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SUMMARY

On July 1, 1985, the Central District began the Delta Subsidence Investiga-
tion to review data, contact other concerned agencies, and outline a program
to determine causes and rates of shallow and deep subsidence. This deter-
mination is important for making decisions regarding land management
measures that could slow subsidence. This report describes work during
fiscal years 1986-87 and 1987-88 toward meeting those goals. A report
published in 1987 describes work during 1985-86.

Work during fiscal years 1986-87 and 1987-88 included extensive contacts
with public agencies and private enterprise to obtain funding for extenso-
meter construction and Global Positioning System (GPS) surveys needed to
measure subsidence. As a result, funding was received from the California
Division of Oil and Gas and from Contra Costa County. A cooperative study
has begun with the U.S. Geological Survey, which provides matching federal
funds as part of a DWR/USGS-agreement.

The funding obtained and negotiations conducted resulted in construction of
extensometers on Bacon Island and Bethel Tract (commonly called Bethel
Island). In addition, an agreement was made for construction of an extenso-
meter on Bradford Island during summer 1988. In conjunction with the
extensometer construction, a GPS bench mark on Bacon Island and a GPS
baseline network for the Delta were also established.

Other accomplishments included field and office surveys to determine the
amount of Delta gas field production and a field survey to locate areas of
extensive ground water use from wells in the Delta.

4
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Chapter 1. INTRODUCTION

The Delta at the confluence of the Sacramento and
San Joaquin river systems in California is a unique
and valuable resource. It occupies more than
700,000 acres, including over 700 miles of waterways
and 60 leveed islands and tracts. Most of the Delta is
reclaimed marshland, lying near sea level and as
much as 30 feet below sea level. A network of levees
totaling about 1,100 miles is necessary to protect the
islands and tracts against flooding. The Delta as de-
scribed by the California Legislature is shown in
Figure 1.

Deposition of sediments in the Delta began 25 mil-
lion to 175 million years ago. In general, sediment
deposition during the past million years occurred dur-
ing alternate cycles of deposition and erosion. Delta
peats began to form about 11,000 years ago during
one of the rises in sea level (see Appendix A).

Since 1980, 24 Delta islands and tracts have flooded.
Many of the levee breaks were caused by structural
failure due to unstable organic soils that constitute
the levees and their foundations and by subsidence of
the island surface. Continued subsidence causes
increasing hydrostatic pressure on the levees, which
can contribute to the failure of a section of levee.

»

The importance of Delta subsidence was formally rec-

. ognized in 1976, when the California Legislature

passed Assembly Bill 4193 (see Appendix B). The
Bill set up a study to determine causes of and possi-
ble solutions to subsidence. '

The future of the Delta depends heavily on the ex-
tent to which levees are maintained, and subsidence
is a controlling factor in the amount and type of main-
tenance required. Understanding the processes of
subsidence is critical when attempting to maintain
the levee system.

Department of Water Resources studies for
improving Delta levees date back 25 years or more
(see Appendix B). The Department began the
present subsidence investigation on July 1, 1985, as
part of the Delta Levee Subventions component of
the Public Safety and Prevention of Damage Pro-

gram. Authority and funding are provided in the
Governor’s Budget, Section 3860.

The purpose of this report is to describe progress on
the Delta Subsidence Investigation through fiscal
year 1987-88.

Objectives and Scope of Study

Objectives of the subsidence investigation for fiscal
years 1986-87 and 1987-88 have been to:

¢ Coordinate with the U.S. Geological Survey and
with Contra Costa County in constructing exten-
someters (compaction recorders).

¢ Coordinate with the U.S. Geological Survey in
Global Positioning System surveying of the Delta.

o Coordinate with other governmental agencies and
private industry in studying Delta subsidence.

o Evaluate and interpret data from extensometers.

¢ Cooperate with DWR Division of Land and Right of
Way Survey Unit in evaluating whether historical
leveling data should be further analyzed and, if so,
outline the type of analysis and furnish a cost esti-
mate for the analysis.

¢ Recommend a long-term subsidence program.
Initial emphasis has been on areas of historically
high subsidence rates, areas of greatest peat thick-
ness, and areas where subsidence is of special local

concern because of past or planned gas production or
ground water withdrawal.

Method of Study
This study has included:

¢ Collection and evaluation of reports and data,

o Contacts with private firms and public égenéies to
obtain funds for extensometer construction,

D—030480

D-030480



o Contract writing and negotiations for extensometer ative agreement between the Department of Water
construction and GPS surveys, Resources and the U.S. Geological Survey. Extensom-
eters were constructed by USGS personnel under the

o Field supervision and coordination of extensometer general direction of DWR geologists. GPS networks /

: construction on Bacon and Bethel islands, were established by the USGS in cooperation with
; the DWR Division of Land and Right of Way. As
: o Field and office surveys to determine amount and part of the cooperative agreement, the USGS pro-
location of oil and gas production, and vided matching federal funds for the extensometer
and GPS work.
o Field inspections to determine areas of extensive
use of ground water. Funding for extensometer construction was also
provided by the California Division of Oil and Gas
Extensometer construction and GPS surveys de- ($20,000) and by Contra Costa County ($115,000).

scribed in this report were part of an ongoing cooper-
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Chapter 2. CONCLUSIONS AND RECOMMENDATIONS

Information compiled and work accomplished during
the first three years of this investigation, including
the cooperative program with the U.S. Geological
Survey, has resulted in the conclusions and recom-
mendations listed below. Additional possible actions
that would help to evaluate the effect of subsidence
in the Delta are listed in Chapter 6.

Conclusions

« Shallow subsidence is believed to be the primary
cause of land surface lowering in the Delta. Exten-
someters will provide data on rates of shallow soil
loss.

» When using National Geodetic Survey data for sub-
sidence analysis, adjustments in bench mark eleva-
tions and use of data sets from different leveling
programs must be evaluated carefully.

e Preliminary evaluation indicates that restudy of
past field notes and survey work of the National
Geodetic Survey will cost about $112,000. How-
ever, such restudy probably will not provide sub-
stantial new or more reliable information.

¢ There are indications, such as along part of the
Walter Weir transect, that subsidence rates have
slowed. Evaluation of an average elevation profile
indicates that the subsidence rate along the Weir
Transect on Lower Jones Tract slowed from 2.61
inches per year for the period 1922 1945 to 1.57
inches per year for 1945- 1981.! However, even if
the subsidence rate were still declining, it would *
still be a major problem.

o Fewer deep extensometers may be necessary to
determine deep subsidence rates and the zone of
subsidence than was first believed. Instead, a larger
number of shallow extensometers may provide
more useful data.

P ot

¢ Survey data provided by space satellite (GPS) sur-
veying techniques have established a surface eleva-
tion data base with which to evaluate future
subsidence.

o Even if the National Geodetic Survey data from
conventional surveying were usable, it would still
be necessary to develop a geodetic correction factor
that would allow correlation of surveying data ob-
tained by space satellite or conventional techniques.

o With the exception of Bethel Island and peripheral
areas of the Delta, there are few large capacity
water wells that produce ground water from aqui-
fers underlying the Delta.

Recommendations

o Construct additional extensometers (compaction
recorders) to obtain data on subsidence rates in the
zone of organic material and, where appropriate, in
the zone from which ground water is withdrawn to
determine the amount of subsidence in each zone.
The extensometers should be operated for a mini-
mum of 10 years, usmg state-of-the-art data record-
ing technology.

¢ In conjunction with the extensometer construction,
use state-of-the-art methods to obtain land surface
elevation data from which subsidence amounts and
rates can be determined. Bench marks should be
resurveyed at reasonable intervals for at least 10
years. At present, 1- or 2-year intervals appear to
be reasonable.

o Evaluate and report annually on subsidence
amounts and rates based on data obtained from
the extensometers and from land surface elevation
surveys.

o Continue to collect all Delta drill hole and soil data.
Convert these data to a standard format, and show
location of all data.

1 George Newmarch, Delta Subsidence Investigation Progress Report (California Department of Water

Resources, Central District, Sacramento, 1986).
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Chapter 3. GAS AND GROUND WATER PRODUCTION

In other parts of the world, extraction of hydrocar-
bons and ground water has been documented as the
cause of land surface subsidence. Because of these
occurrences, local, state, and federal officials and the
public are concerned that gas and ground water
removal may be causing subsidence in the Delta.
Therefore, information on subsidence caused by
hydrocarbon and ground water removal in other
parts of the world and gas and ground water produc-
tion data for the Delta have been collected and evalu-
ated as part of the subsidence investigation.
Preliminary analysis of data from this study indicates
that decomposition of organic soils, rather than hy-
drocarbon or ground water extraction is presently
the major cause of elevation loss within the Delta.

