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Specific combinations—Continued
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STRATIGRAPHIC AND HYDROLOGIC RELATIONSHIP OF THE
PINEY POINT AQUIFER AND THE ALLOWAY CLAY MEMBER OF THE
KIRKWOOD FORMATION IN NEW JERSEY

By BRONIUS NEMICKAS and LOUIS D. CARSWELL,
Trenton, N.J., Harrisburg, Pa.

Abstract.—Coarse quartzose (clastic) sediments of middle
and late Eocene age in the subsurface of southern New Jersey
are identified in this report as the Piney Point aquifer. The
sediments are as thick as 220 feet (67 metres) and form a
freshwater aquifer which is laterally continuous with the
Piney Point aquifer of the Delmarva Peninsula. The Piney
Point aquifer, in the area of Newport in Cumberland County,
consists of fine to coarse glauconitic sand that is suggestive of
deposition in a marginal marine beach environment. The
aquifer tends to become finer grained with depth; coarse sand
is dominant near the top of the aquifer, whereas, silt and clay
are dominant near the base. The top of the aquifer- is marked
by an angular unconformity. The hiatus between the upper
Eocene sediments and the overlying Kirkwood Formation of
middle Miocene age represents erosion during Oligocene and
early Miocene time. The Alloway Clay Member, the basal unit
of the Kirkwood Formation, rests unconformably on the Piney
Point aquifer. It is a silty clay, dark brown to light tan, and
contains abundant shell fragments and reworked greensand
from the underlying Piney Point aquifer. The Alloway Clay
Member, where present, acts as a confining unit for the Piney
Point aquifer in southern New Jersey. Chemical analyses of
water samples from the Piney Point aquifer in Cumberland
County indicate a potential chloride problem in the aquifer
near Delaware Bay. A water sample taken in 1973 at the
Gandys Beach iwell contained 516 milligrams per litre of
chloride, and a water sample taken in 1973 at the Money
Island Marina well contained 78 miligrams per litre of
chloride. Scant water-level data indicate the possibility of
declining water levels in Cumberland County near Delaware
Bay due to pumping from the Piney Point aguifer in Delaware.
The altitude of the water level at well 16 is —3 feet (—1
metre), and the water-level altitude at well 11 is 423 feet
(47 metres).

Marine sediments of late Eocene age, which are cor-
related with the Jackson Group of the Gulf Coast,
have been recognized in the subsurface in Delaware
and southern New Jersey (Richards, 1956, p. 84). The
glauconitic sand and interspersed shell beds of south-
ern Maryland were named the Piney Point Formation
(Otton, 1955, p. 85) from a well at Piney Point, St.

Mary’s County. Brown, Miller, and Swain (1972) re-
examined the sediments from the Piney Point type
section and found the formation to be of Claiborne age
rather than Jackson age. Rasmussen, Slaughter,
Hulme, and Murphy (1957, p. 61-67), on the basis of
microfossils, lithology, and well logs, extended the.
name Piney Point to a unit on the eastern shore of
Maryland. Rasmussen, Groot, and Depman (1958) ex-
tended the name to a fossiliferous, glauconitic sand and
clay unit penetrated in a test well at Dover Air Force
Base, Del.

Test drilling by the U.S. Geological Survey, in co-
operation with the Cumberland County Planning
Board, in the fall of 1971 and spring and summer of
1972 helped to establish an observation-well network
in Cumberland County (fig. 1). The data collected dur-
ing this drilling aided in defining the stratigraphic and
hydrologic relationship between the Piney Point aqui-
fer and the overlying Alloway Clay Member of the
Kirkwood Formation. The Piney Point aquifer is de-
fined in this paper as the upper sandy part of the
Eocene sediments that is laterally continuous with the
Piney Point aquifer in Delaware.

PINEY POINT AQUIFER

The Piney Point aquifer consists of fine to coarse
glauconitic sand. It occurs in the upper part of the
Piney Point (?) Formation in Gloucester and Atlantic
Counties but constitutes the entire Piney Point (?)
Formation in Cumberland County (Nemickas, 1974).
The thickness of the aquifer ranges from 26 ft (7.9 m)
to more than 220 ft (66.8 m) in Cumberland County
(fig. 2). Structure contours on top of the aquifer in
figure 3 indicate a fairly consistent dip of 20 to 25
ft/mi (9.8-12.2 m/km) to the southeast.

The Piney Point aquifer in the Delmarva Peninsula .
overlies the Nanjemoy Formation and is overlain by



2 RELATIONSHIP OF PINEY POINT AQUIFER AND KIRKWOOD FORMATION, NEW JERSEY

41°
<
I~
g
N
g
2z
g
I
) 10 20 30
[ | | ]
| i I l I
0 10 20 30 40 KILOMETRES

EXPLANATION

o6

Well

Number indicates well number

used in this report
Ae—e A’
Line of section

Area of report

FIcUuReE 1.—Map of New Jersey showing location of study area.

the Calvert Formation (Cushing and others, 1973).
Its thickness in the Delmarva Peninsula ranges from
20 to 270 ft (6.1-82.3 m). “The upper part seems to be
the most productive, as geophysical logs indicate that
the aquifer becomes progressively more silty or clayey
in the lower part” (Cushing and others, 1973, p. 42).
The same relationship can be seen on geophysical logs
and samples collected at drilling sites in southern New
Jersey.

10 20 MILES

20 KILOMETRES

EXPLANATION
25
Well
Number is thickness of Piney Point
aquifer, in feet

100
Line of equal thickness of the
Piney Point aquifer
Duterval 20 feet (6 metres)

FI6URE 2.—Thickness of the Piney Point aquifer.

The Piney Point aquifer lies entirely within the sub-
surface in New Jersey and Delaware. In Delaware the
Piney Point aquifer is an elongate lens of sand striking
northeast and generally dipping toward the southeast.
Well data in Delaware suggest that the Piney Point
is located in a northeast-trending trough, the center-
line of which is near Dover and Frederica, Del. (Sund-
strom and Pickett, 1968, p. 17). This centerline and the
thickest section of sandy sediments extend into Cum-
berland County, N.J., according to interpretations of
geophysical and lithologic logs. Sundstrom and Pickett
(1968) indicate that this thick sand accumulation in
Delaware may be the result of deposition in a struc-
tural trough or on a beach. Data collected in New
Jersey indicate a marginal marine beach environment.
The aquifer material grades gradually into sandy silt
to the northeast. Northwestward, toward the Delaware
River, the aquifer terminates fairly abruptly, probably
due to erosion. Sections in figures 4 and 5 show the
stratigraphic correlation and position of the Piney
Point aquifer in Cumberland, Salem, and Gloucester
Counties, N.J. Geophysical logs indicate that the aqui-
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fer material grades into silt and clay northeastward in
Camden County (Farlekas, Nemickas, and Gill, 1973).
The authors’ interpretation is that the aquifer was de-
posited in a beach environment and that the thickest
part of the sand unit may represent an offshore bar.

