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CONVERSION FACTORS AND ABBREVIATIONS

Factors for converting the inch-pound system to the International System
(SI) of units are listed below. All units reported in this publication are
those actually measured on instruments by the author or by other investigators
or agencies. Both inch-pound units and SI units have been used because small
errors arise from rounding before computation and because of the massive
amount of data involved that will soon be computerized for use in any units
desired.

Multiply By To obtain
acre 0.40470 ha (hectare)
ft (foot) 30.48 cm (centimeter)
gal/min (gallon per minute) 0.06309 L/s (liter per second)
in (inch) 25.4 mm (millimeter)
mi (mile) 1.609 km (kilometer)

Use the following to convert degrees Fahrenheit to degrees Celsius:
Temp °C = (temp °F-32)/1.8

Abbreviations used in text:

Pacific daylight time (P.d.t.) + 7 = Universal time coordinated (u.t.c.)
Pacific standard time (P.s.t.) + 8 hours = Universal time coordinated (u.t.c.)
Greenwich mean time (G.m.t.) = Universal time coordinated (u.t.c.)

National Geodetic Vertical Datum of 1929 is a geodetic datum derived from
the average sea level over a period of many years at 26 tide stations along
the Atlantic, Gulf of Mexico, and Pacific Coasts and as such does not
necessarily represent local mean sea level at any particular place. To
establish a more precise nomenclature, the term "NGVD of 1929" is used in
place of "Sea Level Datum of 1929" or '"mean sea level."
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GROUND-WATER-LEVEL MONITORING FOR EARTHQUAKE PREDICTION--

A PROGRESS REPORT BASED ON DATA COLLECTED IN SOUTHERN CALIFORNIA, 1976-79

By W. R. Moyle, Jr.

ABSTRACT

The U.S. Geological Survey is conducting a research program to determine
if ground-water-level measurements can be used for earthquake prediction.
Earlier studies suggest that water levels in wells may be responsive to small
strains on the order of 10 & to 10 1© (dimensionless).

Water-level data being collected in the area of the southern California
uplift show response to earthquakes and other natural and manmade effects.
When computer analysis is completed, the data may indicate the presence of
precursory earthquake information.

INTRODUCTION

Background

Changes in water levels in artesian wells have been suggested as pos-
sible precursors to earthquakes. Studies by Bredehoeft (1967) showed that
an aquifer-well system is responsive to Earth tides and should be responsive
to small strains on the order of 10 & to 10 1©, 1In 1976 the U.S. Geological
Survey began collecting hydrologic data from nine water wells in southern
California in a research program designed to identify water-level changes
that may reflect strain in the Earth's crust in the area of the southern
California uplift. The knowledge gained has been thought to have potential
value in predicting earthquakes.

Purpose and Scope

The purpose of this study is to collect ground-water-level data and other
pertinent hydrologic data in the area of the southern California uplift and to
provide these data to scientists of the U.S. Geological Survey's earthquake
prediction program for coding and computer analysis. Data collected between
September 1976 and January 1979 are presented in this progress report, along
with some of the preliminary findings. Correlations between water-level data
and known seismic activity, as well as some factors that control optimum well
location, are discussed.



Water levels in wells may be influenced by Earth tides, atmospheric
pressure change, other wells pumping, precipitation, underground nuclear
tests, heavy vehicles passing, and earthquakes. To observe and evaluate all
these effects, data are being continuously collected by using analog water-
level recorders, recording microbarographs, and, in one place, a recorder to
monitor changes in the ground-water temperature at the bottom of a well in the
San Andreas fault zone. In addition, pumpage, seismic, and weather records
are being evaluated.

