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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
acre 0.4047 hectare
acre 4,047 square meter
acre-foot (acre-ft) 0.001233 cubic hectometer
acre-foot (acre-ft) 1,233 cubic meter
centimeter (cm) 0.3937 inch
centimeter per year (cm/yr) 0.3937 inch per year
cubic foot (ft3) 0.02832 cubic meter
cubic foot per second (ft3/s) 0.02832 cubic meter per second
cubic meter (m°) 35.31 cubic foot
cubic meter per day (m3/d) 35.31 cubic foot per second
foot (ft) 0.3048 meter
foot per year (ft/yr) 0.3048 meter per year
galon (ga) 3.785 liter
gallon per day (gal/d) 3.785 liter per day
gallon per minute (gal/min) 0.06308 liter per second
gram (g) 0.03527 ounce, avoirdupois
gram per cubic centimeter (g/cm3) 0.6243 pound per cubic foot
inch (in.) 25.4 millimeter
kilometer (km) 0.6214 mile
kilometer per second (km/s) 0.6214 mile per second
kilopasca (kPa) 0.1450 pound per square inch
meter (m) 3.281 foot
mile (mi) 1.609 kilometer
milligrams per liter (mg/L) 1.0 parts per million
millimeter (mm) 0.03937 inch
millimeter per year (nn-n/yr) 0.03937 inch per year
million gallons (mGal)
pound per square inch (Ib/i n2) 6.895 kilopascal
square meter per day (m2/d) 10.76 square foot per day
square mile (mi?) 259.0 hectare
square mile (mi 2) 2.590 square kilometer
square kilometer (km?) 0.3861 sguare mile
ton, short 0.9072 megagram

Temperature can be converted between degrees Celsius (°C) and degrees Fahrenheit (°F) by the
following equation:

°F=1.8(°C)+32 °C=("F-32)/1.8
Sca Level: Inthisreport, "sealevel” refers to the National Geodetic Vertical Datum of 1929--a

geodetic datum derived from a general adjustment of the first-order level nets of the United States and
Canada, formerly called Sea Level Datum of 1929.

Conversion Factors and Vertical Datum V
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SUMMARY OF TALKS, DISCUSSIONS, FIELD TRIP, AND
OUTSTANDING ISSUES

Keith R. Prince (U.S. Geological Survey, Menlo Park, California)

Land subsidence, the loss of surface elevation as aresult of the removal of subsurface support, affects
every statein the United States. More than 17,000 mi2 of land in the United States has been lowered by the
various processes that produce land subsidence with annual costs from resulting flooding and structural
damage that exceed $125 million. It is estimated that an additional $400 million is spent nationwide in
attempts to control subsidence. Common causes of land subsidence include the removal of ail, gas, and
water from underground reservoirs; dissolution of limestone aquifers (sinkholes); underground mining
activities; drainage of organic soils; and hydrocompaction (theinitial wetting of dry soils). Overdrafting of
aquifersisthe major cause of areally extensive land subsidence, and as ground-water pumping increases,
land subsidence also will increase.

Land subsidence and its effects on engineering structures have been recognized for centuries, but it
was not until this century that the processes that produce land subsidence were identified and understood.
In 1928, while working with field data from atest of the Dakota Sandstone aquifer, O.E. Meinzer of the
U.S. Geological Survey recognized the compressibility of aquifers. Around the sametime, Karl Terzaghi, a
soil scientist working at Harvard University, devel oped the one-dimensional consolidation theory that
provided a quantitative means of predicting soil compaction resulting from the drainage of compressible
soils. Thus, with the recognition of the compressibility of aquifers (Meinzer), and the development of a
quantitative means of predicting soil compaction as a consequence of the reduction of intergranular pore
pressure (Terzaghi), the theory of aguifer-system compaction was formed.

With the widespread availability of electric power in rura areas, and the advent of the deep turbine
pump, ground-water withdrawals increased dramatically throughout the country in the 1940’s and 1950's.
Along with this unprecedented increase in pumpage, substantial amounts of land subsidence were
observed in several areas of the United States, most notably in Arizona, California, and Texas. Beginning
in 1955, under the direction of Joseph Poland, the Geological Survey began the “Mechanics of Aquifers
Project,” which focused largely on the processes that resulted in land subsidence due to the withdrawal of
ground water. This research team gained international renown as they advanced the scientific
understanding of aquifer mechanics and land-subsidence theory. The results of field studies by members of
this research group not only verified the validity of the application of Terzaghi’s consolidation theory to
compressible aquifers, but they also provided definitions, methods of quantification, and confirmation of
the interrelation among hydraulic head declines, aquifer-system compaction, and land subsidence. In
addition to conducting pioneering research, this group also formed a “center of expertise,” providing a
focal point within the Geological Survey for the dissemination of technology and scientific understanding
in aquifer mechanics. However, when the “Mechanics of Aquifers Project” was phased out in 1984, the
focal point for technology transfer no longer existed.

Interest among various state and local agencies in land subsidence has persisted, and the Geological
Survey has continued to participate in a broad spectrum of cooperative and Federally funded projects in
aquifer mechanics and land subsidence. These projects are designed to identify and monitor areas with the
potential for land subsidence, to conduct basic research in the processes that control land subsidence and
the development of earth fissures, as well as to develop new quantitative tools to predict aquifer-system
deformation. In 1989 an ad hoc “Aquifer Mechanics and Subsidence Interest Group” (referred to herein as
the “Subsidence Interest Group”) was formed to facilitate technology transfer and to provide a forum for

Summary of Talks, Discussions, Field Trip, and Outstanding Issues 1
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the exchange of information and ideas among scientists actively working in subsidence and aguifer-
mechanics-related projects. The Subsidence Interest Group is not focused solely on land subsidence

resulting from ground-water withdrawals, although thisis one of the primary areas of study for many of the

group’s members. Subsidence Interest Group members are also actively involved in studies of subsidence
due to sinkhole collapse (karst), drainage of organic soils, geothermal development, and hydrocompaction.
The group also is seeking to expand its expertise to include subsidence resulting from subsurface mining
activities.

The first technical meeting of the Subsidence Interest Group was held at Phoenix, Arizona, in
December 1989 and included formal presentations on the history of land subsidence studies as well as
ongoing studies being done by the Geological Survey. As a result of this initial meeting, several new
collaborative research efforts were begun. The second meeting of the group was held at Edwards Air Force
Base, California, in November 1992, and included technical presentations of ongoing research and a field
trip to view subsidence features and monitoring equipment installations in the surrounding Antelope Valley
area. This report includes extended abstracts of the oral presentations summarizing the results of ongoing
research that were given at that second meeting.

The report includes case studies of land subsidence and aquifer-system deformation resulting from
karst processes, fluid withdrawal, and geothermal development. Several of the abstracts deal with various
aspects of land subsidence and earth fissuring at Edwards Air Force Base that are resulting in extensive
damage to runways used by military aircraft and the NASA Space Shuttle. Methods for monitoring land
subsidence are described, including the application of two different techniques for using Global
Positioning System technology for the rapid and accurate measurement of changes in land-surface altitude.
Measurement techniques and theories describing the processes governing the formation of earth fissures
are presented. Ongoing research into the development of numerical techniques for simulation and
guantification of 3-dimensional aquifer-system deformation are also presented. Recently developed
analytical and numerical techniques for the simulation of aquifer-system compaction due to fluid
withdrawal are summarized.

The information presented in this report should help expand the scientific basis for management
decisions to mitigate or control the effects of land subsidence. The papers describing the results of these
studies provide an excellent cross section of ongoing research in aquifer mechanics and land subsidence
and also form an assessment of the current technology and “state of the science.” The analytical and
interpretive methods described in this report will be useful to scientists involved in studies of ground-water
hydraulics and aquifer-system deformation.

2 USGS Subsidence Interest Group Conference, Edwards AFB, Antelope Valley, Nov. 18-19, 1992: Abstracts and Summary
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SUBSIDENCE INTEREST GROUP CONFERENCE AGENDA

Edwards Air Force Base, California

November 18-19, 1992

Wednesday - November 18th

8:00 AM  Opening remarks and introductions Keith Prince, Menlo Park, CA

8:10 Welcome Larry Plews, Edwards AFB, CA

8:20 Incidents and causes of land subsidence Craig Hutchinson, Tampa, FL
in the karst terrain of Florida

8:45 Subsidence caused by geothermal development Christopher Farrar, Santa Rosa, CA
near Mammoth Lakes, California

9:10 Land subsidence at Luke Air Force Base, Herbert Schumann, Tempe, AZ
Arizona

9:45 Break

10:15 Land subsidence in El Paso Charles Heywood, Albuquerque, NM

10:45 Preliminary look at land subsidence in the Randall Hanson, San Diego, CA
Ventura/Oxnard areas, Cdifornia

11:00 Land subsidence associated with the San Douglas Morton, Riverside, CA
Jacino Fault, Caifornia

11:15 Static GPS surveys in land subsidence Marti |kehara, Sacramento, CA
investigationsin California

11:45 Lunch NASA Cdfeteria

1:00PM  Kinematic GPS surveysin southern Arizona Donad Pool, Tucson, AZ

1:30 Analysis of strain induced water-level Devin Galloway, Sacramento, CA

fluctuations for estimates of aquifer elastic
storage and hydraulic diffusivity

2:00 Horizontal strain and tilt associated with Michael Carpenter, Tucson, AZ
water-level fluctuations—measurement
techniques and results

2:45 Break

3:15 Hydraulic forces associated with the Donald Helm, Las Vegas. NV
generation of earth fissures at depth

4:00 Simulation of three-dimensional granular Thomas Burbey, Carson City, NV
movement

4:45 Adjourn

Subsidence Interest Group Conference Agenda 3
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Thursday - November 19th

8:00 AM

8:45

9:15
9:45

11:45

Overview of methods of simulating land
subsidence with “MODFLOW”

Simulation of transient ground-water flow and
land subsidence in Picacho Basin, Arizona

Break
Antelope Valley projects
Introductions—

- Antelope Valley regional geology

Land subsidence and related factors—
- Hydrogeology of Antelope Valley

- Measurement of land subsidence: The
Edwards AFB and Antelope Valley networks

- Measurements of land deformation: The shape
of the subsidence surface and its relation
to earth fissures, and erosional features

Managing in the future—

- Antelope Valley: Land subsidence as a
resource management objective

- Edwards Air Force Base: Land subsidence
and the base comprehensive plan

Discussion—

Lunch

Field Trip—Edwards Air Force Base

1:30-5:30 PM

Stanley Leake, Tucson, AZ

Donald Pool, Tucson, AZ

Devin Galloway, Sacramento, CA

Gary Dixon, Las Vegas, NV
Wesley Ward, Flagstaff, AZ

Clark Londquist, Sacramento, CA

Marti Ikehara, Sacramento, CA

James Blodgett, Sacramento, CA

Steven Phillips, Sacramento, CA

Larry Plews, Edwards AFB, CA,

NASA Cafeteria

Francis Riley Gary Dixon
Menlo Park, CA  Las Vegas, NV

Antelope Valley Studies Group
Sacramento, CA

1:30 PM  Convene tour: Hospital Ridge, Generals Quarters Overlook.
Geologic and hydrologic boundary features, Mt. Mesa, San
Gabriels, Tehachapis, the east Antelope structural basin,
Antelope Valley Fault Zone and associated spring line,
Graham Ranch Basin, South Track and South Base well fields,

2:15

overview of subsidence affected areas.

Holly site—one deep (840 ft) extensometer and four piezometers:
counterweighted pipe extensometer with reference table, review

compaction and water-level record.

4 USGS Subsidence Interest Group Conference, Edwards AFB, Antelope Valley, Nov. 18-19, 1992: Abstracts and Summary
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3:30 Fissure site—two shallow (<55 ft) extensometers and five
piezometers: pipe extensometers with reference table, review
compaction and water-level record; earth fissure; fissure monument
array; water-level monitoring installation.

4:45 Runway 17 (designated Space Shuttle runway) fissure zone: relation
to inflection on land-surface elevation profile, and geologic
structure—Antelope Valley Fault Zone at the El Mirage Fault.

5:30 Dinner Officers’ Club

7:30 USGS Subsidence Interest Group meeting Officers’ Club
Subsidence in People’s Republic of China and Stanley Leake, Tucson, AZ
interest in international cooperation Donald Helm, Las Vegas, NV

Recent effort by Western Region, Water Resources Stanley Leake, Tucson, AZ
Division, USGS to brief USGS senior management  Donald Helm, Las Vegas, NV
on subsidence issues

Subsidence Interest Group position paper— Open Discussion
Where do we go from here?

Subsidence Interest Group leadership— Open Discussion
What is an appropriate form?

10:00 Adjourn

Subsidence Interest Group Conference Agenda 5
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MUDBOILS IN THE TULLY VALLEY, ONONDAGA COUNTY,
NEW YORK

William M. Kappel (U. S. Geological Survey, Ithaca, New York)

The discharge of turbid ground water and fine sand to the land surfacein the Tully Valley,
approximately 20 mi south of Syracuse, New York, has formed a series of mudboils (fig. 1). The volcano-
like cone of amudboil can be several inches to several feet high and from 1 ft to more than 30 ft in
diameter. Where mudboil activity is persistent, the removal of sediment at depth has caused land
subsidence. Depending on the depth of the source zone, individual mudboils discharge fresh or brackish
ground water. The temperature of freshwater discharges ranges between 45 and 55 °F; the temperature of
brackish water dischargeis nearly constant at 51 °F. Mudboil activity may be natural or may be associated
with a large solution salt-mining operation that began in the southern part of the valley in the late 1800’s
and ceased in 1988. The mined salt beds range from 1,000 to 1,400 ft below land surface (fig. 2). The
northern extent of the brining operation is 1 mi south of the mudboil area; the northern limit of its effect is
unknown. Dissolution of the salt beds initially utilized injected surface water but since the late 1950's
dissolution has occurred only under natural conditions, involving ground-water infiltration to the salt beds
from the surrounding fractured bedrock and possibly from the more permeable unconsolidated glacial
deposits in the Tully Valley.

The earliest known mudboil in Tully Valley, reported in the Syracuse Post Standard on October 19,
1899, was apparently localized and short-lived. From 1899 to the 1970’s, the mudboils within the
Onondaga Creek mudboil corridor (fig. 1) appeared and dissipated over a span of several weeks to a few
months but had no long-term effect on the water quality of Onondaga Creek and Onondaga Lake, 20 mi
downstream. Active mudboils became increasingly persistent during the mid-1970’s, causing turbid
discharges that degraded the quality of Onondaga Creek. Before the mid-1980’s, relatively fresh ground
water was discharged from what is now called the main ‘mudboil depression area’ (MDA), located 1,500 ft
south of Otisco Road (fig. 1). Since then, however, the discharge has been more brackish, and land
subsidence (locally as much as 15 ft) has progressed outward. In June 1991, a new mudboil appeared in
Onondaga Creek just upstream of the Otisco Road bridge (fig. 1), and within 2 months the bridge
collapsed. Subsidence around the 150-ft radius of this collapse area ranges from several inches at the
perimeter to more than 5 ft at the bridge.

Flow measurements from the MDA during the 1992 water year indicate that there are seasonal
variations in the amount of ground water discharged by the mudboils. Approximately 180 gal/min is
discharged in the fall, compared to more than 360 gal/min in the spring. The mudboils, however, do not
respond to individual storms. The average daily sediment concentration in the MDA discharge to
Onondaga Creek for the 1992 water year is approximately 7,300 mg/L and the average sediment load (as
clay, silt, and fine sand) is 35 tons per day.

The stratigraphic sequence of the glacial deposits (fig. 2) was defined through a shallow (<100 ft)
drilling program. A source zone for water and mudboil sediments was identified beneath a sequence of silt-
and clay-rich deposits. When the test wells penetrated this mudboil source zone, water, silt, and fine sand
moved up the test-well casing, and water flowed at 3 to 5 gal/min at the land surface. When the casing was
shut-in, the source zone had a measured hydraulic head about 600 ft above mean sea level, which is
significantly above the surface of Onondaga Creek (540 to 545 ft) and the land surface of the MDA (550 to
555 ft).

Mudboils in the Tully Valley, Onondaga County, New York 7
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Figure 1. Geographic features in the Tully Valley, Onondaga County, New York. Tully Valley is about 20 miles
south of Syracuse, New York.
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ALLUVIAL DEPOSITS DELTAIC AND GLACIOLACUSTRINE DEPOSITS cont'd
(D) FLOOD-PLAIN AND MUDBOIL DEPOSITS - silt, sand,
and gravel.

@ FAN DEPOSITS - mostly silty sand and gravel
deposited by Rattlesnake and Rainbow Creeks.

CLAY - massive, forms confining unit over the liquifiable sand and
silt described below.

@ SAND AND SILT - massive, mostly very fine to medium sand
and silt with trace amounts of coarse to very coarse sand
deposits under artesian conditions in low parts of the valley,
commonly heaves-up into well casings and probably is the source
of sediment issuing from the mudboils.

@ LAMINATED SAND AND SOME SILT/CLAY - mostly fine to OTHER GLACIAL DEPOSITS

medium sand interbedded with minor amounts of silt and clay.

DELTAIC AND GLACIOLACUSTRINE DEPOSITS

TILL - pebbles embedded in a clay matrix, may underlie entire

(@ LAMINATED SAND AND SILT/CLAY - very fine sand glacial sequence in the valley.
interbedded with silt/clay.
(90 MIXED GLACIAL DEPOSITS - Two sequences of
@ LAMINATED CLAY WITH SOME SILT - mostly clay lacustrine clay and silt grading to sand, gravel, and boulders
interbedded with some thin, very fine sand layers: forms with a possible till deposit along the bedrock surface.
confining unit over liquifiable sand and silt (unit 7).

Figure 2. Generalized section A-A’ (location shown in figure 1) of the Tully Valley near Otisco Road, showing
stratigraphy of the unconsolidated and bedrock units.