In areas outside the United States, subsidence due to
removal of hydrocarbons has been documented in
the Bolivar Coast oil fields in Venezuela the

Groningen gas field in the Netherlands , and several
oil and gas fields in the USSR*.

Subsidence due to the extraction of gas and water
has occurred in the Po Delta area in northeast Italy
and in the Niigata area of Honshu, Japz.a.n.5

In the United States, subsidence due to hydrocarbon
extractlon has occurred in the Goose Creek oil field
in Texas.bIn California, subsidence due to hydro-
carbon extraction has occurred in the Wllmlngton ,
Inglewood, Buena Vista Hills, Santa Fe Springs, and
Huntington Beach oil fields of the Los Angeles area®

In areas outside the United States, subsidence due to
ground water removal has been documented in
Germany the Taipei Basin in the Republic of
China!® , Hungary -, and Japan

2 W. van der Knapp and van der Vlis, “On the Cause of Subsidence in Oil-Producing Areas,” 7th World Petroleum

Congress, (Mexico City, 1967), Vol. 3, pp. 85-105.

3 J. B. Schoonbeek, “Land Subsidence as a Result of Natural Gas Extraction in the Province of Groningen,” Society of
Petroleum Engineers of AIME, SPE Paper 5751, presented at the SPE-European Spring Meeting, 1976

(Amsterdam, The Netherlands).

4 A.S.Ilijn, “The Earth Surface Subsidence at the Areas of Gas and Oil Pumping,” Proceedings of thé Second
International Symposium on Land Subsidence (Anaheim, California, 1977), International Association of

Hydrological Sciences Publication 121, p. 665.

5 Thomas L. Holzer, “Ground Failure Induced by Ground-water Withdrawal from Unconsolidated Sediment,”
Reviews in Engineering Geology, Vol. VI (Geological Society of America, 1984).
6 W.E. Pratt and D. W. Johnson, “Local Subsidence of the Goose Creek Field,” Journal of Geology, Vol. 34, No. 1,

1926, pp. 577-5%90.

7 J. Gilluly and U. S. Grant, “Subsidence in the Long Beach Harbor Area, California,” Geological Society of America

Bulletin, Vol. 60, pp. 461-530, 1949.

8 R.O. Castle and Others, “A Linear Relationship Bctwccn Liquid Production and Oil-Field Subsidence,”
Proceedings of the Tokyo Symposium of Land Subsidence (published jointly by the International Association of
Scientific Hydrology, Braamstraat 61 (rue des Ronces), Gentbrugge (Belgium), and Unesco, Place de Fontenoy, 75

Paris-7), 1970.

9 R.Dolezal and M. Peterson. “Subsidence in the North German Coastal Region,” Land Subsidence Symposium

(Japan, 1969), Vol. 1.

10 Jui-Ming Hwang and Chian-Min W, “Land Subsidence Problems in Taipei Basin,” Land Subsxdcnce Symposxum

(Japan, 1969), Vol. 1.

111 Orlocx, “Water Balance Investngatxon Based Upon Measurements of Land Subsidence Caused by Ground Water
Withdrawal,” Land Subsidence Symposium (Japan, 1969), Vol. 1.

12 Shauzow Komaki, “On the Variation of Artesian Head and Land-Surface Subsurface Due to Ground-water
Withdrawal,” Land Subsidence Symposium (Japan, 1969), Vol. 1.
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In the United States, subsidence due to ground water
withdrawal is documented in Arizona, California,
Nevada, and Texas*2. In areas of south-central
Arizona where water levels have declined, the land
surface has been subsiding as much as 0.2 feet per
year in places“.

In California, subsidence due to ground water with-
drawal has been documented in the San Joaquin and
Santa Clara Valleys Land subsidence in the San
Joaquin Valley due to ground water withdrawal
began in the mid-1920s, and maximum subsidence
exceeded 28 feet by 19708, In the Santa Clara
Valley near Alviso, about 6 feet of subsidence
occurred due to ground water withdrawal from 1934
to 1967. However, no data have been collected to
show elevation change in this area in recent years”.
Also in the Santa Clara Valley, as much as 12.7 feet
of subsidence occurred in San Jose as a direct result
of ax’nesmn head decline from ground water with-
drawal’®

In the Knights Landing-Zamora area of the Sacra-
mento Valley, the U.S. Geological Survey has noted

2 feet or more of subsidence presumed to be due to
ground water withdrawal. DWR and USGS are
engaged in a cooperative Sacramento Valley Ground
Water Study to determine the precise amount of sub-
sidence and to document the cause.

In addition, ground water withdrawal is reportedly
the cause of subsidence near the Delta, at Stockton*®

13 Holzer, op. cit.

Delta gas field production information was obtamed
from the California Division of Oil and Gas?®. In addi-
tion, field observations were made of Delta gas wells.
Table 1 gives cumulative gas production for each
field. In most of the gas fields listed, water occurs
with the gas in the geologic formation and comes to
the surface along with the gas.

The water is usually highly mineralized and is
known as formation water or brine. Table 1 also
gives cumulative water production for Delta gas
fields.

A field survey of central Delta islands and tracts was
made to obtain information on types and location of
water wells. The survey generally conﬁrms informa-
tion given in the 1986 progress report Figure 12
in the 1986 progress report shows the locatlon of
water wells in the Delta based on Water Well
Drillers’ Reports. The progress report showed the
greatest density of water wells on the eastern and
southern perimeters of the Delta.

14 R.L.Laney and L. W. Pankratz, “Investigations of Land Subsidence and Earth Fissures near the Salt-Gila
Aqueduct, Maricopa and Penal Counties, Arizona” (U.S. Geological Survey Miscellaneous Investigations Series,

Map I-1892-a, 1:36,000), 1987.

15 J. F. Poland and R. L. Ireland, “Land Subsidence in the Santa Clara Valley, California, as of 1982 (U.S. Geological

Survey Professional Paper 497-F), 1988.

16 J. F. Poland and Others, “Land Subsidence in the Santa Clara Valley, California, as of 1972” (U.S. Geological Survey

Professional Paper 437-H), 1975.

17 San Francisco Bay Conservation and Development Commission, Sea Level Rise: Predictions and Implications for San

Francisco Bay, 1987, pp. 30-31,
18 Poland and Ireland, op. cit.

19 Delta Advisory Planning Council, “Delta Agriculture and Soils,” Delta Plan Technical Supplement 1 (Sacramento
. Regional Area Planning Commission, Sacramento, 1976), p. 13.
20 California Department of Conservation, 72nd Annual Report of the State Oil and Gas Superwsor (Division of Oil and

Gas Publication No. PR06, 1986.)
21 Newmarch, op cit.
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Gas and Water Withdrawal in the Delta

Because of the documented subsidence due to remov-
al of hydrocarbons and ground water, and because
much of the Delta consists of soft, compressible soil,
there is concern that future ground water and hydro-
carbon removal may cause subsidence in the Delta.
Therefore, a reconnaissance survey was made to
locate areas where ground water and gas are being
pumped from beneath the Delta.
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Table 1
DELTA GAS FIELD PRODUCTION
Well Cumulative
Field Name Type* Gas Production**  Water
(MMcf) (bbl)
Brentwood oG 51,082 2,771,661
DG 6,075 3,235
Brentwood East DG 45,804 6,864
Clarksburg DG 9,683 1,581
Dutch Slough DG 115,617 2,667
Freeport DG 2,870 -
French Camp DG 6,242 -
Grand Island DG 1,506 -
Greens Lake DG 338 -
Lathrop DG 328,736 416,970
Lathrop Southwest DG 98 -
Liberty Cut DG 179 -
Liberty Island DG 27,436 -
Lodi Airport DG 10 -
Lindsey Slough DG 231,706 175,017
Maine Prairie DG 156,143 93,410
McDonald Island DG 183,552 -
McMullen Ranch DG 62,087 2,417
Merritt Island DG 1,614 -
Miller DG 130,475 195,083
Oakley DG 2,985 53,999
Oakley South DG 66,963 18,396
Rio Vista DG 3,276,913 210,115
River Break DG 10,692 437
River Island DG 136,619 16,983
Roberts Island DG 33,026 11,771
Ryer Island DG 123,933 1,897
Saxon DG 33,689 49,854
Sherman Island DG 32,133 1,782
Stone Lake DG 1,177 3,621
Thornton DG 54,323 32
Todhunters Lake = DG 84,987 541
Tracy DG t 14,059 -
Union Island DG 166,292 93,141
Van SickleIsland DG 11,700 4,006
Winchester Lake DG 1,309 30

Source: California Department of Conservation, Division
of Oil and Gas. 1986. 72nd Annual Report of the State
Oil and Gas Supervisor. Publication No. PROG.