The study began in September 1976 with the installation of five water-
level recorders and one microbarograph along a 19-mile segment of the San
Andreas fault near Palmdale, Calif. (fig. 1). This area was selected because
it generally parallels the axis of the southern California uplift (fig. 2), an
active tectonic swell in land surface discovered by Castle, Church, and Elliot
(1976). Further evaluation of leveling data by Castle (Science News, 1977)
indicated that the area of the southern California uplift was much larger than
originally mapped. Comparison of figures 2 and 3 shows this difference. A
review of data for the locations of earthquake epicenters in southern Cali-
fornia (fig. 1) indicated that little seismic activity was occurring in that
part of the San Andreas fault zone where the five water-level recorders were
located. The water-level monitoring program was therefore expanded to in-
clude, by March 1978, areas with a higher frequency of seismic activity.
Recorders have been placed on wells near the towns of Imperial, Twentynine
Palms, Sunfair, Newhall, and at Koehn Lake. One additional recorder was
installed on well 2S/1E-25J1 on the Morongo Indian Reservation in January
1979.

The data collected for this study are presently being prepared for com-
puter analysis by Dr. Philip Westlake at Environmental Dynamics, Inc., in Los
Angeles, Calif., under a grant from the Geological Survey. Computer programs
are being developed in an attempt to separate natural and manmade effects from
possible earthquake precursory data contained in the water-level records. The
original records are stored at the Geological Survey office in Laguna Niguel,
Calif. Microfilm copies of these records have been provided to the U.S.
Geological Survey Office of Earthquake Studies, Menlo Park, Calif., and to
Environmental Dynamics, Inc.
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Well-Numbering System

Wells are numbered according to their 1location in the rectangular
system for the subdivision of public 1land. For example, in the well
number 7S/3W-34B1, the part of the number preceding the slash indicates
the township (T. 7 S.), the part between the slash and the hyphen indicates
the range (R. 3 W.), the number between the hyphen and the letter indicates
the section (sec. 34), and the letter indicates the 40-acre subdivision of
the section according to the lettered diagram below. Within the 40-acre tract
wells are numbered serially, as indicated by the final digit. An S is placed
at the end of the well number to indicate the San Bernardino base line and
meridian. Thus, well 7S5/3W-34B1S is the first well to be listed in the
NWLNEY% sec. 34, T. 7 S., R. 3 W., San Bernardino base line and meridian.
Well 30S/37E-13CIM is the only well in this report that is numbered from
the Mount Diablo base line and meridian.
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WATER-LEVEL DATA

Current Observations

Water-level measurements for this study began when the first recorder was
installed in September 1976. Figure 1 shows the location of recording sta-
tions used for this study. Figures 4-13 show the depth to water in each well,
the length of time each recorder has been in operation, and the magnitude of
daily water-level fluctuations. The figures also show the daily barometric
pressure change and amount of precipitation near each well. Figure 12 shows
the daily change in water temperature at the bottom of well 6N/13W-8Ql
compared with the daily maximum and minimum air temperatures.

The hydrographs in figures 4-13 were constructed from the daily high and
low water-level measurements taken from continuous water-level charts. The
hydrograph for well 30S/37E-13Cl (fig. 4) shows a rising water level beginning
in May 1978 due to ground-water recharge from heavy precipitation in February
and March 1978. The hydrograph for well 3N/8E-29C1 (fig. 6) shows a small
amount of decline caused by a well pumping 2,300 ft from the recording well.
Daily pumpage from this nearby well (3N/8E-29L1) is included on the same graph
(fig. 6). The hydrograph for well 4N/15W-22H1 (fig. 7) shows the effects of
nearby pumping. This well, in an area of high seismic activity, was destroyed
by a flash flood caused by heavy rains in January and February 1978. The
salvaged recorder was placed on well 4N/16W-27H1 (fig. 8) and shows recovery
of the water level during March and April 1978 due to recharge from flooding
on the nearby Santa Clara River. From April through September 1978 the water
level declined because of local pumping in the area. Wells 5N/11W-7G2
(fig. 9) and 6N/13W-8Q1 (fig. 12) were both drilled in the San Andreas fault
zone, and both show annual fluctuations of water levels caused by recharge
from precipitation. Except in well 6N/13W-8Ql, the 1978 water-level fluc-
tuations caused by recharge are greater than those in 1977 because of the
greater-than-normal precipitation in 1978. The hydrograph for well
5N/11W-24G1 (fig. 10) shows that the well has a relatively stable water level
that has fluctuated less than 1 ft in more than 2 years. Well 15S/14E-18Cl
(fig. 13) also has a stable water level. The casing in well 5N/12W-2K5
(fig. 11) collapsed and the well went dry; it therefore was dropped from the
monitoring program.