Mudboils in the Tully Valley, Onondaga County, New York
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The causes of the mudboils are presently unknown because the hydrogeologic system is complex and
incompletely understood. Factors that could be related to their origin, location, and water quality are:

1. Location: The mudboils are located near Onondaga Creek between the only two major side-wall
stream valleysthat enter the glaciated Tully Valley. Asfine-grained materials were being deposited in front
of the glacier, coarser materials were being deposited as foreset beds and/or fans from the two side valleys.
The intersection of these two deposits may have created a zone of structural weakness, especially near the
stream, where overburden stresses would be least due to the lower elevations of the streambed.

2. Hydrostatic pressure: The earliest reported mudboils were along Onondaga Creek, just downstream
from two mills and a dam. The hydrostatic load placed on varved lacustrine deposits underlying the mill
pond could have caused hydraulic piping through preexisting zones of weakness and created the first
mudboil. Subsidence of the land surface as materials at depth were removed caused the process to become
self-perpetuating.

3. Excavation and erosion: An oil pipeling, laid inthe Tully Valley in 1931, crosses through the eastern
end of the MDA. Even though mudboil activity and subsidence in this area were not reported until the
1950's, the pipeline had to be lowered in August 1974, reportedly due to erosion caused by Hurricane
Agnes (June 1972), the excavation temporarily reduced the overburden stress and coincided with increased
mudboil activity.

4. Cessation of pumpind@he cessation of the solution salt-mining field’s annual pumping of
approximately 1 billion gal of brine in the late 1980’s caused the hydraulic head in the deep sand and
gravel zone to increase by 70 ft or more, and this increased head coincided with the onset of increased
mudboil activity and changes in the quality of water discharged from the MDA.

Subsidence of the land surface in the Tully Valley has occurred over the past 100 years, but the causes
of this subsidence are varied. In the brine fields, uncontrolled solution mining of the deep salt beds has
resulted in the collapse of large unsupported spans of rock materials immediately above the salt
(Fernandez, 1991). In some cases the subsidence is gradual and occurs over a large area (tens of acres) as
the upper bedrock units sag into the lower collapse area. In other cases the subsidence is confined to a
small area (hundreds of square feet) due to the development of a “chimney” through the rock formations
above the collapse area, which creates a sinkhole at the land surface (Fernandez, 1991).

Along Onondaga Creek and in the main MDA, land-surface subsidence is related to the discharge of
ground water and fine-grained materials from the subsurface to the land surface where stream erosion
moves the discharged mudboil sediments downstream. Continued discharge of subsurface materials and
subsequent removal leads to land subsidence (see Helm abstract for discussion of related physical
mechanisms in the formation of earth fissures). This process is gradual but perceptible, as noted in the
collapse of the Otisco Road bridge.

A third type of subsidence is suspected but is currently undocumented—subsidence due to the
compaction of fine-grained materials resulting from the aggressive pumping of ground water during the
last 20 years of solution mining in the Tully Valley brine fields. The cessation of pumping resulted in a 70-
to 100-ft recovery of water levels in the deep sand and gravel and probably brought this type of subsidence
to a halt. Although the following information is circumstantial, it may indicate that this form of subsidence
has occurred in the Tully Valley:

1. Measured datum chang&ubsidence of 1 to 2.5 ft at several locations on the floor of Tully Valley
outside of the solution-mined areas has been measured at several temporary bench marks established by
the brine-mining company (Mr. Jim Tyler, Allied Corporation, oral commun., 1992).
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2. Changes in penetration rates: Decreases in drilling penetration rates at the base of the massive clay
unit (unit 6, fig. 2) that overlies the sand and silt unit (unit 7, fig. 2) were noted during the shallow drilling
program. Split-spoon samples collected from the middle part of the massive clay unit were advanced with
the weight of the drill rods. The lower part of the massive clay unit required increasing down-pressure (as
high as 450 Ib/in2) to collect several split-spoon samples.

3. Structural damage: Large-building foundations are reported to have separated, cracked, or subsided
in all parts of the Tully Valley, both in and outside of the solution mining area.

Study of the Tully Valley mudboils will continue through 1993. Subsidence will be monitored at the
main MDA to determineif any planned remedial actions will affect rates of subsidence. A deep well will
be drilled to determine if there is a collapse feature in the bedrock beneath the MDA or if the saltbeds have
been solutioned-out in this area. Ground-water samples from sel ected water-bearing zones in the bedrock,
the basal sand and gravel unit, and the shallow mudboil source zone will be collected and compared with
sampl es collected from fresh and brackish water mudboils to determine possible source zone(s) feeding the
mudboils.

Mudboils in the Tully Valley, Onondaga County, New York 11
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INCIDENTS AND CAUSES OF LAND SUBSIDENCE
IN THE KARST OF FLORIDA

Craig B. Hutchinson (U.S. Geological Survey, Tampa, Florida)

Land subsidence has damaged at |east 500 homes in Pinellas County (fig. 1) since 1990 according to
the county property appraiser. Land subsidence has been attributed to compaction—natural compaction,
liguefaction (see Kappel abstract), hydrocompaction, withdrawal of subsurface fluids (for example, see
Hanson, Farrar and others, and Pool #1 abstracts); tectonic deformation (see Farrar and others, Morton,
Ward and others abstracts); drainage of organic soils; and collapse into subsurface voids—mining and
sinkholes (National Research Council, 1991). The Florida Sinkhole Research Institute conservatively
estimates that sinkholes alone cause on the order of $10 million in damage each year in the State (Beck and
Sayed, 1991). Geotechnical engineers estimate that about 20 percent of the subsidence problems in Florida
are caused by sinkholes.

The carbonate rocks that underlie the Florida peninsula to depths of several thousand feet are
susceptible to chemical solution by mildly acidic water that percolates through the soil as natural recharge.
The development of karst can occur as water acidified by dissolution of carbon dioxide in the soil zone
moves down vertical fractures and solution pipes, dissolving limestone all along the way to the water table.
Upon reaching the water table, the still slightly corrosive water moves down gradient. Thus, limestone
dissolution continues in a thin, nearly horizontal zone just below the water table. As the water table rises
and falls, a complex horizontal system of interconnected caves and porous zones is formed. Eventually, the
flowing ground water may return to the surface at a lower elevation through a system of springs. By then,
the acid in the water has been neutralized, and the spring water is carrying all the lime it can dissolve. The
natural rate of denudation of Florida limestone is estimated to be about 1 ft in 5,000 or 6,000 years.
Pumping induces recharge and may artificially speed up the rate of denudation to 1 ft in 1,700 years in
local areas (Sinclair, 1982).
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Figure 1. Locations of sinkhole study sites in Florida.
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Sinkhol e collapse can be triggered by sudden changes in ground-water levels, especially where the
limestone aquifer is confined and under artesian pressure. An increase in the pumping rate of 3 million
gal/d at the Section 21 well field near Tampain April 1964 resulted in the formation of 64 new sinkholes
within a 1-month period (Beck and Sinclair, 1986). Apparently, the sudden decline in artesian pressure
triggered the collapse of cavities whose size had already become critical with respect to their bearing
strength and the weight of the overlying overburden. Heavy rains also can trigger sinkholesin asimilar
way by raising the water table and thus the weight of the overburden with respect to the bearing strength of
the limestone. Such an event occurred near Ocalain April 1992 when 12 in. of rain fell within an 8-hour
period, triggering the formation of about 200 sinkholes. The effects of raising the water table and lowering
the artesian pressure were combined in January 1977 near Dover when strawberry farmers protected their
crops from freezing by irrigating with warm ground water. The artesian level of the limestone aquifer
declined as much as 60 ft (pressure expressed as equivalent height of water) overnight and the water table
rose afew feet, which resulted in reports of 22 new sinkholes.

The most dramatic example of sinkhole activity and damage in the history of the United States wasthe
formation of the huge Winter Park sinkholein May 1981. At the site, relatively loose sand forms asurficial
aquifer about 60 ft thick, and an underlying clay forms an intermediate confining unit about 100 ft thick,
above limestone that occurs about 160 ft below land surface. The water tableis about 10 ft below land
surface and the artesian level of the limestone aquifer is about 110 ft above sealevel or about 50 ft below
land surface. A cone-shaped sinkhole 40 ft in diameter and 20 ft deep appeared at about 8 p.m. on May 8
and slowly enlarged overnight to a diameter of 80 ft. Between 10 am. and noon on May 9, the sinkhole
rapidly expanded to 300 ft in diameter and deepened to 110 ft. This sudden increase in activity probably
resulted from the complete collapse of the roof of a huge cavern. During the rapid expansion phase, a
house, three automobiles, and a municipal swimming pool were funneled into the sinkhole. The funneling
of sand was so rapid that, apparently, the turbidity greatly increased the density of water in the sinkhole
pool. The water level in the sinkhole formed a pool 10 ft in diameter and 50 ft below the artesian level of
the limestone aquifer. The funnel tube was later measured to be 60 ft in diameter. Subtraction of the 10-ft
pool indicates that a 25-ft thick ring of sand was flowing downward through the annulus between the edge
of the pool and the cylindrical funnel tube. By May 10, the pond level coincided with the artesian level of
the limestone aquifer where it remained for 2 weeks despite the water flowing in from the sand aquifer
above. Over the next 4 months, sediment gradually plugged the erosion pipe to form alake 300 ft in
diameter. The natural lake resembles thousands of circular sinkhole lakes that dot the landscape of Florida.

A set of fifty-six 35-mm dlides that relate to land subsidence in Florida was prepared for presentation
at the U.S. Geological Survey Subsidence Interest Group Conference. Many of the slides were provided by
Dr. Frank Kujawa of the University of Central Florida and by Dr. Barry Beck of the Florida Sinkhole
Research Institute. The slides and accompanying text are available at the U.S. Geological Survey officein
Tampa, Florida.

Incidents and Causes of Land Subsidence in the Karst of Florida 13
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MONITORING AQUIFER COMPACTION AND LAND SUBSIDENCE
DUE TO GROUND-WATER WITHDRAWAL IN THE EL PASO,
TEXAS-JUAREZ, CHIHUAHUA, AREA.

Charles E. Heywood (U.S. Geological Survey, Albuquerque, New Mexico)

The two-million inhabitants of El Paso, Texas, and Juarez, Chihuahua, create alarge demand for water
in an arid environment. Much of this demand, about 195,000 acre-ft in 1989, is supplied by ground-water
pumpage from the southern Hueco Bolson. The trend of population growth in this areaisreflected by a
trend in increased ground-water withdrawal, which is expected to continue into the next century.

Land subsidence is one consequence of ground-water withdrawal. Land and Armstrong (1985)
reported up to 0.41 ft of land subsidence that occurred between 1967 and 1984 adjacent to the Rio Grande
river in El Paso. In 1984, the historic water-level declinein the underlying Hueco Bolson aquifer was about
100 ft in the region of maximum measured subsidence (near Ascarate Lake) and about 150 ft under
downtown El Paso. The minor subsidence associated with this water-level decline suggests that
preconsolidation stress had not been exceeded by 1984, and compaction was in the elastic range.

The Sierra de Juarez and Franklin Mountains separate the southeast Mesilla Basin from the southern
Hueco Bolson (fig. 1). The present Rio Grande flows from the MesillaValley into the Hueco Bolson at The
Narrows, atopographic low at the southern end of the Franklin Mountains. Until the mid-Pleistocene,
however, the ancestral Rio Grande flowed down the east side of the Franklin Mountains, and Bolson
deposits aggraded to an elevation equivalent to the surface of the mesa bordering the present Rio Grande
Valley. Approximately 0.6 million years ago, the Rio Grande breached the divide at The Narrows and
eroded the Rio Grande Valley (John Hawley, New Mexico Bureau of Mines and Mineral Resources, ora
commun., 1992). The Rio Grande has since deposited 100 to 200 ft of late Pleistocene and Holocene
fluvia sedimentsin the Rio Grande Valley. The difference between the present elevations in the Rio
Grande Valley and bordering mesa areasistypically between 240 and 320 ft and is representative of the net
overburden removed by this cycle of erosion and re-aggradation. The resulting change in effective stress
can be estimated using the Terzaghi (1925) relation by assuming an average grain density, porosity, and a
water-level decline equal to the depth of sediments removed. For an average grain density of 2.7 g/cm® and
an average porosity of 30 percent, an equivalent increase in effective stress would occur with a freshwater
hydraulic head decline of about 1.2 times the thickness of eroded overburden. This decline (between 290
and 380 ft) from predevelopment heads is an estimate of preconsolidation stress expressed as a changein
water level under confined aquifer conditions. Because freshwater supplies are limited under the Rio
Grande Valley, this degree of consolidation suggests that compaction of the Bolson sediments under the
Rio Grande Valley may remain in the elastic range for quite some time. The preconsolidation stress
threshold for overlying late Pleistocene or Holocene fluvial sediments and Bolson sediments outside the
Rio Grande Valley may be significantly lower asit is for analogous sediments elsewhere (Holzer, 1981).

Recognizing the need to quantify the mechanical response of the aquifer to various anthropogenic
stresses in the El Paso—Juarez area, the U. S. Geological Survey (USGS), in cooperation with the National
Geodetic Survey and the U. S. Section of the International Boundary and Water Commission, began a
subsidence monitoring program in 1992. Conventional leveling determined bench-mark elevations to first
order, first class accuracy from the Franklin Mountains to the Hueco Mountains, and southeast adjacent to
the Rio Grande. The Global Positioning System (GPS) will be used to periodically monitor elevation
changes at bench marks along these lines in addition to sites in Mexico (see lkehara #1, #2, and Pool #1
abstracts for GPS applications in land subsidence investigations).
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Figure 1. Shaded relief map of southern Hueco Bolson showing extensometer site at 31°44'35"N, 106°23'57" W.

The rate of ground-water drawdown accel erated after a mgjor reach of the Rio Grande was lined
through El Paso in 1968 (White, 1983). The planned reconstruction and extension of the American canal
through southeastern El Paso will decrease leakage from canals and an adjacent unlined reach of the Rio
Grande, both of which are components of recharge to the underlying aquifer system. In order to
differentiate future compaction in the shallow brackish zone under this reach of the Rio Grande from
compaction in the deeper freshwater zone being pumped by the cities of El Paso and Juarez, dual
extensometers were installed adjacent to this reach of the river. Because compaction magnitudes are likely
to be small at this location and the data will be valuable to infer aquifer storage properties (see Galloway
abstract for related discussions), the extensometer installations were designed to achieve maximum
sensitivity. The deleterious effects of down-hole friction between the 2-in. extensometer pipe and 6-in.
outer casing were minimized by drilling straight holes (deviation less than one degree) and chamfering
extensometer pipe couplings. Effects of skin friction between the geologic formation and outer casing were
minimized by sealing with alow-friction low-solid bentonite grout. Reverse pile effects were minimized
by installing multiple slip joints to accommodate outer casing strain.

Both the USGS and a commercial logging company ran complete suites of borehole geophysical logs
to adepth of 1,125 ft. The USGS long and short normal resistivity logs reproduced in figure 2 depict the
sand and clay interbeds within the aquifer system. Two sets of three nested piezometers were installed to

Monitoring Aquifer Compaction and Land Subsidence due to Ground-Water Withdrawal in the El Paso-Juarez area 15
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monitor pore pressure in sandy zones at various depths. A steep downward hydraulic-head gradient is
evident across multiple clay interbeds in the brackish zone down to 360 ft. Hydraulic head islowest in the
regional freshwater-producing zone from 350 to 700 ft. Theincreasingly saline conditions below 720 ft are
reflected by decreasing electrical resistivity. The abundance of low permeability clay found below 1,068 ft
suggests that significant pore pressure declines probably will not migrate below the base of the deep
extensometer at 1,125 ft.

Clay sasmples 4 in. in diameter and 2 ft long were obtained from six major clay interbeds (fig. 2). X-ray
analyses of these samples will determine their mineralogical constituents, and laboratory consolidation
testing will yield measurements of elastic and inelastic compressibility, preconsolidation stress, and
permeability. These point measurements will be compared to determinations made from the piezometer
and extensometer records. Estimates of regional elastic and inelastic compressibilities (see Galloway
abstract for related discussions), preconsolidation stresses, and permeabilities, in addition to the leveling
data, will be used to refine the predictions of an evolving numerical ground-water flow and subsidence
mode (for example, see Burbey and L eake abstracts).

Monitoring Aquifer Compaction and Land Subsidence due to Ground-Water Withdrawal in the El Paso-Juarez area 17
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LAND SUBSIDENCE AND EARTH-FISSURE HAZARDS
NEAR LUKE AIR FORCE BASE, ARIZONA

Herbert H. Schumann (U.S. Geological Survey, Tempe, Arizona)

Land subsidence and earth-fissure hazards near Luke Air Force Base are being investigated by the U.S.
Geological Survey in cooperation with the U.S. Air Force. The main objectives of the investigation include
the evaluation of land subsidence and earth-fissure hazards and the characterization of the surface- and
subsurface-hydrogeol ogic conditions that may control the movement of contaminants toward and through
the aluvia-aguifer system on and near the base. (See Ward and others, and Blodgett abstracts, for similar
studies at Edwards Air Force Base). Differential land subsidence and resultant earth fissures have damaged
buildings, roads, railroads, water wells, irrigation canals, and flood-control structures on or near the base,
which is about 20 mi west of Phoenix, Arizona (fig. 1).

Large-scale pumping of ground water, mainly to irrigate crops in the surrounding area, has caused
aguifer hydraulic heads measured in wells to decline more than 300 ft throughout much of the area.
Ground-water depletion has caused the aquifer materials to compact and by 1991 had resulted in as much
as 18 ft of land subsidence (fig 2). In August 1992, a Global Positioning System (GPS) satellite survey
measured more than 17 ft of land subsidence northwest of the base (fig. 3). (See Ikehara#1, #2, and Pool
#2 abstracts for GPS applications in land-subsidence investigations). Areas of maximum land subsidence
correspond to areas of maximum hydraulic-head decline within the alluvial-aquifer system.

Large tensional breaksin the aluvial sediments, locally known as earth cracks or earth fissures, are
caused by differential land subsidence. (See Haneberg and Helm abstracts for other possible mechanisms
of earth-fissure formation). Earth-fissure zones as much as 2 mi long occur on the periphery of the areas of
maximum land subsidence on three sides of the base (fig. 2). The earth fissures act as drainsand are
capable of capturing large volumes of surface runoff. When the fissures capture surface flows, the fissures
enlarge by rapid erosion of the sides, by slumping, and by piping aong the trend of the fissures. Such
erosion can produce open fissure gullies as much as 15 ft deep and 30 to 40 ft wide in local areas.
However, the fissures extend to depths far below the bottom of the fissure gullies and thus can provide
vertical conduitsfor rapid downward movement of contaminants toward the water table. Part of the surface
drainage from the south side of the base is captured by existing earth fissures.