* OG = Oil and Associated Gas \

DG = Dry (Nonassociated) Gas '

** As of December 31, 1986 !

A sizeable number of small domestic water wells
were seen on many central Delta islands and tracts.
For most of the area, the more populated the island
or tract, the greater the number of small domestic
wells. There may be 200 or more of these small wells
throughout the Delta. The greatest number were on
Bethel Tract. Table 2 gives information on ground
water well depths and discharges at eight Delta
islands or tracts, based on Water Well Drillers’
Reports. Pumping test discharges listed are those
measured during the drillers’ tests on completion of
the wells, Other islands and tracts also contain water
wells, and a search for records at those locations will
be made during future phases of the subsidence
investigation. )

The domestic wells are small-capacity wells, and
most are at homes or farm sheds near levees. Many
may produce ground water from aquifers that are in
hydraulic continuity with the adjacent surface water
channels. Such wells would have little if any measur-
able effect on ground water levels.

Large-capacity water wells were observed at the fol-
lowing locations:

AndrusIsland 2 Municipal Wells

Bethel Tract 7 Municipal Wells
1 Golf Course We

Brannan Island 2 State Park Wells

Tyler Island 8 Walnut Grove Municipal Wells

From the data analyzed thus far, there are no indica-
tions of subsidence caused by pumping central Delta
water wells. However, there may be undetected sub-
sidence, and future subsidence could occur as more
wells are installed and pumped.

Dewatering by using large pumps that divert drain-
age ditch water from islands and tracts into adjacent
channels may cause subsidence of shallow organic
soils (peats). The drainage dewaters the soils, allow-
ing shrinkage and oxidation. Up to 18 inches of this
type of subsidence may have occurred in the last

9 years at one Bethel Island location (Appendix C).
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Table 2
WATER WELL DEPTHS AND DISCHARGES AT EIGHT DELTA LOCATIONS"
Range of
Range of Pumping Test Number of
Well Depths Discharges Range of Water Well Type of
; Location (feet) (GPM)** Dates Drilled Drillers’ Reports Well
Andrus Island 100-214 20-85 1968-1987 20 Domestic
F (Isleton) 28-607 500 1929-1930 2 Municipal
Bacon Island 48-256 15-30 v 1953-1982 5 Domestic
Bethel Tract (61573 40-300 1977-1985 35 Domestic
g i 1 Irrigation
Brannan Island 249-416 100-795 1959-1971 2 Domestic
- 405 800 1964 1 Irrigation
: 495 1,200 1982 1 Industrial
McDonald Island 77-287 20-30 1954-1979 7 Domestic
_ Lower and Middle :
Roberts Island 38-240 20-60 1953-1986 18 Domestic
- Terminous Tract 54-678 ? 1956-1979 4 Domestic
- Tyler Island 10-251 ? 1953-1984 8 Domestic
(Walnut Grove) 278 ? 1931 1 Industrial
130 ? 1969 1 Irrigation
190 150 1987 1 Municipal
* Based on Water Well Drillers’ Reports on file at the DWR, Central District.
** Well pumping tests made by driller on completion of the well.

Effects of Ground Water Withdrawal the outflow values needed in the hydrologic water
on the balance equation. The wells may be withdrawing
- .. Hydrologic Balance 7 ~ ground water from aquifers that are hydraulically

St . : connected with Delta channels. Determination of the
Ground water withdrawal in the Delta is important, amount of ground water withdrawal from the Delta

not only for its potential effect on subsidence, but as will have a two-pronged benefit: (1) it will give
a factor in calculating hydrologic water balances for answers on whether ground water withdrawal is

the Delta. The overall amount of ground water causing subsidence, and (2) it will provide additional
pumped yearly from Delta water wells is not known, data for hydrologic water balances for the Delta.

and the ground water withdrawal amount is one of

11
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Chapter 4. MEASUREMENT OF
LAND SURFACE ELEVATION

Measuring rates of subsidence and determining
causes of subsidence requires an accurate determina-
tion of land surface elevation. Land surface elevation
can be measured by conventional surveying methods
and by use of earth-orbiting satellites.

Department of Water Resources first order vertical
control surveys from 1974 through 1977 using con-
ventional surveying methods show that bench marks
in the Delta are not stable. Therefore, it is necessary
to identify more stable bench marks on the periphery
of the Delta. These stable bench marks will be used
to establish a vertical datum (see Appendix D).

In addition, a Global Positioning System survey net-
work has been established in the Delta (see Figure 2)

D—030489

as part of the cooperative subsidence investigation
between the Department of Water Resources and
U.S. Geological Survey. This network will be used to
obtain vertical control (land surface elevations) to
determine areas and rates of subsidence. The net-
work includes both GPS and conventional surveying
bench marks. Continued measurement of the same
GPS network is required to derive subsidence infor-
mation (see Appendix D).

Periodic measurement of land surface elevation must
continue for as long as necessary to determine the
rate of subsidence. A baseline of at least 10 years
will probably be needed to establish subsidence rates
as related to land use.

13
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Chapter 5. MEASUREMENT OF
SITE-SPECIFIC SUBSIDENCE

Extensometers (compaction recorders) can measure
site-specific subsidence. This chapter describes
Department of Water Resources work toward instal-
lation of an extensometer network in the Delta.

Potential Data from Extensometers

One extensometer station (Bacon Island) is operat-
ing, and a second was completed in the summer of
1988 (Bethel Island). The operating extensometer
station was built on Bacon Island by the Department
of Water Resources and U.S.’Geological Survey, with
financial assistance from the California Division of
Oil and Gas (see Appendix E). The second station, on
Bethel Island, was built cooperatively by DWR,
USGS, and Contra Costa County. These stations and
those planned for construction at other Delta loca-
tions have the potential to furnish site-specific data
on:

o Subsidence amounts in the zone of organic
material (shallow subsidence), and

e Subsidence amounts in the zone of ground water
withdrawal (deep subsidence) where water is being
withdrawn. In some parts of the Delta, there are
only a few small capacity domestic water wells, and
only a small amount of ground water is extracted.

Combined with an accurate land surface elevation
survey network, the extensometers can measure the
overall rate of subsidence and dif‘ferenﬁate the rate of
deep subsidence from the rate of lshallow subsidence.

Possible causes of deep subsidence are:
Ground water withdrawal
Gas and oil withdrawal
Natural consolidation
Tectonic movement

Causes of shallow subsidence include:

Oxidation of i)éat and other 'orgai:ﬁé soils
Shrinkage (drying)

Erosion by wind (deflation)

Compaction by farm equipment, structures,
and levees

Anaerobic decomposition

Burning

Export by people

Because the extensometers will not penetrate gas-
bearing zones, they will not provide direct data on
subsidence amounts that may be caused by gas and
associated fluid withdrawal. A well deep enough to
provide compaction data on the gas-producing zone
would have to be 12,000 to 15,000 feet deep. Such
wells would cost $1 million or more, and are beyond
the scope of the present program. However, the
amount of subsidence due to gas withdrawal, if any,
can be estimated by combining data from the exten-
someters with theoretical estimates of subsidence
caused by natural consolidation and tectonic move-
ment. It is planned to construct extensometers in gas
field areas, as well as in areas where no gas is pro-
duced, to obtain data that would be useful in making
such comparative estimates.

Bacon Island Extensometer Station

The Bacon Island site was chosen because:
o There is road and bridge accessibility.

¢ There are no recorded levee breaks on Bacon
Island since 1915.

e Bacon Island is outside the gas fields.
o Bacon Island is in an area of maximum subsidence
rate, organic soil thickness, and historical amount

of subsidence.

Extensometers at the Bacon Island site will measure
both shallow and deep subsidence.

. The Bacon Island extensometer station was planned

for installation in the northeastern part of the island
near a 1976 subsidence exploration hole. For the
15
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following reasons, the station was constructed on the
west side of the island instead (see Appendix E).

e The property manager for the Rancho del Rio land-
owner wanted it at the west side of the island,
where it would not disrupt traffic and crop
packaging.

o Piling construction for farm sheds indicated peat is
14 feet thick in the western area. This is at least as
thick as at the northeast site.

o According to the property manager, the ground sur-
face has subsided up to 2 feet within the past 7 or
8 years (3 inches per year) near the western site.

e The ground is compacted enough at the western
site to provide a relatively stable base for drilling
equipment.

