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Earthquake-Induced Water-Level Fluctuations at
Yucca Mountain, Nevada, June 1992

ByGrady M. O'Brien

Abstract INTRODUCTION

The YuccaMountain area in southern Nevada is
This report presents earthquake-induced being studied by the U.S. Department of Energy as a

water-level and fluid-pressure data for wells in the potential site for an underground high-level nuclear-
Yucca Mountain area, Nevada, during June 1992. waste repository (U.S. Department. of Energy, 1988).
Three earthquakes occurred which caused signifi- As part of this study, the U.S. Geological Survey mon-
cant water-level and fluid-pressure responses in itors water levels in 29 wells to define the potentiomet-
wells. Wells USW H-5 and USW H-6 are contin- ricsurface, determine long-term and seasonal water-

uously monitored to detect short-term responses level changes, and estimate hydraulic properties using
caused by earthquakes. Two wells, monitored short-term water-level fluctuations. Frequency of
hourly, had significant, longer-term responses in monitoring ranges from quarterly to continuous with

most measurements being done either monthly or
water level following the earthquakes.. On hourly. Monthly measurements are sufficient to detect
June 28, 1992, a 7.5-magnitude earthquake long-term and seasonal changes, whereas hourly mea-
occurred near Landers, California causing an esti- surements are required to detect changes induced by
mated maximum water-level change of 90 centi- barometric-pressure fluctuations and earth tides. Gen-
meters in well USW H-5. Three hours later a erally, only continuous measurements are capable of
6.6-magnitude earthquake occurred near Big Bear detecting short-term, seismically-induced water-level
Lake, California; the maximum water-level fluctu- fluctuations. Data collected from wells showing signif-
ation was 20 centimeters in well USW H-5. A icant fluctuations caused by earthquakes in June 1992,

are presented in this report.
5.6-magnitude earthquake occurred at Little Skull During late June 1992,earthquakes in California
Mountain, Nevada, on June 29, approximately and Nevada (fig. 1) caused water levels to fluctuate
23 kilometers from Yucca Mountain. The maxi- throughout the Yucca Mountain area. Continuous
mum estimated short-term water-level fluctuation water-level measurements made in wells USW H-5 and
from the Little Skull Mountain earthquake was USW H-6 recorded the fluctuations caused by the
40 centimeters in well USW H-5. The water level earthquakes. Hourly water-level measurements in sev-

in well UE-25p #1, monitoced hourly, decreased eral wells at Yucca Mounwin detected changes caused
approximately 50 centimeters over 3 days follow- by the earthquakes. The Landers earthquake (fig. 1)
ing the Little Skull Mountain earthquake. The occurred approximately three minutes before thehourly measurements were taken, at which time the
water level in UE-25p #1 returned to pre-earth- water level was fluctuating rapidly due to the passing
quake levels in approximately 6 months. The seismic waves. Hourly measurements represent an
water level in the lower interval of well USW H-3 instantaneous sample of the water level during fluctua-
increased 28 centimeters following the Little Skull tions that lasted for over one hour. The Little Skull
Mountain earthquake. The Landers and Little Mountain earthquake occurred approximately 23 km
Skull Mountain earthquakes caused responses in from Yucca Mountain. Water level and fluid pressure
17 intervals of 14 hourly monitored wells, how- in continuously monitored wells rose sharply and then
ever, most responses were small and of short dura- receded, over a period of several hours, to pre-earth-

quake levels. Small amplitude, short-term water-level
tion. For several days following the major rises in hourly monitored wells were detected. The
earthquakes, many smaller magnitude aftershocks water-level rise in hourly monitored wells was on the
occurred causing measurable responses in the con'- order of centimeters and indistinguishable after two
tinuously momLored wells, hours.

