Mg* 099541 + 0.11 1,544.3 6.98

L Calculated from deviation survey records of borehole inclination angles and depths.
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that were based on (1) adepth interval that bounds
historic water level measurements (adjustment 1) or
(2) adepth interval from the top to the bottom of the
deviation survey (adjustment 2). If alimited deviation
survey was available (true-vertical depth datanot avail-
able), the linear equation devel oped was based on a
depth interval from the top to the bottom of the bore-
hole (adjustment 3). For adjustment 3, the true-vertical
depth at the bottom of the borehole was determined
from the horizontal displacement and deviated (mea-
sured) depth of the borehole.

To determine the adjusted water level, measured
and true-vertical depth datafrom the deviation survey
were substituted into a linear equation of the form:

WLy = (WL — Mtop)*(AVint/AMint) + Viop 2

where WL o is adjusted water level, in feet below
land surface;

WL, ismeasured water level, in feet below
|and surface;

Mop ismeasured top of selected depthinterval
from borehole deviation survey, in feet
below land surface;

Vigpistrue-vertical top of selected depth inter-
val from borehole-deviation survey, in
feet below land surface;

AV is difference in top and bottom of true-
vertical depth interval from borehole
deviation survey, in feet below land sur-
face; and

AM;isdifference in top and bottom of mea-
sured depth interval from borehole devi-
ation survey, in feet below land surface.

For example, the borehole deviation survey for
well WW-C1 (U.S. Geological Survey datafiles, Las
Vegas, Nev.) shows that a measured depth interval of
1,525-1,550 ft below land surface can be used to bound
historic water-level measurements for thiswell (table
4). The corresponding true-vertical depthsin the devi-
ation survey at the top and the bottom of thisinterval
are 1,521.03 ft and 1,545.65 ft, respectively. Substitut-
ing these values into equation 2 gives the linear water-
level adjustment for the depth interval that bound his-
toric water levels (table 5):

WL a5 = (WL — 1,525 ft)* (24.62 ft/25.00 ft) +
1,521.03 ft . 3)

In reduced form, equation (3) becomes:
WL 5 = (0.98480*WL) + 19.21 ft . (4)

For adjusting historic water levels, adjustment 1
is more accurate than adjustments 2 or 3 because the
slopeis averaged over a shorter depth interval. For
adjustments 2 and 3, some error isintroduced by using
an average slope across the entire depth interval of the
deviation survey. However, adjustments 2 and 3 were
included to provide genera adjustmentsif future water
levelsin wells increase or decrease beyond the depth
interval of historic water levels used in adjustment 1.

Additional error to water-level adjustments for
borehole deviation may be caused by the accuracy of
the borehole deviation equipment in determining true-
vertical depth. For example, the accuracy of true-verti-
cal depth data provided by the deviation instrument
used inwells PW-1, PW-2, and PW-3 was + 0.5 ft (Rey-
nolds Electric & Engineering Company, 1994, p. 4—
14). This potential error is substantially larger than the
actual water-level adjustment for these wells using the
mean static water level (table 4). Instrument accuracy
was not reported in available deviation survey records
and, therefore, the potential error in water-level adjust-
ments for deviation in boreholes other than PW-1, PW-
2, and PW-3 is unknown.

Using the mean static water level (table 4), adjust-
ments to measured water levels for borehole deviation
arelessthan 1 ft for all wellsexcept well WW-CL1 (table
5). Deviation survey results show that the difference
between the measured and vertical depth at the bottom
of well WW-CL1 is more than 7 ft, resulting in a water-
level adjustment of more than 4 ft.