Theflood hazard on the base has been adversely affected by land subsidence. The gradient, or dope, of
the Dysart Drain, which isamajor flood-control channel along the north side of the base, has been reversed
by differential land subsidence, and the carrying capacity of the drain and other flood-control structures has
been greatly reduced (fig. 2). On September 20, 1992, a high-intensity storm produced about 4 in. of rain
immediately north of the base and resulted in extensive flooding on the base. Floodwater overtopped the
Dysart Drain and spilled onto the runways, into the aircraft parking areas, and into the base-housing area
The flooding closed the base for 3 days, inundated more than 100 homes, and generally disrupted base
operations. Preliminary estimates of flood damage exceed $3 million.

Urbanization, together with commercial and industrial development, has occurred near the base in
recent years. Any leakage of contaminants from the base into the nearby river channels or into the
underlying body of ground water could affect the water resources of the area.
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Figure 2. Land subsidence in part of the western Salt River Valley, 1957-1991.

20 USGS Subsidence Interest Group Conference, Edwards AFB, Antelope Valley, Nov. 18-19, 1992: Abstracts and Summary



-2

10

12

LAND SUBSIDENCE, IN FEET

14

16

18

20

o
>

A

U.S. Geological Survey Open-File Report 94-532

A!

West

East
1957 baseline

f=1
=

Bedrock

HORIZONTAL SCALE
0 1

Beardsley Canal

-1.6 El Mirage Rd.f:I

LUKE AFB

Litchfield Rd. |

2 miles Reams Rd.“-17ls i

3 km

3 4 5 6 7 8 9 10
DISTANCE, IN MILES

Figure 3. Profile of land subsidence, 1992, along Northern Avenue in the western Salt River Valley, Arizona.

Land Subsidence and Earth-Fissure Hazards near Luke Air Force Base, Arizona 21



U.S. Geological Survey Open-File Report 94-532

SIMULATION OF TRANSIENT GROUND-WATER FLOW AND LAND
SUBSIDENCE IN THE PICACHO BASIN, CENTRAL ARIZONA

Donald R. Pool (U.S. Geological Survey, Tucson, Arizona)

A numerical model of ground-water flow and land subsidence in a southwest alluvial basin was
constructed using the modular finite-difference ground-water flow model (M ODFLOW) by McDonald and
Harbaugh (1988) to define parameters important to the simulation of land subsidencein alluvia basins and
to evaluate the significance of aquifer-system compaction on regional ground-water flow (see Leake
abstract for discussion of MODFLOW and the simulation of land subsidence). The Picacho Basin of south-
central Arizona was studied because of the magnitude of ground-water pumping stresses and compaction
and the availability of compaction and land-subsidence data (see Carpenter abstract for discussion of earth
fissuresin the Picacho Basin). Simulationsincluded predevelopment conditionsin 1887 and transient-flow
conditions from 1887 to 1985. The transient-flow conditions are characterized by ground-water
withdrawals greatly in excess of natural recharge, storage depletion, hydraulic-head declines of more than
100 m, and land subsidence of as much as 4.5 m.

The compressible part of the aquifer system includes the upper 1,000 m of alluvial deposits that are
characterized by interbedded coarse-grained and fine-grained sediments on the basin margin and fine-
grained sediments in the basin center (fig. 1). The middle confining bed separates the aquifer system into
upper and lower aquifers. This confining bed consists of athick sequence of fine-grained sediments that
include several hundred meters of compressible sediments overlying as much as 2,000 m of relatively
incompressible sediments. The difference in compressibility between the upper and lower sedimentsis
inferred from a significant difference in physical properties. Compressible sediments are of low density,
19t022 g/cm3; high porosity, 0.47 to 0.24 percent; and low seismic velocity, 2.2 to 2.5 km?2. Relatively
incompressible sediments are of higher density, 2.2t0 2.5 g/cm3; lower porosity, less than 0.24 percent;
and higher seismic velocities, 2.5t0 4.6 km/s.

Fine-grained beds of various thickness and areal extent are the primary compressible sediments. The
occurrence and thickness of individual fine-grained beds increase with depth and from the basin margin
toward the basin center where individual beds merge into the middle confining bed. Rates of pore drainage
and compaction in compressible fine-grained beds are influenced by bed thickness. One-dimensional
simulation of compaction at an extensometer (Epstein, 1987) indicates that drainage of poresin beds that
are less than 20 m thick requires less than afew years. Drainage of thicker beds may require decades.

Storage depletion has occurred through dewatering of poresin coarse-grained beds and reduction in
pore volume in fine-grained beds. Early pumping was relatively shallow and storage loss occurred
primarily through drainage of pore spaces at the water table. Many shallow coarse-grained beds were
dewatered as water levels declined. Subsequent deeper pumping below fine-grained beds resulted in
responses typical of confined aquifers. Larger hydraulic-head declines resulting from smaller storage
coefficients caused the development of large vertical hydraulic gradients, aguifer-system compaction, and
agreater significance of reduction in pore volume as a source of water.

A five-layer numerical model was constructed to represent the aquifer system using MODFLOW and a
module for simulating aguifer-system compaction, IBS1 (Interbed Storage package #1), by Leake and
Prudic (1991). The upper layer represents shallow interbedded alluvial deposits and was simulated as a
water-table aquifer with instantaneously draining interbeds. The middle three layers represent the
compressible part of the middle confining bed. Layer 2 is the upper 25 m of the confining bed, and layer 3
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Figure 1. Generalized hydrogeologic section of Picacho Basin showing conceptual transient ground-water
flow system.

isthe next lower 50 m. Layer 4 isthe rest of the compressible sedimentsin the confining bed. This vertical
discretization of the upper part of the confining bed allows simulation of the delayed drainage from the
bed. Also, the thickness of layers 1 and 2 represents the thickness of the aquifer system penetrated by a
vertical extensometer. Layer 5 represents the lower incompressible confined aquifer.

Mean errorsin the simulation of water levelsin the upper aquifer system at 14 control pointswere4 m
throughout the 98 years of simulation, but average absolute errorsincreased from 5.1 to 19.1 m between
simulations of 1950 and 1965 conditions. Most of this error probably isrelated to delayed drainage of
confining beds and vertical hydraulic gradientsin the upper layer, both of which were not smulated. The
magnitude and sense of the water-level error in later years are similar to standard errors of estimated water
levels derived from Kriging analysis and gridding of water-level data. Mean and average absolute land-
subsidence errors for simulation of 1984 conditions were 0.17 and 0.30 m, respectively, at 23 bench marks
along a primary level line across the main land-subsidence area. Observed |and subsidence ranged from O
to 3.8 maong thelevel line (fig. 2).

Definition of the thickness and distribution of compressible beds is one of the most important
considerations in simulation of compaction in the Picacho Basin. The greatest amount of subsidenceis
coincident with the greatest number of compressible fine-grained beds that occur at the margin of the
middle confining bed (fig. 2). Lesser amounts of compaction and land subsidence occur on the basin
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Figure 2. Observed and simulated land subsidence along primary level line, 1984.

margin and basin center because of fewer compressible beds and a singly draining confining bed,
respectively. Compaction of multiple beds at the margin of the extensive confining unit resultsin
deformation similar to arotated fault block. Late stages of land subsidence are dominated by compaction
of the singly draining confining bed.

Hydraulic information important to simulation of aquifer-system compaction in the Picacho Basin
includes spatial distributions of stress and compaction, specific storage, and vertical hydraulic
conductance. Knowledge of stressdistributionsis useful for model calibration but probably israre in most
basins as in the Picacho Basin. In aquifer systems that include slowly draining confining beds, spatial
distributions of compaction are needed to calibrate storage properties and vertical hydraulic conductance.
The vertical distribution of compaction can be monitored with partially penetrating vertical extensometers
and Global Positioning System surveys of land subsidence. Vertical-extensometer data also are useful in
establishing representative specific storage and vertical hydraulic-conductance values. A history of land-
subsidence distributions alone is inadequate for calibration of storage properties and vertical hydraulic
conductance in aquifer systems such as the Picacho Basin.

Results of model simulations indicate that release of water from storage in fine-grained beds became
an increasingly significant source of water as development occurred. Most of the water budget for the
transient-flow period is dominated by ground-water withdrawal for agriculture, storage depletion through
pore drainage, and agricultural recharge. However, rates of water released through reduction in pore
volume are similar in magnitude to flow rates at head-dependent boundaries and rates of natura recharge.
Reduction in pore volume represents about 10 percent of storage depletion during mid-stages of
development and as much as 25 percent during late stages of development.
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DEFORMATION IN THE CASA DIABLO GEOTHERMAL WELL FIELD,
LONG VALLEY CALDERA, EASTERN CALIFORNIA

Christopher D. Farrar (U.S. Geological Survey, Carnelian Bay, California),
Michael L. Sorey (U.S. Geological Survey, Menlo Park, California),
Grant A. Marshall (U.S. Geological Survey, Menlo Park, California),

James F. Howle, (U.S. Geological Survey, Carnelian Bay, California), and
Marti E. Ikehara (U.S. Geological Survey, Sacramento, California)

Two sources of stress are producing deformation in the Casa Diablo geothermal well field. Magmatic
intrusions reaching shallow depthsin the crust are causing regional inflation over abroad areathat includes
the well field. Pumping and injection of geothermal fluids for el ectric power generation are causing
subsidence locally around the well field.

The Casa Diablo well field lies within a northwest-trending graben on the southwestern edge of the
resurgent dome in the Long Valley caldera (fig. 1). Episodes of anomalous seismicity and deformation
beginning in 1980 are likely caused by episodic intrusions of magma beneath the resurgent dome
(Langbein and others, 1990, and Langbein and others, 1993). Results of differential leveling along U.S.
Highway 395 during the period 1975-92 show that the land surface in the Casa Diablo area of the
resurgent dome was elevated by about 2 ft (Savage, 1988, and D. Dzurisin, U.S. Geological Survey, written
commun., 1993).

Electric power generation using geothermal fluids from the Casa Diablo field began in 1985 with one
binary powerplant (MP I). Two additional powerplants (MP Il and MP 1) were put on line in December
1990. The power-generation process cools the geothermal fluid by alfLiir6@ closed-loop system.

All the fluid that is pumped from wells on the western side of the well field from depths of about 500 ft is
injected on the eastern side of the field at depths that have ranged from about 1,500 to 2,500 ft. In July
1991, shallow perforated sections in all injection wells were sealed, forcing injection of fluids to depths
greater than 2,000 ft.

In 1985 localized subsidence around Casa Diablo began to counter the uplift of the well field area
caused from magmatic intrusions under the resurgent dome. This local subsidence began within about 6
months of the start of geothermal fluid pumping at Casa Diablo. Results from leveling surveys show that
Casa Diablo subsided about 0.38 ft between 1988 and 1992 relative to bench marks outside the area of
subsidence, which had risen about 0.34 ft.

Each of the following processes may be occurring and causing deformation related to the geothermal
operation: subsidence and inflation caused by changes in pore pressures in the production and injection
reservoirs and adjacent formations, expansion and contraction of rocks caused by temperature changes in
the reservoirs and overlying formations, and subsidence from loss of mass caused by escape of steam from
boiling zones.

Data from the “L-shaped tilt array,” a network of closely spaced bench marks along two nearly
perpendicular legs (see fig. 1) are shown in figure 2 as north and east components of tilt in microradians
per year. The first significant tilt began in 1985 after the start-up of MP I. The downward tilt to the north
increased by a factor of about three following a fourfold increase in pumping when power plants MP Il and
Il were started in December 1990.

Deformation in the Casa Diablo Geothermal Well Field, Long Valley Caldera, Eastern California 25
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Figure 2. Calculated tilt from elevation changes along L-shaped bench-mark array at Casa Diablo. Dashed
lines show average tilt per year for 1984—90 and 1990-92.

In June 1988 a network of bench marks was established in the well field to provide for more detailed
measurement of deformation caused by pumping geothermal fluids (see Ikehara#1 abstract). Datafrom
this network show that prior to 1992 the location of maximum subsidence around the well field was east of
the production wells (fig. 1). Thisareais underlain by compressible unsilicified-rhyolite that occursin the
central part of the graben.

In 1992 the area of maximum subsidence shifted to the northwest and now includes both the
production and injection sides of the well field. The change may have been brought about by the work
done on the injection wellsin July 1991, which sealed off shallow zones. The sealing of shallow zones
caused the pore pressure in the production reservoir to fall sufficiently to allow boiling in the upper part of
the production reservoir and overlying formations. Steam from the boiling process can escape to the
atmosphere aong faults and fracture zones. Steam discharge around the well field was noted to have
increased significantly during 1991. Subsidence is uniform across the well field from injection to
production sides, making it unlikely that thermal-elastic effects are responsible for the deformation
observed between 1991 and 1992. It is probable that the greater degree of isolation of the injection and
production reservoirs brought about by sealing off the shallow injection zones has allowed the pressure-
drop in the production reservoir to spread across the well field to include the injection and production
sides.
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The two northwest-trending graben-bounding faults and the northeast-trending cross-fault (fig. 1) may
exert some control over the spread of subsidence away from the well field. Changes in bench mark
elevations between 1991 and 1992 suggest that the floor of the graben is pivoting downward to the
northwest. Changes in pore pressure along the fault planesin response to fluid injection may be decreasing
the coefficient of friction, thereby facilitating slippage along the faults.
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SUBSIDENCE AND GROUND FISSURES IN THE SAN JACINTO
BASIN AREA, SOUTHERN CALIFORNIA

Douglas M. Morton, (U.S. Geological Survey and Department of Earth Sciences,
University of California, Riverside, California)

The San Jacinto basin is an extraordinarily deep and narrow pull-apart basin located at aright stepin
the San Jacinto fault zone, an important fault zone of the San Andreas fault system in southern California.
The basin rangesin width from 3 to 4 km. The thickness of sedimentary fill within the basin is on the order
of 3 km (Fett, 1968; Shawn Biehler, oral commun., 1988). The basin is bounded on the east by the
Claremont fault and on the west by the Casa Loma fault (fig. 1). Both the Casa Loma and the Claremont
faults are major strands of the San Jacinto fault zone. Within the area of the San Jacinto basin, the east-
dipping Casa L oma fault has components of right-slip and normal-slip, and the similar dipping Claremont
fault has components of right-slip and reverse-slip. The scarp of the Casa Lomafault is arelatively subtle
and low scarp whereas the scarp of the Claremont fault is bold, rising to over 600 m above the basin floor
(Morton and Sadler, 1989). The high Claremont scarp, due to the reverse-slip component, is produced by
regional compression and uplift to the east and northeast of the San Jacinto basin. At the turn of the
century most of the basin was an artesian basin (Waring, 1919).

Basin fill is supplied primarily by the San Jacinto River, which drains alarge part of the San Jacinto
Mountains area to the east of the San Jacinto basin. The San Jacinto River enters the east end of the basin
and flows northwest along the length of most of the basin. At the north end of the basin additional fill is
derived from athick section of Pliocene continental sedimentary rocks on the east side of the Claremont
fault. At the north end of the basin is a closed depression that contains ephemeral Mystic Lake. The
closed depression at the north end of the basin is not the result of more rapid subsidence than elsewherein
the basin, but rather the lack of sufficient sedimentary material needed to balance subsidence. Tectonic
subsidence and subsidence related to aquifer-system compaction has been well documented for the basin
(Fett and others, 1967; Lofgren, 1976; Lofgren and Rubin, 1975; Morton, 1972; 1977). Tectonic
subsidence for the past 40,000 yearsisin the range of 3 to over 5 mm/yr and has an average of about 4.5
mm/yr (fig. 2). The subsidence rates are based upon 14C dates on wood samples collected from drill holes
within the basin (see Hanson abstract for related discussions). The most visible expression of land-surface
deformation is earth fissures, which are common in the northern part of the basin and several kilometersto
the west.

Much of the aquifer system in the basin had a hydraulic head of about 3 m above land surface at the
time of European settlement within the basin. By the end of the 1940’s very few flowing wells existed
within the basin. In the early 1970's ground-water withdrawal had lowered the hydraulic heads to about
24-30 m below land surface. Land subsidence has been attributed to aquifer-system compaction related to
lowering of hydraulic heads (Lofgren, 1976). Releveling in the basin by the Metropolitan Water District
between 1939 and 1959 indicates an average maximum annual rate of total land subsidence of about 3.5
cm (Proctor, 1962). An agueduct pipe placed across the Casa Loma fault in 1958 was vertically deformed
about 60 cm by 1973, for an annual rate of about 4 cm/yr (Morton, written commun., 1976). A highway
resurvey in the early 1970's indicated a maximum rate of subsidence along the highway in the western part
of the basin of about three cm/yr (Riverside County Road Department, oral commun., 1975). Considering
the long-term tectonic rate of subsidence, land subsidence due to aquifer compaction caused by ground-
water withdrawal is on the order to 2.5-3 cm/yr.
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Figure 1. Generalized map of the San Jacinto basin area, California.

Earth fissuring, presumably consequent to the lowering of agquifer-system hydraulic heads, apparently
first became evident in the early 1950’s. (See Schumann, Ward and others, and Haneberg and Friesen
abstracts for discussions of other earth fissures; also see Haneberg and Helm abstracts for possible
mechanisms of earth fissure formation.) Most of the fissures occur on nearly horizontal ground. In the
early 1950's most of the fissuring was limited to arelatively small area about 1 km long in the basin and
another small area, 1.5 km long west of the basin (Morton, 1977). A few scattered fissures were reported
from near the Claremont fault in the southeastern part of the basin (Fett and others, 1967). These early
fissures were relatively short, most being 100-200 m long. By 1973 fissuring had greatly expanded both
within the basin and to the west over an area of about ?_8Ihraddition, a few isolated fissures were
located as far as 4 km west of the main area of fissures. The fissuring to the west of the basin occurred over
the northern part of a several hundred-meter-deep, west-oriented, sediment-filled canyon. As the fissures
grew in number they also grew in length. A number of fissures had a length over 1 km by 1973 (Morton,
1977). Some of the older fissures have been filled with sediment so little if any surface expression remains,
while others have been periodically reactivated and lengthened with reactivation. By the late 1970's a few
long fissures, about 1 km in length, developed west of the basin at a distance of about 10—-12 km south of
the main area of fissures. Some of these isolated fissures were reactivated in 1992.
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Figure 2. Depth and ages of C14 dated material from the San Jacinto basin, California, and inferred rates of
subsidence.