Abstract 1
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Hydroseisms, or water-level fluctuations in Flat Tuff (Robison and others, 1988). The major water.-
response to earthquakes, are relatively common phe- producing zones in the weil, as determined by bore-
nomena observed in wells penetrating confined aqui- hole-flow surveys, occur in the upper interval at the
fers (Todd, 1980, p. 250-252). For example, the contact between the Tram Member and the lower lava
Anchorage, Alaska, earthquake of 1964, magnitude (8 percent of total flow) and in the Bullfrog Member
9.2, the largest North American earthquake thus far in (90 percent of total flow). Because water yield is not
the 20th century, caused water-level fluctuations uniformly dislributed through the stratigraphic units,
throughout the world; the largest recorded peak-to- fractures are believed to be the primary source of water
trough range was about 7.0 m (meters) in a well in (Robison and Craig, 1988).

South Dakota (Vorhis, 1967, p. 32). Hydroseisms are Well USW I-I-6 (lat 36°50'49"N., long
more commonly in the centimeters-to-meter range and 116°28'55"W.) is located to the west of Yucca Moun-
typically are observed for minutes to tens of minutes, tain (fig. 1). The well was drilled to a depth of 1,220 m,
Hydroseisms roughly resemble damped oscillation and cased to a depth of 581 m, with perforations from
curves but are somewhat more complicated because 530-572 m. The well penetrates Tertiary volcanic
several different types of seismic waves participate in rocks that are predominately ash-flow tufts, with an
the phenomena. Relatively small dilatational (P) and unnamed lava from 877 to 1126 m (Craig and Reed,
shear (S) body waves are followed by long-p_riod sur- 1989). The well contains two intervals separated by a
face waves. Earthquakes several hundred kilometers packer located at a depth of 752 m. Approximate
away generating long-period surface waves can pro- depth-to-water, in both intervals, is 526 m, and the
duce water-level fluctuations somewhat larger than water-level altitude in this well is approximately 776 m
aquifer-pressure changes. During local seismic events, above sea level. The upper interval is a free-water sur-
short-period body waves probably predominate and face and is used to monitor the composite water level in
produce water-level fluctuations that are smaller than the Prow Pass, Bullfrog, and Tram Members of the
aquifer-pressure changes. Rayleigh surface waves, Crater Flat Tuff. The lower interval of the well is used

from earthquakes with depths less than 15 km to monitor the fluid pressure in the Tram Member and
(kilometers), produce the largest water-level fluctua- a lower unnamed lava flow of the Crater Flat Tuff and

tions in wells several hundred kilometers from the Lithic Ridge Tuff. Two major water-producing zones
earthquake epicenter (Eaton and Takasaki, 1959, exist in the weil, as determined by borehole-flow sur-
p. 227-229). veys (Craig and others, 1983). In the upper interval, a

The author would like to thank Darrell Baldwin, 15-m section produced approximately 60 percent of the
Terry Campbell, and Rafael Valentin, of Foothills total flow. In the lower interval, an 11-m section pro-
Engineering Consultants, Inc., for their assistance in duced approximately 32 percent of the total flow. The
collecting the data. Conversion of hourly data to water two major water-producing zones are believed to be
levels was done by Douglas Burkhardt. Earthquake due to fractures (Craig and Reed, 1989).

information was obtained from the U.S. Geological Well UE-25p #1 (lat 36°49'38"N., long
Survey National Earthquake Information Center in 116°25'21"W.) is located on the east side of Yucca
Golden, Colorado. Mountain (fig. 1). The well was drilled to a depth of

DESCRIPTION OF WELLS 1,805 m, and casedto a depth of 1,297 m. The well
penetrates various Tertiary volcanic units and Paleo-