ALLOWAY CLAY MEMBER OF THE KIRKWOOD
FORMATION

The Alloway Clay Member of Kiimmel and Knapp
(1904, p. 142), as redefined by Isphording (1970), is
herein adopted and is defined as the basal marine clay
member of the Kirkwood Formation in Salem, Cum-
berland, Gloucester, and Atlantic Counties in southern
New Jersey. The contact between the Alloway Clay
Member and Piney Point aquifer is marked by the
abrupt and widespread occurrence of large amounts of
reworked greensand from the Piney Point aquifer in
the Alloway Clay Member. The Alloway Clay Member
consists of dark-brown or grayish-brown to light-tan
silty clay and contains abundant shell fragments. Min-
eralogic work by Isphording and Lodding (1969) on
the Alloway Clay Member indicates that the clay is
remarkably homogeneous both laterally and vertically.
The high percentage of montmorillonite and the fine
texture of the sediments reflect marine depositional
conditions (Isphording and Lodding, 1969, p. 8). In
the present paper, the Alloway Clay Member is ex-

level Sfeet (30.5 metres). Datum is mean 1
sea. level tended from Cumberland County into Gloucester, At-
Fiure 3.—Structure contours on top of the Piney Point lantic, and Cfmmde-n Counhes on the basis of geophysi-
aquifer. cal logs and lithologic samples.
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FIGURE 4.—Section

A-A’ showing correlation of the Alloway Clay Member of the Kirkwood Formation and the Piney Point

aquifer in the study area. See figure 1 for locations of wells.
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F1Gure 5.—Section B-B’ showing correlation of the Alloway Clay Member of the Kirkwood Formation and

the Piney Point

aquifer in the study area. See figure 1 for locations of wells. Explanation same as for figure 4.

The Alloway Clay Member is hydrologically signifi-
cant in the report area because it acts as a highly con-
fining unit overlying the Piney Point aquifer (figs. 4
and 5). Lithologic and hydraulic properties deter-
mined from core samples are given in table 1. Its ver-
tical hydraulic conductivity, determined from four core
samples in Cumberland County, ranges from 2.0 X102
to 5.2X10-° ft/d (6.0X10—°¢ to 1.6X10~° m/d). Its
thickness ranges from 152 ft (46.3 m) near Greenwich
to 64 ft (19.5 m) near Milmay, both in Cumberland
County (fig. 6). The top of the Alloway Clay Member
(fig. 7) has a regional dip of 20 to 25 ft/mi (9.8-12.2
m/km). In the New Jersey Coastal Plain the Alloway
Clay Member grades laterally into the Grenlock Sand
Member of Isphording (1970), which is a fine silty
sand that makes up the bulk of the Kirkwood
Formation.

HYDROLOGY

The Piney Point aquifer is tapped in Cumberland
County by only a few wells. Yields of these wells are
generally 100 gal/min (6.3 1/s) or less. Additional
wells of moderate yield (50-150 gal/min or 3.2-9.5 1/s)
can be developed, especially in southwestern Cumber-

" land County.

Results of aquifer tests of the Piney Point aquifer
on the Delmarva Peninsula indicate that transmissivity
ranges from 1,200 to 6,000 ft?/d (112-557 m?/d) and
that coefficient of storage ranges from 0.002 to 0.004
(Cushing, Kantrowitz, and Taylor, 1973). Similar
data are lacking in New Jersey, but the authors be-
lieve that comparable values can be expected in the
southwestern part of New Jersey, where the Piney

75°
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064
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100
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Fi1cUuREe 6.—Thickness of the Alloway Clay Member of the
Kirkwood Formation.

Point aquifer consists of a thick sequence of fine to
coarse sand.
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FiGURE 7.—Structure contours on top of the Alloway Clay
Member of the Kirkwood Formation.

About 9 Mgal/d (0.4 m?/s) of water is pumped
from the Piney Point aquifer in Delaware, about 75
percent of which is used for municipal and industrial
supplies in and near Dover, Del., and Cambridge, Md.,
(Cushing, Kantrowitz, and Taylor, 1973). A compari-
son of the water-level altitudes in two wells in Cum-

5

berland County, +23 ft (+7 m) in well 11 (fig. 1)
and —3 ft (—1 m) in well 16 (fig. 1), indicates a
possible decline of water levels in the Piney Point
aquifer in New Jersey caused by pumping in Delaware.

WATER QUALITY

Three water samples for chemical analysis were ob-
tained from the Piney Point aquifer when the Cumber-
land County observation-well network was established
in 1972. The chemical analyses in table 2 (well loca-
tions are shown in fig. 1) show that the aquifer con-
tains freshwater in this area. Chloride concentration is
low, ranging from 1 to 32 mg/l. However, other water-
quality data collected from the Piney Point aquifer
near Delaware Bay indicate a higher chloride concen-
tration. A water sample taken in 1973 at the Gandys
Beach well (No. 18 in fig. 1) contained 516 mg/1 of
chloride, and a sample taken in 1973 at the Money
Island Marina well (No. 17 in fig. 1) contained 73
mg/1 of chloride. A water sample taken in November
1972 at the Jones Island well (No. 16 in fig. 1), which
is farther from the bay, contained only 4 mg/l of
chloride. This sample was taken from the screened
interval in the upper part of the aquifer. An electric
log of the Jones Island well before the well was com-
pleted shows an increase in electrical conductivity to- -
ward the lower part of the aquifer, which may be
caused by a higher concentration of chloride near the
base of the aquifer (Nemickas, 1974). A generalized
section (fig. 8) shows an interpretation of the fresh-
water-saltwater interface in the Piney Point aquifer
that explains the chloride concentrations in wells 16,
17, and 18 in figure 1. In Delaware the chloride concen-
tration in the aquifer increases downdip, and this rela-
tionship may exist in New Jersey, but no data are
available for substantiation. Another posibility is that
the thalweg of Delaware Bay has partly or completely

TABLE 1.—Lithologic and hydrologic properties of the Alloway Clay Member of the Kirkwood Formation
[Analysis by U.S. Geological Survey, Denver, Colo. Well locations shown in fig. 1]

Well Depth of Overburden

Percentage of sample
containing indicated

Hydraulic Porosity particle size Sediment

core in pressure in conductivity in lggfﬁ‘,;e classification
No. Name feet (m) 1b/in2 (kg/cm?) ft/d (m/d) (percen’i) Clay (os&a triangle
(<0.004 mm) ¢, 0675 mm)

7---- Bostwich 90 (274) 70 (4.2) 2.0X10° (6.0Xx107°) 49.8 38.5 61.1 Clayey silt.
Lake 3.