Land-Surface Altitude

In December 1997, global positioning system
(GPS) measurements of land-surface altitude at well
locationsin the Frenchman Flat areawere collected by
the USGS. These measurements were collected to con-
firm or improve the accuracy of previously estimated
land-surface altitudes. Although land-surface altitudes
are not required for water-level trend and correlation
analyses, these data are critical when cal culating water-
level atitudes for potentiometric-surface maps. Accu-
rate |and-surface altitudes are particul arly important in
Frenchman Flat, where small differences in water-
level altitude exists for much of the alluvial aquifer
(Winograd and Thordarson, 1975, p. C60).
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GPS measurements of |and-surface atitude were
collected using ageodetic gradereceiver. A differentia
GPS procedure was used where one base-station
receiver was calibrated to a benchmark of known land-
surface altitude while an additional receiver simulta-
neously collected satellite-transmitted data at one or
two well locations. Four benchmark locations of 1% and
2" order accuracy (maximum relativeerror of lessthan
about 0.01 ft at the time of original survey) were used
for base stations(fig. 2). Satellite-transmitted datawere
collected at benchmark and well locations for 1.5 to 2
hours. After the land-surface atitude was determined,
thelocation of the measuring point was marked at each
well. The GPS land-surface altitudes determined dur-
ing this survey and previous survey estimates of alti-
tude in the Frenchman Flat area are presented in table
4. A GPS survey was not completed at well Army-6a.
At wells PW-1 and RNM-2s, GPS land-surface alti-
tudeswerein error. Asaresult, land-surface altitudes at
wells Army-6a, PW-1, and RNM-2s were estimated
from leve surveys.

Prior to completing the differential GPS surveys
at each well location, the accuracy of the GPS system
was checked by measuring the land-surface altitude at
the benchmark locations. During this accuracy check,
each benchmark alternately served as a base station of
known altitude while satellite data were collected at
two other benchmark locations. A GPS land-surface
altitude was determined for each benchmark and com-
pared to the surveyed altitudes. Results of this survey
showed amaximum differencein GPS-derived altitude
of lessthan 0.07 ft from the known benchmark altitude.

The mean difference between previoudy sur-
veyed land-surface atitudes and GPS-derived altitudes
(table4) isabout 1 ft. Thismean differenceisrelatively
high considering the generally flat potentiometric sur-
facein the alluvial aquifer in Frenchman Flat. The
mean atitude difference of about 1 ft is strongly influ-
enced by differences of greater than 2 ft at wells
RNM-2, WW-4, WW-C, and WW-C1.

ANALYSIS OF WATER LEVELS

Water-level measurements for wells with avail-
able datain the Frenchman Flat area were evaluated to
determine (1) if statistically significant temporal trends
exist, (2) if water-level fluctuations between wellshave
been similar over time, and (3) a possible cause for
observed trends or cyclic-type water-level changes.

Statistical Analysis Methods

Water-level trends are defined herein as statisti-
cally and hydrologically significant risesor declinesin
the water level over time. Manual measurements col-
lected for at least 1 year and (or) continual measure-
ments collected for at least 9 months were used in the
trend analysis. For purposes of thisreport, water-level
records with 10 or |ess measurements were considered
sparse data sets. Statistical analysis of sparse data sets
typically result in ahigher degree of uncertainty and,
therefore, are noted in this report.

Continual water-level records used for trend anal -
ysiswere available for wells SM-23, WW-5g, and
WW-4a (fig. 8). Because water levelsin wells SM-23
and WW-5a are affected by barometric pressure (see
“Water-Level Adjustments” section), the effect of
barometric pressure was removed from continual
water-level records for these wells prior to the trend
analysis.

Two statistical methods were applied in the trend
analysis, simple linear regression (ordinary least
squares method) and the Kendall-Theil method (Ken-
dall’s tau rank correlation coefficient). The least
squares method was applied when water-level data
were collected from observation wells (table 1) and
changes in these data generally appeared linear.
Although water-level changesin wells may not be per-
fectly linear, particularly those changes affected by
nearby pumping, the least squares method provides a
reasonable estimate of the net rate of change in water
level over the period of record.

Theleast squares method (Helsel and Hirsch,
1992, p. 221-263) was applied using water level asthe
dependent variable and time as the independent vari-
able. The trend was considered statistically significant
if the Sope of the regression line was significant at a
95-percent confidence interval. Significance of the
regression d opewas tested using thet-distribution with
the null hypothesis being that the slope equalled zero;
that is, at the 95-percent confidence interval the slope
does not include zero.

Statistical measures of leverage and influence
were computed prior to applying the least squares
method to help qualitatively evaluate observationswith
high leverage and (or) erratic water-level measure-
ments (outliers). “ Standardized” and “ studentized”
residuals were used to detect outliers. The statistical
parameters “Cook’s D” and “DFFITS” were used to
evaluatetheinfluence of outliers on water-level trends.
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Outliers outside the 95-percent confidence level were
deleted from the water-level data set if the measure-
ment was thought to bein error, particularly if the data
point was one of low influence. Outliers with high
influence were deleted from the data set only if the data
point was isolated in time and likely represented a dif-
ferent population than later or earlier water-level mea-
surements (for example, water levels affected by
drilling).