In the late 1980's a different form of fissuring started along the east side of the northern part of the
basin. Here on gentle slopes extending east from the Claremont fault are large areas that are underlain by
material dowly moving downslopeinto the basin (Morton and Sadler, 1989). These features are somewhat
like slow-moving “lateral-spread” landslides. The width of the larger features is more than 1 km. A

discontinuous scarp is produced at the head of the moving mass, and some lateral zones of deformation
form in the upper lateral part of the moving mass. Vertical displacement of the scarp area of one of these
masses was as much as 1 m over a 2-year period in the late 1980's. Extensional fissures developed in the
headward parts of the mass moving away from the scarp area. The morphology of these fissures resemble

those fissures within the basin.
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LAND SUBSIDENCE IN THE OXNARD PLAIN OF THE SANTA CLARA-
CALLEGUAS BASIN, VENTURA COUNTY, CALIFORNIA

Randall T. Hanson (U.S. Geological Survey, San Diego, California)

The Oxnard Plain is one of 10 ground-water subbasins within the coastal valleys and plains of the
Santa Clara—Calleguas Basin in Ventura County, California (fig. 1). The plain is underlain by a complex
aquifer system that has been the primary source for water supplies since the early 1900's. Oil and gas has
been produced in the Santa Clara—Calleguas Basin since the 1920’s and in the Oxnard Plain since the
1940’s. The basin is a part of the tectonically active Transverse Range physiographic province. Ventura
County has delineated a probable-subsidence-hazard zone that includes parts of the Piru, Fillmore, Santa
Paula, Mound, Montalvo, Oxnard Plain, and Pleasant Valley subbasins (Ventura County Board of
Supervisors, 1988). Ground-water withdrawal, oil and gas production, and tectonic movement are three
potential causes of subsidence in the Oxnard Plain and adjacent subbasins.

Water-level declines in the upper- and lower-aquifer systems have ranged from about 50 to 100 ft in
the Oxnard Plain since the beginning of ground-water development in the early 1900’s. Water-levels in the
lower-aquifer system at multiple-level observation wells range from 20 ft lower than the upper aquifer
system near Port Hueneme along the central coast to about 80 ft lower than the upper aquifer system near
the Naval Air Station, Point Mugu, along the southern coast of the Oxnard Plain. Early pumpage data is
unavailable for the Oxnard Plain, so the total amount of water withdrawn remains unknown. However,
recent pumpage data indicate that during 1979-91 about 822,000 acre-ft of ground water was withdrawn at
a relatively constant annual rate, in the Oxnard Plain.

More than 7,900 acre-ft of brines, 8,000 acre-ft of oil, and 72 milltwf ftatural gas were
withdrawn between 1943 and 1991 from oil fields in the Oxnard Plain subbasin (Steven Fields, Operations
Engineer, California Department of Conservation, Division of Oil and Gas, written commun., 1992).
Pressure declines in the Oxnard oil fields equivalent to more than 1,100 ft of water-level decline have
occurred since the onset of oil and gas production. These declines alone could account for potential local
subsidence on the order of 1.5 to 2.0 ft.

Tectonic activity in the form of plate convergence and north-south crustal shortening has resulted in an
average regional horizontal movement of about 0.007 ft/yr over the past 200,000 years (Yeats, 1983) in the
subbasins north of the Oxnard Plain. The vertical movement in the form of uplift north of the Oxnard Plain
and as subsidence in the Oxnard Plain is caused by plate convergence and related earthquakes throughout
the basin. At the southern edge of the Oxnard Plain (fig. 1A), bench-mark data on bedrock (at BM Z 583)
indicate that 0.17 ft of subsidence occurred during 1939-78, at a rate of about 0.004 ft/yr, that could be
related to tectonic activity (see Morton abstract for related discussions).

Bench-mark data along a coastal leveling traverse near the southeastern edge of the Oxnard Plain
(fig. 1A, B) indicate that as much as 1.6 ft of subsidence occurred during 1939-60 at bench-mark E 584
(0.07 ft/yr) and an additional 1 ft occurred during 1960-78 (0.06 ft/yr). An additional 0.5 ft of subsidence
during 1960-92 was measured at bench-mark Z 901 southwest of BM E 584 along the coastal edge of the
Oxnard Plain. Farther inland, where water-level and oilfield pressure declines are largest, greater
subsidence might be expected.

Indirect evidence for subsidence that is potentially related to ground-water withdrawals includes
water-level declines in excess of 100 ft, subsurface collapse of well casings, repeated regrading of irrigated
fields for proper drainage, and degraded operation of drainage ditches in agricultural areas. In the Las
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Figure 1. Subsidence in Oxnard Plain and Pleasant Valley, Santa Clara—Calleguas Basin, Ventura County,
California. A, Geographic features. B, Subsidence profile.

Land Subsidence in the Oxnard Plain of the Santa Clara-Calleguas Basin, Ventura County, California 33



U.S. Geological Survey Open-File Report 94-532

Posas and Pleasant Valley subbasins, water-level declines of 50 to 100 ft have occurred in the upper aquifer

system and declines of 25 to 300 ft or more have occurred in the lower aquifer system since the early

1900’s. On the basis of large water-level declines, the area of probable subsidence may be larger than that
previously delineated by Ventura County and may include Las Posas Valley and the remainder of Pleasant
Valley. By 1992, total subsidence in the Oxnard Plain could exceed the 2.6 ft measured during 1939-78
along the coastal traverse. Ground-water withdrawal and oil and gas production may be major sources of
subsidence in the Oxnard Plain, and tectonic activity probably is a minor source. Delineation of the relative
contributions from the three sources and the spatial and temporal distribution of subsidence, would require
the installation of extensometers, in combination with accurate bench mark and microgravity monitoring
networks.
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GEOLOGIC SETTING OF EAST ANTELOPE BASIN, WITH EMPHASIS
ON FISSURING ON ROGERS LAKE, EDWARDS AIR FORCE BASE,
MOJAVE DESERT, CALIFORNIA

A.Wesley Ward (U.S. Geological Survey, Flagstaff, Arizona),
Gary L. Dixon (U.S. Geological Survey, Las Vegas, Nevada), and
Robert C. Jachens (U.S. Geological Survey, Menlo Park, California)

Inlate January of 1991, alarge earth fissure formed on the playa surface at the southeast end of Rogers
Lake at Edwards Air Force Base (see Blodgett abstract for additional discussion of land-surface
deformation of Rogers Lake). Much insight was gained regarding the origin of the fissure through the
integration of information obtained from recent regional geologic, geophysical, and hydrologic studies.
Pertinent questions are whether the fissure is tectonic or hydrologic in origin and whether future
occurrences are likely or predictable. In addition to addressing these questions, recent studies (Dixon and
Ward, 19943, b; Ward and Dixon, 19943, b) have refined the regional late Tertiary and Quaternary geologic
history of the East Antelope Basin, a depocenter for upper Tertiary, lower Quaternary sediments.

Local rock unitsin the areainclude tuffs, lava flows, and sediments of the Tropico Group of Tertiary
age, Tertiary fanglomerates, Tertiary intrusive rhyolites and dacites, and deeply weathered Mesozoic
granitic rocks. Exposed Quaternary geologic units include sandy alluvium, playa clays, and beach
deposits; these are of late Quaternary age and related to pluvial Lake Thompson, the remnants of which
form the playas (Rosamond, Buckhorn, and Rogers L akes).

Mabey (1960) first recognized the East Antelope Basin from a40-mGal gravity low and suggested that
the steep gravity gradients may be fault controlled. The gravity signature suggests that this northeast-
trending basin (fig. 1) is degpest just southwest of Rosamond L ake and becomes shallow to the northeast.
We confirm this as a structural basin not only from gravity data (fig. 2 (Morin and others, 1990), but also
from a series of resistivity anomalies (Zohdy and Bisdorf, 1990; 1991), subtle surface escarpments,
alignment of historical springs, now dry, which trend N30—45° E, and steep aquifer hydraulic-head
gradients. The southeast boundary of the basin is much less apparent, but is definable from field
observations and geophysics.

During mid-Quaternary time, a drainage reversal occurred in the region as a result of uplift of the San
Gabriel Mountains, and activity along northwest-trending faults blocked the southwest flow of water out of
the basin, thus creating Lake Thompson. As the climate became more arid, water sources were depleted;
today remnants of Lake Thompson remain in the form of Rosamond, Buckhorn, and Rogers Lakes.

Hydrologically the basin is part of the Lancaster ground-water subbasin and is a source for
agricultural, municipal, and industrial ground-water supply in the Antelope Valley area, as well as the
primary source of water for Edwards Air Force Base (see Londquist abstract for additional information on
the hydrogeology of the Antelope Valley; Londquist and others, 1993).

The fissure on Rogers Lake (fig. 1) is approximately 1-2 m wide, 1.16 km long, and extends to an
unknown depth. Although somewhat sinuous, its average trend is within a few degrees of north. Known
and inferred faults in the immediate area trend northwest; the extent of the El Mirage Fault mapped by
Dibblee (1967) has been reinterpreted to extend beneath south Rogers Lake near the fissure and continue to
the northwest, connecting with the Bissell Hills Fault. The fissure occurs near a local gravity low (fig. 2)
that defines the northeastern subbasin of the East Antelope Basin, a subbasin we infer to be more than
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Figure 1. Generalized geologic map of the East Antelope Basin area (modified from Mabey, 1960).

600 m deep. The shape of the basement beneath this sediment-filled subbasin is reflected in the gravity

contours that bound the gravity low, which trend at angles of 45° or more from the trend of the fissure.
Based on the trends of the major faults in the area, the trends of the gravity contours that define the local
subbasin beneath the fissure, and the gravity interpretation that the fissure occurs over a deep part of the
basin, argue against a fault-controlled origin of the fissure. More likely, the fissure may have been caused
by differential compaction over some nontectonic structure within the sedimentary section, rather than by
extensional strain on sediments on a convex-upward basement surface (see Haneberg and Helm abstracts
for possible mechanisms of earth-fissure formation).)
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HYDROGEOLOGY AND LAND SUBSIDENCE, ANTELOPE VALLEY,
CALIFORNIA

Clark J. Londquist (U.S. Geological Survey, Sacramento, California)

The Antelope Valley liesin the western Mojave Desert of southern California, about 60 mi north of
Los Angeles (fig. 1) The Antelope Valley is aclosed topographic basin that covers about 2,200 mi2, and
has itslowest point in the Rogers and Rosamond Dry Lakes area. The valley is bounded on the southwest
by the San Gabriel Mountains and the San Andreas Fault zone and on the northwest by the Tehachapi
Mountains and Garlock Fault zone. The valey overliesthree structural basins; the West Antelope, the East
Antelope, and Kramer, which have been filled with as much as 10,000 ft of Tertiary and Quaternary
sediments (Mabey, 1960). These sediments consist of a series of unconsolidated alluvial deposits
interbedded with athick layer of lacustrine deposits. Near the southern limit of the valley these lacustrine
deposits are buried beneath as much as 800 ft of alluvium, but, to the north, near the southern end of
Rogers Lake the lacustrine deposits are exposed at land surface. Borehole geophysical logs indicate that
the alluvial deposits contain a high percentage of thin bedded, fine-grained silt and clay material (see Ward
and others abstract for additional information on the geology of the Antelope Valley).

The aquifer system in the Antelope Valley consists of two alluvial aguifers known as the principal
aquifer and the deep aquifer. The principal aguifer occursin the Lancaster ground-water subbasin and
overlies the lacustrine deposits extending over most of the valley south and west of Rogers Lake. The
principal agquifer isthe major source of ground water pumped in Antelope Valley. The deep alluvial aquifer
underlies the lacustrine beds and extends to the north beneath Rogers Dry Lake and beyond. The deep
aquifer isthe major source of ground water pumped at Edwards Air Force Base (Londquist and others,
1993).

Ground water in the Antelope Valley area originates primarily from the infiltration of surface-water
runoff from the San Gabriel and Tehachapi Mountains. Estimates of the average annual recharge to the
aquifer system range from about 40,000 to 81,000 acre-ft (Durbin, 1978, and Wright, 1924). Ground-water
use for irrigation in the valley began in the early 1900's and peaked in the 1950’s. Estimates of the peak
annual pumpage range from about 280,000 to 480,000 acre-ft (Snyder, 1955; California State Water
Resources Control Board, 1974). After this peak period, ground-water use in the valley began to decline
because of declining water levels, increasing energy costs, and the availability of imported water. The
estimated annual ground-water pumpage in 1988 was about 62,000 acre-ft (Zettlemoyer, 1990).

The estimated ground-water pumpage from the Antelope Valley has exceeded the estimated annual
recharge almost every year since the early 1920’s. Thisimbalance is reflected in the declining aquifer
hydraulic heads over most of the valley. In some areas there have been declines of more than 100 ft since
the early 1950's, and indications are that declines before this period may have been as great or greater.

Both of the major elements necessary for land subsidence exist in the Antelope Valley: thick
unconsolidated sections of sedimentary material that contain high percentages of fine-grained material and
large hydraulic-head declines. Land subsidence was first reported in the Antelope Valley in the 1950's
(Lewis and Miller, 1968) and by 1967 there had been as much as 2 ft of subsidence over an area of about
200 mi®. Between 1961 and 1991 there was as much as 4 ft of subsidencein the City of Lancaster and more
than 3 ft near the southern end of Rogers Lake (Blodgett and Williams, 1992; see Blodgett abstract for
additional information on land-surface deformation near Rogers L ake).

38 USGS Subsidence Interest Group Conference, Edwards AFB, Antelope Valley, Nov. 18-19, 1992: Abstracts and Summary



U.S. Geological Survey Open-File Report 94-532

SY3LINOTIN 02 o1
| |

_ _

S3TN 0¢ 0T

o ——o

‘eale Apnis Jo uoneso ‘T ainbi4

abesIN 13

e — o —

e

e

NVS

g — - —

sapbuy so
e

-

\

R

ONICIEV;B:EIS

-
g
W
)
T
Q

)
2
|
!
j

yoeishe K

N

‘prg
I RIET

isyroct

wewpey L, _ ATTIVA

El-IoNENNIA4

3dIAIAIOVNIVHA — == —

AdVYANNO4d 3Svd 30404 dIvsadvmadld —-—
1Inv4
VNS VAVId [ ]

NOILVNVIdX3

E o
3 uJoyppng

ong |
S puowesoy _

Gseawnos  STIH
aNoOWvsoy |

56910 84%eD
AITIVA

_

ALNNOD STT1AONV SO

@Mﬁwl ......... T T T T T T T T T T T T U T RINAOONYS T T T T T T T T T

0€ e

.00 S€

0€,LTT

00 8TT

0€,8TT

Hydrogeology and Land Subsidence, Antelope Valley, California 39



U.S. Geological Survey Open-File Report 94-532

LAND SUBSIDENCE AND PROBLEMS AFFECTING LAND USE AT
EDWARDS AIR FORCE BASE AND VICINITY, CALIFORNIA, 1990

James C. Blodgett (U.S. Geological Survey, Sacramento, California),

Land subsidence in the Antelope Valley, which includes Edwards Air Force Base, was first reported in
the 1950's (Lewis and Miller, 1968); by 1967, about 200 mi of the Antelope Valley were affected by as
much as 2 ft of subsidence. Prior to 1973, subsidence on the base was not considered significant. To
determine current land-subsidence conditions at Edwards Air Force Base and vicinity (fig. 1), avertical-
control network with 41 bench marks was surveyed in 1989 using the Global Positioning System (GPS);
(see Ikehara#1, #2, and Pool #2 abstracts for GPS applicationsin land subsidence investigations). GPS
surveying, described by Collins (1989), isa U.S. Department of Defense satellite-based navigation system
designed to provide worldwide positioning capability. Field equipment consisted of roving antenna and
receiver-processor units. Precise relative positions of two or more bench marks are determined from
satellite-tracking datareceived simultaneously at each bench mark. This network was devel oped to provide
an area-wide basis for comparing historical changes in bench-mark elevations on the basis of selected
stable bench marks. Four stable bench marks that were unaffected by subsidence and with known geoidal
heights were used in adjusting the GPS surveys to sea-level datum. Accuracy of the ellipsoidal height for
the surveyed area, based on North American Datum 1983 (NAD 83), relative to sealevel, isabout 0.1 ft
(see Ikehara #1 abstract for information on the 1992 GPS resurvey of the Edwards network).

Differential levels to third-order standards of accuracy (National Oceanic Atmospheric Administra-
tion, 1980) were surveyed for 65 bench marks in 1989-91 to determine the local distribution of subsidence
(fig. 1) and to provide data with which to compare GPS-defined bench-mark elevations. For 14 lines and
with lengths from 0.7 to 7.9 mi, the mean difference in bench-mark elevation determined using both
methods averagesD.05 ft. On Edwards Air Force Base, in the vicinity of Rogers Lake, measured land
subsidence ranged from 3.3 ft along the southern edge of the lake to about 0.1 ft on the northern edge (fig.
1). A steady decline of aquifer-system hydraulic heads of more than 90 ft since 1947 measured at a well
near Scout Road (fig. 1), is associated with the land subsidence. The amount of land subsidence at the base
varies depending on the decline of aquifer hydraulic heads related to ground water pumping from various
well fields, and the occurrence of fine-grained compressible sediments in geologic substrata near the zones
of ground-water production (Londquist and others, 1993). Near the southern edge of Rogers Lake, the land
subsided more than 2 ft between 1961 and 1989 (fig. 2). The average rate of land subsidence near the south
end of Rogers Lake for the years 1961-89 is about 0.1 ft/yr (fig. 3).