Well USW H-5 (lat 36°51'22"N., long zoic carbonate rocks (Craig and Robison, 1984).
116°27'55"W.) is located on the crest of Yucca Moun- Approximate depth-to-water is 362 m, and the water-
tain (fig. 1). The well was drilled to a depth of 1,219 m, level altitude is approximately 752 m above sea level.
and cased to a depth of 788 m, with perforations from The well is constructed so that the hydraulic head in the
707-782 m. The well penetrates various volcanic units Silurian and Devonian Lone Mountain Dolomite and
of Tertiary age (Robison and Craig, 1988). The well Roberts Mountains Formation are measured (Craig and
contains two intervals separated by a packer located at Johnson, 1984). The major water-producing zones in
a depth of 1,091 m. Approximate depth-to-water, in the Paleozoic section occur in the Lone Mountain
both intervals, is 703 m, and the water-level altitude in Dolomite; a 190-m interval produced 30 percent of the
this well is approximately 775 m above sea level. The total flow, and an interval less than 10-m thick pro-
upper interval is a free-water surface and is used to duced more than 50 percent of the total flow (Craig and
monitor the water level in the Bullfrog and Tram Mem- Robison, 1984).
bers of the Crater Flat Tuff and a lower lava flow. The Well USW H-3 (lat 36°49'42"N., long
lower interval of the well is used to monitor the fluid 116°28'00"W.) is located on the crest of Yucca Moun-
pressure in an unnamed lava flow beneath the Crater rain (fig. 1). The well was drilled to a depth of 1,219 m,

DESCRIPTION OF WELLS 3



and cased to a depth of 792 m, with perforations from To detect seismically induced water-level fluctu-
a depth of 754 to 792 m. The well penetrates various ations, continuous monitoring of wells is required.
volcanic units of Tertiary age (Thordarson and others, Wells USW H-5 and USW H-6 have been equipped to
1984). The well contains two intervals separated by a monitor seismic events since March 17, and
packer located at a depth of 1,057 m. In the upper inter- April 30, 1992. The data-collection system in the
val the approximate depth-to-water is 751 m, and the upper and lower intervals of each well consists of
water-level altitude is approximately 732 m above sea gauge pressure transducers with 5 pounds per square
level. In the lower interval the approximate depth-to- inch pressure ranges. The pressure transducers are
water is 728 m, and the water-level altitude is approxi- continuously powered, and the output is recorded on an
mately 755 m. The packer separating the well into two analog chart recorder. The chart recorder prints the
intervals was placed in its present position in transducer output and grid simultaneously so that no
December 1990. The water level in the lower interval signal distortion or chart drift occurs. Chart speed is

has been rising towards a static hydraulic head since 1 millimeter per minute, and the full-scale range for
that time. The upper interval is used to monitor the each interval is approximately 0.52 m.
Tram Member of the Crater Flat Tuff. The lower inter-

val is used to monitor the lower part of the Tram Mem-
ber, a bedded tuff, and the Lithic Ridge Tuff. Two Instrumentation _f Wells UE-25p #1 and
major water-producing zones exist in the weil, as deter- USW H-3
mined by a borehole-flow survey (Thordarson and oth-

ers, 1984). In the upper interval of the weil, at a depth Water levels in wells UE-25p #1 and USW H-3
of 809 to 841 m, the upper part of the Tram Member are monitored hourly. Data collection platforms are
received 63 percent of the flow. In the lower interval of used to sample pressure transducers and transmit the
the weil, at a depth of 1060 to 1120 na, the lower part of data via satellite to computers every 4 hours, resulting
the Tram Member and the Lithic Ridge Tuff received in near real-time data. The wells are equipped with
30 percent of the flow. Non-uniform distribution of gauge pressure transducers with 2.5 psi (UE-25p #1)
water yield in the stratigraphic units indicates fractures and 5 psi (USW H-3) pressure ranges. UE-25p #1 is
could be the primary source of water, constructed so that only the hydraulic head in the lower

carbonate rocks is monitored; the water level is open to
the atmosphere. The packer configuration in

' Instrumentation of Wells USW H-5 and USW H-3 allows water-level fluctuations to be mea-

USW H-6 sured in two intervals. Instrumentation is designed to
detect water-level fluctuations caused by barometric-
pressure changes and earth tides. Only significant and

Wells USW H-5 and USW H-6 are instrumented persistent water-levels changes caused by earthquakes
in the same manner for continuous water-level moni- can be detected in these wells.