Kendall’stau rank correlation coefficient (Hel sel
and Hirsch, 1992, p. 212) was applied when water-level
data were collected from water-supply wells (table 1)
because changes in these data may represent nonlinear
recovering water levels. Kendall’stau a so was applied
if awater-level record appeared to contain nonlinear
fluctuations (wells UE-5n and WW-54) or appeared to
contain cyclic-type water-level fluctuations (wells
Army-1, TW-F, and TW-3).

Kendall’stau isarobust test that indicatesif asig-
nificant upward or downward changein water level has
occurred over the period of record, but does not imply
anything about the magnitude of the change in water
level or whether the change in water level islinear.
Where data are irregularly spaced or “clustered” in
time (for example, wells RNM-2s and Army-1), spe-
cific time periods may be over-represented on the over-
all trend because a higher number of data points per
unit time are used in the calculation relative to other
parts of the water-level record. A 95-percent confi-
dence level was used in the test to determine a statisti-
caly significant upward or downward change in water
level.

Trendsthat were statistically significant were fur-
ther analyzed for hydrologic significance. A trend was
considered hydrologically significant if the total
change in water level along the trend slope (regression
analysis) or the maximum water-level change over the
period of record (Kendall’s tau analysis) was greater
than three times the accuracy of the measurement
instrument. For manual water-level measurements,
threetimestheaccuracy of the NTSreference steel tape
is 0.60 ft. For continual water-level measurements,
three times the accuracy of a submersible pressure
transducer at maximum recording pressure (15 Ib/in?)
is0.02 ft. These values were arbitrarily selected, but
could indicate water-level trends that are worthy of
attention.

To help identify wells with similar hydrologic
responses and possible sources of water-level fluctua-
tions, a correlation analysis was completed. Correla-

tions were computed for water levelsin nearby wells,
water levels and pumpage from nearby wells, and
water levels and precipitation. To determine the corre-
lation between two variables the observations must be
paired in time. Correlations between water levelsin
nearby wells typically were from the same day,
although sparse data often were matched by week or by
month. For most correlations involving pumpage or
precipitation, water-level data were lagged by day,
week, month, and (or) years. Gapsin the pumpage or
precipitation data sets were considered missing data
(rather than a value of zero). Water levels matched
against a gap in the pumpage or precipitation data set
were therefore deleted prior to the correlation anaysis.
Correlations between periodic and continual data gen-
erally were matched using a single periodic value and
the mean value of the continual datafor the same day.

The exceedance probability (p-value) associated
with the gtatistical parameters“ Spearman’s rho” and
“Pearson’s r" (Helsel and Hirsch, 1992, p. 217-219)
was used to determine the significance of each correla-
tion. Spearman’srho is a nonparametric, rank correla
tion coefficient; Pearson’sr is aparametric, linear
correlation coefficient. Because many data setsusedin
thisanalysis are not normally distributed, a greater
weight was placed on the parameter Spearman’s rho
than on the parameter Pearson’sr. Therefore, acorrela
tion was considered statistically significant if the
p-value associated with Spearman’srho wasequal to or
less than 0.05. The correlation was considered statisti-
cally marginal if the p-value associated with Spear-
man’s rho was between 0.05 and 0.10 and statistically
not significant if the p-value was equal to or greater
than 0.10.

Trend Analysis Results

Water levelsin five wells had both statistically
and hydrologically significant trends. Statistically sig-
nificant trendswere observed for three wells completed
inthealluvia aquifer (WW-5a, UE-5n, and PW-3), one
well completed in the carbonate aquifer (SM-23), and
one well completed in the quartzite confining unit
(Army-6a). The results of the trend analysis for 21
wells are presented in table 6. Linear-regression lines
for thewater levelsused inthetrend analysisare shown
infigures7 and 8.
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Table 6. Results of trend analysis of water levels for wells in the Frenchman Flat area, Nevada Test Site

Data type: Periodic, water levels measured by wire-line, stedl tape, or electric tape; continual, water levels measured by pressure transducer.
Satistical technique applied: Kendall's tau, Kendall's rank correlation coefficient test; regression, simple linear regression test.