Land subsidence is causing surface deformation at Edwards Air Force Base and surrounding areas.
This deformation has caused the formation of sink-like depressions, earth fissures, and cracks on the playa
surface of Rogers Lake. These changes adversely affect the use of the lakebed as a runway for airplanes
and space shuttles. Repairs to the lakebed have been unsatisfactory because the load-carrying capacity of
the repaired lakebed is less than that of the original lakebed. Continued active surface deformation further
adversely affects repairs that have been made to the runways.

The playa surfaces of these ephemeral desert lakes characteristically have smooth, hard, flat surfaces.
Some have small (cobblestone size) polygons or large (giant) desiccation polygons whose boundaries are
defined by cracks that may be up to several inches in width. The small polygons range from 1 to 4 in. in
width; the giant polygons may exceed widths of 300 ft (Neal, 1965). Fissures are a major concern because
they may extend to the water table, allowing direct access for contamination by toxic materials. In
addition, existing sink-like depressions and associated fissures become avenues of vertical water
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Figure 3. Land subsidence at bench mark M1155 near South Track well field, 1961-89.
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movement. Changesin lakebed slope and land subsidence contribute to the formation of new fissures, and
new erosion channels, which form patterns collectively called desert flowers (fig. 4), which increasein size
and density following periods of direct precipitation or flooding of the lake. The continued subsidence of
the lakebed also has contributed to an increase in the depth and duration of flooding at the south end of
Rogers Lake where surface runoff collects in the depression on the lake where subsidence of 2 to 3 ft has
occurred.

Figure 4. Drainage channels (collectively called desert flowers) caused by erosion during flooding of Rogers
Lake. Photographed August 1989.

Land Subsidence and Problems Affecting Land Use at Edwards Air Force Base and Vicinity, California, 1990 43
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LAND SUBSIDENCE AS A RESOURCE MANAGEMENT OBJECTIVE IN
ANTELOPE VALLEY, CALIFORNIA

Steven P. Phillips (U.S. Geological Survey, Sacramento, California)

Ground water is an important component of the water supply in Antelope Valley (see Londquist
abstract for information on the hydrogeol ogy of Antelope Valley), comprising about 85 percent of the total
supply in 1992. Water demand is expected to increase rapidly with the projected increase in population
from the current (1994) level of about 310,000 to over 690,000 by the year 2010 (Templin and others,
1994). The combination of about 6.6 ft of land subsidence (4.9 ft from 1961-92; Ikehara and Phillips,
1994) attributable to ground-water withdrawal (Londquist and others, 1993), and the unpredictable nature
of surface-water supply, underscores the need for management of Antelope Valley water resources (see
Ikehara #1 and Blodgett abstracts for additional information on the measurement of land subsidence in the
Antelope Valley).

Although land subsidence is generally considered a negative effect of development, it does have
positive attributes. The primary benefit from land subsidence is the water released from compaction of
sediments. In some areas of the San Joaquin Valley, it is estimated that as much as 60 percent of ground
water applied as irrigation over a 4-year period was derived from compaction (Poland and others, 1975,
fig. 42) (see Pool abstract for additional estimates of water derived from compaction in the Picacho Basin,
Arizona). Another potential benefit is the creation of a precompacted zone ideal for storage and recovery
of surface, imported, or reclaimed water. Water artificially recharged into a precompacted zone can be
withdrawn effectively, as heads can be drawn down to their historic low without inducing additional
subsidence.

Negative aspects of land subsidence include detrimental effects on man-made structures,
geomorphology, ground-water quality, and the hydraulic properties of the aquifer system. Differential
subsidence causes tensional forces at the outer boundaries of the subsidence area, and compressional
forces at the center (see Helm abstract). Linear engineered structures are particularly susceptible to damage
from strain events related to these forces. Canals, sewers, water delivery systems, drainage works, flood-
control facilities, transportation grids, well casings, and other engineered structures have all been damaged
in subsiding areas (Poland, 1984) (see Schumann abstract for related damages experienced at Luke Air
Force Base near Phoenix, Arizona).

Differential land subsidence can affect the geomorphology of an area. Drainage patterns, for example,
can be altered substantially by a change or reversal of gradient. Subsidence-related alterations in drainage
patterns and local topography can cause severe flooding (see Schumann abstract). Associated problems
include increased rates of erosion, as on Rogers Lake, a dry lakebed at Edwards Air Force Base (see
Blodgett abstract). Farmland is also susceptible to damage from altered drainage patterns and associated
increases in erosion, requiring more frequent grading.

Ground-water quality can be affected by subsidence-related processes. Earth fissures, which are
vertically oriented fractures often related to land subsidence, can act as conduits from the surface to the
ground-water system. These fissures can provide preferential pathways for the transport of surface or
subsurface contaminants to the water table. Another potential effect on ground-water quality is the mixing
of relatively poor-quality water from compaction with ground water of better quality. Pore water in clay
deposits, which would be released during compaction, is generally higher in dissolved solids than pore
water in coarse-grained deposits.
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The hydraulic properties of the aquifer system are also affected by land subsidence. Compaction often
resultsin a permanent loss of storage; most of the loss occurs in the compressible fine-grained units.
Compaction also can result in a permanent decrease in the ability of the compacted unit to transmit water.
If the fine-grained units are areally extensive and subhorizontal, which is common in alluvial basins of the
United States, this could have an effect on the characteristics of vertical flow in the ground-water system.

The optimal management of awater supply generally emphasizes a balance between supply and
demand, and a minimization of physical, economic, and environmental consequences. In Antelope Valley
and other western basins where land subsidence is occurring, the potential positive and negative
consequences of subsidence should be a key management consideration. The experience in Antelope
Valley and other semi-arid and arid basins with subsidence shows that land subsidence generally is not
included in water-resource management plans. The challenge ahead is to quantify the physical, economic,
and environmental effects of subsidence in Antelope Valley and other basins on an areal basis so they can
be used in the management process.

Land Subsidence as a Resource Management Objective in Antelope Valley, California 45
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DESCRIPTION OF GLOBAL POSITIONING SYSTEM NETWORKS
SURVEYED IN CALIFORNIA, 1992

Marti E. Ikehara (U.S. Geological Survey, Sacramento, California)

Three static Global Positioning System (GPS) surveys were completed during 1992 as part of land-
subsidence investigations near Mammoth Lakes, and in Antelope Valley, California (see Ikehara#2 and
Pool #2 abstracts for GPS applications in land-subsidence investigations). The network near Mammoth
Lakes, designed to monitor crustal motion related to subsurface magmatic movement, was modified to
include bench marks sited near a geothermal field. Most of the stations of a GPS network established in
1989 at Edwards Air Force Base (EAFB) in Antelope Valley were resurveyed (see Blodgett abstract), and
anew GPS network was created and observed in southern and western Antelope Valley.

MAMMOTH NETWORK

An existing GPS network that included the Mammoth Lakes area was densified to obtain information
for bench marks within an active geothermal area associated with aresurgent volcanic dome and Long
Valley caldera, relative to marks outside the area of geologic unrest (see related abstract by Farrar and
others). During a 2-day period, 3 new bench marks were observed simultaneously with 14 stations that are
part of the existing Long Valley GPS network (fig. 1). The additional bench marks are Z123 and D916,
both of which have been leveled many times, and SRP, amark newly constructed to establish vertical
control for awell used to monitor hydraulic head and subsurface temperature.

All marks were observed with Ashtech Global Positioning System dual-frequency receiversfor a
period of 6to 6-1/2 hours. Thelatitude, longitude, and ellipsoidal heights of the 14 stations were cal cul ated
by using fiducial methods, Bernese software, and precise coordinates of the three global tracking stations
located in the United States (Jerry Svarc, written commun., U.S. Geological Survey, Menlo Park, CA). The
network vectors and geodetic coordinates of the three new stations were calculated with Ashtech
postprocessing software. The horizontal coordinates of the existing stations, except for ageographic outlier
to the southeast (OV RO), were held fixed to compute geodetic coordinates for the new stations. Marks
D916, CONV, and RET had been included in first-order leveling done earlier in 1992 and these elevations
were used to define the local vertical control datum (Kenneth Yamashita, oral commun., U.S. Geological
Survey, Vancouver, WA.).

A surface gravity map produced in 1992 by the National Geodetic Survey (NGS) shows that gravity
measurements used to compute the geoidal separation in the Mammoth Lakes area are coincident with
level lines. As aresult of this coincidence and the large amount of leveling data over the past decade, the
geoid here iswell-defined. The GPS-computed elevation and the leveled elevation for Z123 agreed within
several millimeters. The error at 1 standard deviation for each of the x, y, and z coordinates measured with
GPS was not more than 5 mm.

EDWARDS NETWORK
The primary objective of the GPS survey at EAFB (fig. 2) was to obtain current geodetic

measurements of bench marks to aid in the determination of the magnitude and rate of land subsidencein
the study area (see related abstracts by Blodgett, and by Londquist). Of the original 41 stations of the GPS
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Figure 1. Geodetic control stations monitored by the U.S. Geological Survey for crustal-motion studies in the
Long Valley Region, California.

network originally observed in 1989, all but 3 were recbserved in 1992, and 4 new stations were added to
the network. Of the 4 new stations, 3 were sited on the perimeter of Rogers Lake to establish vertical
control for conventional leveling surveys. The fourth new mark is part of the statewide High Precision
Geodetic Network (HPGN).
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Three to five Ashtech GPS dual-frequency receivers were operated daily. Satellites were tracked for a
period of 7 hours at most of the stations from mid-March through mid-April. Because Rogers and
Rosamond L akes were flooded until summer, some stations on and adjacent the |akebeds were not
occupied until August, when the fieldwork was completed.

The magnitude of land subsidence occurring at EAFB in the past 3 years may not have exceeded the
magnitude of the measurement error associated with the vertical component of the 1989 GPS-computed
coordinates which is on the order of 3—5 cm. The preliminary error estimate of 1-2 cm for the 1992 survey
indicates that the new vertical coordinates provide a more accurate basis for future subsidence comparisons
than did the previous survey, which was relatively limited by the older GPS-receiver technology and fewer
available satellites in the GPS constellation.

Vector coordinates are related to the local horizontal and vertical datum by holding the positions of
geodetic control stations fixed in a network adjustment. Control stations used in the 1989 adjustment will
also be fixed in one of the adjustments for 1992 data to produce coordinates that can be examined for
changes (exceeding the error), such as those resulting from land subsidence. Another adjustment will be
made holding fixed some of the control stations that have been tentatively selected for a regional-scale
adjustment of vectors from both the Edwards network and the GPS network newly established in the
southwestern part of Antelope Valley.

SOUTHWESTERN ANTELOPE VALLEY NETWORK

A network of bench marks in the part of Antelope Valley south and west of EAFB boundaries (fig. 2)
was designed and GPS-surveyed to establish baseline measurements in conjunction with a valley-wide
subsidence monitoring program. Increasing demands on ground water and a history of and potential for
further land subsidence throughout Antelope Valley have prompted a regional ground-water and land-
subsidence investigation. The subsidence-monitoring network may become an integral part of a ground-
water (and subsidence) management approach to controlling the location and quantity of ground-water use
(see Phillips abstract).

Network stations were selected on the basis of several criteria. The objectives were to extend and tie to
the Edwards network, and to include as many Los Angeles County bench marks as possible, particularly
those that had a several-decade history of relatively large elevation loss measured by leveling, and those
used as control ties between primary level lines established by Los Angeles County. Fifty-two stations,
including 10 in common with the Edwards network, comprise the Southwestern Antelope Valley network,
which extends from Hi Vista and Llano westward to Gorman (fig. 2). The fieldwork was completed in 3
weeks during April and May with cooperation from Los Angeles County, Department of Public Works. A
mixture of Ashtech and Trimble GPS dual-frequency receivers was used and posed little problem during
initial postprocessing and vector computation.

Horizontal coordinates of several HPGN stations and possibly a crustal motion network station will be
held fixed for horizontal control in a network adjustment. Two of the four bench marks proposed for
vertical control are also part of the revised Edwards network control. Network adjustments are being
delayed until verification of the new elevation of a bench mark being releveled to a higher degree of
accuracy in conjunction with other (non-USGS) GPS surveys. The modeled geoidal separations will be
compared with elevations measured by second-order leveling along a 35-km line, completed within a few
months after the GPS observations, to determine the magnitude of error associated with the geoid model
locally. Vectors from the Edwards network and the Southwestern Antelope Valley network will be
combined in a regional adjustment that will use a mixture of control stations observed in each subset of the
region-wide Antelope Valley GPS network.
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STATIC GLOBAL POSITIONING SYSTEM SURVEY DESIGN AND
SOURCES OF ERROR IN SUBSIDENCE INVESTIGATIONS

Marti E. Ikehara (U.S. Geological Survey, Sacramento, California)

A Global Positioning System (GPS) survey is most successful when the geometric qualities of the
satellite configuration and the receiver network are maximized, and the occurrence and magnitude of
systematic and random errors are minimized. By late 1992, there were 21 GPS satellitesin 6 orbital planes
around Earth, contributing to a period (window) of 7 consecutive hours during which radio signals from 4
or more satellites could be simultaneously observed by receivers. The ideal GPS satellite geometry occurs
when the satellites are widely dispersed overhead in each of the 6 orbital planes, throughout the duration of
the observation period. The optimal time of day and maximum length of the observation period is
dependent on the location of the study area and number of fully operational (healthy) satellites visible at
that location.

Designing the pattern of station occupation is a function of the number of receivers available and the
amount of redundancy required. For a static GPS survey, theideal configuration of the loops composed of
vectors between stations is circular rather than linear. Vectors should aso be relatively similar in length to
reduce the sensitivity of the error component of the computed values that is proportional to length. The
control stations must be observed aminimum of twice and preferably thrice. Stations most important to the
objectives of the GPS survey should aso be reobserved. Requirements for different levels of high-
precision GPS-survey classifications and detailed guidelines for designing networks to achieve the
required level of accuracy can be found in Federal Geodetic Control Committee (1989).

Knowing the speed of radio waves, the distances between several satellites and one receiver can be
calculated by timing the interval between transmission and reception of aranging code carried on the
signal. The three-dimensiona position of a station on Earth is trilaterated from the knowledge of these
distances and of the locations of the satellites within each orbit. The subsidence investigator is primarily
interested in the measurement of the vertical position of a station. The ellipsoidal height is the GPS-
determined vertical coordinate of a station and is referenced to an ellipsoid, currently Geodetic Reference
System (GRS) 80, which approximates the Earth’s shape. A closer approximation of the local vertical
reference system (datum) is achieved by modeling the difference between the ellipsoid and the geoid, or
mean sealevel, which isthe basis for the vertical datum. Surface gravity and conventional leveling
measurements are used to contour the geoidal separations. These relations are expressed by H=h- N,
where H isthe land-surface elevation, referenced to mean sealevel, histhe ellipsoidal height, and N isthe
geoidal separation (fig 1). By convention, when the geoid surface is below the ellipsoid surface, asitisin
North America, N is negative. When the land surface is below the geoid (sealevel), for example at Death
Valley, California, both H and h are negative. When the land surface is above the geoid but below the
elipsoid, H is positive but his still negative.

For subsidence monitoring, differencesin ellipsoidal heights over a period of time at a station can be
eguated to changesin its vertical position. To compare a station’s current vertical position with historic
measurements, the geoidal separation, N, must be determined and used to calculate a GPS-derived
elevation which is then compared with spirit-leveled elevations. The accuracy of N over the conterminous
United States, compared with leveling, ranges from 10-cm root mean square (RMS) at 100-km distances
between stations, to 1-cm RM S at 10-km separations (Milbert, 19914). The inaccuracy of N isthe largest
source of error in GPS calculations of H.
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H - Land-surface elevation, referenced to geoid

h - Ellipsoidal height, referenced to ellipsoid

N - Geoidal separation, referenced to ellipsoid

Figure 1. Three possible relations among land-surface elevation, ellipsoidal
height, and geoidal separation for a bench mark in North America.

There are two horizontal and two vertical datums currently in use nationally, and there can be local-
agency datums as well. The selection of a set of horizontal control stations and a set of vertical control
stations (bench marks), each referenced to a single horizontal or vertical datum, respectively, defines the
three-dimensional reference system to which GPS vector coordinates are converted. A GPS network for
subsidence investigations must have control stations, especially those defining the vertical datum, that are
not susceptible to land subsidence. Bench marks suitable for control are those that have been leveled at the
same time originally and later show no change in elevation when releveled in several years or decades.

The quality of a set of measurementsis defined by its precision, which is the degree of agreement of
repeat measurements, and its accuracy, which isthe degree of agreement with the true value, the difference
of the latter comparison being termed bias. GPS measurements are corrupted by systematic error, which
can be either constant in value and thus additive, or proportional, often relative to vector length.

M easurements are al so subject to random errorsthat result from variable, usually uncontrollable, observing
conditions. Systematic errors are usually minimized by designing a good network and observing schedule.
Postprocessing techniques are sometimes effectively used to reduce random errors by correcting or
eliminating bad observations.

Although GPS signals are known to bend and slow while traveling through the troposphere (0—10-km
altitude), this source of timing error is not significant in the southwestern United States or for vectors less
than several tens of kilometers (Dixon, 1991). In environments with low relative humidity, degradation of
satellite signals is most severe in the ionosphere (~50-500-km altitude), where ionic activity is
proportional to solar radiation. Making GPS observations at night greatly minimizes signal speed
corruption resulting from normal atmospheric conditions and the 11-year-cyclical sunspot activity (both
systematic error sources) and from extreme solar activity (random error). Because the time delay that
radio waves experience when traveling through the ionosphere is frequency dependent, the signals on the
L1 (Coarse Acquisition- or Precise(P)-code) and L2 (codeless or P-code) carriers of dual frequency
receivers can be compared to estimate the time delay and then correct the calculated distances for
ionospheric effects.