This report includes data on each recorder well and on other wells that
may affect the recorder well because of pumping. Tables 1-3 contain these
hydrologic and seismic data. Table 1 describes wells that are presently being
monitored by recording equipment and some wells that were formerly monitored.
The table also includes some pumping wells that may affect the monitored
wells. Table 2 contains chemical analyses of water from several wells, and
table 3 presents drillers' logs for wells.



Relation of Current Water-Level Changes to Earthquakes or Unknown
Phenomena

Several of the water-level recorder charts show fluctuations at the time
of earthquakes. Most of the charts that have recorded earthquakes do not show
any apparent precursory data. Computer processing of the data may show
results that are not readily apparent.

Four charts show spiked fluctuations. A spiked fluctuation is a sharp
fluctuation indicated by movement of the pen up and down over the same trace
through one or more cycles in a short interval of time. Two of these spiked
fluctuations can be correlated with the times of nearby earthquakes.
Figure 14 shows the effect of an earthquake on water levels in well 5N/12W-2K5
near Palmdale, Calif. This earthquake, with a magnitude of 4.1 on the Richter
scale, occurred October 16, 1976, at 10:38:11.9 p.m. P.d.t. The earthquake
was centered about 8 mi northeast of Newhall and about 20 mi from the re-
corder. The chart shows at least two fluctuations: the first was 0.07 ft and
the second was 0.035 ft. It also shows that the water level was offset by
0.01 ft in a downward direction after the earthquake. This offset may repre-
sent a dilatational strain produced by the earthquake. As noted on the chart,
the gradual declining trend of the water level during the 2-week period prior
to the earthquake ceased for 3 days immediately following the earthquake. It
could be speculated that this 3-day period of almost no change in water level,
which interrupts the trend, may have been produced by the earthquake.

Figure 15 shows the recorder chart for well 4N/15W-22H1, which recorded
the effect of an earthquake with a magnitude of 4.4 on August 11, 1977, at
7:19 p.m. P.d.t. The resultant water-level fluctuation was 0.05 ft. The
epicenter for this earthquake was 3 mi southwest of the recorder on the San
Gabriel fault. This recorder was using a 1:10 gear ratio to accommodate large
fluctuations in the water level caused by a pumping well 247 ft away. The
pumping rate of the well was changed from 630 gal/min to 530 gal/min the day
before the earthquake. Even though the pumping rate was changed, the water
level seems to have been reacting unusually from about 12 hours before the
earthquake until 10 hours after. A projection of the water-level trend after
the earthquake does not line up with the water-level trend before the
earthquake. Furthermore, the water level does not show the normal curve
expected from a well that has had the pumping rate reduced. The sigmoidal
shape of the drawdown curve suggests that the water level was affected after
the earthquake. The 1:10 gear ratio makes interpretation difficult. Pumping
stopped at about noon on August 19, and the chart shows the water-level
recovery. This well was destroyed in February by flooding from storms in
January and February 1978. The recorder was removed and has since been
installed on well 4N/16W-27H1, located a few miles to the west, on the other
side of the San Gabriel fault.