Satistical significance: Linear trend considered statistically significant if null hypothesis of t-distribution rejected at 95-percent confidence
interval. Nonlinear trend considered significant if the probability (p) value associated with Kendall's tau is less than 0.05 and the correlatation
coefficient (Kendall'stau) is greater than 0.50.

Linear trend: Indicates a general linear decrease (-) or increase (+) of water levelsin the well over time.

Water-level change: Equals differencein beginning and ending water-level values along linear trend line (regression analysis) or difference
between the maximum and minimum water level over the period of record (Kendall's tau analysis); --, not applicable.

Hydrological significance: Statistically significant trends considered hydrologically significant if total change aong linear trend slope (regression
analysis) or maximum water-level change over the period of record (Kendall's tau analysis) is greater than three times the accuracy of the
measurement instrument; up, significant water leve rise; --, not applicable.

Statistical Water-level

well name D¥ape  Periogofrecord technique G EEEEE (OSSR  change  [UTEONT
applied (feet)
Mercury Valley

Army-11  periodic 1962-97 Kendall'stau none not estimated - .

Army-6a  periodic 1958-97 regression significant -0.09 -3.64 significant

SM-23  periodic 1996-97 regresson  significant +.14 +21  “none

SM-23 continual  Oct. 1996 to July 1997 regression significant +.19 +.15 significant

Frenchman Flat

PW-1 periodic 1993-96 regression none not estimated - --

PW-2 periodic 1993-96 regression none not estimated - --

PW-3 periodic 1993-96 regression significant +.21 +.76 significant

RNM-1 periodic 3197577 regression none not estimated - --

RNM-2  periodic 31974-85 regression none not estimated - -

RNM-2s  periodic 197493 Kendall'stau none not estimated - --

RNM-2s  periodic 31994-97 regression none not estimated - --

Tw-3t periodic 1963-97 Kendal'stau none not estimated - --

TW-F1  periodic 1962-97 Kendal'stau none not estimated - .

UE-5¢ periodic 31971-87 Kendal'stau none not estimated - --

UE-5n periodic 1977-91 Kendal'stau none not estimated - --

UE-5n periodic 199197 regression significant -.26 -1.51 significant

UE-1la  periodic 199196 regression none not estimated - --

WWwW-4 periodic 1983-97 Kendal'stau none not estimated - --

WW-4a  periodic 1990-97 Kendal'stau none not estimated - --
continual  Aug. 1991 to Mar. 1993 Kendall'stau none not estimated - --

WW-5a  periodic 195995 regression significant -43 -15.33 significant
periodic 1996-97 regression significant +.67 +1.20 significant
continual  Oct. 1996 to Jan. 1998 Kendall'stau  significant not estimated 2.18 up

WW-5b periodic 1959-91 Kendal'stau none not estimated - --

WW-5¢ periodic 1954-93 Kendal'stau none not estimated - --

Southern Yucca Flat
WW-C periodic 1961-75 Kenddl'stau none not estimated - -
WW-C1  periodic 1962-72 Kenddl'stau none not estimated - -

1Water-level measurements show cyclic-type fluctuations.
2Water-level change of +0.21ft less than three times measurement error for periodic water-level data (0.60 ft).
3 Data set has 10 or less water-level measurements.

34 Analysis of Water Levels in the Frenchman Flat Area, Nevada Test Site



Alluvial Aquifer areversal of thelong-term declining water-level trend.
From 1996 to 1998, water levelsin well WW-5a

In the central part of Frenchman Flat, severa increased at arate of about 0.7 ft/yr (table 6).
wells had statistically significant trends. The trend Water-level fluctuations in observation well
analysisindicated that water levelsin well WW-5a WW-5a appear to be related to pumping from nearby
declined at arate of about 0.4 ft/yr for 1959-95 with a water-supply well WW-5¢ (fig. 10). Anincrease
total decrease in water level of more than 15 ft. The (decrease) in pumping from WW-5c¢ causes a corre-

trend analysis of the periodic and continual water-level sponding decrease (increase) in water levelsin well
data for well WW-5afor 1996-98, however, indicates WW-5a. The correlation between water levelsin obser-
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Figure 10. Water levels in observation well WW-5a and withdrawal from water-supply wells WW-5b and
WW-5c from September through December 1997, Nevada Test Site. Water levels corrected for
barometric pressure.
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vation well WW-5a and pumping from water-supply
well WW-5c is supported by significant p-values for
Spearman and Pearson correlation coefficients.