7---— Bostwich 185 (50.3) 130 (9.1) 8.6X10°° (1.1X107) 61.5 33.6 63.6 Clayey silt.
Lake 3.

3_._-- Sheppards 105 (32.0) 80 (5.6) 3.1X10° (9.3X107°) 49.6 49.9 50.1 Silty clay.
Mill
Pond 1.

8____ Vocational 210 (64.0) 160 (11.3) 5.2X107° (1.6X107°) 55.0 29.9 69.3 Clayey silt.
High .

School 3.
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TABLE 2.—Chemical analyses of water from the Piney Point
- aquifer
[Analyses by U.S. Geological Survey; results in milligrams per litre

except for temperature, specific conductance, pH, and color. Well
locations are shown in fig. 1]

Well 7 Well 8 Well 16

Date of collection —_____________ 10-3-72 104-72 10-5-72
Temperature _________.___ °C-- 13.2 15 14.5
Silica (8Si0z) ~_ o ________ 38 10 53
Total iron (Fe), e _________ .67 2 .52
Total manganese (Mn) ________ .01 .0 .0
Calcium (Ca) oo ___ 25 10 29
Magnesium (Mg) —____________ 10 3.5 3.2
Sodium (Na) —oooo_________ 66 94 10
Potassium (K) _______________ 11 8.8 35
Sulfate (SO4) —ocoome_ 5 7.0 11
Chloride (Cl) —______________ 1.0 32 4.0
Fluoride (F) ____ o ______ 5 9 1
Nitrate (NOs) —ocoo______ 1.8 9 4
Orthophosphorus (P) ___._____ .03 .038 18
Orthophosphate (PO.) _——_____  ___.__ __.___ .55
Bicarbonate (HCO:) _-_________ 203 237 116
Carbonate (COs) o ____ 0 7.0 0
Carbon Dioxide (COz) —ceeeo_ o0 ol 1.5
Alkalinity as CaCOs —___—_____  ______  ___.__ 95
Noncarbonate hardness ______.__ 0 0 0
Hardness—Ca, Mg ____________ 104 39 86
Dissolved solids (residue

at 180°C) - _____ 291 288 174
Dissolved solids _______________ 302 286 171
Specific conductance ____umho__ 447 484 210
pH (units) . 8.1 85 81
Color (plutonium-cobalt scale) _ 4.0 5.0 2.0
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incised the Alloway Clay Member of the Kirkwood
Formation. This would cause vertical leakage of water
with high chloride concentration into the aquifer from
Delaware Bay. Also, a lithologic change of the Allo-
way Clay Member to a more permeable unit can ex-
plain the high chloride concentration of the water in
the aquifer at the Gandys Beach site. The more perme-
able lithology may also induce vertical leakage into the
aquifer from Delaware Bay.

Iron concentration in the three samples in table 2
ranges from 0.2 to 0.67 mg/1, and the “Potable Water
Standards” (New Jersey State Department of En-
vironmental Protection, 1970) allows a maximum of
0.5 mg/1 of iron in potable water. A potential iron
problem exists if the water from the Piney Point aqui-
fer is used for public supply.

CONCLUSIONS

The Piney Point aquifer in New Jersey is as thick as
220 ft (67 m) and for the most part is a freshwater
aquifer that is laterally continuous with the Piney
Point aquifer of the Delmarva Peninsula. The aquifer,
of Eocene age, consists of fine to coarse glauconitic
sand in the area of Newport in Cumberland County,
N.J. The aquifer grades into greenish clay and silt to
the cast, and near Atlantic City the dominant lithology
is marine silt and clay. To the northeast, toward Burl-
ington and Ocean Counties, the glauconitic sand grades
laterally into a marine silty clay. To the northwest, to-
ward the Delaware River, the coarse sand terminates
abruptly, possibly truncated by erosion; and is not
found in outerop. The lithologic character indicates
deposition in a marginal marine beach environment
with the coarse sands possibly representing the axis of
a former offshore bar.

Water-quality analyses indicate a possible fresh-
water-saltwater interface in the Piney Point aquifer
near Delaware Bay. Furthermore, the negative altitude
of water level in the Piney Point aquifer in Cumber-
land County near Delaware Bay suggests that pump-
ing in Delaware is lowering the water level in New
Jersey. Continued collection of water-level and water-
quality data would serve to indicate changes in the
Piney Point aquifer.

The Alloway Clay Member of the Kirkwood Forma-
tion overlies the Piney Point aquifer and ranges in
thickness from 152 ft (46.3 m) near Greenwich to 64
ft (19.5 m) near Milmay. Its vertical hydraulic con-
ductivity determined from four core samples in Cum-
berland County ranges from 2.0X10—°% to 5.2X10-°
ft/d (6.0X10-° to 1.6 X10~* m/d). The Alloway Clay
Member acts as a confining unit, separating the Piney
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Point aquifer from the Kirkwood aquifer in Cumber-
land County.
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LAND SUBSIDENCE AND AQUIFER-SYSTEM COMPACTION
IN THE SAN JACINTO VALLEY,
RIVERSIDE COUNTY, CALIFORNIA—A PROGRESS REPORT

By BEN E. LOFGREN, Sacramento, Calif.

Abstract.—Widespread subsidence continues in the San
Jacinto structural trough as water levels continue to decline.
Subsidence is due principally to the compaction of water-bear-
ing deposits as effective stresses are increased by artesian-
head decline. Other possible contributory causes of subsidence
are (1) local or regional tectonic adjustments and graben
downfaulting, (2) natural compaction of deep water-bearing
deposits below the bottom of well casings, and (3) continuing
compaction of surficial deposits due to causes other than
artesian-head decline. )

A careful analysis of 4 yr of correlative records of water-
level, extensometer, and land-surface changes suggests three
types of vertical ground movement occurring at the 4S/1W-
21N2 recorder site near the San Jacinto reservoir site. The
reservoir was drained in October 1973. Listed in descending
order of magnitude these are (1) an elastic undulation of the
land surface of about 0.06 ft (0.02 m) per year in close re-
sponse to the roughly 50 ft (15 m) of seasonal water-level
fluctuations, (2) a long-term permanent compaction of the
deposits in the 0-1,237-ft (0-377-m) zone of about 0.04 ft
(0.01 m) per year, and (3) a deep settlement of deposits
below the 1,237-ft (377-m) extensometer anchor of 0.01-0.02 ft
(0.003-0.006 m) per year, probably caused by continuing
downfaulting in the graben trough. The specific compaction
of the aquifer system at this site from 1970 to 1974 was about
1.3 X 107* (units of compaction per unit of increase in applied
stress). The specific, expansion during this period decreased
progressively from 1.29 X 107 (units of expansion per unit of
stress decrease) in 1970-71 to 0.95 X 107° in 1973-74, suggesting
that excess pore pressures in the slow-draining aquitards were
not completely dissipated each year.