¢ The western site is far enough from overhead
powerlines so as not to be a risk for rig operators,
but close enough to allow access to electricity.

o Drilling water is easily obtainable from Old River,
near the western site.

o The western site is near a recently constructed
USGS acoustical velocity meter station and a
recently surveyed global positioning system/spirit
leveling bench mark.

o Telephone service to allow remote data collection
from the field instruments is available at the west-
ern site from lines extending to nearby farm build-
ings.

o Access to the extensometer station is easy at the
western site. -

Nearby vehicular traffic may cause fluctuations of
the extensometer and water levels in the extenso-
meter well. However, data anomalies caused by
these unnatural events are easily identifiable and
may be mathematically separated from the other
data.

Contra Costa County Extensometers

The Department of Water Resources is completing
an extensometer station on Bethel Island under a
reimbursable contract with Contra Costa County.

T 18

The contract provides for Contra Costa County to
pay the Department up to $115,000 for installation of
subsidence monitoring stations. Construction is
being done by the U.S. Geological Survey under the

direction of DWR geologists as part of the cooperative
agreement with the Department of Water Resources.

The Bethel Island extensometer station is toward the
north side of the island. Figure 3 shows the location
and a schematic of the station. The primary reason
for this station is to collect data on subsidence or lack
of subsidence due to withdrawal of ground water in
the area. The station includes an extensometer to
measure subsidence between ground surface and
545 feet in depth. It also includes piezometers to
measure aquifers at 40 feet, 320 feet, and 440 feet in
depth.

The contract with Contra Costa County also-provides
for construction of a shallow extensometer station on

the southeast side of Bradford Island (Figure 4).
This extensometer will also be constructed by the

USGS under the direction of DWR geologists.
The Bradford Island site was chosen because:

e The land owner was agreeable to providing land
and right of way for the site.

o There is weekday access to the site by ferry and
road.

e There is only one recorded levee break (in 1983)
since counting began in 1915.

¢ This area of Bradford Island has thick organic soil
(peat) deposits.

o The rate of maximum historical subsidence has
been relatively low (1.6 inches per year), as
compared to 3 inches per year on many Delta
islands.

The Bradford Island extensometer will measure
shallow subsidence of the organic soil.

Instrumentation of the Bethel Island and Bradford Is-
land extensometers and piezometers will include
state-of-the-art sensors and recording devices similar
to those described for the Bacon Island extensometer
station. As-built drawings and costs of the stations

“will be available when they are completed.
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SITE DETAIL
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Deep Piezometer
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Bethel Island is of particular interest in the subsi-
dence investigation because:

e It is one of the more highly populated Delta islands.

e More ground water is probably being pumped an-
nually on Bethel Island than on any other central

Delta island.

o Natural gas is being extracted from beneath Bethel
Island.

¢ Subsidence is occurring on the island
(Appendix C). At least one site has subsided 12 to
18 inches since 1979.

22 Newmarch, op: cit,

18

Other Potential Extensometer Sites

Proposed extensometer sites are listed below and
shown on Figure 4.

Site Rank
Brannan Island
Lower Jones Tract
Medford Island
Sherman Island
Tyler Island
Venice Island
Webb Tract

BN NN =N

Construction is planned when funding becomes avail-
able. Sites are ranked according to construction prior-
ity (Rank 1 sites first). Ranking procedures were
explained in Delta Subsidence Investigation, Prog-
ress Report22.
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Chapter 6. LONG-TERM SUBSIDENCE PROGRAM

A long-term work plan and a cost analysis have been
prepared showing major tasks and projected costs for
fiscal years 1985-86 through 1995-96. The work plan
and cost analysis have been furnished to the program
manager. Backup data and information are filed at
the DWR Central District, Geology and Ground
Water Section.

It is expected that this program will continue to
receive support and funding at about the same level
through 1996. The Department of Water Resources
will continue to seek support from other agencies.

Land Use Studies

The long-term subsidence program could include
studies to correlate land uses with amounts of subsi-
dence. Crop and land use manipulation is reportedly
the best means of achieving ground water level
controls and thereby preventing oxidation and
shrinkagezs. Land uses and subsidence need to be
correlated so that land use practices that will mini-
mize subsidence can be identified.

Studies of land use and resulting subsidence or
absence of subsidence will require extensive research
of records and aerial photos, as well as field investiga-
tions. It may also involve specifically designed aerial
photography repeated at intervals over 10 or more
years to correlate land uses with subsidence. In addi-
tion to the photography, areas should be established
for testing methods of subsidence control. Because it
has only recently been reclaimed, construction of a

subsidence test site on Little Mandeville Island canld .

rovide valuable data on eff i i
on subsidence or nonsubsidence of virgin organic

soils.

PASE T e

;&ﬁmﬁ WSl

Reevaluation of
National Geodetic Survey
Leveling Data

The U.S. Coast and Geodetic Survey (now National
Geodetic Survey) ran 13 precision-level surveys
through the central Delta between 1912 and 1967 as

%tw;mmmmmjhe

lines. From those surveys, DWR has in its files:

Adjusted elevation data,
Leveling line locations, -
Bench mark descriptions, and

hival cross reference numbers.

In 1975, the DWR Surveys and Photogrammetry
Branch (now called Division of Right of Way, Survey
Unit) plotted adjusted elevations between 1951 and
1967 for many of the survey lines through the Delta.
The resulting plots showed uniform settlement,
suggesting that the settlement is the result of mathe-
matical adjustments made as part of field data calcu-
lations and is not a real measure of land surface
settlement (subsidence).

Because comparisons of NGS adjusted elevations are
not an accurate method of determining subsidence, it
is desirable to evaluate the 1912-1967 NGS surveys
to determine if other data from those surveysor a.
reevaluation of the data may help to determine Delta
subsidence. The reevaluation might provide useful
1912-1967 ground surface elevation data that could
be used in conjunction with Global Positioning
System elevation survey data to estimate subsidence
rates between 1912-1967 and the present. Such an
evaluation could be a part of the long-term DWR
subsidence program.

23&?0&(3 Newmarch, Subsidence of Organic Soils in the Sacramento-San Joaquin Delta

(California Department of Water Resources, Sacramento, 1980)
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Table 3 shows work necessary to evaluate the NGS
data before starting field work. The estimate was
furnished by the DWR Division of Land and Right of
Way Survey Unit.

Table 3
EVALUATION OF
NATIONAL GEODETIC SURVEY DATA

Type of Work
Collect data
Compile and analyze data
Make first order vertical survey of
lines selected for evaluation
Compare and analyze data

Make final tabulation
Personnel
Office Surveys
Supervising Land Surveyor 1/4 PY
Water Resources Engineering Associate 1/4 PY
Field Swrveys
1 Supervising Land Surveyor 1/6 PY
1 Water Resources Technician II 1/6 PY
1 Water Resources Technician I 1/6 PY
1 Jr. Engineering Technician 1/6 PY
Costs
Office Surveys $30,000
Field Surveys $80,000
Data Gathering, Computer Work, etc. $ 2,000
Total $112,000

Installation of Instruments in Levees

Since 1950, an increasing number of levee failures
have been from levee instability, rather than from
overtopping24. This instability may be due, at least
in part, to subsidence. Engineering data are needed
to maintain and repair present levees and to design
new levees. In addition, little information is available
on the performance of Delta levees during earth-
quakes. State-of-the-art instrumentation could be in-
stalled in selected levees to record levee performance
during earthquakes. If this is done, these data should

be collected for at least 10 years to obtain sufficient
data for evaluating the effect of earthquakes on
levees and for designing levees.

Possible Future Studies

The following studies should be considered for future
phases of the subsidence investigation:

¢ The individual processes that contribute to shallow
subsidence in the Delta are not well understood. A
study to determine the relative effects of oxidation,
shrinkage, wind erosion, compaction, anaerobic
decomposition, and agricultural burning on the
depletion rate of organic soils would identify those
processes that contribute to shallow subsidence in
the Delta.

¢ A correlation between land use and rates of shal-
low subsidence needs to be developed to identify
those land use practices in the Delta that contrib-
ute most to the depletion of organic soils. A review
and evaluation of land use records and correspond-
ing depletion rates of organic soils could establish
this correlation.

o There is little information on the effects of island
reclamation practices on the depletion rate of
organic soils. Constructing a subsidence test site
on Little Mandeville Island to study effects of farm-
ing and reclamation practices on subsidence rates
would provide this information.

¢ The thickness and configuration of organic soils in
the central portions of most Delta islands and
tracts and along many sections of levees are not
accurately known. Such information would be use-
ful in estimating depletion times for the organic
soils and predicting where thick organic soils may
contribute to levee instability. Drilling exploratory
holes in the central portions of islands and tracts
and along selected sections of levees would provide
the data.