Multipathing, another systematic error, occurs when the same signal is detected several times at the
antenna after being reflected. This error can be eliminated by choosing locations without reflective
surroundings, proper antenna height positioning, and observing for several hours to average out the effect.
Additionally, signals below a horizon of 10 to 20° can be filtered out during postprocessing to reduce errors
due to both multipathing and atmospheric refraction of low-angle signals.
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Random errors can be resolved only during postprocessing. Noise in the carrier-phase (and rarely in
the code-phase) observables, the major random error source, resultsin cycle slips, interrupting the
tabulation of carrier-phase full-wavelength cycles. Cycle dips can be detected graphically and corrected
manually. Glitchesin signals can result from temporary mechanical failuresin satellites, lightning and
severe weather or solar activity, and cellular telephone interference. Other random errors result from
careless or incorrect execution of field procedures. Differences resulting from imprecise centering and
leveling of the antenna over the same station on different occupations are examples of small random errors.
An operator error nearly impossible to correct is the incorrect measurement or recording of the height of
the instrument, or antenna, above the measurement point of the station.

With careful planning and execution, the horizontal and vertical coordinates of stationsin a network
can be accurately measured by GPS surveying in support of land-subsidence monitoring.
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KINEMATIC GLOBAL POSITIONING SYSTEM SURVEYS IN
SOUTHERN ARIZONA

Donald R. Pool (U.S. Geological Survey, Tucson, Arizona)

Kinematic Global Positioning System (GPS) surveys have been used in southern Arizonato quickly
obtain accurate altitudes for more than 1,000 well heads, gravity stations, and bench marks and to survey
large areas for subsidence distributions. Altitudes are referenced to the National Geodetic Vertical Datum
of 1929 (NGVD of 1929). Prior to GPS, altitudes typically were estimated with questionable accuracies
from topographic maps because traditional surveyswere costly and time consuming. In contrast, kinematic
GPS surveysyield altitudes that generally are accurate to 5 cm as long as vector lengths are within about
15 km (see Ikehara #1 and #2 abstracts where for static GPS surveys 1-2 cm level accuracies are expected
and achieved).

The survey measures vectors between a static antenna and an antenna that roves among survey points
using signals broadcast from military GPS satellites. The static receiver is placed at a bench mark or
triangulation station with a known vertical or horizontal position. Vectors to each survey station and
geographic position of each station are determined during postprocessing of field data.

Kinematic GPS surveys sacrifice the centimeter-level accuracy of static GPS surveys for greater speed
and quantity of positions. Continuous monitoring of a single frequency signal, 19-cm wavelength, from
four or more satellites is required. Good satellite geometry is required, which means that the satellites
should be spaced across a large area of the sky. Signals from satellites Beloov&3he horizon are not
used because of excessive noise caused by the atmosphere. In late 1992, 24 satellites are available and
surveying can be carried out nearly 24 hours each day.

Surveys must begin with a 10-minute initialization procedure to establish signal bias, which is the
number of integer wavelengths between each satellite and the antennas. Signal biases are estimated using
baseline or antenna-swap initialization techniques. Baseline initialization requires the remeasurement of a
previously measured vector. Antenna-swap initialization requires exchanging the static and roving
antennas between two points separated by 5 to 10 m.

The survey consists of roving by vehicle or walking with one antenna and collecting data for 2 to 5
minutes at each station. Some obstructions cannot be avoided while roving, resulting in an interrupted
signal. When the signal from a satellite that is essential for good geometry is interrupted, bias on that signal
must be reestablished. Often, five or more satellites are monitored and therefore the loss of signal from one
satellite does not require reinitialization. When loss of signal results in poor satellite geometry, the signal
must be reinitialized by reoccupying a previously measured vector. This vector can be one measured
during the same survey, including initialization baseline or antenna-swap point, or one measured during a
separate survey.

The typical kinematic survey is impractical in areas with many large trees, developed areas with
buildings two or more stories tall, and narrow canyons. Two GPS alternatives, pseudo-static and rapid-
static surveys, are available for these areas. The pseudo-static method requires two occupations of 10
minutes for each station but does not require continuous monitoring of satellite signals. The rapid-static
method requires a single measurement lasting 20 minutes but is a dual-frequency method that uses more
expensive hardware and software.

The typical survey includes 20 or more vector measurements over a 3- to 4-hour period with some
redundancy for purposes of error checking (fig. 1). Redundancy is accomplished through inclusion of
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Figure 1. Typical kinematic Global Positioning System survey.

previously measured vectors, repeat measurements, and two base stations. [deally, one previously
measured vector should be remeasured after biases are reestablished on an important satellite signal. Use
of two base stations is advantageous because redundancy of positions are provided for each station, power
failures or other problems at one base do not cause atotal loss of the survey, and poor initializations or
mismeasured antenna heights at base stations will be evident from vector-closure errors (see Ikehara #2
abstract for discussion of errorsin GPS surveys).

Field data are postprocessed using software from manufacturers of the GPS receivers or the National
Geodetic Survey. Basic information necessary for processing include antenna heights and type of
initialization. Processing of large surveys can take as much as 45 minutes of computation time. Survey
quality can be quickly assessed through inspection of the resulting vectors and comparing repeated
measurements. Data can be reprocessed if some of the vectors are suspect or if biases were not accurately
estimated. A final fix to recover from unreliable vectorsisto remeasure akey vector and then reprocessthe
data set using the new vector as an initialization baseline.

Processed vectors are loaded into a network-adjustment program and a |east-squares adjustment is
applied, resulting in the compilation of closure errors and standard errors for each surveyed point.
Coordinates of each station in several ellipsoidal coordinate systems can be determined from the known
horizontal and vertical positions of base stations.

The final stage of processing isto determine the altitude of each station relative to NGV D of 1929
using the program GEOID90 (Milbert, 1991b). Comparisons of NGV D of 1929 altitudes determined by
kinematic methods with the altitude of first-order benchmarks indicate an accuracy better than 10 cm and
often better than 5 cm when vector lengths are kept to about 15 km or less.

Kinematic GPS surveys have been a useful tool that has improved the accuracy of atitude-sensitive
data and broadened the scope of projects that can be pursued. Accurate well-head altitudes can be
measured rapidly and provide more accurate estimates of ground-water gradients. Accurate altitudes
increase the accuracy and expand the use of gravity surveysto the detection of small amplitude anomalies
that are common in ground-water hydrology. Areas of potential subsidence that have not been surveyed
because of cost and time constraints can be easily surveyed. More applications of kinematic surveys are
expected in the future.
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DEFORMATION ACROSS AND NEAR EARTH FISSURES:
MEASUREMENT TECHNIQUES AND RESULTS

Michael C. Carpenter (U.S. Geological Survey, Tucson, Arizona)

Deformation across and near earth fissuresis complex and requires varied and extensive instrumen-
tation to determine depth and type of active fissure movement (see Haneberg and Friesen abstract for
related discussion of deformation measurements near an earth fissure in New Mexico). M easurements that
augment one another include measurements on several different scales, continuous measurements and
seasonal repeated surveys (table 1), and combined vertical, horizontal, and tilt measurements.

Table 1. Methods of measurement of horizontal strain.

Approximaterange Approximate resolution

Method or span, in meters Milli : .
illimeters Microstrain

gi/gtgrﬁntial Global Positioning 530,000 5 5
Electronic distance measurement >16,000 1 2
Tape extensometry 30 3 10
Invar-wire extensometer >30 .001 .03
Pyrex tube and dial gage 3 .0001 3
Quartz tube and transducer 3 .00001 .003

Precise leveling has aresolution of 0.1 to 0.2 mm or 0.1 microradian for double-run lines as much as 1 km
long. Biaxial tiltmeters with AC voltage output for continuous recording have aresolution of 0.1
microradian. Most measured fissure movement has been less than the measurement error for differential
Global-Positioning-System (GPS) surveys. Thus, GPS aoneisgenerally inadequate for monitoring fissure
movement. However, GPS serves exceptionally well for establishing afixed frame of reference from
which to make the finer measurements.

Three elastic models that explain fissure development and movement are (1) bending of a plate or
beam above a horizontal discontinuity in compressibility (Lee and Shen, 1969), (2) dislocation theory
representing afault or tensile crack (Okada, 1985; Holzer and others, 1979; Carpenter, 1993), and (3)
upward propagation of tensile strain in response to draping of amaterial over a horizontal discontinuity in
compressibility (Haneberg, 1992; see Haneberg abstract). These three mechanisms probably act together at
al earth fissures and are here grouped in the term generalized differential compaction. In each case, the
horizontal discontinuity can be an edge of a bedrock bench, a mountain-bounding fault, a bedrock high, or
afacies change; and, the driving forceis differential compaction caused by increased effective stress,
which isin turn caused by aquifer-system hydraulic-head decline. The inherent assumption in dislocation
modeling isthat the differential compaction is concentrated along specific planes such as preexisting faults.

A study was done near Picacho in south-central Arizonafrom 1980 to 1984 to test hypotheses of earth-
fissure movement associated with hydraulic-head fluctuation (see Pool #1 abstract for related land-
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subsidence information for the Picacho Basin, Arizona). Vertical and horizontal displacements were
monitored along a single survey line normal to the Picacho earth fissure, while ground-water levels were
monitored in shallow and deep piezometers set in each of two test holes on opposite sides of the fissure (fig.
1) and used to compute the aquifer-system hydraulic head. The survey line extends from a bedrock outcrop
(fixed reference frame) in the Picacho Mountains on the east, past an observation well near the fissure, to a
point 1,422 m to the west. The survey line consists of nine closely spaced monuments (G-O) for tape
extensometry and leveling near the fissure and eight widely spaced monuments for electronic distance
measurements and leveling elsewhere along the line. From May 1980 to May 1984, the western,
downthrown side of the fissure subsided 167 mm and moved 18 mm westward into the basin. Concur-
rently, the eastern, relatively upthrown side subsided 147 mm and moved 14 mm westward. Thus, the
fissure itself translated toward the center of the basin. Dislocation modeling of deformation along the
survey line near the fissure suggests that dip-slip movement occurred along a vertical fault surface that
extends from the land surface to a depth of about 300 m.
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Figure 1. Geologic section constructed from seismic refraction profile and grain-size distribution for

test holes TA-1 and TA-3 near Picacho earth fissure.
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Continuous measurements were made of horizontal movement across the fissure using a buried invar-
wire horizontal extensometer, while ground-water-level fluctuations were continuously monitored in four
piezometers nested in two observation wells (fig. 1). Opening and closing movements of the fissure were
smooth and were correlated with aguifer-system hydraulic-head decline and recovery, respectively,
measured in the nearby piezometers and with aquifer-system compaction and hydraulic-head fluctuation at
Eloy, Arizona, 12 km west in the central part of the basin (see Haneberg and Friesen abstract for related
finding for an earth fissure in the Mimbres Basin, New Mexico). Pearson correlation coefficients between
the hydraulic-head fluctuations measured in the deeper piezometers, TA-1-1 and TA-3-1, and horizontal
movement ranged from 0.913 to 0.925, indicating that differential compaction in the deeper aluviumisthe
driving force for fissure movement at the study site (fig. 2). The hypothesis of horizontal seepage stresses
is not supported at the study site because of the low correlation between fissure movement and horizontal
head gradients such as between TA-1-1 and TA-3-1. Correlograms of hydraulic-head decline as ordinate
and horizontal strain as abscissafor TA-1-1 and TA-3-1 exhibit hysteresis loops for annual cycles of water-
leve fluctuation as well as near-vertical excursions for shorter cycles of pumping and recovery, indicating
the usefulness of a viscoelastic model such as a Kelvin substance for deformation associated with aquifer-
system compaction.

Deformation Across and Near Earth Fissures: Measurement Techniques and Results 57



U.S. Geological Survey Open-File Report 94-532

— — NOV. } 1981
~ g T 355 T T T T ~ g T 355 T T
=Y o TA-1-1 NOV. 1, 1981 =4 6 TA-3-1
[a)] [a)]
<3 §) <g 2
W o 360 [~ . Wo 9 360~ A .
I <C T <
cu 1. , oy B \
J0 O JO0 O
232 2 / ‘ 22 2 _ 288 [/
xS ¢ 36517170913 N=229 [/ N xS g 385 ry=0.923, N=288 4
Oy 0 Oy O
>u g r,=0.925, N=908 Fuw g
i %5 370 | | | 1 T 370 | | | |
= s [9))]
355 T T T T o -5 T T T 1
o )
u>.1 T TA-3-2 NOV. 1, 1981 g g TA-3-2 minus TA-3-1
~ 2 .
Z © 360 [=0-891, N=257 | é (D,:) 2 oL (Vertical seepage stress) |
25 2 ow d r =0.569, N=257
we 2 Th O -
Ty z g =2
z =
26 § sk 1 828 °T |
oM 2 O - U
= ) [
o O / fx & 1 4 NOV.1, 1081 \
ol » - o W N r,=0.045
© o 370+ T Y 101 2 -
> L o V)/k r,=0.678 W N=706
Y N=789 = l, -
375 ! ! ! ! 15 ! ! ! !
1 0 -1 -2 -3 -4
-10 T T T T OPENING —>
o )
= O TA-1-1 minus TA-3-1 HORIZONTAL MOVEMENT, IN MILLIMETERS
;( " % (Horizontal seepage stress)
o4 5 .
cb i
Tw C r.=-0.164, N=229 NOV. 1, 1981 EXPLANATION
z= 2 1 -
wZ % 0r . n PEARSON CORRELATION COEFFICIENTS
O < vt
o w
5 ﬁ E / ry Period before November 1, 1981
o r,=-0.415, N=779
9} — ’
E - 5 2 - ry Period after November 1, 1981
[
o l’ N NUMBER OF OBSERVATIONS FOR
10 ' ' ' ' CALCULATING T

OPENING —>
HORIZONTAL MOVEMENT, IN MILLIMETERS

Figure 2. Correlation of horizontal movement with hydraulic-head fluctuations measured in piezometers near the
Picacho earth fissure.
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TILT AND AQUIFER HYDRAULIC-HEAD CHANGES NEAR AN EARTH
FISSURE IN THE SUBSIDING MIMBRES BASIN, NEW MEXICO

William C. Haneberg (New Mexico Bureau of Mines and Mineral Resources,
Socorro, New Mexico), and
Robert L. Friesen (New Mexico Bureau of Mines and Mineral Resources,
Socorro, New Mexico)

Earth fissures, related spatially and temporal to basinwide ground-water pumpage and ground-water
level declines, occur in at least 13 locations throughout the Mimbres Basin south of Deming, New Mexico.
Both the maximum drawdown, in excess of 33 m between 1910 and 1987, and 12 of the fissure locations
occur near the center of the 880 km? cone of depression in the aquifer potentiometric surface (Contaldo
and Mueller, 1991). Subsidence above the center of the cone, estimated from protruding well heads, is
believed to be on the order of several decimetersto one meter.

Tilts and ground-water level changes near the Cox earth fissure located in SE/4, SW/4, T25S, ROW
were monitored between January and December 1992, using a network of 4 biaxial borehole tiltmeters, 2
piezometers, and a nearby domestic well (fig. 1) instrumented with pressure transducers (Haneberg and
Friesen, 1993; Friesen, 1992; see Carpenter abstract for related discussion of deformation measurements
near an earth fissure in the Picacho Basin, Arizona). The tiltmeters are sanded into 20-cm-diameter steel
casings, so that tilts are averaged over the length of the casing (approximately 2 m for T-A and T-D, and
approximately 5 m for T-B and T-C). The objective of this study was to compare observed tilts near the
fissure with the deformation patterns predicted by models of simple plane strain draping and differential
compaction perpendicular to the trace of the fissure. Previous work at this site included shallow seismic
reflection and gravity surveys across the fissure (Haneberg and others, 1991).

The static ground-water |evels measured in the piezometersin December 1991 were about 42.6 m
below land surface, with a head difference between the piezometers of about 4 cm across the fissure. The
depth to water in the piezometers increased approximately 22 cm between December 1991 and late
September 1992 (fig. 2)

Resolution of thetiltmetersis 0.1 microradian over arange of £800 microradian, and resolution of the
pressure transducers is 0.013 kPa (the equivalent of about a 1.3 mm height of water) over arange of 0to
103 kPa (about 0 to 10.6 m height of water). Data were recorded hourly using adigital datalogger. Short-
term tilt and water-level records exhibit diurnal and semi-diurnal cycles superimposed on long-term trends,
with daily tilt amplitudes on the order of 0.1 microradian and daily water level amplitudes on the order of
1.0 cm. Virtually all of the observed variability can be accounted for by aleast-squares regression model
incorporating 8 earth tide, barometric, and annual irrigation harmonics, plus a monotonic linear trend
(Friesen, 1992; Haneberg and Friesen, 1993; see Galloway abstract for additional information on the
analysis of earth tides and atmospheric loading signalsin time-series of ground-water level changes).
Because a barometer was not available at the field site, however, it isimpossible to separate the tidal and
barometric components in our data. Recasting tilt values as differential horizontal displacements between
the top and bottom of the tiltmeter and assuming zero vertical displacement, we estimate dilation
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Figure 1. Plane table topographic map of the field site near the Cox earth fissure, showing the trace of the fissure;
tiltmeters A, B, C, and D; and piezometers P-1 and P-2. The topographic ridge running through the site is believed
to be the surficial expression of a buried channel deposit interpreted on shallow seismic reflection profiles

(Haneberg and others, 1991). Tiltmeters T-A and T-D are approximately 2 m deep, and tiltmeters T-B and T-C are
approximately 5 m deep.

associated with the diurnal fluctuations to be on the order of 0.01 microstrain, which is the same order of
magnitude commonly associated with earth-tide deformation (Bredehoeft, 1967). Daily water level
maxima generally correspond to daily tilt maxima, and suggest that the fissure closes as water level rises
(see Carpenter abstract for related finding). Because of complicated wave forms, however, we can only
speculate that the fissure must open slightly as the water level drops.
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Figure 2. Hydraulic-head changes measured at two piezometers and a nearby domestic well at the field site
between December 1991 and September 1992 (Haneberg and Friesen, 1993; Friesen, 1992). Locations of
piezometers P-1 and P-2 are shown in figure 1.