In this report values are given in both U.S. custo-
mary and metric (International System) units of
measurement. Following is a list of the factors used
for conversion of the U.S. units to the metric units:

1.609 —=kilometres
2,590 =square kilometres

Mile
Square mile

Inch X 2540 —centimetres
Foot X 0.3048—metre
X 3048 =centimetres
X 304.8 =millimetres
Foot of water (39.2°F) X 0.433 =pounds per square inch
X 2,990 =pascals
X
X

San Jacinto Valley is an alluviated structural valley
situated within the San Jacinto fault zone, 80 mi (130
km) east of Los Angeles. It comprises about 300 mi*
(780 km?) of relatively flat-lying flood plain, sur-
rounded by hills and mountains. In the vicinity of the
city of San Jacinto (fig. 1), the valley consists of a
northwest-trending sediment-filled graben of large dis-
placement, bounded by the Claremont fault and the
San Jacinto Mountains on the east and by the Casa
Loma fault and a broad alluvial “mesa” on the west.
The San Jacinto River, which flows northwesterly
through the valley, is the source not only of most of
the detritus that has filled the sinking graben trough,
but also of most of the recharge to the extensive
ground-water reservoir of the valley.

Extensive ground-water development has produced
significant hydrologic changes in San Jacinto Valley,
especially since the middle 1940’s. Ground-water levels
have declined throughout much of the valley, largely
as a result of pumping overdraft. Artesian heads
which generally were as much as 25 ft (7 m) above
the land surface during the 1920’s and early 1930’s
were more than 200 ft (60 m) below the land surface
during the early 1970’s. Concurrently, widespread
land subsidence has been observed in many areas where
leveling control is available. Also, areas of differential
settlement and earth fissures have developed in num-
erous localities in the valley.

Many of these surface phenomena undoubtedly are
directly related to declining water levels in the artes-
ian basin. Some, however, may be due to bedrock
adjustments in the tectonically active structural
trough or possibly to continuing compaction of surfi-
cial deposits.

To differentiate tectonic adjustments from the com-
paction of water-bearing deposits and also to approxi-
mate the stress-strain characteristics of the aquifer
system at one location, a recording extensometer was
installed in a specially drilled observation well in
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117°02'30"

33°
45’
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Consolidated and semiconsolidated rocks (From Calif. Dept.
Water Resources, 1959, pl. B-1B)

Major fault—Dashed where inferred; queried where doubtful
(From Calif. Dept. Water Resources, 1959, pl. B-1B)

Boundary of area of flowing wells in 1915 (From Waring,
1919, pl. 3)

seessesnssess - Boundary of estimated original area of flowing wells (From
Mendenhall, 1905, pl. 8)

. Selected well

A——-A"’ Line of schematic section (fig.2)

Figure 1.—Map showing pertinent hydrogeologic features in the
vicinity of the San Jacinto reservoir site, Riverside County,
Calif.

August 1970. This extensometer installation is at well
4S/1W-21N2 near the north edge of the San Jacinto
reservoir site (drained in October 1973) (fig. 1), in an
area where long-term water-level decline and subsi-
dence are known to have occurred and where local and
regional leveling control are most extensive.

The purposes of this report are to describe briefly
the extensometer installation and the records obtained,
to interpret the first 4 yr of these extensometer records
and correlate the recorded changes of aquifer-system
thickness with measured water-level fluctuations, to
approximate the elastic and inelastic stress-strain para-
meters of the aquifer system, and to attempt to differ-
entiate surficial ground-water effects from deep tec-
tonic movement. To the extent the various components
and causes of the land-surface change can be deter-

mined and the stress-strain parameters of the aquifer
system established at this recorder site, these relation-
ships can probably be extrapolated to other parts of
the graben valley.

Acknowledgments—This subsidence investigation
by the U.S. Geological Survey is in cooperation with
the Southern District of the California Department of
Water Resources. Most of the basic data in this inter-
pretive report are from other agencies or published
reports. The single large expenditure in this project,
the drilling of the test well, was a joint undertaking
by the California Department of Water Resources, the
Metropoljitan Water District of Southern California,
Eastern Municipal Water District, and the Geological
Survey. All the leveling control and several of the
graphs of this report, as well as the site and access for
the observation well, have been provided by the Metro-
politan Water District of Southern California. Eastern
Municipal Water District services the field recorders
monthly. Radiocarbon dates reported herein were made
by the Geological Survey on wood samples collected
in June 1971 by personnel of the Eastern Municipal
Water District and Metropolitan Water District.

HYDROGEOLOGIC SETTING

For purposes of this preliminary report, the sche-
matic section of figure 2 serves as a simplified model
of the San Jacinto graben valley (fig. 1) and aids in
describing the nature and extent of this investigation.

The graben trough is bounded on the southwest by
the Casa Loma fault (Proctor, 1962) and on the north-
east by the Claremont fault (Henderson, 1939). Un-
consolidated alluvial deposits, which comprise the
productive ground-water reservoir in San Jacinto
Valley, are nonexistent northeast of the Claremont
fault. These deposits range in depth from zero to about
2,000 ft (610 m) (fig. 2) in the graben and thin from
600 ft (183 m) to zero west of the Casa Loma fault.
Within the graben, the heavily pumped water-bearing
alluvial deposits are underlain by a thick sequence of
unconsolidated continental deposits of low permeabil-
ity, accumulated during a long history of graben down-
faulting.

Seismic studies (Fett and others, 1967) suggest that
the bedrock surface, which rises abruptly several thou-
sand feet above the valley east of the graben, lies
7,000-8,000 ft (2,100-2,400 m) beneath the alluvial
surface in the graben and is less than 600 ft (183 m)
deep west of the graben. The bedrock geology of the
area is varied and complex, and tectonism has played
a dominant role in shaping the present landscape
(Sharp, 1972). In addition to-large vertical offsets,
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Ficure 2.—Schematic geologic section across San Jacinto Val-
ley, one-half mile northwest of the San Jacinto reservoir
site. (Modified from J. D. Fett and Associates written
commun,, 1967 ; also modified from Lofgren and Rubin, 1975,
fig. 2.)

apparently many miles of right-lateral horizontal
movement have occurred within the San Jacinto fault
zone. For a regional background of the geology of the
area, see Woodford and others (1971).