¢ A cursory evaluation of current ground water use
in the Delta indicates the total amount pumped is
very small. Therefore, it is unlikely that current
ground water withdrawal is a major contributing

24 California Department of Water Resources, Bulletin 192-82, Delta Levees Investigation (Sacramento, 1982),

pp. 4, 20-25, 28-29, 45.
22
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factor to subsidence in the Delta. If ground water ground water withdrawal-induced subsidence
extraction rates significantly increase in or adja- should be reevaluated.
cent to the Delta, then the potential for minor
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Appendix A
GEOLOGY OF THE DELTA

Geologic formations underlying the Sacramento-San Joaquin Delta area include
deposits ranging in age from pre-Cretaceous to Recent’ (see Figure A-1 and

Table A-1). It is generally believed that at some unknown depth a basement complex
of pre-Cretaceous igneous and metamorphic rocks underlies all of the Delta area.
Figure A-2 shows Delta surface sediment types.

Depositional History

Deposition of sediments in the Delta began about 25 million to 175 million years ago,

as sediments and natural gas accumulated in a marine environment.? In general,
sediment deposition during the past million years (late Quaternary time; see

Figure A-1) occurred during alternate cycles of deposition and erosion. Some of these
cycles were probably caused by exchanges of water between the ocean and large
continental ice sheets, which caused a rise and fall in sea level relative to the land.

Delta peats and organic soils began to form about 11,000 years ago during one of the
rises in sea level.® At that time a gradual, slow rise in sea level provided a suitable
environment for the formation and deposition of the peat at or near sea level.

As the peat was forming in the central portion of the Delta, streams were entering
from the north, east, and south. These included the Sacramento, San Joaquin, and
Mokelumne rivers. As the rivers merged, they formed a complex pattern of islands
and interconnecting sloughs. The river and slough channels were repeatédly incised
and backfilled with sediments with each major climatic fluctuation. These processes
were complicated by concurrent subsidence and tectonic changes in land surface.

1 C. R. McClure et al., Investigation of the Sacramento-San Joaquin Delta Ground Water Geology,
Water Project Authonty of California, Report No. 1, 1956.
’@ Brian F. Atwater, "Geologic Map of the SacramenboaSan Joaquin Delta, California”, U.S. Geological

Survey Map MF-1401, 1982,

R. J. Shlemon and E. L. Begg, "Late Quaternary Evolution of the Sacramento-San Joaquin Delta,
@Cahforma, " Quaternary Studies, ed. R. P. Suggate and M. M. Cresswell, The Royal Society of New

Zealand, Wellington, 1975, pp. 259-266.
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Table A-1
GEOLOGIC FORMATIONS, SACRAMENTO AREA

Approximate
Geologic Age Formation and Symbol Thickness Physical Characteristics
Recent . Sacramento-San Joaquin 100 feet Predominately impervious clays and

] Delta Deposits silts, with some sand. Becomes

" (Qs, Gsc, ®) highly organic in central Delta

g area.

& -
oy 3 Yictor Formation and 150 feet Unconsolidated gravel, sand, silt,
E -------------- g Related Continental and clay deposits, with extensive
s - Sediments (Qal, Qf) sand and gravel stringers.

[:] i -
& Pleistocene % Arroyo Seco Gravel and 150 feet Sand, gravel, silt, and clay.

< Unnamed Pleistocene Gravels

(,§ Older Alluviun (Qoal) Unknown Sand, gravel, silt, and clay.

-]

<2 Montezuma Formation, 500 to Poorly sorted sand, gravel, silt, -

memcmmmmmmmeemem== &  Tehana Fomat ion, 1,000 feet and clay.
Pliocene § Laguna Formation,

111 Tulare Formation (TQc)

‘Mehrten Formation 400 feet  Conglomerate, silt, and clay, with
interbedded lenses of black sands
and agglomeratic material derived
fron andesitic mudflows.

». Miocene Valley Springs Formation 500 feet Consolidated rhyolitic tuffs,

E] conglomerates, clay-shales, and

e sandstones.

%

= San Pablo Group 1,000 feet Interbedded massive sandstones and
shale of continental and marine
origin. Contemporaneous in part
with the Mehrten and Valley Springs
fommat ions.

Eocene Markley Formation and Unknown Marine sands and shales.
Undif ferentiated lower Eocene
Format ions

]

§ Moreno Formation, Panoche Unknown Marine sands and shales.

-5 Format ion, Chico Formation

:

E Pre-Cretaceous Consolidated Unlnown Igneous and met amorphic rocks.

f Rock

Q

[

o

o

* Th

e delta deposits comprise impervious clays and silts, with some sand and gravel.

Source: Cole R. McClure, Investigation of the Sacramento-San Joaquiri Delta, Ground Water Geology, Report No. 1,
Water Project Authority of the State of California, May 1956.
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Geology and depositional history of the Delta are given in Geologic Maps of the
Sacramento-San Joaquin Delta, California.® Descriptions of geologic materials are
given in Investigation of the Sacramento-San Joaquin Delta, Report No. 1, Ground
Water Geology.”

Tectonic History

In early Cenozoic time (about 46 million years ago), the San Andreas fault system
began to form along the line of convergency of the oceanic and continental plates.
Relatively intact rocks of the Great Valley sequence were pushed westward and up-
ward over Jurassic rocks of the Franciscan complex; this formed the Coast Ranges.6
In early and mid-Tertiary time (about 35 million years ago), deposits were being laid
down in the Great Valley, then a shallow sea. These continental and marine deposits
were deformed by periodic folding and faulting through mid-Cenozoic time (about

30 million years ago). This deformation was caused by the eastward underthrusting
of the oceanic plate beneath the overlying continental plate.

The tectonic process gradually changed from plate
thrusting to right-lateral strike-slip faulting and N
movement (Figure A-3). The north-northwesterly
trend and strike-slip movement is now typical of
major faults of the Delta and surrounding area.
The Midland fault that passes under the Delta
also trends northwesterly (Figure A-2).

¢ Figure A-3 :
Right-Lateral Strike Slip
Fault Movement

Delta Peat

Maps at 1:24,000 scale by Atwater’ show the contact between tidal and nontidal
deposits. This contact approximates the limit of peat and other organic soils thicker
than 5 feet. The maps are useful in determining thickness and extent of organic soils.

4 Atwater, op. cit.
5 McClure, op. cit.
6 Gordon B. Oakshott, California’s Changing Landscapes, A Guide to the Geology of the State,
- McGraw-Hill, San Francisco, 1978. 379 p. L ot
7 Atwater, op. cit. e Sl :ﬁ.:‘zs:r radh o
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The peat was formed over the past 11,000 years during a gradual, slow rise in sea
level that provided a continuously suitable environment for its formation and deposi-
tion at or near sea level. Almost continuous submergence of the peat prevented or
greatly retarded natural decomposition through oxidation. The lack of oxidation
enabled vegetation to accumulate and form a great thickness of peat. The peat in
the Delta is accumulated dead vegetal matter. Peat in Canada, Great Britain, the
Soviet Union, and other high latitude areas actually grows. Details on Delta peat are
contained in Delta Subsidence Investigation, Progress Report.?

Faults

Faults in and near the Delta are important because:

o Movement along a fault within the Delta could cause surface rupture, which
could intersect levees, causing failure. '

« Movement along a fault within the Delta or surrounding area could cause
earthquakes that could result in levee failure due to shaking.

An earlier Department of Water Resources study of seismicity hazards® concluded
that no levee failures were known to be directly related to earthquakes, but that a
major earthquake today could cause serious damage. More recently, the Department
has received eyewitness reports of levee damage caused by the Coalinga and
Pittsburg earthquakes in 1983 and by earthquakes in 1979 and 1980; other

earthquakes may also have caused damage.’®, !

The effect of earthquake shaking on levees remains unknown. Delta levees should
be routinely inspected after each earthquake that causes shaking in the Delta so
that any change or lack of change can be documented. This is particularly important

in view of the potential for liquefaction of many of the levees.'?

8 George Newmarch, Delta Subsidence Investigation Progress Report, California Department of
Water Resources, Central District, Sacramento, 1986.
9 Charles Kearney, Seismicity Hazards in the Sacramento-San Joaquin Delta, Department of Water
Resources, Central District, 1980.
10 George Newmarch and Carl Hauge, Seismicity, California Department of Water Resources, Central
District, Technical Information Record 1462-CD-08, 1985, pp. 17-18
11 Michael Finch, "Earthquake Damage in the Sacramento-San Joaquin Delta,” California Geology,
California Division of Mines and Geology, February 1985.
12 Newmarch and Hauge, op. cit. and Finch, op. cit.
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Assembly Bill No. 4193
CHAPTER 970

An act to authorize a levee subsidence program, and to amend Section 12881.4 of the Water
Code, relating to water projects.