L ong-term records (tens to hundreds of days) show complicated patterns of tilt both towards and away
from the fissure (fig. 3) These patterns are inconsistent with the notion of simple plane strain perpendicular
to the fissure, and tilt measurements are only weakly correlated with long-term changesin water level near
the fissure. Tilts calculated using amodel of athin elastic plate subjected to spatially-variable loading, for
example due to differential compaction over the buried channel deposit beneath the site (see Haneberg
abstract), lead us to speculate that highly variabletilts may be caused by flexure of surficial layers over
buried stratigraphic and structural irregularities above the water table (Haneberg and Friesen, 1993).
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Figure 3. Plan views of data obtained from tiltmeters T-A, T-B, T-C, and T-D near the Cox earth fissure between
mid-January and late September 1992. Instrument locations are shown in figure 1. Although the E-W and N-S
ranges are the same magnitude for individual tiltmeter plots, the ranges vary among plots according to the
amount of tilt measured. During the period of record, tiltmeter A tilted down towards the northeast, tiltmeter B tilted
down towards the southeast, tiltmeter C tilted down towards the northeast, and tiltmeter D tilted down towards the
southwest.
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CONTINUUM SOLUTIONS FOR DRAPING AND DIFFERENTIAL
COMPACTION OF COMPRESSIBLE ELASTIC LAYERSO
IMPLICATIONS FOR THE ORIGIN AND GROWTH OF EARTH FISSURES

William C. Haneberg (New Mexico Bureau of Mines and Mineral Resources,
Socorro, New Mexico)

In order to investigate the relation between draping of compressible surficial layers over buried
irregularities and zones of ground failure (Holzer, 1984; Helm, 1992), continuum solutions have been
developed to model the deformation both of single- and multiple-layered elastic bodies subjected to
vertical displacement of the lower boundary (Haneberg, 1992, 1993). The geometry and boundary
conditions for asingle layer model areillustrated in figure 1. These solutions are limited to originally flat,
homogeneous, and isotropic elastic layers subjected to lower boundary displacements that can be specified
using a Fourier sine or cosine series. The upper surface of the layer(s) istraction-free, corresponding to the
Earth’s surface. Although the new solutions are not as versatile as finite element solutions previously used
to model deformation associated with earth fissures, for example by Jachens and Holzer (1979) and Larson
and Péwé (1986), they are simple to program and can be easily implemented on small desktop computers.
In the multiple layer model, each layer must also be of constant thickness, although thickness is allowed to
vary among layers. Because the new solutions are adapted from the analytic theory of folding, they yield
continuous values for stress and displacement throughout the layer, as opposed to the discrete nodal values
obtained from finite element solutions. Linear elastic rheology is assumed, so that lithostatic normal
stresses can simply be added to the series solutions for perturbed stresses developed as a consequence of
draping.

y
Upper boundary: no shear stress, no normal stress

Homogeneous, isotropic compressible elastic layer

N A

Lower boundary: no horizontal displacement, cosinusoidal vertical displacement

THE MECHANICAL MODEL

Figure 1. Boundary conditions and geometry of the idealized draping problem. The coordinate system used here is a
variation of the system used in Haneberg (1992, 1993), in which the origin is centered over the left-dipping step; this
coordinate shift involves only a switch of sine and cosine terms in the published solutions.

Qualitative analysis of the continuum solutions shows that stress and displacement fields developed as
a consequence of draping are controlled by: (1) thickness of the layer(s); (2) width of the buried
irregularity; (3) amplitude or height of the buried irregularity; (4) stiffness, and to a lesser degree
compressibility, of the layer(s); and (5) the shear strength of the lower boundary. The issue of lower
boundary shear strength arose during an analysis of tectonic drape folds in sedimentary strata (Haneberg,
1992), and is probably not important in shallow unconsolidated layers.
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A series of numerical experiments with the single layer model yields results that may have implica
tions for the origin of earth fissures (figs. 2 and 3). Zones of high stress a ong the upper boundary corres-
pond to the locations of inflection points along the lower boundary, with tensile stresses devel oped above
convex-upward inflections and compressive stresses developed above concave-upward inflections. If the
layer is draped over abroad, low amplitude irregularity, for example a buried channel-fill deposit, tensile
stresses are developed only along the upper surface because the confining lithostatic pressureis greater in
magnitude than any tension developed at depth. If the irregularity is sufficiently narrow and the layer is
sufficiently thin, perhaps corresponding to a buried fault scarp, the model predicts that tensile stresses
developed at depth—even in the presence of compressive lithostatic stresses—can be greater than those
developed along the ground surface. A narrow step also has the effect of concentrating displacement
gradients (i.e., strains) into a narrower zone of larger gradients just above the step.

Because the deposits in which fissures form have little tensile strength, the development of tension at
depth means that opening mode cracks may in theory nucleate at the toe of a narrow irregularity and
propagate upwards. A propagating opening mode crack will remain perpendicular to the least compressive
principal stress in order to maximize the dissipation of strain energy; therefore, an opening mode crack that
begins at depth and grows upward will tend to curve away from the irregularity. This phenomenon may
explain the location of an earth fissure near San Marcial, New Mexico, that appears to have breached the
surface in alluvium above the hanging wall of a small graben-bounding fault (Haneberg and others, 1991).
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step 2B, =0.004
il sy v eV
hi=o20 + f t t 4 o MV Vbbb LTy
A G A0 S S AN S S B O S0 A5 SRS N S A0
RS N
tt N G, S R
' T T T T R N T T T T A A A N N T
h=o10 t t t t ot o NV VL bbb ST
TTTTTfail‘tttiiiii;kxttttT
Pttt bbb bbbt
tt SR N U U S |
T N T T T T T T T A A AN U I
=002 t t t t o p o NNV VL L LT g
VR EE R RE R R SR F I RR RS
Narrow lllllllllll
step

HORIZONTAL AND VERTICAL DISPLACEMENTS MAGNIFIED X 10

Figure 2. Displacement fields produced by draping of a single compressible elastic layer over a pair of facing steps.
Variables are: T—layer thickness, L—fold wavelength, E—Young's modulus, g—gravitational acceleration, v—Pois-
son's ratio, B—height of step, h—width of step. In order to examine the effects of changing step geometry, the ratio h/
L is decreased from 0.20 in the uppermost layer to 0.02 in the lowermost layer, thereby concentrating displacement
gradients (i.e., strains) above the steps. In order to emphasize the perturbed stress fields near the steps, gravita-
tional body forces were not included in these calculations.
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Bell and others (1992) describe a similar situation, in which fissures are located in the hanging walls of
reactivated faults near Las Vegas, Nevada. An opening mode crack that starts at the Earth’s surface, in
contrast, can be expected to propagate downward only a short distance before compressive lithostatic
stresses terminate fracture growth. One might therefore predict that fissures developed along downward
propagating cracks will be relatively shallow and quickly filled with sediment, and that fissures developed
along upward propagating cracks will be relatively deep and persistent (see Schumann, Morton, Ward and
others, Carpenter, and Haneberg and Friesen abstracts for discussions of other earth fissuresrelated to their
development). Thisis not to say that al earth fissures must form along opening mode cracks that originate
at depth, particularly because supporting field evidence isweak at best, but rather that the development of
tension at depth may be one way to initiate the fissuring process.
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Figure 3. Principal stress fields produced by draping of a single compressible elastic layer over a pair of facing
steps. Variables are identical to those in figure 2. The magnitude of principal stresses is proportional to length. Ten-
sile stresses, which may initiate fissuring at depth in unconsolidated or poorly consolidated sedimentary aquifers,
develop along the step as the ratio h/L is decreased. In order to emphasize the perturbed stress fields near the
steps, gravitational body forces were not included in these calculations.
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HYDRAULIC FORCES THAT PLAY A ROLE IN GENERATING FISSURES
AT DEPTH

Donald C. Helm (U. S. Geological Survey, Carson City, Nevada, and
Nevada Bureau of Mines and Geology, Reno, Nevada)

Throughout the southwestern United States, fissures are observed to develop in sedimentary material
in response to ground-water withdrawal. To explain and aso to predict their occurrence, the principal
driving force must be identified and quantified. The principal driving force on the aguifer (saturated
assemblage of solid particles) is the difference between the driving force on the entire bulk material of
solids and water together and the driving force on the water relative to the solids. The latter is the seepage
force and is directly measurable as the gradient of hydraulic head. What is new in the present paper isa
deeper understanding of the role played by the driving force on the bulk material.

In response to pumping an idealized confined aquifer at a constant rate Q, the net driving force on the
skeletal frame turns out to be the gradient of excess pore-water pressure (Helm, 1994). The concept of
excess pore-water pressure was introduced by soil engineers (Bjerrum, 1969) to represent the difference
between the observed transient gradient of hydraulic head and the cal culated ultimate steady-state gradient
of hydraulic head.

More generally, the so-called steady-state gradient becomes the bulk driving force (Helm, 1994). It can
be considered to be essentially a mathematical way to extend to interior points the physical effect of
boundary flows (fig. 1) or pressure conditions that may themselves be steady or transient. Under many
circumstances, such as pumping at a steady rate, the physically real driving force on bulk material reduces
eventually to the familiar steady-state gradient of hydraulic head.

Q\
Land surface {jl}

Well
Water table Z

Confining unit / \

Screened

Confined interval

Obi
aquifer

Figure 1. Concept of bulk flux around a pumping well.
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The concept of bulk flux can be explained in the following way (seefig. 1). For any arbitrary closed
surface S (fixed in space) that contains a sink (such as a screened interval) from which water is being
withdrawn at a flow rate Q, if the constituent materials (such as the interstitial water and the grains and
plateletsthat comprise the aquifer) are individually incompressible, then starting immediately upon turning
on the pump a bulk flux gp of solids and/or water must flow through S. This phenomenon is required by
the conservation of mass. One can in fact write:

m
Q=75 aydS;,
i=1
where qy; is the bulk flux moving through an incremented area dS; and where m such incremented areas
compose S. This flow isrequired through any closed surface within saturated sedimentary material for as
long as Q is being withdrawn.

Another result of thisanalysisisthat when a pump isturned on, the aquifer and water together are
predicted to be set in motion as bulk flux towards the discharging well. Thisis adirect consequence of the
principle of mass balance and the fact that if the expansion of individual solid grains (which comprise the
skeletal assemblage) and the expansion of interstitial water alone are not sufficient to supply the entire
flow rate Q from the well, then porosity near the well must decrease (fig. 2). The aquifer skeleton must
move inward a sufficient distance and at a sufficient rate so that it remains contiguous. This net movement
isalso predicted to occur at distant points even where no change in porosity may have occurred locally. In
fact, this movement can be quantified.

For the sake of illustration, assume that water and individual grains are much less compressible than
the aquifer's skeletal structure (porosity). Ultimately (after long enough time), the flow rate Q is supplied
by steady-state flow of incompressible water past a skeletal frame that has come to rest. Initially, however,
Qissupplied by bulk flow as water and the skeletal frame (solids) flow together as undifferentiated
incompressible material. In addition, water and solids move initialy with the same velocity. As adirect
conseguence of mass conservation, the bulk material satisfies the equation of incompressible flow
throughout time. A major change that occurs with time is that ultimately bulk flow consists entirely of
water flowing past solids whereas initially there is no such relative flow. Hence, because there isinitially
no relative flow (namely, water flowing past solids), thereisinitially no seepage force. In other words,
there is no gradient of observed hydraulic head initially even though the contiguous aquifer isindeed

- Production

well

Figure 2. Inner zone of radial compression and surrounding outer zone of radial extension near a
production well in a confined aquifer.

Hydraulic Forces that Play a Role in Generating Fissures at Depth 67



U.S. Geological Survey Open-File Report 94-532

moving. During intermediate time, atransient zone of drawdown develops near the well and expands
outward (fig. 2). This zone coincides with a zone of decrease in porosity and a zone of relative flow. This
zone of drawdown does not, however, delineate the zone of bulk movement itself. To summarize: At any
fixed point of interest, bulk movement in a Theis aquifer remains a constant in response to constant Q. It
merely makes a gradual transition from flow of solids and water together to flow of water alone.

The process discussed above isillustrated for a confined aquifer in figure 2. The arrows in figure 2
represent the cumulative radial displacement u, of the aquifer over a specified period of time At. Aquifer
movement is everywhere inward towards the discharging well. If afront grain travels a shorter distance
during At than aneighboring back grain travels, radial compression results. If the front grain travels a
longer distance than the back grain, radial extension results. For radial compression, theradia strain g,
(= du,/ar) is positive; for extension, it is negative. Along the boundary between the two zones the radial
strain €, is zero and at this boundary, radial aquifer displacement has reached amaximum (seefig. 2). This
boundary itself moves outward with time asthe inner zone of aquifer compression gradually expands. Due
to axial symmetry, tangential strain €gg equals simply u,/r and is everywhere compressive. Hence
wherever radial extension equals-u,/r in the outer zone, the sum g, + €gg equals zero and correspondingly
thereislocally no change in horizontal porosity. Consequently, drawdown in this outer areais unlikely to
occur even though the radially inward movement of the aquifer u, islocally occurring. In fact, in this
outermost area of figure 2, u, can be calculated based directly on the mass balance discussion of figure 1.

The fact that turning on a pump immediately imparts an initial and radially inward velocity onto the
skeletal frame has far-reaching consegquences. According to Newton's first law, an external forceis
reguired to stop the ongoing inward motion of the skeletal frame. Such an external force can be supplied by
the well screenitself. It can also be supplied by subvertical heterogeneities within the aquifer with more
cohesive or massive material on the far side, for example by distant bedrock intersecting the aquifer at
depth. The fundamental question is now reversed. To find how fissures are generated at depth, one must
search for forces that impede aquifer movement after the pump isturned on rather than forcesthat driveit.
The natural state of the aquifer is to be moving towards the discharge center—even at distant points where
no drawdown is occurring.

Two competing mechanisms have been posited in the past to explain the generation of fissures. They
can now be placed in perspective. One of the former explanations (Lofgren, 1978) is the viscous drag of
flowing water on a solid particle (fig. 3) caused by horizontal seepage forces (gradients of hydraulic head).
Such an explanation is sufficient for an isolated grain, but is incomplete for a radially extensive and
contiguous assemblage of grains as has been discussed above. The role of the bulk hydraulic force, which
imparts an initial velocity to all particles (namely, both slightly compressible or incompressible fluid
particles and incompressible solid particles), has been traditionally overlooked.

The other posited explanation from the past (Lee and Shen, 1969; Jachens and Holzer, 1979) is the
horizontal tension caused by flexure of a bending horizontal elastic beam or plate (fig. 4). Bending along
the top is caused by an assumed vertical movement along the base of the beam or plate. The center of a
subsidence bowl represents the greatest vertical movement beneath the plate, and the perimeter of the bowl
represents the least vertical movement. This mechanism qualitatively explains the observed radial inward
movement of the land surface.

The bending beam analogy predicts that fissures will occur along the shoulder of a subsidence bowl
where horizontal extension is greatest. It also predicts that cracks will open first at the land surface and
then propagate downwards. On the basis of on field observations, subsidence-related cracks are universally
interpreted to migrate upwards from depth and to express themselves at land surface as a final step. They
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X

Figure 3. The seepage force analogy: Due to momentum balance, the forces acting on an iso-
lated grain are (1) a submerged or buoyant body force b and (2) a surface force (py-p1)/(Xo-X1)
caused, in this case, by the viscous flow of water.

occur not only where predicted along the shoulders of a subsidence bow! where the curvature of vertical
movement is convex upward but also beyond the outer perimeter of the subsidence bow! where essentially
no subsidence nor drawdown has been observed. Fissures are aso found near the center of a subsidence
bowl where the curvature of vertical subsidence is concave upward (see Haneberg abstract for additional
discussion on fissure migration).

In order to explain thislast observation it may seem tempting at first glance to modify the original use
of the bending beam analogy. If one considers the entire thickness of an actual bending beam, only the
midplane has no horizontal component of movement. Originally, therefore, only the top half of the beam
was considered appropriate to apply to the subsidence case. As mentioned above, this allows the base of
the traditional bending beam to move vertically only. The modification is to consider the entire thickness.
Because the bottom half of an entire bending beam is in extension where the top half isin compression, a
tensional crack might conceivably originate at depth near the center of a subsidence bowl, pass through the
neutral zone of the midplane and then somehow migrate upward to the land surface through the locally
compressing upper haf. Such a modification requires the horizontal component of aquifer movement at
depth to be radially away from a discharging well. Thisradially outward motion at depth is oppositein
direction from the hydraulic forces and opposite in direction from movement observed at land surface. To
require the general horizontal direction of aquifer motion at depth to be away from a discharging well is
fraught with insurmountable difficulties. One is left with the origina upper-half bending elastic beam
analogy (fig. 4) that has had essentially no predictive success.

The bending beam anal ogy should not be confused with the empirica draping effect. Draping
describes the motion at land surface in response to differential vertical movement at depth caused, in turn,
by heterogeneities or geologic structure (see Haneberg abstract for amore complete discussion of draping).
For example, if gradual vertical dlip occurs at depth across a buried subvertical fault due perhaps to
different thicknesses of compressing clay on the two sides of the fault, one would expect a corresponding
rotational movement at land surface with one side subsiding faster than the other. This would occur dueto
mass balance whether or not the bending beam analogy is applicable and whether or not easticity isthe
appropriate constitutive relation for behavior of unconsolidated sedimentary material.
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Figure 4. The bending beam analogy: point b on the neutral surface moves vertically downward to a hew position b’.
Point a, which lies above the neutral surface, rotates both downward and inward towards the point (x=0) where maxi-
mum vertical displacement occurs (analogous to the center of a subsidence bowl).