The Casa Loma fault (fig. 1) has left a distinct
scarp along the valley, and recent mapping (Sharp,
1967, p. 7115 Sharp, 1972) suggests that, although
right-lateral offsets have dominated within the San
Jacinto fault zone in Holocene time, recent movement
along the Casa Loma fault has been largely dip slip.
Surveys by the Metropolitan Water District of South-
ern California (Proctor, 1974) indicate 0.12 ft (0.087
m) of right-lateral movement (creep) at one location
on the Casa Loma fault since 1958; however, neither
the rate nor extent of displacement in historic time
is well known. In the vicinity of San Jacinto reservoir
site, the Casa Loma fault is an effective ground-water
barrier (Proctor, 1962, p. 1295), separating a relatively
unconfined ground-water reservoir under the mesa to
the west (fig. 2) from a complex confined reservoir
system in the graben (California Department Water
Resources, 1959, app. B and F). Marked differences
across the fault-are noted not only in the head in obser-
vation wells, but also in the pattern of seasonal water-
level fluctuations and subsidence rates. These differ-
ences are due largely to the marked contrast in both
the nature of the water-bearing deposits and also the
pumping draft within the graben as compared to the
mesa west of the Casa Loma fault.

EXTENSOMETER INSTALLATION

In areas of intensive ground-water overdraft, stress
changes in the formation frequently cause measurable
changes in thickness of the water-bearing deposits
(Lofgren, 1968). To differentiate these relatively shal-
low eftects, usually extending to depths of the deepest
pumping wells, from possible deep tectonic down-
faulting, a highly sensitive extensometer was installed
in specially drilled observation well 4S/1W-21N2.
With this equipment, the cyclical elastic changes in
thickness and the long-term permanent compaction
of the water-bearing deposits in the interval from the
land surface to the depth of the extensometer anchor
are measured. When correlated with concurrent water-
level fluctuations, these extensometer data enable the
caleulation of the stress-strain parameters of the aqui-
fer system at that location. Also, when compared with
surface snbsidence, as determined by periodic surveys
from a distant stable reference, the amount of settle-
ment occurring below the extensometer depth anchor
can be calculated.

Observation well 4S/1W-21N2 is situated about
200 ft (60 m) north of San Jacinto reservoir site and
half that distance north of Casa Loma siphon No. 2
which has been periodically resurveyed since 1959
(figs. 1 and 6). The well was completed in August
1970 to a final depth of 1,237 ft (377 m). Figure 3
shows the casing log of the completed well and also the
electric logs of the drill hole by Go International, Inc.,
before the casing was installed. Two types of recording
equipment have been maintained in this well since
August 1970—a highly sensitive down-hole extens-
ometer that measures the change in thickness of the
water-bearing deposits to a depth of 1,237 £t (377 m),
and a conventional air-line water-level recorder. The
down-hole extensometer assembly consists of a string
of 1l5-in (3.8-cin) galvanized pipe of nominal 21-ft
(64-m) lengths coupled with extra heavy couplings,
lowered inside the 514-in (14-cm) pipe to well bottom
and cemented to the formation with a 10-ft (3-m)
plug of concrete bottomed at 1,287 ft (377 m). A
modified Stevens type F, 32-day recorder, mounted
on a steel frame over the well, measures the varying
height of the land surface with respect to the top of
the 114-in (3.8-cm) pipe. This recording extensometer
has proved relatively insensitive to surface tempera-
ture changes, principally because down-hole tempera-
tures change only slightly below a depth of a few feet,
and also, the thermal characteristics of the pipe above
the land surface are about the same as the legs of the
steel frame holding the recorders. The water-level
recorder, a 30-day Bristol pressure type, is connected
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SPONTANEQUS
POTENTIAL  RESISTIVITY
CASING LOG —(millivolts)+ (ohms m % m)
100 00 100
0 |_ T 0
H 32 ¢ Bottom of 12 1/2-inch 9 1000
(10 m) conductor pipe
(cemented)
M 151 ft Bell joint in 8 5/8-inch 50

(46 m) casing

200

"

100
345-405 ft pgrforations
400 (105-123 m)

T

—150

—200
(202 m) casing

DEPTH, IN FEET BELOW LAND SURFACE

600 %
)
4 ' 662 ft Bottom of 8 5/8-inch

800
=
)
900-960 ft Perforations
E(274-293 m)
1000 =300
>
350
1220 ft Bottom of 5 1/2-inch
/
1200 (372 m) pipe !
1237 ft Extensometer
(377 m) (cemented)

Ficure 3.—Casing and electric logs of well 4S/1W-21N2,

toa 14-in (0.64-cm) air line extending below the water
surface in the 51%-in (14-cm) pipe and nionitors the
composite head of sands in the 900 to 960-ft (275 to
290-m) and 1,220 to 1,227-ft (372 to 374-m) depth
zones (fig. 3).

RADIOCARBON DATES INDICATE RATES OF
DOWNFAULTING

Natural compaction of the unconsolidated deposits
in the San Jacinto graben has continued through
Quaternary time as the graben floor has sunk and new
overburden has been added at the surface. The rate
of natural compaction has been extremely slow, how-
ever, as compared with the historic compaction caused
by the excessive pumping of ground water.

Radiocarbon dates by the Geological Survey on wood
samples (Lofgren and Rubin, 1975) from three depths

DEPTH, IN METRES BELOW LAND SURFACE

in the fluvial fill of the valley give an average rate
of deposition and an approximation of the implied
average rate of graben downfaulting in the past 42,000
yr. The samples were collected in June 1971 from =
rotary drilled water well 4S/1W-231P11, 1 mi (1.6 km)
due north of the city of San Jacinto. Specific details
on the three samples are as follows:

Depth of Age
Laboratory No. sample in determination
feet (metres) (years B.P.)
w2729 ____________ 292  (89) 15,270+450
W-2827 ____________ 322 (98) 21,260+650
W-2828 ___ . 480 (146) 42,000+=1500

The San Jacinto River, entering the valley from the
southeast and leaving toward the west (fig. 1), appar-
ently has maintained a uniform graded flood plain
through much of Quaternary time. This flood plain
serves as a reference datum for measuring rates of
implied graben downfaulting. Apparent average rates
of tectonic downfaulting were estimated at about 0.007
ft (2.1 mm) per year from 42,000 yr to 15,270 yr B.P.
and about 0.019 ft (5.8 mm) per year since 15,270 yr
B.P. Since no data younger than 15270 yr B.P. are
available, tectonic downfaulting during Holocene time
may have proceeded at a uniform rate or may have
had one or more episodes of abrupt subsidence.

STRESS-STRAIN DATA AVAILABLE

Under natural conditions, unconsolidated deposits
are generally in equilibrium with their overburden
load. An increase in grain-to-grain stress, however,
due to either surficial loading or to hydraulic stresses
produced by changes in ground-water levels, causes
a corresponding strain or compaction of the deposits.

In the following analysis of the stress-strain charac-
teristics of the water-bearing deposits in the San
Jacinto Valley. three types of basic data are available
for interpretation. These are (1) measured changes in
land-surface elevation, as determined by periodic level-
ing to surface bench marks from stable reference ties
outside the graben, (2) water-level fluctuations in
selected observation wells, which are a rough measure
of changes in effective stress in the aquifer system,
and (3) at one location in the valley, extensometer
records of changes in formation thickness in the zero
to 1.237-ft (377-m) depth zone.