[Approved by Governor September 14, 1976. Filed with
Secretary of State September 14, 1976.]

LEGISLATIVE COUNSEL’S DIGEST

AB 4193, Mobley. Water projects.

(1) Existing law provides for the development by the Department of Water Resources and
submittal to the Reclamation Board for adoption by the board of criteria for the maintenance
and improvement of levees in the Sacramento-San Joaquin Delta which are not project facilities
under the State Water Resources Law of 1945. There are no provisions for studies for the
control of subsidence of land in the delta.

This bill would require an investigation by the Department of Water Resources of the
viability of a subsidence control program in the Sacramento-San Joaquin Delta.

(2) Existing law requires preference for Davis-Grunsky Act grants and loans to be given to
projects involving the development of new basic water supplies.

This bill would permit consideration to be given to projects which would rehabilitate a dam
and reservoir for water supply purposes, if the water supply function of a dam and reservoir
facility is operationally limited or eliminated for dam safety purposes, pursuant to the
department’s authority to supervise dams and reservoirs.

The people of the State of California do enact as follows:

SECTION 1. Section 12881.4 of the Water Code is amended to read:

12881.4. In the administration of this chapter, the department and the commission shall
give preference to projects involving the development of new basic water supplies. If the water
supply function of a dam and reservoir facility is operationally limited or eliminated for dam
safety purposes, pursuant to Part 1 (commencing with Section 6000) of Division 3, the depart-
ment and the commission may give consideration to projects which would rehabilitate the dam
and reservoir for water supply purposes. The rehabilitation of facilities may include comparable
replacement facilities,

SEC. 2. The Legislature finds and declares that:

(a) Peatlands in the Sacramento-San Joaquin Delta are subsiding up to three inches per
year due to soil oxidation, compaction, and wind erosion.

(b) Because of continued subsidence, muich of the delta lands have fallen below sea level, and
larger and larger levees have had to be constructed in order to restrain tidal and flood waters
from permanently inundating these valuable delta agricultural lands.

(c) Without major levee works or without preventing subsidence, local levee maintenance
districts will have increased economic difficulties in maintaining a viable levee system.

(d) A partial alternative to costly state and federal major levee works would be a subsidence
. control program undertaken along the landside of levees, if such control is determmed to be
. economlcally and engmeenngly viable.

"'SEC.8. The Department of Water Resources is hereby dJrected to undertake an investiga-
; tion of the viability of a subsidence control program in the Sacramento-San Joaquin Delta. The
~ -~ department shall report its findings to the Legislature. . : _

'S R B BN EENNFNENN-W N
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Legislation and Department Reports Related to Subsidence

]
!

1963. Delta Test Levees Investigation

This report presents data and evaluations on detailed field investigations at selected
Delta levee test sites.

1973, Delta Levee Maintenance Act (Way Bil

- As part of thxs act, the Leglslature declared that the physical characteristics of the
Delta should be preserved essentially in their present form. The Legislature further
declared in this act that the key to preserving the Delta’s physical characteristics is

_the system of levees defining the waterways and producmg the adjacent islands
(Water Code Section 12981 ef seq. ) .

1975 Plan for Improvement of the Delta Levees, Bulletm 192 )

| Thls bulletm:presen @ plan

D—030512
D-030512



Appendix C
SUBSIDENCE ON BETHEL TRACT
Site Investigation, 1988

On February 29, 1988, Todd Nelson, geologist with Contra Costa County Community
Development Department, telephoned George Newmarch, geologist with Department of
Water Resources Central District, regarding subsidence on Bethel Tract. Specifically, a
home owner had reported to Mr Nelson that the land surface surrounding a well drilled in
1979 on his property had subsided about 18 inches, leaving the well casing sticking out of
the ground.

George Newmarch visited the well on March 4, 1988, and obtained the following informa-
tion. The well is in a parcel of land located on the south side of Bethel Tract about 1.5 miles
northwest of the intersection of Bethel Island Road and Taylor Road.

The concrete pad still attached to the well casing was 12 to 18 inches above ground surface,
depending on where measurements are taken. Soil of the area is organic "peat". The
ground surface was very irregular and contained many pot holes. The pot holes and
irregularity are probably due to shrinkage cracks, trails and hoofprmts of grazing livestock,
and ruts made by farm equipment.

EEERR R

The 8- to 10-acre parcel, where the well is located, is bordered on the east and west by north-
south drainage ditches discharging to an east-west canal located to the north of the parcel.
That canal flows west to a pumping station that discharges the drainage water into Taylor
Slough (see photo below). From the levee above the pumping station, one can look eastward
and see that the land is lowest in the area drained by the canal and its drainage ditches.
Without a bench mark seated in the inorganic soil below the organic soil, it is not certain,
but it appears that subsidence has been caused by the dewatering of the organic soil. The
dewatering has allowed shrinkage and oxidation of that soil. It is probable that dewatering
of the organic soils (rather than the pumping of water wells) has resulted in subsidence in
this area of Bethel Tract, including the parcel where the well is located.

- Pumping station on the west side of Bethel Island.
Photo taken April 27, 1988.
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Appendix D
VERTICAL CONTROL SURVEYS

A series of 15 vertical control leveling lines was run through the central Delta as
part of a nationwide network established by the U.S. Coast and Geodetic Survey
(now National Geodetic Survey). The first net was run in 1912 and the last in 1966-
67. NGS has run 13 precision level surveys in the study area. The last seven were a
joint effort of the Department of Water Resources and NGS under a 1959 agreement
to share the cost of precise levels for elevation control.

Preliminary plans have been formulated for a vertical control survey to determine el-
evation changes in central portions of Delta islands. Those plans, as described in a
Department of Water Resources memorandum’, are summarized below and are
included at the end of this appendix.

Conventional Surveys

Department of Water Resources first order vertical control surveys from 1974
through 1977 using conventional surveying methods have shown that bench marks
in the Delta are not stable. Therefore, it is necessary to identify more stable bench
marks on the periphery of the Delta. These stable bench marks will be used to
establish a vertical datum.

The first step will be to analyze the data of first order National Geodetic Survey
vertical control lines to identify those bench marks that appear to be stable.

Changes in elevation for bench marks in specific areas will be compared to deter-
mine their stability.

Those bench marks that appear to be most stable will be located in the field. First
order spirit levels will be run between severai bench marks in each line to establish
the relationship between each line of bench marks. Several groups of stable bench
marks bounding the Delta will be chosen to establish vertical control.

Elevation differences between these groups of bench marks will be measured by the
Global Positioning System method. GPS measurements will be evaluated to identify

‘1 Rosendé Mendoza (Division of Land and Right of Way), Office Memo to Peter Rabbon (Central

District), Delta Bench Mark Elevations, 1988.
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the most suitable bench mark from each group. One bench mark from each group
will thus become a primary bench mark.

GPS measurements of elevation differences will be made from those primary bench
marks on the Delta perimeter to bench marks in central portions of islands. The pri-
mary bench marks will be supplemented by GPS bench marks recently set by the
U.S. Geological Survey and by the bench mark on Highway 12 at the Mokelumne
River bridge, which is based on a 1985 spirit leveling survey by Murray, Burns, and
Kienlen, Consulting Engineers.

4

[
3
s

o

Global Positioning System Survey

A survey network has been established in the Delta as a part of the DWR coopera-
tive subsidence investigation with USGS (Figure D-1). This network will be used to
obtain vertical control (land surface elevations) to determine areas and rates of subsi-
dence. The network includes both GPS and conventional surveying bench marks.

The GPS is a space geodesy land elevation and location surveying method that uses
Earth-circling satellites and Earth-based radio telescopes to obtain geodetic measure-
ments. GPS uses the Very Long Baseline Interferometry method.

The VLBI method uses two radio telescopes at different locations that are pointed at
a remote radio source in the sky. The radio signal represents a random time series
that is correlated by tracking data from the radio telescopes. By knowing the instan-
taneous delay between the arrival of the signal at each radio telescope and by track-
ing several radio sources while the Earth rotates, it is possible to calculate the
separation of the radio telescopes to centimeter accuracy in three dimensions.