The water-level response in well WW-5ato
pumping from well WW-5b appears to be either non-
existent or masked by the effect of pumping from well
WW-5c (fig. 10). In 1996, for example, water levelsin
well WW-5a began to rise shortly after pumping from
well WW-5c stopped (November 1997; fig. 10). Dur-
ing the following 45 days, water-level fluctuationsin
well WW-5a showed no correlation to pumping from
well WW-5b (p-values for Spearman and Pearson cor-
relation coefficientswere not significant). The distance
from well WW-5b to well WW-5ais about 2 mi and
probably contributesto the lack of adirect water-level
responsein thisobservation well. Well WW-5c isabout
1 mi from well WW-5a.

A statistically significant water-level trend was
determined for well UE-5n for 1991-97 (table 6). The
1991-97 period of record was selected for analysis
because pumping from nearby test well RNM-2swas
stopped in mid-1991. During 1991-97, water levelsin
well UE-5n declined at arate of about 0.3 ft/yr (fig. 7).

The frequency of water-level measurements for
well UE-5n were not sufficient to establish along-term
correlation with pumping from well RNM-2s. A sub-
stantial quantity of water was continuously pumped
fromwell RNM-2s for radionuclide transport tests dur-
ing 1975-91. Water-level fluctuationsin well UE-5n
during this period did not decline but appear erratic.
For example, water levelsincreased in well UE-5n dur-
ing 1983-86 even though pumping from test well
RNM-2s generally was constant (fig. 11A). Further-
more, after pumping from well RNM-2s stopped in
1991, water levelsin well UE-5n continued to rise for
afew months and then declined. The water-level
response in well UE-5n from 1991 to 1997 generally
was opposite to the water-level response in test well
RNM-2s (fig. 11B).

Theerraticwater-level fluctuationsinwell UE-5n
may bearesponseto recharge of water discharged from
test well RNM-2s. The water pumped from test well
RNM-2s was discharged to an unlined channel near
well UE-5n and contained elevated concentrations of
tritium (IT Corporation, written commun., 1998).
Water in well UE-5n also has contained elevated con-
centrations of tritium, suggesting that discharged water
from well RNM-2s has recharged the alluvial aquifer
(IT Corporation, written commun., 1998). Declining

water levelsin well UE-5n during 1991-97, therefore,
may represent the effect of dissipating recharge of
water previously discharged from well RNM-2s.

Similar to well RNM-2s, the frequency of water-
level measurements in well UE-5n (fig. 11C) are not
sufficient to accurately determine the influence of
pumping from water-supply wells UE-5c or WW-5b.
On the basis of available data, however, changesin
pumping from wells UE-5c or WW-5b do not appear to
cause corresponding water-level changes in well
UE-5n. Correlations between water-level fluctuations
inwell UE-5n and pumping from well WW-5b or well
UE-5c were not statistically significant.

Thetrend analysisindicated that water levelsin
well PW-3 increased at arate of about 0.2 ft/yr during
1993-96 (table 6). The cause of the increasing water-
level trend (rising water levelsin the well) in well
PW-3isnot clear. On the basis of soil-water chemistry
data, Tyler and others (1996) reported that recharge to
thealluvial aquifer at well PW-3 has not occurred since
the last glacial maxima, about 20,000 years before
present. Furthermore, water withdrawal s from wells
UE-5¢ and WW-5b (fig. 5) for 1993-96 do not appear
to correlate with rising water levelsin well PW-3
(p-values for Spearman and Pearson correlation coeffi-
cients were not significant). Therising water-level
trend in well PW-3 may be a response to cessation of
pumping in well RNM-2sin 1991. However, water-
level measurements are not available to determine the
potentiometric surfacein the areaof well PW-3 prior to
1993.