Subsidence data

The only leveling control adequate for estimating

Jong-term subsidence is repeated leveling tied to stable

bench marks outside of the subsiding area. Most of the
leveling in the valley by city and county agencies con-
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sists of short runs tied to “floating” bench marks, and
thus is not usable for calculating subsidence trends.

Except for early leveling to a few bench marks of
the National Geodetic Survey (formerly the Coast
and Geodetic Survey) referred to by Proctor (1962)
and Fett, Hamilton, and Fleming (1967), the leveling
control available for calculating subsidence in the
study area is restricted to bench marks along two
cross-valley aqueducts (figs. 1 and 6) and more de-
tailed control in the vicinity of the San Jacinto reser-
voir site. These bench marks have been releveled
periodically since 1959 by the Metropolitan Water
District.

In this interpretive study, no attempt is made to
determine absolute elevation changes with respect to
sea-level datum. Only relative movement of bench
marks within and near the graben, with respect to a
bedrock reference bench mark, are considered. Bench
marks at West Portal in bedrock east of the graben
(fig. 1) and also near San Jacinto reservoir site west
of the graben (fig. 6) have remained relatively con-
sistent with respect to each other throughout the per-
iod of record and probably are as stable as any ties
in this tectonically active region. Bench marks at West
Portal serve as the reference datum for this study,

even though recent evidence (written commun., 1974,
Metropolitan Water District) indicates slight relative
tectonic movement occurring in this area.
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Figure 4, modified from profiles prepared by the
Metropolitan Water District, shows the measured sub-
sidence along Casa Loma siphon No. 2 (fig. 1) and
also reference bench mark SJR 3, 170 ft (52 m) north
of siphon No. 2, from 1959 to 1974. Figure 5 shows
the subsidence trend of selected individual bench
marks, and figure 6 shows the subsidence measured
during 9 yr of record at 10 bench marks in the vicinity
of the San Jacinto reservoir site. The subsidence rec-
ord of one of these bench marks, SJR 3, located near
the extensometer installation, is the basis of many of
the interpretive results of this study and is shown for
an extended period of record in figure 8 and in ampli-
fied form from late August 1970 to early July 1974
in figure 9.

Water-level fluctuations

Many water-level measurements by various agencies
have been made in San Jacinto Valley. Few of the
hydrographs, however, are of long duration or are
definitive of head changes in specific depth zones.

Figure 7 shows the long-term trend of three obser-
vation wells near the San Jacinto reservoir site. These
give a rough measure of the more than 100 ft (30 m)
of head change in aquifers 300-600 ft (90-180 m) deep
in this part of the valley since 1946 and probably more
than 125 ft (38 m) of decline since the early 1900’s.
The close correlation that exists between not only the
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FieurE 4.—Land-subsidence profiles across the San Jacinto Valley along Casa Loma siphon No. 2, 1959-74. (Modified from pro-
files of the Metropolitan Water District of Southern California.)



14

long-term declining trend but also the seasonal fluc-
tuations of water levels with the subsidence trend of
bench mark SJR 3 and also with the extensometer
records is apparent in figure 8.
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FieURE 5.—Graphs showing relative subsidence of selected
bench marks in the vicinity of the San Jacinto reservoir
site, 1964-73. (Modified from graphs of the Metropolitan
Water District of Southern California.)
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F16URE 7.—Long-term hydrographs of observation wells near
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graphs of the Metropolitan Water District of Southern Cali-
fornia.)
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Figure 9 shows at larger scale the record of water-
level fluctuations from late August 1970 through June
1974 as measured in well 4S/1W-21N2, which moni-
tors head changes in the 900 to 960-ft (275-290-m)
and 1,220 to 1,227-ft (372-374-m) depth zones (fig. 3).
This hydrograph exhibits two features characteristic
of a heavily pumped ground-water basin—an annual
cyclic fluctuation with a seasonal amplitude of about
50 ft (15 m) and a general long-term downward trend
of about 3 ft (1 m) per year. As shown by Lofgren
(1968), these confined head changes are a rough meas-
ure of changes in effective stress in the aquifer sys-
tem—1 ft (0.3 m) decline causing about 1 ft (0.3 m)
of increase in effective stress (1 ft of head equals 0.43
Ib/in? or 2,990 Pa) and a 1-ft (0.3 m) rise causing
about 1 ft (0.3 m) of effective-stress decrease.

Extensometer record of changes in formation thickness

As demonstrated in numerous areas (Lofgren, 1968,
1975; Poland and Davis, 1969; Poland and others,
1975), fluctuations in the confined head of an artesian
aquifer system produce changes in effective stress on
the granular structure of the system which in turn
cause changes in formation thickness. The magnitude
of the thickness change is dependent on the effective-
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stress increase, the compressibility of the deposits, the
thickness of the compressible beds, the time the in-
creased stress has been applied, and possibly the rate
and type of stress applied. It is also dependent on the
past stress history—whether the increased stress is
being applied for the first time or has been attained
or exceeded previously.

Depending on the nature of the deposits, thickness
changes may be (1) largely elastic, where stress and
strain are proportional, independent of time, and
reversible, or (2) principally inelastic, resulting from
a rearrangement of the granular structure in such a
way that the volume of the deposits is permanently
decreased. In general, if the deposits are coarse sand
and gravel, the change will be small and chiefly elastic
and reversible, whereas if they contain fine-grained
clayey beds, the change will be much greater and
chiefly inelastic and permanent. Permanent compaction
of the individual compressible beds results in a perm-
anent subsidence of the land surface.

At well 4S/1W-21N2, the one location in San
Jacinto Valley where companion water-level and ex-
tensometer records have been obtained, not only can the
stress-strain parameters of the aquifer system be calen-

- lated but also the amount of settlement of the deposits

below the 1,237-ft (377-m) extensometer.anchor can be

- approximated. The upper graph of figure 9 shows the

change in-thickness of the deposits to a depth of 1,237 .

ft (377 m) at well 4S/1W-21N2, from late August -

1970 through June 1974, as measured by the extens-
ometer described earlier. The close correlation of this
record with fluctuations of water level in the same
well and also with changes in elevation of nearby
bench mark SJR 3 is readily apparent. From these
nearly 4 yr of correlative records, several preliminary
aquifer-system parameters have been calculated and
tentative conclusions obtained. More definitive results
await a longer period of records.
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INTERPRETATION OF DATA

Before extensive exploitation of the ground-water
basin, wells flowed throughout much of the San Jacinto
Valley (Mendenhall, 1905; Waring, 1919, fig. 1).
Artesian heads in the producing aquifers in the vicin-
ity of the San Jacinto reservoir site probably were more
than 10 ft (3 m) above the land surface. As ground-
water development continued, water levels were drawn
down significantly. By 1960, heads in the confined
aquifers had declined about 90 ft (27 m) (fig. 7),
more in some of the aquifers than in others. By sum-
mer 1971, the head in well 340 (4S/1W-29H1) was
about 130 ft (40 m), and in well 314 (4S/1W-28F1)
was about 160 ft (49 m) below the initial flowing
head. Most of the decline in these wells occurred after
1947; since that time the head decline has averaged
5 to. 6 ft (1.5-1.8 m) per year in these wells. Since
1970, the head in well 4S/1W-21N2 has fluctuated with
a much greater seasonal amplitude, and in a depth
range 50-100 ft (15-30 m) below the head in wells
314 and 340, respectively, suggesting that the newer,
deeper observation well is in more intimate contact
with the heavy pumping of the area.