Figures 16 and 17 show two recorder charts that appear to have recorded
the same event on June 6, 1977. The Geological Survey's monthly publication,
"Preliminary Determination of Epicenters," did not list an earthquake or
nuclear detonation for this time. A third recorder about 25 mi away may have
also recorded this event, but its correlation is speculative. Both recorder
wells, 6N/13W-8Q1 and 5N/11W-7G2, are near Palmdale within the San Andreas
fault zone and about 13 mi apart. Both recorders indicated an initial down-
ward spike on the charts of 0.045 ft and 0.025 ft, respectively. Prior to the
event, well 6N/13W-8Q1 had a declining water level and well 5N/11W-7G2 had a
rising water level. Well 8Ql stopped declining for 2 days after the event
before returning to a normal decline. The water level in well 7G2 continued
to rise. No unusual changes in water-level trends or fluctuations were
apparent prior to the event. The microbarograph at Palmdale recorded this
same event as a sharp increase in barometric pressure. An increase in baro-
metric pressure could cause a lowering of the water level, which is what
happened in this case. Barometric pressure does not normally change in this
manner over such a great distance (at least 13 mi and possibly as great as
25 mi). Perhaps a small local earthquake shook the microbarograph and caused
the fluctuation. The other possibility is that a sonic boom caused the
fluctuation. The author, however, was standing at a well during a sonic boom
and did not observe any fluctuation. Many sonic booms occur in the Palmdale
area and do not cause problems with the recording instruments.

Historical Observations

A review of water-level recorder charts in the files of the Geological
Survey identified three wells (figs. 18, 19, and 20) in the study area in
which water levels responded to strong earthquakes that occurred in Chile
during May and June 1960. These earthquakes occurred about 4,000 mi from the
recorders. The three wells are near Twentynine Palms, Calif., within 5 mi of
one another. Figure 21 shows the location of wells with relation to the
Surprise Spring fault, which is a ground-water barrier (Riley and Bader,
1961). The charts, all from wells tapping artesian aquifers, were recorded at
the same time that a sequence of 134 earthquakes were occurring in Chile
between May 21 and 31, 1960. The strongest earthquake in this sequence had a
magnitude of 8.3 (revised from 8.4, Saint-Amand, 1961) on the Richter scale,
with several other earthquakes above magnitude 7 and many above magnitude 5.
Table 4 shows the dates and times of some of the stronger earthquakes
(Saint-Amand, 1961).

The charts from these three wells are included to demonstrate that strong
earthquakes affect water levels in wells that are at great distances from the
earthquake epicenter. One of these wells (3N/8E-29Cl) is presently being
monitored. Well 2N/7E-2C1 shows the largest water-level fluctuations from the
Chilean earthquakes and is nearest the Surprise Spring fault.



FACTORS AFFECTING WATER-LEVEL DATA

Water levels in wells fluctuate for many reasons. Some fluctuations are
caused by activities of man, while others are caused by processes of nature.
Most of the major factors causing water-level fluctuations are discussed in
the following paragraphs.

Barometric Pressure

Barometric-pressure data are being collected so that the effect of
pressure changes can be removed from water-level records. An inverse relation
exists between barometric pressure and water-level measurements, particularly
in confined aquifers: when the barometric pressure increases the water level

tends to go down, and vice versa. Initially, only one microbarograph was
recording in conjunction with the five water-level recorders operating near
Palmdale. Three additional microbarographs were installed to collect data

near the water-level recorders when the program was expanded to include
water-level data from other areas in southern California. Figures 4-13 show
the daily fluctuations in barometric pressure for the period of record for
each well on the same graph with the water-level hydrograph to show its
relation to water-level change. A gap in the record for the microbarograph at
Palmdale (fig. 12) begins April 10, 1978, when vandals stole the instrument.
This record resumed after a new instrument was placed in the field at a safer
location. Other microbarograph recorders were installed later at Koehn Lake,
Twentynine Palms, and Imperial. These records can be used to extrapolate
barometric pressure to Palmdale during the period the record was not
collected.

Barometric pressure is also being recorded at the Joshua Tree National
Monument headquarters at Twentynine Palms by the National Park Service.
Between November 15, 1977, and January 30, 1978, the barometric pressure at
Twentynine Palms was recorded on a standard barograph; after January 30, 1978,
it was recorded on a microbarograph to enhance the definition of the vertical
scale.