Volcanic Aquifer

Thelong-term water-level trendsfor wellsWW-4
and WW-4a, completed in the volcanic aquifer, were
not statistically significant. However, a comparison of
continual water-level recordsshowssimilar water-level
fluctuations (fig. 12). Water-levels collected in well
WW-4 during pumping coincide with declining water
levelsin observation well WW-4a, and indicates that a
hydraulic connection likely exists between these wells.
About 3 months of continual water-level dataare avail-
able for water-supply well WW-4 prior to pumping of
well WW-4a. The correlation between water-level fluc-
tuationsin thesewellsis supported by significant p-val-
ues for Spearman and Pearson correlation coefficients.
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EXPLANATION

o——=o Water levels in observation well UE-5n (graphs A and C)

o——o Water levels in test well RNM-2s (graph B)
—— Withdrawal from test well RNM-2s (graphs A and B)

Withdrawal from water-supply well WW-5b (graph C)

---------- Withdrawal from water-supply well UE-5c (graph C)

Figure 11. Water levels in wells UE-5n (1977-97) and RNM-2s (1974-97) and withd
(1975-91), WW-5b (1983-97), and UE-5c (1983-97), Nevada Test Site.

rawals from wells RNM-2s
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Carbonate Aquifer

A significant trend of increasing water levels dur-
ing 199697 was observed in well SM-23 (fig. 8), com-
pleted in the carbonate aquifer about 4 mi north of well
Army-1. Using continual water-level data, the analysis
showed an increasing trend of about 0.2 ft/yr for well
SM-23 from October 1996 to July 1997 (table 6).

Continual water measurements at observation
well SM-23 do not correlate with pumping from water-
supply well Army-1 (p-values for Spearman and Pear-
son coefficients were not significant). This poor corre-
lation may bedueto (1) irregular daily pumping of well
Army-1, (2) apoor hydraulic connection between the
two wells, and (or), (3) the quantity of pumping from
well Army-1 being too small to affect water levelsin
well SM-23. Well Army-1 contains almost 900 ft of
openinterval, but well SM-23 is open to only 30 ft of
the carbonate aquifer. Pumping from well Army-1 gen-
erally has decreased since about mid-1994 when with-
drawals were reduced by more than 50 percent (fig. 5).
These factorswould likely produce either alagged and
irregular water-level response or no water-level
response in well SM-23.

Statistically significant water-level trends for the
period of record were not observed for wells TW-F,
TW-3, or Army-1 (table 6). The absence of longer-term
trendsfor these wellsmay be dueto the cyclic nature of
water-level fluctuationsthat are apparent on the hydro-
graphs (fig. 7). Water levelsin wells TW-F, TW-3 and
Army-1 generally declined during the 1960's,
increased during the 1970-80's, and again declined
during the 1990's. Similar water-level fluctuationsin
observation wells TW-F and TW-3 are supported by
statistical correlation (p-values for Spearman and Pear-
son coefficients were significant). Water-level fluctua-
tions between these wells and well Army-1, however,
were not statistically significant. The lack of statistical
correlation with well Army-1 may be due to the uncer-
tainty associated with recovering water levelsin this
water-supply well.

Cyclic-type water-level fluctuationsin wells
TW-F and TW-3 may be theresult, in part, of precipi-
tation-induced recharge, ground-water pumping, or
some combination of both causes. Infiltration of pre-
cipitation in higher altitude recharge areas near the
Frenchman Flat area, where fractured carbonate rocks
outcrop, might provide a mechanism for the observed
water-level fluctuationsin these wells. Ground-water
flow through the carbonate aguifer largely iscontrolled

by fractures, which increase the permeability of the
rock unit (Laczniak and others, 1996, p. 27). Results of
aquifer tests at Yucca Mountain show that the perme-
ability of fractured carbonate or volcanic rock typically
isseveral orders-of-magnitude greater than unfractured
rock (Luckey and others, 1996, p. 32). Regiona
ground-water flow through the fractured carbonate
aquifer beneath the Frenchman Flat area (fig. 2) is
thought to originate to the east and southeast in the
Spotted Range, South Ridge, and Spring Mountains
(fig. 1) where carbonate rock crops out.

Comparison of water levelsin wells TW-F and
TW-3 with long-term cycles of precipitation (cumula-
tive monthly departure from mean precipitation) gener-
ally support precipitation-induced recharge as a source
of water-leve fluctuations (fig. 13). Precipitation at
Yucca Flat station (fig. 1) was less than normal
(declined) in the 1960's and early 1990's and greater
than normal (increased) during the 1970-80’s. These
changesin precipitation generally where similar to
long-term changes of water levelsin the carbonate
aquifer. Precipitation recordsat YuccaFlat station were
chosen because of the relatively long period of record
(1958-94). Long-term fluctuations in precipitation at
this station are similar to precipitation measured near
well WW-5b in Frenchman Flat and at Mercury (fig. 3),
and generally coincide with precipitation changes
reported for southern Nevada (Dettinger and Schaefer,
1995, fig. 3).