Leveling data indicate that historic subsidence has
been much greater in the graben trough than on either
side. Fett, Hamilton, and Fleming (1967, p. 30) noted
0.134 to 0.201 ft (4.1 to 6.1 cm) of subsidence south-
west of the Casa Loma fault (outside the graben) in
the Hemet area between 1932-33 and 1963-64, whereas
bench marks in the graben near San Jacinto subsided
1.024 and 1.125 ft (31.2 and 34.3 cm) during this same
period. Proctor (1962, p. 1294) reported as much as
2.34 ft (71.3 cm) of subsidence in the graben along the
Casa Loma siphon No. 1 about 1,000 ft (305 m) east
of the Casa Loma fault between 1939 and 1959 and
little or no change for bench marks east and west of
the graben. Assuming that downfaulting of the graben
averaged 0.019 ft (0.58 cm) per year between 1933
and 1963 near San Jacinto, the 1.125 ft (34.3 cm) of
measured subsidence would be roughly half due to
tectonism and half due to compaction caused by de-
clining water levels. Also, of the 2.34 ft (71.3 cm) of
subsidence on the Casa Loma siphon No. 1 between
1939 and 1959, about 0.38 ft (12 cm) or 16 percent
would be due to tectonic downfaulting and 1.96 ft
(60 cm) due to water-level decline.

As shown in figure 4, the subsidence rate along Casa
Loma siphon No. 2 is greatest in the vicinity of San
Jacinto reservoir site and decreases abruptly toward
the Casa Loma fault on the southwest and more grad-
ually across the graben in the northeast direction. At
the point of maximum subsidence along the siphon

(fig. 4), the subsidence rate averaged about 0.09 ft
(2.7 em) per year from 1959 to 1970, whereas at bench
mark SJR 3, near the extensometer site, the rate aver-
aged 0.07 ft (2.1 em) per year from 1959 to 1974.

Observation well 314 (4S/1W-28F1) and bench
mark SJR 3 are about the same distance northeast of
the Casa Loma fault, and being roughly a half mile
apart, probably together give an approximation of the
stress-strain characteristics of the aquifer system in this
part of the graben. Figure 8 shows the close correla-
tion between both long-term and seasonal changes
occurring at these sites. From fall 1964 to fall 1973 the
water level in well 314 (4S/1W-28F1) declined 26 ft
(8 m) while bench mark SJR 3 subsided 0.57 ft (0.17
m). Subtracting 0.17 ft (0.052 m) (representing 0.019
ft, or 0.0058 m, per year times 9 yr) of subsidence for
tectonism, the residual 0.40 ft (0.12 m) of subsidence
would be due to compaction of the water-bearing de-
posits. If entirely caused by 26 ft (8 m) of head de-
cline, this would indicate a specific subsidence of
1.5X10-% (units of subsidence per unit of head
decline).

Figure 9 shows the hydrograph of well 4S/1W-
21N2, the extensometer record of change in thickness
of water-bearing deposits to a depth of 1,237 ft (377
m) in the same well, and changes in elevation of
nearby bench mark SJR 3 (fig. 6) during 4 yr of com-
parable record. The extensometer and bench-mark
graphs are the same data as that shown at a reduced
scale in figure 8. Throughout this period, the exten-
someter record shows a most sensitive correlation with
water-level changes. Even the minor water-level fluc-
tuations are faithfully reflected in the extensometer
record, in both the expansion limb and the compres-
sion limb of the record. Also, changes in elevation of
mark SJR 3 closely parallel the extensometer graph
even though the quarterly measurements of elevation
sometimes miss the highs and lows of the seasonal
cycles.

In general, the three graphs (fig. 9) evidence two
characteristic types of changes—(1) a seasonal cyclic
fluctuation that seems to correspond to the ground-
water pumping pattern of the area, and (2) a long-
term declining trend in which both the troughs and the
crests are progressively lower each year (except for
the 1973 water-level crest) apparently caused by
pumping overdraft and permanent subsidence at this
location. After careful study of these graphs, there is
little question that (1) ground-water changes are re-
sponsible for most of the changes in thickness of the
water-bearing deposits measured by the extensometer,
and also (2) changes in thickness of these water-bear-
ing deposits to a depth of 1,237 ft (377 m) are respon-
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sible for most of the land-surface changes during this
period.

Comparison of the slopes of the straight lines drawn
through the 1970, 1971, and 1972 troughs of the ex-
tensometer and water-level graphs (fig. 9), shows that
a water-level decline of roughly 3.5 ft (1.1 m) per
year caused about 0.044 ft (1.34 cm) of compaction
per year. Thus, the specific compaction (Poland and
others, 1972, p. 3) of the aquifer system at this site
during these 3 yr was 1.3X10-2 (units of compaction
per unit of increase in applied stress). During the
subsequent water-level recovery each year, the aqui-
fer system expanded in elastic response to a decrease
in effective stress (Lofgren, 1968). The specific expan-
sion during these recoveries decreased from 1.29x10-3
(unit of expansion per unit of stress decrease) in 1970-
71, to 1.11X10~* in 1971-72, 1.07X10-* in 1972-73,
and 0.95X10-2 in 1973-74. These parameters indicate
that excess pore pressures in the slow-draining fine-
grained aquitards of the aquifer system are not com-
pletely dissipated each year and that there is measur-
able compaction of these beds during subsequent
pumping seasons. Otherwise, the specific-expansion
parameter would remain constant or tend to increase
with time and probably would be only 2-5 percent of
the value of the specific compaction during virgin
loading.

By subtracting the change in thickness of the upper
1,237 ft (377 m) of water-bearing deposits (upper
graph, fig. 9) from the change in elevation of a sur-
face bench mark (center graph, fig. 9), the change in
elevation of the depth bench mark (extensometer
anchor) can be calculated. Because both the thickness
and the surface elevation are continually changing
with time, this calculation can be made only at those

times when the surface elevation is known and is only
as accurate as is the surface elevation as determined
by leveling. Because of the “floating” nature of bench
marks in the graben trough and the several days norm-
ally required to complete a leveling survey from a
stable reference bench mark, the measured elevations
for bench mark SJR 3 (fig. 9) probably are no more
accurate than +0.005 ft (0.15 em), even though the sur-
veys by the Metropolitan Water District have been
carefully read to thousandths of a foot.