Earthquake Epicenters

Figure 1 shows all earthquake epicenters reported in southern California
between September 30, 1976, and May 1, 1978. The first water-level recorder
was installed September 30, 1976. This map was drawn from data supplied by
the U.S. Geological Survey and published in 'Preliminary Determination of

Epicenters" (1976-78). The earthquakes reported in these publications
generally are of magnitude 3 or larger. Earthquakes below magnitude 3 are not
reported unless they are centered or felt in populated areas. Many small

fluctuations on water-level charts may be due to minor local earthquakes not
reported.



Earth Tides

Water levels in wells show some fluctuations that generally occur twice
daily. These fluctuations are referred to as Earth tides and are caused
mainly by the gravitational attraction of the Moon and to a lesser extent by
the Sun. These are the same forces that cause the tides in the oceans;
however, the ocean has a tidal lag due to friction and land masses blocking
flow, and Earth tides do not. The difference in time between Earth tides in
wells in southern California and ocean tides in the Los Angeles outer harbor
is about 10 hours; thus, they are about 150 degrees out of phase. Because the
Moon rises about 50 minutes later each day, the daily high and low water
levels in wells also occur 50 minutes later each day for a period of 28 days,
when the cycle repeats.

The magnitude of water-level fluctuations in wells varies with change in
phase of the Moon. The largest water-level fluctuations occur during periods
of new or full Moon when the Moon, Sun, and Earth are in alinement and the
tidal forces are the greatest. The smallest water-level fluctuations occur
during the first and third quarters of the Moon when the three heavenly bodies
are unalined and the tide-producing forces are smallest.

Water-level data collected for this study indicate that in shallow
nonartesian wells Earth tides induce water-level fluctuations of less than
0.3 cm and in deep artesian wells they induce fluctuations of as much as 4 cm.
According to Bredehoeft (1967), strains of approximately 10 & should be
measurable in wells that produce Earth-tide fluctuations of 1-2 cm. Strahler
(1963) indicated that some wells show water-level fluctuations as large as
7-15 cm due to Earth tides. Wells with large fluctuation of water levels due
to Earth tides will probably manifest smaller amounts of strain in the
formation than wells with small water-level fluctuations.

Precipitation

Precipitation data are being collected at Palmdale, Mojave, Newhall,
Imperial, Palm Springs, and Twentynine Palms by various individuals and
published by the U.S. National Oceanic and Atmospheric Administration
(1976-78). These data are being used to assess the changes in ground-water
levels due to rainfall and flooding. Many wells being monitored in this
program show rises in water level due to recharge from infiltration of local
precipitation and from floodwater. Figures 4-13 show the daily precipitation
from nearby rain gages along with the hydrographs for the period that the
recorder wells were in operation.



Temperature

Continuous temperature measurements are being made in the bottom of well
6N/13W-8Q1 in the San Andreas fault zone near Leona Valley to determine if the
water temperature changes before an earthquake. The well is 155 ft deep and
has a water level 22 ft below land-surface datum, or less, depending on
recharge from precipitation. The daily fluctuations in temperature in this
well (fig. 12) are between 0.01°C and 0.07°C; however, the maximum daily
fluctuation in temperature was 0.25°C on October 18, 1978.

The temperature-recording equipment has been removed twice from this well
since it was installed May 3, 1977. It was removed August 23, 1977, at the
request of the well owner for a pumping test and again May 3, 1978, to repair

the recorder. In both cases the centering on the recorder was slightly
changed; therefore, the temperature data shown in figure 12 are slightly
offset before and after these dates. The water-temperature graph shows

relative temperature ranges rather than absolute values. This graph does show
one large anomaly beginning September 6, 1978. Before this date the daily
fluctuations are small; after this date they are much larger. Some precipi-
tation occurred on this date, but larger amounts of precipitation that have
occurred in the past have not caused this type of change. The daily maximum
and minimum air temperatures for Palmdale are shown in figure 12 with the
water temperatures for well 6N/13W-8Q1 for comparison. These air- and water-
temperature measurements show some apparent correlation. Both changes
occurred near the end of summer after the peak temperature in August. It is
also interesting to note that the change in water temperature in well
6N/13W-8Q1 took place at about the same time (Oct. 4=-6) that 15 earthquakes
occurred near Tom's Place on the California-Nevada border about 170 mi north
of the recorder. These earthquakes had magnitudes that ranged from 3.6 to 5.7
on the Richter scale.