A statistically significant correlation was
observed between cumulative monthly departure from
mean precipitation and lagged water levelsin well
TW-F; amarginal statistical correlation was observed
for well TW-3 (p-value associated with Spearman’srho
equal to 0.06). Although the statistical analysisresulted
in more than one lagged time where water levels rea-
sonably fit precipitation data, the most significant cor-
relation occurred when water levelswere lagged about
3 years behind precipitation (figs. 13A and 13B). A
lagged water-level response in these wells may repre-
sent thetimeinterval for precipitationto (1) infiltratein
higher-altitude areas some distance from the well, (2)
move as ground water through unsaturated fractured
rock to the water table, and (3) be observed as a con-
fined-system (pressure) response (Davis and DeWiest,
1966, p. 46) at the well. Tritium age-dating of water
emanating from springs in the carbonate rocks of the
Spring Mountains and from tunnel seepage in volcanic
rock beneath Rainier Mesa (fig. 1) suggests that infil-
tration of precipitation-induced recharge in fractured
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Figure 13. Lagged water levels in wells TW-F and TW-3 (1962-97), cumulative departure from mean monthly precipitation
at Yucca Flat station (1958-94), and withdrawal from water-supply wells WW-C1, WW-C, and Army-1 in carbonate-rock
aquifer (1961-97), Nevada Test Site.

40

Analysis of Water Levels in the Frenchman Flat Area, Nevada Test Site



rocks to depths of more than 1,000 ft may occur in a
time interval of less than 6 years (Clebsch, 1961, table
194.1; Winograd and others, 1998, p. 90).

Because of missing withdrawal records for all
NTS water-supply wells, pumping from the carbonate
aquifer (wellsArmy-1, WW-C, and WW-C1) could not
be confirmed in this evaluation as a possibl e source of
water-level fluctuationsin observation wellsTW-F and
TW-3. Some evidence exists that pumping may influ-
ence water levels in these wells: pumping wasrela
tively highinthelate 1960’s, low in thelate 1980’s, and
was again high in the early 1990's, which generally
coincides with water-level fluctuationsin these wells
(fig. 13C). Statistical correlations using available
pumping data were significant for well TW-F, but non-
significant for well TW-3 (p-value associated with
Spearman correl ation coefficient equal to 0.82).

Quartzite Confining Unit

A significant trend of decreasing water levelsfor
1958-97 wasdetermined for observationwell Army-6a
(fig. 7). Water levelsin thiswell declined at arate of
about 0.1 ft/yr for atotal water-level change from 1958
to 1997 of 3.6 ft. The cause of the decline in water lev-
elsin thiswell is not clear. Water-level fluctuations do
not appear to correlate with pumping from water-sup-
ply well Army-1 (p-values associated with Spearman
and Pearson correlation coefficients were not signifi-
cant). For example, water levelsin well Army-6ado
not respond to a decrease in withdrawal from well
Army-1in 1994 from more than 10 million gallons per
month to about 1 million gallons per month (fig. 5).
The water-level response in well Army-6ato pumping
from well Army-1, which is about 1.5 mi to the north-
west (fig. 2), may be subdued, delayed, and (or) diffi-
cult to detect if alimited hydraulic connection exists
between thetwo wells. A limited hydraulic connection
may occur because the wells are open to different
hydrogeologic units. Well Army-6ais completedin the
quartzite confining unit that regionally underlies the
carbonate aquifer. Also, the interstitial permeability of
the quartzite confining unit typically islow (Winograd
and Thordarson, 1975, p. C42). Well Army-6a pro-
duces only afew gallons per minute when pumped
(Thordarson and others, 1967, table 1), indicating that
the permeability of the quartzite confining unit in this
area probably is low.