toring. The water levels in the upper intervals are open
to the atmosphere and fluctuate in perforated casing EARTHQUAKE-INDUCED WATER-LEVEL
and open borehole. The lower interval is separated FLUCTUATIONS
from the upper interval by an inflatable packer attached
to a 62-mm inside diameter access tube. Inside the Two major earthquakes in southern California
lower interval access tube is an air-inflatable small- and one earthquake near Yucca Mountain during late
diameter packer which allows fluid pressure (rather June 1992, produced measurable water-level and fluid-
than free-water surface) to be measured. The packer pressure fluctuations in wells USW H-5 and USW H-6.
configuration in the lower interval eliminates well stor- Sections of the analog chart that recorded the effects of
age as well as viscosity and inertia effects that retard the earthquakes are shown in figures 2-5. Earthquake
the movement of water as it flows to and from the weil. information and hydrologic responses to the earth-
The result is increased sensitivity in detecting pressure quakes are summarized in table 1. The major earth-
changes in the aquifer. Fluid-pressure measurements in quakes caused fluctuations that exceeded the range of
the lower interval detect rapidly changing aquifer pres- the recording equipment. Maximum double amplitude
sure induced by short-period earthquake waves. Due to values have been estimated to piace an approximate
the time required for water to move into and out of the limit on the fluctuations. Estimates were determined
well a free-water surface can not respond efficiently to by graphically reconstructing the response past the
short-period seismic waves (Leggette and Taylor, limits of the analog chart. The accuracy of the esti-
1935). mates is approximately +50 percent. Earthquakes at

4 Earthquake-InducedWater-LevelFluctuationsatYuccaMountain,Nevada,June1992
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Figure 4. Well USW H-5 responseto earthquakeat LittleSkull Mountain,Nevada, occurringat 10:14:22UTC,
onJune29, 1992.

similar distances from the well produce similar fluctu- cult to distinguish in figures 2-3, due to the relatively
ations. The double amplitude refers to the full range of short distance to the earthquake epicenter and the com-
fluctuation--maximum decrease to maximum increase pressed time scale. The peak water-level double ampli-
in water level or fluid pressure, tude in the upper interval of USW H-5 was off scale

The continuous water-level and fluid-pressure and estimated to be 90 cm. The fluctuations damped to
responses to an earthquake near Landers, California 1cm in about 90 minutes. The peak fluid-pressure dou-
(fig. 1), at 11:57:34 Universal Time (UTC), ble amplitude in the lower interval was off scale and
June 28° 1992 (UTC minus 8 hours equals Pacific Stan- estimated to be 1.5 m. The fluctuations damped to 1cm
dard Time) are shown in figures 2-3. The 7.5-magni- in about 100 minutes. The peak water-level double
tude earthquake occurred at lat 34*10'55" N., long amplitude in the upper interval of USW H-6 was offscale and estimated to be 60 cm. The fluctuations
116"28'12" W. One person was killed, 400 people wt,.
reportedly injured, and significant damage occurred in damped to 1 cm in about 19 minutes. The peak fluid-
the Landers area as a result of the earthquake. Surface /essure double amplitude in the lower interval was off
faulting occurred along a series of faults that extended scale and estimated to be 2.2 m. The fluctuations
north and northwest from Landers for over 70 km, ver- damped to 1 cm in about 90 minutes. Several after-

shocks caused smaller amplitude responses intical scarps of 1.5 m were seen, and 4-5 m offsets were
common on the northern part of the fault (Mori and oth- USW H-5 and USW H-6, which can be seen in figures
ers, 1992). The earthquake was reportedly felt in 2-5.
much of southern California, southern Nevada, south- An apparent offset of the water level in the lower
ern Utah, and western Arizona. The earthquake interval of USW H-6 after the Landers earthquake is
occurred on a right-lateral strike-slip fault (Moil and due to the small-diameter packer moving upward as a
others, 1992), at a distance of approximately 293 km result of the high pressure caused by the seismic waves.
from Yucca Mountain. Water-level fluctuations caused Moving the transducer upward in the water column
by the arrival of P-waves and Rayleigh waves are diffi- resulted in a decrease of pressure and thus, an apparent

EARTHQUAKE-INDUCEDWATER-LEVELFLUCTUATIONS 7
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Figure 5. Well USW H-6 response to earthquake at Little Skull Mountain, Nevada, occurring at 10:14:22 UTC,
on June 29, 1992.