The radio source for GPS surveying is one
of seven (eventually to be 18) NAVSTAR
satellites orbitting the Earth at a radius
of about 24 000 kilometers.* Measure-
ments made from the radio signals are rel-
ative distances from the center of mass of
the Earth. The distances, therefore, are

———-—-—-GLOBAL'POSITIONING SYSTEM (GPS) NETWORK

CONVENTIONAL SURVEYING NETWORK

[ GPS BENCHMARK

¢ CONVENTIONAL BENCHMARK

A EXTENSOMETER
SOURCE: U.S, Geological Survey, Nov. 1987,

SYMBOL EXPLANATION FOR FIGURE D-1

2 Roger Bilham, Volcanoes, Earthquakes, and Space Geodesy,C.U. Geology News, Dept. of
Geological Sciences, Univ. of Colorado at Boulder, Fall 1986, p. 4-5.
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heights above a theoretical ellipsoid (mathematical Earth). An accurate estimate of
the geoid (real Earth) in the Delta region must be made to convert the height above
the theoretical ellipsoid to sea level. The geoid estimate is made by testing the local
slopes of the geoid at several points using a blend of precise leveling, gravity surveys,
and GPS measurements® (Figure D-2). Future measurements of the same GPS
network are required to derive subsidence information.

CONTINENT~,

— —~EL(PsoiD

OCEAN BASIN

Relationship (exaggerated) between an ellipsoid and a geoid. Deviations are due to variations
in the gravitational field caused, in part, by unequal mass distribution of crustal materials.

SOURCE: U.S. Geological Survey, Implementing North American Datum 1983 for the National Mapping
Program (San Rafael Quadrangle)

Figure D-2
RELATIONSHIP BETWEEN ELLIPSOID AND GEOID

The potential of GPS surveying is illustrated by recent GPS geodetic measurements
designed to monitor Icelandic land surface deformation. In July 1986, 26 GPS
receivers were operated simultaneously in Alaska, Canada, Greenland, Iceland,
Sweden, and the United States by more than 40 scientists from 16 nations. In
Iceland, 250 geodetic baselines were measured (with many additional statistical

repetitions) in 12 days over an area of 60 000 square kilometers, a task that would
have taken conventional surveying many months.*

Results of a DWR/USGS test in the Sutter Buttes area indicated that the GPS will
be a usable surveying tool for establishing land surface altitude in the Delta and that
the cost will be significantly lower than the cost of using conventional leveling tech-
niques. GPS hardware and software have been purchased by the DWR Division of
Land and Right of Way for use in the Delta and on other surveys.

3 Roger Bilham, "Measurement of the Relative Heights of Everest and K2 Using Space Geodesy,"

C.U. Geology News, Dept. of Geologwal Sciences, Univ. of Colorado at Boulder, 1988, p. 3.
4 Bilham, 1986 op. cit.:
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Global Positioning Systerm Network

The cooperative DWR/USGS subsidence study in the Sacramento Valley south area
has established a GPS baseline network in and around the Delta (see Figure 2,
Chapter 4). Sites already surveyed by GPS and included in the Delta network
include:

14 GPS Bench Marks

13 Gravity Survey Sites
-1 Extensometer Site

Four of the GPS bench marks and gravity survey sites are also part of the Sacra-
mento Valley north area subsidence baseline network. Additional sites will be
surveyed by GPS in the future.

1E10EDS

These bench marks and gravity survey sites, in conjunction with extensometers, will
be used to establish a vertical control network to document the rate and magnitude
of subsidence in the Delta.

The GPS bench mark on Bacon Island (Figure D-3) will provide vertical control for
the extensometer site as well as for the acoustical velocity meter sites in Old River
and Middle River, adjacent to Bacon Island. The AVM sites measure water velocity
and stage heights in the two channels.

Measurement of Land Surface Elevation

Peﬁodic measurement of land surface elevation must continue for as long as neces-
sary to determine the rate of subsidence. A baseline of at least 10 years will probably
~ be needed to establiéh subsidence rates as related to land use.

The GPS seems to be the most economical method for determining land surface ele-
vations in the Delta at\ this time. In addition to GPS surveys, however, conventional
leveling techniques will continue to be used to establish local baselines that are tied
to the satellite system data.

C e L e e ———
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EXPLANATION

AVM - Acoustical Velocity Meter
GPS BM - Global Positioning System <
Bench Mark
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LOCATION OF BACON ISLAND EXTENSOMETER

" D—0305109
D-030519



Appendix E

DETAILS OF
EXTENSOMETER CONSTRUCTION

The Bacon Island extensometer station includes three extensometers and piezo-
meters at one site. Two extensometers measure compaction of organic soils
(between 0 and 12 feet deep), and the other measures compaction of mineral soils
(between 12 and 444 feet deep), the interval of potential ground water withdrawal.
Water levels are monitored in all three zones in which subsidence is being
monitored.

The general design of the deep extensometer is shown in Figure E-1. It was con-
structed by placing a vertical extensometer pipe in a cased well. A special type of
recorder mounted over the open well casing is used to measure the rate and mag-
nitude of compaction between the land surface and the bottom of the well. As the
land lowers, it appears that the extensometer pipe is rising. Actually, the land
surface is moving downward with respect to the top of the pipe (Figure E-2).

The well in which the extensometer pipe has
been placed is 444 feet deep. The concrete plug
at the bottom of the well is about 9 feet long.
Embedded in the concrete plug is the 2-inch-
diameter steel extensometer pipe that extends
to the surface and, by means of cables and .
weights, is attached to a Stevens A35 drum
recorder with a 30-day clock. The Stevens
recorder will be replaced by a solid state
microdata recorder, Campbell Model 21X.
Sensing will be done by a LVDT displacement
transducer, Transtech Model 245-000. The
2-inch-diameter extensometer pipe is inside a
6-inch-diameter casing that extends from the
------ surface to a depth of 420 feet, with a slip joint

h Q%Lsgfg‘;;é?g}gﬂgom deep installed at 362 feet to prevent crushing of the

D—030520

D-030520



‘ ~ Recorder
.: @ . Steel Table
Stesl Tape — [ﬁ—weigm
Tabie Leg ~
Rod —
C.‘L?L' Fulcrum Arm~
! ¢
N\ )
2* Pipe — Weight -
| 1| Casing Hangehl— | Concrete Pad .,
< =) i s s am oal )
s BE23 FEERS Bl B e °3®o°| |?9009°°90§700§%Q
9 & q
] 1 111l | ]
U Pyl 1o -
: NEE Conductor Casing' Il—4" Steel Casing
| ! Pl [ Poat
e | TN bo—
i 1 AN [ ! Inorganic Sediments
- ph Lo
! (I )
1 to 2° of ! 11t
| —an
Open Hole i Pl 3" Steel Pipe
S99 11l S8,
loag ‘ ement Surface i e I(} Q °[ Concrete Piug
Seal Outside -~ | i
Conductor Casing Ty
! 1]~-6 casing Not drawn to scale
}
1
1
11
Bottom of Casing
-2° Pipe
099l
9’9' = Concrete Plug
@b
Y
(i}
Do
Total Depth 444 fest
L Figure E-1
SIMPLIFIED SCHEMATIC OF A DEEP EXTENSOMETER
50

D—0305 2 1
D-030521



Recorder =
Steel Table\
= — ——ee—e———s BEFORE SUBSIDENCE
r - -JI—-Weight
Tabie Leg— \
| + ‘ H
=== b==== :'. - _-.'_:r_:_L_,.—-_._—_._- p—~ — — AFTER SUBSIDENCE
|
‘ I
|
n
I
i
ngcrete Pad_ ' e > & .9 KX XX X% : i LSW £ ~Ground Surface
Peat W-Jl-l P )
Inorganic Sediments Y
A m ek o T R it SIS mihsuipeylin RSPRPSIISIPUPES
N e e R ————— el -~ e~ e e~
o'Q, -la
| [
I { :
)
Aol J- L
[ S | b
L3 o.
°9
Q~° ~Concrete
N ° Does Not Move
it
Simplified schematic showing
relative position of extensometer
i EXPLANATION recorder before and after
' subsidence.
————— BEFORE SUBSIDENCE
_—_e—emm— AFTER SUBSIDENCE
Schematic not to scale

' Figure E-2 =~ ' ’
SIMPLIFIED SCHEMATIC OF A DEEP EXTENSOMETER, .. .:; o
BEFORE AND AFTER SUBSIDENCE
~ B1

D—030522
D-030522



casing. A conductor casing is cemented from the ground surface to a depth of

35.5 feet. Decisions on depths of the slip joint, casing perforations, and seals were
based on interpretations of a geologic log and an electric log of the well (Table E-1
and Figure E-3).

Table E-1
GEOLOGIC LOG OF BACON ISLAND EXTENSOMETER

Following is a geological log of holes drilled for the subsidence/compaction study on Bacon Island.
Because of the proximity of the shallow (27-foot total depth) and deep (444-foot total depth) drill
holes, on-site logging of both holes was used to compile the following log. The description of the bot-
tom 24 feet is based on geophysical logging information. Both holes were drilled by a U. S. Geological
Survey mud rotary rig, November 17-22, 1986.