SUMMARY

Water-level measurements from 1954 to 1998
were compiled and quality assured for 21 wellsin the
Frenchman Flat area. Water-level data were evaluated
to (1) provide water-level adjustments for potential
causes of water-level fluctuations, (2) determineif sta-
tistically and hydrologically significant water-level
trends exi<t, and (3) determine, if possible, the causes
of water-level trends or cyclic-type water-level fluctu-
ations. Potential causes of water-level fluctuationsin
the Frenchman Flat area of the Nevada Test Site
include changesin atmospheric conditions (precipita-
tion and barometric pressure), Earth tides, seismic
activity, underground nuclear testing, and ground-
water withdrawals.

Adjustments of periodic and continual water-
level measurements for the effects of barometric pres-
sure, water density (from water-temperature measure-
ments), borehole deviation, and land-surface atitude
were determined for wells with available data. Contin-
ual water-level measurements for wells SM-23 and
WW-5a were adjusted for the effects of barometric
pressureand resulted in hydrographsthat contain lower
amplitude water-level fluctuations. Relatively high
water temperature and associated low density signifi-
cantly affect water levels only in well TW-F. The
water-level adjustment for well TW-F (adjusted to the
average water-sample temperature from wells com-
pleted in the carbonate aquifer) was about 17 ft. Water-
level adjustment for the effects of borehole deviation
ranged from lessthan 0.1 ft to more than 4 ft. Based on
adifferential global positioning system (GPS) survey
of land-surfacealtitudes (L SA) at wellsincluded inthis
study, the difference between previously recorded L SA
and GPS derived L SA ranged from 0.10 ft to slightly
more than 3 ft.

Water levelsin five wells had statistically and
hydrologically significant linear trends. Statistically
significant trends were observed for three wells
(WW-5a, UE-5n, and PW-3) completed in the alluvial
aquifer, for one well (SM-23) completed in the carbon-
ate aquifer, and for one well (Army-6a) completed in
the quartzite confining unit .

Water levelsin observation well WW-5adeclined
at arate of about 0.4 ft/yr during 1959-95 and
increased at arate of about 0.7 ft/yr during 1996-98.
Water-level fluctuationsin well WW-5a appear to be
the result of pumping from nearby water-supply well
WW-5c¢ (located about 1 mi from well WW-53).
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Water levelsin observation well UE-5n declined
at arate of about 0.3 ft/yr from 1991 to 1997. Water-
level and water-chemistry data suggest that water dis-
charged from test well RNM-2s has locally recharged
the aluvial aquifer near well UE-5n. Declining water
levelsinwell UE-5nfrom 1991 to 1997, therefore, may
represent the effect of dissipating recharge of water
previously discharged from well RNM-2s.

Water levelsin observation well PW-3 increased
(rising water levelsin the well) at arate of about 0.2
ft/yr for 1993-96. The cause of rising water levelsin
well PW-3 isnot clear. Water-level fluctuationsin this
well do not appear to correlate with pumping from
nearby water-supply wells (wells WW-5b and UE-5c).
Additionally, data on soil-water chemistry suggest that
precipitation-induced recharge has not occurred at well
PW-3 in the recent past.

Water levelsin observation well SM-23, com-
pleted in the carbonate aquifer, increased at arate of
about 0.2 ft/yr from October 1996 to July 1997. A sig-
nificant correlation could not be established for this
period between water-level fluctuations at well SM-23
and pumping from water-supply well Army-1, located
about 4 mi south of well SM-23.

Water levelsin observation wells TW-F and
TW-3 completed in the carbonate aquifer indicate the
occurrence of cyclic-type water-level fluctuations—
long-term periods (more than 5 years) when water |ev-
els decreased or increased. Visual and statistical corre-
lation of water-level and precipitation data generally
were supportive of precipitation-induced recharge as
apossible source of long-term (1962-97), cyclic-type
water-level fluctuationsin wells TW-F and TW-3. Sta-
tistically significant and marginal correlations were
observed between a 3-year lag in water levelsin wells
TW-F and TW-3, respectively, and cumulative depar-
ture from mean monthly precipitation.

A significant trend of decreasing water levels for
1958-97 was determined for observation well Army-
6a. Water levelsin thiswell declined at a rate of about
0.10 ft/yr. The cause of the steady declinein water lev-
elsinwell Army-6ais not clear. Water levelsin well
Army-6a do not correlate with pumping from water-
supply well Army-1, whichisabout 1.5 mi to the north-
west. The poor correlation may be dueto alimited
hydraulic connection between the two wells, which
may subdue or delay the water-level response in well
Army-6ato pumping from well Army-1.
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