In conclusion, mass balance and Darcy’s law for the flow of water relative to the solid matrix require
that a porous nonrigid aquifer moves radially towards a discharging well. A bulk hydraulic force allows
such movement to occur in outlying areas near the perimeter of asedimentary basin even before drawdown
occurs locally. For known boundary conditions and material properties, this movement can be predicted
quantitatively for a continuum. Fissures are predicted to occur where geologic structure and
heterogeneities impede this motion and more specifically where preexisting planes or points of weakness
alow acrack to be generated.
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SIMULATION OF THREE-DIMENSIONAL GRANULAR DISPLACEMENT
IN UNCONSOLIDATED AQUIFERS

Thomas J. Burbey (U.S. Geological Survey, Carson City, Nevada)

Hydrodynamic processes associated with land subsidence and subsequent earth fissuring due to fluid
withdrawal in unconsolidated aquifers are three dimensional in scope. Mathematical and numerical models
that use hydraulic head or volume strain as the principal unknown variable are traditionally one
dimensional with respect to changes in storage and strain. These models can simulate the total vertical
compaction of interbeds in a confined aquifer, but they have no way of predicting directional components
of granular movement or the resulting strain field. Consequently, they cannot estimate where damaging
fissures may occur over time. For research purposes a new three-dimensional numerical model is being
developed that is based on the modular finite-difference ground-water flow model (MODFLOW) by
McDonald and Harbaugh (1988) that has the displacement field of solids asits principal unknown variable
(see Leake abstract for the current status of MODFLOW and packages for simulating land subsidence).
The governing equation (Helm, 1987) can be written as:

d S K AN EN AN K
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where U isthe displacement of solids, K isthe hydraulic conductivity ten§or, Py isthe densit;i of
water, g isthe gravity constant, a isthe compressibility of the skeletal matrix, qy, isthebulk flux, qg is
theinitial unstrained specific discharge, and O isthe mean total stress. Because the displacement field of
solids is a vector quantity, granular displacement resulting from imposed stresses on an unconsolidated
aquifer can be simulated in three dimensions. The new model is not limited to confined aquifers, but can
readily be applied to unconfined and semiconfined aquifers.

The three-dimensiona governing equation used in the new model inherently assumes that ground-
water flow isrelative to solids. Thus, a new set of initial conditionsis needed to account for the solid
matrix. This quantity is the bulk flux that takes into account both the velocity of water and the velocity of
solids (see Helm abstract). Expressions are developed for the bulk flux for both a pumping well (or
artificial recharge well) and natural recharge by infiltration of precipitation.

The general three-dimensional form of the governing equation is difficult to apply numerically and
does not comply to the general structure of the modular ground-water flow model. A more tractable and
simpler approach is to uncouple the governing equation into three one- dimensional expressions. Thiswas
accomplished by assuming that within a specified material the changes or gradients of shear strain are
small in comparison to the changes or gradients of normal strain in the principal directions. In thisway the
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displacement of solids can be viewed as a scalar quantity, much like hydraulic head in the ground-water
flow equation. The result is a separate diffusion-style equation for each component direction as follows:

2
duX Kyx @ UXE
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where the subscripts x, y, and z represent the principal directions. A Crank-Nicolson numerical
procedure, which is second-order correct and unconditionally stable, is used to approximate the resulting
three one-dimensional governing equations. The uncoupled expressions for each component direction
form atridiagonal matrix that can be solved directly. Boundary conditions are developed for both zero
displacement and impermeable lateral boundaries. A zero volume-strain rate condition is used to simulate
the location of the water table. The aguifer bottom, representing basement rock, is always assumed to be a
zero-displacement boundary.

Hypothetical simulations are devel oped for unconfined isotropic, unconfined anisotropic, and confined
isotropic aquifers. A 12-layered 1,000-ft-thick system with a single pumping well having a 100-ft-thick
screened interval is used to test the new model. Simulation results for the isotropic condition indicate that
displacement is symmetrical and inward toward the pumping well. The spherical radius of maximum
inward displacement progresses outward from the well as simulation time increases. The shape of this
“radius” becomes modified by boundary conditions such as the water table. Thus, for a short simulation
time, the maximum downward vertical displacement is not at land surface but rather at a point nearer the
screened interval of the pumping well. In fact, a poisson type of effect occurs as small upward
displacements at the water table are simulated in a donut-shaped pattern around the well bore. For the
anisotropic condition, when vertical hydraulic conductivity becomes small relative to horizontal hydraulic
conductivity, the displacement field changes from mostly horizontal to mostly vertical. A dominant
downward displacement is simulated in all layers above the screened interval for strongly anisotropic
conditions (fig. 1A) The lateral extent at which a dominant downward component of displacement occurs
depends on the degree of anisotropy. For the confined condition, displacement is primarily downward in
the confining unit but is mostly horizontal within the homogeneous isotropic aquifer beneath the confining
unit (fig. 1B). Near the well, vertical displacements become significant within the aquifer also. Within the
region of horizontal compression in radially extensive confined aquifers, the displacement model simulates
less vertical subsidence than conventional models that ignore horizontal granular movement.
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. . Anisotropic Confined
Aquifer Condition or Propert : .
9 perty (fig. 1A) (fig. 1B)
Horizontal hydraulic conductivity of confining unit not applicable 1.0 ft/day
Vertical hydraulic conductivity of confining unit not applicable 0.0001 ft/day
Horizontal hydraulic conductivity of aquifer 10 ft/day 10 ft/day
Vertical hydraulic conductivity of aquifer 0.01 ft/day 10 ft/day
Elastic specific storage of confining unit not applicable 2x107 foot?
Inelastic specific storage of confining unit not applicable 8x10™ foot!
Elastic specific storage of aquifer 2x107 foot? 2x107 foot?
Inelastic specific storage of aquifer 8x1076 foot? 8x1076 foot?
Maximum horizontal displacement 0.0073 foot 0.0261 foot
Maximum vertical displacement 0.3809 foot 0.0866 foot
Pumping rate 2.0 ft%/s 2.0 ft%/s
Total pumping time 500 days 500 days

Figure 1. Granular displacement in (A) an unconfined isotropic aquifer and in (B) a confined isotropic
aquifer, with accompanying table describing values used for each simulation. Vector arrows indicate rela-
tive magnitude of displacement.
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STATUS OF COMPUTER PROGRAMS FOR SIMULATING LAND
SUBSIDENCE WITH THE MODULAR FINITE-DIFFERENCE
GROUND-WATER FLOW MODEL

Stanley A. Leake (U.S. Geological Survey, Tucson, Arizona)

The Regional Aquifer-Systems Analysis (RASA) Program of the U.S. Geological Survey included
studies of the Southwest Alluvial Basinsin Arizonaand New Mexico. Although land subsidence caused by
ground-water pumpage occursin this area, detailed analysis of land subsidence was beyond the scope of
the Southwest Alluvial Basins RASA studies. Therefore, afollow-up RASA Subsidence-Modeling Study
was initiated to develop improved methods of simulating aguifer-system compaction and land subsidence
in models of ground-water flow. The purpose of this paper is to summarize the methods of simulating
aquifer-system compaction that were devel oped by the Subsidence-Modeling Study.

The modular finite-difference ground-water flow model (MODFLOW) by McDonald and Harbaugh
(1988) iswidely used to simulate ground-water flow. MODFLOW was used for the Subsidence-M odeling
Study because the modular structure of the computer program allows addition of new simulation
capabilities in an organized way. In MODFLOW, simulation options are referred to as “packages.” The
Subsidence-Modeling Study developed three packages for simulating aquifer-system compaction and land
subsidence in MODFLOW. The first package is the Interbed-Storage Package, version 1, commonly
referred to as IBS1. Similarly, the other two packages are referred to as IBS2 and IBS3. The name
“Interbed Storage” refers to the ability of the packages to simulate storage changes and compaction in fine-
grained interbeds within an aquifer; however, these packages also can be used to simulate compaction in
extensive confining beds (for example, see Pool #1 abstract). All three packages are based on the theory of
one-dimensional (vertical) consolidation developed by Terzaghi (1925). Each of the packages, however,
uses a different set of simplifying assumptions and requires a different set of input arrays.

In the IBS1 package (Leake and Prudic, 1991), elastic and inelastic storage properties of compressible
sediments are constant and head change is the stress that causes compaction. Delay in release of water
from compressible interbeds is ignored. In the IBS2 package (Leake, 1990), storage properties also are
constant and head change is the stress that causes compaction; however, IBS2 simulates the delay in
release of water from compressible interbeds. For each model cell, IBS2 solves a one-dimensional
equation to compute flow and compaction in an interbed of a representative or average thickness. Those
results are extrapolated to compute compaction for the total thickness of interbeds in each cell. In the IBS3
package (Leake, 1991), compaction is computed as a function of effective stress, and elastic and inelastic
specific storage can vary with changes in effective stress. The thickness of compressible sediments in an
aquifer also can vary with changes in saturated thickness. The major assumptions for all three packages are
outlined in table 1.

For confined aquifer systems in which geostatic load is constant and change in effective stress is small
in relation to starting effective stress, use of the IBS1 package is appropriate. In some instances, the IBS1
package can be used in water-table aquifers by adjusting the elastic and inelastic storage coefficients to
compensate for differences between magnitudes in change in head and change in effective stress. If an
aquifer system includes thick interbeds for which delay in release of water cannot be ignored, the IBS2
package is the only package that can account for the delay. For unconfined aquifers or confined aquifers
with varying geostatic load, the IBS3 package probably is the most appropriate. For comparison purposes,
all three methods were applied to a model of ground-water flow in an alluvial basin in Arizona (Leake,
1992).
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The amount of information needed to implement each package is related to the simplifying
assumptions used for the package. The major arrays for all three packages are given in table 2. In addition
to the arrays listed, all three packages read in a starting compaction array that allows continuation of a
previous model run. Most of the information is read in astwo-dimensional arraysfor each model layer that
includes compressible interbeds or a confining bed. The IBS1 package uses al four of the simplifying
assumptionsin table 1 but requires relatively few input arrays (table 2). Conversely, the IBS3 package uses
only one of the assumptionsin table 1 but requires many input arrays. In addition to the input arrays, IBS3
requires two additional arraysto store geostatic load and effective stress for which starting values are

computed from input arrays.

Table 2. Assumptions for Interbed-Storage Packages IBSL, IBS2, and IBS3

Assumption IBS1 IBS2 IBS3
1. A unit decreasein water level resultsin aunit increase in effective ] ]
stress
2. A head changein coarse-grained aguifer materialsin amodel time ] ]
step resultsin an equal head change in compressible interbeds
3. Elastic and inelastic skeletal specific storages of compressible 0 0
interbeds are constants
4,  Total thickness of compressible interbedsis not afunction of satu- ] ]
rated thickness of the agquifer
Table 3. Input arrays required for Interbed-Storage Packages IBSL, IBS2, and IBS3
Property or I nterbed-Storage Package
condition IBSL IBS2 IBS3
Storage 1. Eladtic storage 1. Elastic specific storage 1. Starting elastic specific
coefficient 2. Inelastic specific storage storage
2. Inelastic storage 2. Starting inelastic spe-
coefficient cific storage
Hydraulic 3. Vertical hydraulic con-
ductivity of interbeds
Other 3. Starting preconsolida- 4. Starting preconsolida- 3. Starting preconsolida-
tion head tion head tion stress
5. Starting head 4. Elevation of land sur-
6. Average interbed thick- face
ness 5. Specific gravity of moist
7. Number of interbeds sediments
6. Specific gravity of satu-
rated sediments
7. Void ratio
8. Starting total thickness

of interbeds
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The IBS1 package is formally documented for use inside and outside the U.S. Geological Survey
(Leake and Prudic, 1991). The IBS2 and IBS3 packages were developed to study aternative methods of
simulating land subsidence in ground-water flow models. The theoretical basis and mathematical
development for these two packages are documented in Leake (1990) and Leake (1991); however, the
computer programs are not formally documented. If either of these packages are needed for future land-
subsidence studies, additional effort will be required to document the package prior to publication of the
study results.
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THE FREQUENCY DEPENDENCE OF AQUIFER-SYSTEM ELASTIC
STORAGE COEFFICIENTS: IMPLICATIONS FOR ESTIMATES OF
AQUIFER HYDRAULIC PROPERTIES AND
AQUIFER-SYSTEM COMPACTION

Devin L. Galloway (U.S. Geological Survey, Sacramento, California)

Aquifer-system compaction resulting from reduced fluid pressures in interbedded aIIuvjal aquifersis
governed by the skeletal elastic storage coefficients of the aquifer, S, and the interbeds, S |, and the
inelastic storage coefficient of the aquifer system, S* . The elastic skeletal components are related by:

Se=Set S,ke,

where S* . is the skeletal elastic storage coefficient of the aquifer system. Where measurements of
aguifer-system compaction and aquifer fluid pressures are available, stress-strain diagrams (for example,
see Carpenter abstract where stress-displacement diagrams are presented for horizontal movement across
an earth fissure in the Picacho Basin, Arizona) can be computed and estimates of S* and S*,, can be
obtained (Riley, 1969). Typically, this stress-strain relation is devel oped from the seasonal drawdown and
recovery cycle associated with agricultural and municipal/industrial ground-water use. Assuch, the aquifer
system storage estimates are representative of long period, low frequency responses of the aquifer system
to stresses. Estimates of S’ are computed from St and S, Where by contrast, estimates of S, are often
obtained on the basis of short duration, high frequency responses of aquifer fluid pressures measured in
wells to imposed hydraulic stresses, such as a pumping test or slug test. This approach for computing S ke
may not be valid if the aquifer-system response to stress is dependent on the frequency of the imposed
stress (Helm, 1974). The discussion that follows addresses only the elastic range of aquifer-system
compaction.

For uncemented granular material the barometric efficiency of awell/aguifer system isinversely
proportional to S, the aquifer storage coefficient (Jacob, 1940), and so the frequency response of
barometric efficiency to atmospheric loading can serve to illustrate the relation between the elastic
properties of the aquifer and the frequency of the applied load (fig. 1). The theoretical response (Quilty and
Rodloffs, 1991) is computed for a 150-m-thick, partially confined aquifer, hydraulically connected to a
water table 50 m below land surface through a specified vertical hydraulic diffusivity, D,,. For values of D,
typical of interbedded alluvial aquifer systems, between 1.0 x 102 and 1.0 x 10* m?d, the response is
frequency dependent for frequencies less than about 0.1 and 10 cycles per day, respectively. The
frequency-dependent part of these curves represents the influence of fluid flow and drainage of the aquifer
system in response to a change in the atmospheric load. For small values of D, 1.0 m?/d, characteristic of
aconfining unit, the response is frequency-independent for stress frequencies greater than 0.001 cycles per
day. The frequency-independent part of these curvesis known as the static-confined response and
represents the mechanical, undrained response of the aquifer to loading.

This general relation between the decrease in barometric efficiency for lower frequencies of the
applied load suggests that estimates of S* . based on the cyclic annual recovery limb of astress-strain
diagram, with afrequency of 2.74 x 103 cycles per day (1 cyclelyear), would be overestimated with regard
to the aquifer-system confined response for awide range of D,. When used with estimates of S, derived
from aguifer teststypically conducted at higher frequencies (over a period of hours to days), and more
likely representative of the undrained aguifer-system confined response, the resultant estimates of S’ ke
would also be overestimated. This approach for computing S’ ke |€ads to overestimation of the magnitude
of aquifer-system rebound during the recovery cycle.
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Figure 1. Theoretical response of the barometric efficiency of a well /aquifer to atmospheric loading. Barometric

efficiency is plotted as a function of the frequency of the applied load, and the vertical hydraulic diffusivity, D,. The
static-confined barometric efficiency is 0.35.

Measurement and analytical techniques can be employed to compute the well/aquifer system
frequency response to atmospheric loading (Rojstaczer, 1988; Quilty and Roeloffs, 1991), although
information at frequencies less than about 0.05 cycles per day is difficult to obtain due to instrument drift
and the required length of the barometric pressure and aquifer fluid pressure time series. Characteristics of
the frequency response can be determined for higher frequencies that may reveal a frequency-dependent
response from which estimates of D,, can be determined on the basis of the best fit to the theoretical
response. If earth tides can also be measured, estimates of aquifer elastic skeletal specific storage, Ss.e, and
porosity, @, may also be computed (Bredehoeft, 1967; Rojstaczer and Agnew, 1989), where

Ssie = Ske/b,

and b is the thickness of the aguifer. For these reasonsit is useful to evaluate the potential for
measuring barometric efficiency and the aquifer-system response to earth tidesin alluvial aquifers with
aquifer-system compaction.

The relation between Ss, and barometric efficiency (fig. 2) and S and the tidal area strain
sensitivity (fig. 3) can be determined when a priori estimates of Poisson’s ratd, and the solid grain
compressibility of the aquifeB , are known or can be estimated (Rojstaczer and Agnew, 1989). The areal
strain sensitivity is the ratio ofs‘[he aquifer fluid-pressure response measured as the open water-level
fluctuation in a well to the imposed areal strain of the solid earth tide in parts per million. For the range of
SSe 1.0 X 10°t0 1.0 x 1 mY, representative of alluvial aquifers where aquifer-system compaction has
been measured (Ireland and others, 1984; Hanson, 1989), the barometric efficiency and the areal strain
sensitivity are strongly dependent @h especially near the lower end of the range. Larger barometric
efficiencies occur with relatively small values ofS&nd large values &P. Larger areal strain
sensitivities similarly occur with relatively small values ofSbut unlike for atmospheric loading, small
values of®. For midrange values of @sandCD, barometric efficiencies between 0.1 and 0.5, and areal
strain sensitivities between 0.2 and 0.5 m/microstrain could be expected.
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Figure 3. Sensitivity of an aquifer to areal strain under static-confined conditions as a function of the aquifer skeletal
specific storage, Ssye, and aquifer porosity, @. The compressibility of the solid grains, Bg, is 2.0x10! pal and
Poisson’s ratio, v, is 0.25.

Diurnal and semidiurnal fluctuations in barometric pressure at land surface typically comprise the
smallest cyclical changesin barometric pressure and occur in the range of 0.02 to 0.03 m (equivalent
height of water). A well with a static-confined barometric efficiency of 0.1 would produce a static-
confined water-level fluctuation of about 0.002 to 0.003 m. A well with a static-confined areal strain
sengitivity of 0.2 m/microstrain, responding to an areal strain of 0.012 microstrain (typical of the O, tide,
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the smaller of the two principal lunar tides), would produce a static-confined water-level change of about
0.0024 m. These conservative estimates of the well responses represent measurable water-level
fluctuations attai nable with widely available submersible pressure transducers and recording data loggers
capable of resolving 0.00075 m of water-level change.

Within the range of expected hydraulic properties of alluvial aquifers where compaction is occurring,
it islikely that the frequency response of an aquifer system to atmospheric loading and the sensitivity of
the area strain of an aquifer to earth tides can be determined. These responses can provide insight into the
frequency dependence of the skeletal elastic storage coefficients, as well as provide estimates of aquifer
hydraulic propertiesincluding Ss,e, @, and D,
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