Depth (ft) Description
From To
0 5.0 Peat; dark brown (5YR 2/1) to black (N1); 90-100 percent organic fibers com-
posed of rootlets and green plant parts.
5.0 7.0 Peat; brown (5YR 2/1); 80-90 percent organic fibers; slightly sticky.
7.0 9.0 Peat; dusky yellowish brown (10 yr 2/2); 80-90 percent organic fibers; slight-
ly sticky.
9.0 12.5 Peat; brownish black (5YR 2/1); 70-80 percent organic fibers; sticky.
12.5 14.0 Clay; medium dark gray (N4); 20 percent organic fibers; soft and sticky.
14.0 15.0 Clay; medium gray (N4); trace fine sand; 5 percent organic fibers; sticky.
15.0 20.0 Clay; medium gray (N5); trace fine sand; 2-5 percent organic fibers
20.0 27.0 Clay; medium bluish gray (5B 5/1); fine to medium sand; 1-5 percent or-
) ganic fibers; very soft; fast drilling.
27.0 60.0 Clay; medium bluish gray (5B 5/1); fine to medium sand; very sticky.
60.0 70.0 Clay;.dark yellowish brown (10YR 4/2; fine sand; very sticky; slow drilling.
70.0 75.0 Clay; medium bluish gray (5B 5/1); medium sand,; sticky.
75.0 78.0 Sand (medium to coarse); rounded quartz grains.
78.0 80.0 Clay; medium bluish gray (5B 5/1)trace sand; sticky.
80.0 110.0 E;ar{i; greenish gray (5G 6/1) to medium bluish gray (5B 5/1); sticky to fairly
110.0 118.0 Clay; medium bluish gray (5B 5/1); fine sand; moderately plastic.
118.0 120.0 Sand (medium) with some mica flakes.
120.0 130.0 Clay; medium dark gray (N4) to dark greenish gray (5G 4/1) interbedded
with medium bluish gray (5B 5/1) clay; sticky.
130.0 142.0 sct}xii’y dark greenish gray (5G 4/1); fine to medium sand and mica flakes;
1420 = 160.0 Sand (medium {o coarse); some clay; moderate yellowish brown (10YR 5/4);
, composed of quartz grains and mica flakes.
1600 2000 " Sand (medium to coarse); trace clay; olive gray (5Y 4/1).
52
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Table E-1 (continued)
GEOLOGIC LOG OF BACON ISLAND EXTENSOMETER
| n Depth (ft) Description
From To
200.0 250.0 Clay; olive gray (5Y 4/1) to dark greenish gray (5GY 4/1); fine to medium
- sand and trace silt; sticky; moderately soft; slow drilling.
250.0 260.0 Sand (coarse); trace clay; moderate yellowish brown (10YR 5/4).
- 260.0 270.0 No sample.
v 270.0 280.0 Clay; olive gray (5Y 4/1); medium sand.
_ ; 280.0 290.0 Clay; dark greenish gray (5GY 4/1) to medium bluish gray (5B 5§/1); medium
“ to coarse sand.
: 290.0 310.0 Sand (coarse); some clay; greenish black (5G 2/1) to dark greenish gray (5GY
4/1); moderately soft.
- 310.0 320.0 Clay; dusky brown (5YR 2/2); fairly hard.
320.0 330.0 Clay; dark gray (N3) with streaks of olive gray (65YR 3/2) clay; fine sand and
silt; easy drilling,
330.0 340.0 Sand (medium to coarse); some clay; dusky brown (5YR 3/2) to medium
dark gray (N4); soft.
340.0 350.0 Sand (fine to medium); some silty clay; medium dark gray (N4); soft.
1 350.0 360.0 Clay; moderate yellowish brown (10YR 4/2); medium to coarse sand; fairly
hard; slow drilling.
360.0 370.0 Clay; dark greenish gray (5YR 4/1) to medium gray (N5); trace very fine
sand; soft.
“ 370.0 380.0 Clay; brownish gray (5YR 4/1); medium sand; sticky.
' 7 380.0 400.0 Clay; dark yellowish orange (10YR 6/6) to dark greenish gray (5GY 4/1) to
/ medium dark gray (N4); trace cobbles; stiff; sticky; slow drilling.
_ 400.0 410.0 Sand (coarse); some clay; dusky yellowish brown (10YR 2/2).
410.0 420.0- Clay; medium dark gray (N4); some coarse sand; sticky; massive clay.
] 420.0 428.0* Clay; massive
- 428.0 433.0* Clay; some sand.
) 433.0 435.5* Clay.
! “ 435.5 438.0* Clay; some sand.
438.0 444 .0* Sand.
- * Based on digital data collected on a cassette tape during borehole geophysical logging of the
12-1/4-inch diameter hole.
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The table that supports the recorder is founded in inorganic soil about 14 feet
below the ground surface. The peat thickness at that point is about 12 feet. A
pressure transducer, DRWCK Incorporated Model PDCR-830, will be installed
along with the deep extensometer to measure water level change in the
aquifer. These measurements will furnish data to equate ground water level
change with sediment compaction.

The entire apparatus on the surface is enclosed in a steel shed that sits on a
concrete pad lying on the peat. A shallow extensometer and two piezometers
are located outside the shed (Figure E-4).
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The shallow extensometer was constructed by drilling a 12-inch-diameter well
to a depth of 27 feet. A 2-inch-diameter steel pipe was embedded into a 10-
foot concrete plug at the bottom of the well. This plug is seated in inorganic
soil (mineral soil) below the peat.

Another shallow extensometer, inside the steel shed, was constructed by plac-
ing a Stevens A35 drum recorder on the same table that supports the recorder
for the deep extensometer. One end of a steel tape is attached to a heavy
weight, which rests on the concrete floor of the shed. The tape passes up and
over the pulley wheel of the Stevens recorder, and a small weight is sus-
pended from the other end of the tape. As the concrete floor and heavy weight
move downward due to subsidence of the shallow organic soil, the small
suspended weight will move upward, thus rotating the recorder drum. The
table that supports the recorders is founded in inorganic soil below the
organic soil and will not move in relation to the concrete pad (Figure E-5).

The two piezometers installed near the shed provide shallow ground water
level measurements. These were built by driving 3-foot-long well points into
the peat. The tip of one well point is at a depth of 11.5 feet; the other is at
217.5 feet. Three-inch-diameter PVC pipe extends from the well points to the
ground surface (Figure E-6).

A bench mark consisting of a brass cap was embedded in the concrete founda-
tion of the steel shed and was surveyed into the Global Positioning System
network by the National Mapping Division, U.S. Geological Survey using
conventional surveying methods. _
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Construction Procedures and Materials

Drilling procedures and materials used by the U.S. Geological Survey for con-
struction of the Bacon Island deep extensometer, shallow extensometer out-
side the steel shed, and the two piezometers are shown in Table E-2.

Table E-2
BACON ISLAND EXTENSOMETER DRILLING AND MATERIALS

DRILLING

One well 436 feet deep with geophysical logs including SP, resistivity, caliper, and Gamma.
Maintain plumbness by use of directional surveys. Install gravel pack, casing, and extenso-
meter pipe.

One hole 27 feet deep and install extensometer pipe without casing,
Three holes 12 feet deep for instrument table legs; drilled by auger.

- MATERIALS

Recorder, Stevens, Type F, 10:1 and accessories. 2 each
Data logger (Campbell Scientific CR-21x)

Tape reader

Cable to tape recorder

Tape recorder

Displacement transducer

Water level pressure transducer

Special collar for modification of recorder. 2 each

Boston gear, G-188 for recorder. 2 each

Compaction pipe, 2-inch dia., Sch. 80, Black Steel, 483 feet
Slip joint, 5 feet long closed, 8 feet long extended. 1 each
Pressure recorder, Bristol Range 0-100 with 30-day clock. 2 each
Airline, 150 feet, 1/4-inch copper, continuous with 1/4-inch galvanized section on bottom.
Nitrogen, 2 cylinders

Nitrogen regulator, 2-stage

Instrument table, steel, 3-legged, and fulcrum for compaction plpe
Instrument table legs, concrete, supplies

Concrete base, forms, ready mix, hardware

Building, 8 x 12 ft, steel, insulated

12-inch conductor casing

Volclay grout

6-5/8-inch casing

Shutter screen

Landing clamps

Centralizers

14-inch conductor casing

Drive points

Schedule 40 PVC, 3/4 inch ID

8x16 gravel pack and sand

Cement baskets

Threading and couplers

Schedule 40 black pipe, 2-iiich

Concrete, pumped down hole
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