Table 1. Summary of earthquake informalion and hydrologic responses to earthquakes

Water-level Fluid-pressure
Earthquakelocation Earthquake Distanceto earthquake Wellname response1 response_

magnitude fromwell (kilometers) (meters) (meters)

Landers, CA 7.5 296 USW H-5 0.9 (E) 1.5 (E)

Landers, CA 7.5 295 USW H-6 0.6 (E) 2.2 (E)

Big Bear Lake, CA 6.6 299 USW H-5 0.2 !.0 (E)

Big Bear Lake, CA 6.6 298 USW ]-i-6 [).06 1.4 (E)

Little Skull Mountain, NV 5.6 25.5 USW H-5 ().4 (E) 0.6 (E)

Little Skull Mountain, NV 5.6 25.9 USW H-6 [).22 1.1 (E)

(E)=estimatedvalue

tResponsesareobservedor estimateddouble-an_plitudefluctuations(maximumincreaseto maximumdecrease).

decrease in water level. A water-level measurement occurred to the transducer as a result of the seismic

one day later confirmed that no persistent change in waves.

water level occurred. After repositioning the trans- Seismic waves produced l_ ger amplitude water-
ducer and packer at the original position, the transducer level fluctuations in the upper interval of USW H-5
output returned to its normal level. Calibrations before than in the upper interval of USW H-6. The upper
and after the earthquake indicated that no damage interval of USW H-5 produces a larger percentage of

8 Earthquake-InducedWater-LevelFluctuationsat YuccaMountain,Nevada,June1992



total borehole flow than the upper interval of A major earthquake near Big Bear Lake, Califor-
USW H-6, probably because the upper intcrwll of nta (fig. 1), occurred at 15:05:30 UTC, June 28, 1992,
USW H-5 contains more fractures than the upper inter- 3 hours after the Landers mainshock. The 6.6-magni-
val of USW H-6. Tile upper interval of USW H-5 is, tude earthquake occurred at lat 34 °10'12" N., long
therefore, more responsive to seismic waves than the 116°47'13" W. The earthquake occurred on a northeast
upper interval of USW H-6. The lower interval of well trending left-lateral strike-slip fault (Mort and others,
USW H-6 had greater sensitivity to seismic waves than 1992), at a distance of approximately 296 km fi'om
the lower interval of well USW H-5. The major differ- Yucca Mountain. Damage to structures and landslides
ence between the intervals is that no significant flow were reported in the Big Bear Lake area. The earth-
occurs in the lower interval of USW H-5, whereas, the quake was felt in large parts of southern Calitbrnia,
lower interval ofUSW H-6 contains a major producing southern Nevada, and western Arizona. The water-
flow zone. Orientation of fractures relative to the direc- level and fluid-pressure response to the Big Bear Lake
tion of seismic wave propagation could also affect the earthquake is shown in figures 2-3. The peak water-
sensitivity and amplitude of the well response. Frac- level double amplitude in the upper interval of
lures oriented perpendicular to seismic waves could USW H-5 was 20 cm. The fluctuations damped to 1cm
potentially have dilation and compression of the aper- in about 12 minutes. The peak fluid-pressure double
lure resulting in increased fluid flow to and from the amplitude in the lower interval was off scale and esti-
well which could cause large-amplitude water-level mated to be 1 m. The fluctuations damped to 1 cm in
fluctuations. The amount of dilation or compression of about 21 minutes. The peak water-level double ampli-
fractures oriented parallel to seismic waves would be rude in the upper interval of USW H-6 was 6 cre. The
smaller, resulting in less fluid flow to the well and fluctuations damped to 1 cm in about 5 minutes. The
smaller amplitude water-level fluctuations, peak fluid-pressure double amplitude in the lower