Figure 22 gives an example of the daily water-temperature fluctuations.
The fluctuations in temperature for May 4 and 5, 1977, represent the normal
regimen, and the larger fluctuations on February 24 and 25, 1978, probably are
the result of recharge from heavy rain and snow that occurred in January and
February 1978.

No known earthquakes of magnitude 3 or above have occurred near the well
since the temperature recorder was installed; therefore, whether the
temperature might change in the well during or preceding an earthquake has not
been determined.



Pumpage

Pumpage records have been collected for some areas where water-level
recorders are affected by nearby pumping. Figure 23 is an example of a
water-level recorder well (3N/8E-29Cl) being affected by a pumping well
(3N/8E-29L1, fig. 6) 2,300 ft away. Both figures 6 and 23 show the measured
pumpage and the effect of pumping on the water level recorded at the
observation well. Figure 6 shows the complete record; figure 23 is a copy of
the actual recorder graph. The pumping well was pumped intermittently for
about 4 months during 1978. The rest of the year the recorder well was not
affected by pumping.

A magnitude 4.4 earthquake occurred near Big Bear, about 35 mi from well
3N/8E-29C1, on February 28, 1978. This earthquake does not appear on the
hydrograph for this well, perhaps because pumping from well 3N/8E-29L1 helped
to mask any fluctuation the earthquake might have caused.

WATER-LEVEL DATA REDUCTION

The data presented in this report are being reviewed by the Survey to
determine if precursory earthquake information is present in water-level
hydrographs. In the author's view, additional work is needed on the following
aspects of the data which appear to hold the best promise of precursory
information.

1. The barometric efficiency of individual wells may change with the
rate of atmospheric loading. The barometric efficiency can be calculated from
the data being collected.

2. A shift in phase between water-level fluctuations on the hydrograph
and theoretical fluctuations occurs on some charts. This phase shift was
first noted by Bredehoeft (1967, p. 3077) when he wrote, "In this investi-
gation a shift in phase of up to 25° was found between the theoretical
dilatation produced by the individual waves and the harmonic components
reduced from the data. This phase shift is difficult to explain."

3. Water-level fluctuations larger than those expected to be caused by
Earth tides and changes in barometric pressure sometimes occur in areas
removed from pumping. Some wells show fluctuations that appear to have more
than the two cycles of diurnal Earth tides and do not appear to correlate with
changes in barometric pressure.

4. The trends of water levels may be changed because of small changes in
porosity within the aquifer caused by changes in stress. The effects of
barometric pressure and Earth tides must be removed before these effects can
be analyzed.
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SUMMARY

The report includes several illustrations showing water-level recorder
charts that reflect effects of known earthquakes. Some of the charts col-
lected include water-level changes that may be related to small earthquakes,
sonic booms, sudden changes in barometric pressure, nuclear tests, mine
blasts, or some unknown phenomenon.

The data are presently being processed for computer analysis by
Environmental Dynamics, Inc., under a grant from the U.S. Geological Survey.

Most wells presently being monitored by the Survey are privately owned,
and some of them are in areas where ground water is being pumped for various
agricultural and domestic purposes. The hydrographs of these wells show the
effects of pumping, which may mask water-level changes related to earthquake
activity. In order to minimize or eliminate these effects, wells may have to
be drilled in isolated areas removed from pumping.
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by Castle, Church, and Elliot, 1976, (copyright 1976 by the American
Association for the Advancement of Science).
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