Hourly monitored wells were sampling 3 rain- interval was off scale and estimated to be 1.4 m. The
utes after the Landers earthquake, during a time when fluctuations damped to 1 cm in about 24 minutes.
the seismic waves were causing rapid, short-term Hourly monitored wells did not detect any water-level
changes in the water levels. UE-25p #1 and USW H-3, changes as a result of the Big Bear Lake earthquake.
lower interval, were the only hourly monitored wells to A 5.6-magnitude earthquake occurred at Little
detect a water-level change 1hourafter the earthquake. Skull Mountain, Nevada, at 10:14:22 UTC,
The long-term effect of the Landers earthquake on the June 29, 1992. The earthquake, located at
water level in UE-25p #1 is difficult to determine lat 36040'59"N., long 116°16'34"W., was approxi-
because of the strong earth-tide influence on the water mately 23 km from Yucca Mountain. lt is the largest
level (fig. 6). USW H-3 had a decrease in water level recorded earthquake within the boundary of the
of approximately 14 cm 1 hour after the earthquake Nevada Test Site. The tectonic region, at the western
(fig. 7). edge of the Basin and Range, in general, has a mixture
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Figure 6. Well UE-25p#1water-levelresponseto LandersandLittleSkullMountainearthquakes.
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Figure 7. Recoveryof mean-dailywaterlevelin wellUE-25p#1 followingLandersandLittleSkullMountainearthquakes.

of north-trending normal faults, as well as northwest interval of USW H-6 was 22 cm, and the water level
and northeast-trending strike-slip faults. The earth- returned to pre-earthquake level in about 286 minutes.
quake occurred on a northeast-trending normal fault Peak fluid-pressure double amplitude in the lower
dipping to the southeast (Professor James Brune, interval was off scale and estimated to be 1.1 m; fluid
University of Nevada, Reno, Seismological Labora- pressure returned to pre-earthquake conditions in about
tory, written commun., 1992). No surface rupture 447 minutes.

occurred and no mapped surface faults have been cor- Only two hourly monitored wells showed signif-
related to the earthquake. Several aftershocks with icant water-level changes following the Little Skull
both normal faulting and strike slip faulting occurred in Mountain earthquake. The water level in UE-25p #1
the area, suggesting a comolex stress-release pattern decreased for about 3 days following the earthquake
(Professor James Brune, written commun., 1992). (fig. 6). The total change of approximately 50 cm was

The continuous w_',ter-level and fluid-pressure confirmed by water-level measurement on July 7, 1992.
responses to the Lit__eSkull Mountain earthquake are UE-25p #1 is the only well at Yucca Mountain that
she wn in figures 4-5. The responses are unique when monitors the water level in the deep carbonate aquifer,
compared to other earthquake-induced fluctuations therefore, it is not possible to correlate the water-level
recorded at wells USW H-5 and USW H-6. Changes in change with other wells. However, the water level in
the regional strain field mav have occurred in the area Devil's Hole, a ground-water filled fault in the carbon-
close to _.heearthquake epicenter (Joan Gomberg, ate aquifer, about 47 km to the southeast, decreased less
U.S. Geological Survey, oral commun., 1992). The than 25 cm following the period of earthquake activity
change in the strain field may have compressed the on June 28-29, 1992 (Timothy Coonan, National Park
aquifer which could cause the water levels to tempo- Service, written commun., 1992). The Landers earth-
rarily rise. Water-level and fluid-pressure responses at quake occurred less than 23 hours before the Little
Yucca Mountain may be due to both seismic waves and Skull Mountain earthquake, making it difficult to deter-
the change in the regional strain lieid, mine which earthquake had the greatest effect on the

Peak water-level double amplitude in the upper water level in UE-25p #1. The hydraulic head in
interval of USW H-5 was off scale and estimated to be UE-25p #1 returned to its pre-earthquake level (fig. 7)

in approximately 6 months.
40 cre. Peak fluid-pressure double amplitude in the
I,._werinterval was off scale and estimated to be 64 cm. The water level in the lower interval of

Water and fluid pressure had returned to within 2 cm of USW H-3 increased a total of 28 cm from the hour
pre-earthquake conditions 440 minutes after the earth- before to the hour after the Little Skull Mountain earth-
quake. Peak water-level double amplitude in the upper quake (fig. 8). The total change can probably be attrib-

10 Earthquake-Induced Water-Lev6; P_uctuations at Yucca Mountain, Nevada, June 1992
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