The center graph of figure 10 shows with amplified
scale the calculated change in elevation of the depth
bench mark in well 4S/1W-21N2, as described above,
and its relation to the ground-water and compaction
trends. In the graph, zero change is taken as the first
day the extensometer was recording. Because of in-
accuracies in the measured values used in the calcula-
tions, the accuracy of the calculated elevations of the
depth bench mark probably is less than *+0.005 ft
(0.15 ecm). Nevertheless, the indication of settlement
occurring at depths below the 1,237-ft (377-m) anchor,
exceeding the depth of most of the pumping in the val-
ley, is significant. As shown, the calculated elevations
of the depth bench mark are erratic; more erratic
than can be reasonably explained. During the first
2 yr of record, no definite trend is suggested in the
depth bench-mark data. Since 1972, however, and pos-
sibly extending back to mid-1971, a definite downward
trend is indicated. Depending on the straight line
selected to best represent this downward trend, a settle-
ment of from 0.010 to 0.019 ft (0.30-0.58 cm) per
year is suggested by these data for the depth bench
mark. Interestingly, the higher value is the same aver-
age settlement rate for the last 15,000 yr as obtained
from radiocarbon age determinations from buried
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wood samples collected from a nearby well (Lofgren
and Rubin, 1975).

Because neither the short-term variation nor the
long-term downward trend in the elevation of the
depth bench mark seem to correlate with either the
water-level or the extensometer graphs,the cause of the
suggested settlement is probably unrelated to changes
in the aquifer system. Whether the ground movement
of the February 9, 1971, San Fernando Valley earth-
quake or the February 21, 1973, Ventura earthquake,
both of which were felt in the area and recorded by
the extensometer, in any way relates to the suggested
tectonic settlement of the depth bench mark is inde-
terminate. It is clear, however, that the draining of
the San Jacinto reservoir site in October—December
1973 was not responsible for this subsidence at depth;
(1) the downward trend began a year before, and has
continued for more than 6 months since the draining
of the reservoir, and also, (2) the unloading of the
reservoir would tend to cause rebound rather than sub-
sidence of the depth bench mark.
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EFFECTS OF AIR INJECTION AT PROMPTON LAKE,
WAYNE COUNTY, PENNSYLVANIA

By JAMES L. BARKER, Harrisburg, Pa.

Prepared in cooperation with the U.S. Army Corps of Engineers Philadelphie District

Absgtract.—Air injected into the hypolimnion of Prompton
Lake at a maximum rate of 210 cubic feet per minute (6 cubic
metres per minute) during a 65-day period (July 27 to Septem-
ber 30, 1973) produced the following results: (1) With cooler
air temperatures prevailing, the mean subsurface temperature
increased by 4.0°C compared with the same period in 1972,
(2) although chemical and thermal destratification was incom-
plete, 6 weeks of air injection increased the dissolved-oxygen
concentration of the entire tropholytic zone to more than 4
milligrams per litre, (3) concentrations of nitrogen increased
in the trophogenic zone during air injection, and (4) Anaebaena
flos-aquae attained cell concentrations. in excess of 4,500 per
millilitre during air injection.

A 20-month investigation to determine the effects of
compressed air injected into the hypolimnion of Promp-
ton Lake, Wayne County, Pa., was conducted during
1972 and 1973 in cooperation with the U.S. Army
Corps of Engineers, Philadelphia District. A syste-
matic sampling program included data collection prior
to, during, and after air injection.

Artificial aeration by compressed-air injection to de-
stratify reservoirs and lakes is highly desirable ac-
cording to many water users. Stratification often
causes deteriorated potable water quality, corrosive
and anaerobic conditions, increased evaporation rates,
and, in eutrophic or mesotrophic waters, an oxygen
deficit that leads to the re-solution of nutrients that
maintain high populations of nuisance organisms.

The reduction of nuisance populations of organ-
isms, particularly blue-green algae, as a benefit of ar-
tificial destratification of lakes and reservoirs was
measured by Lackey (1971) and Robinson and others
(1969). Destratification favors algal species that do
not have unique distributions in stratified lakes and
those species that normally sink rapidly. Therefore,
depending upon the species present in the lake, in-
creases or decreases in algal biomass may result from
destratification. Hooper and others (1952) and Fast

and others (1973), for example, found increases in the
standing crop of blue-green algae, and Malueg and
others (1971) reported a decrease in the biomass.

In this study, compressed air was injected into the
the hypolimnion in an effort to cause upwelling of cold
water until the lake was isothermal, or nearly so, and
to eliminate the oxygen deficit. The effects of destrati-
fication and aeration on the algae, physiochemical
properties, and nutrients were measured.

LAKE DESCRIPTION

Prompton Lake is located in the west-central part
of Wayne County adjacent to the town of Prompton
in the glaciated section of northeastern Pennsylvania.
The lake was formed in 1960 by the construction of a
dam on the West Branch Lackawaxen River.

Prompton is a 280-acre (113.4-ha) impoundment
that has a maximum depth of 39 ft (11.9 m), a normal
pool capacity of 3,400 acre-ft (4.19 hm?®), and a mean
depth of 12.1 ft (3.7 m). The lake receives the drain-
age from a 60 mi? (155.4 km?) basin and, at a summer
base-flow discharge of 20 ft3/s (0.57 m3®/s), has a theo-
retical maximum retention time of 85 days.

The basin is rural, with agriculture as the leading
industry. The topography of the basin is characteristic
of a glaciated terrain with rounded hills, U-shaped
valleys, and numerous small lakes and marshes. The
soils of the basin are formed upon shales and sand-
stones of the Catskill Formation, of Devonian age.

Water quality in Prompton Lake is good. The water
is slightly alkaline and is classified as a calcium bi-
carbonate type with bicarbonate alkalinity of 27 mg/l,
carbonate hardness of 28 mg/], and dissolved solids of
45 mg/1.

Thermal and chemical stratifications depend upon
residence time and generally exist in relatively weak
states in Prompton Lake during the June-September
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period. Dissolved oxygen is subject to depletion below
a depth of 13 ft (4.0 m). Specific conductance and pH
values in the bottom water indicate mineralization
under anaerobic conditions.

Plankton samples suggest a biologically healthy
lake, dominated by Chrysophyta or diatoms. Blue-
green algae occasionally reach nuisance concentrations
in the late summer under favorable climatic condi-
tions. Aquatic weeds have been prevalent but presented
no problems in 1974.

METHODS

A systematic sampling program was conducted at
Prompton Lake during a pre-aeration period (May
1972-July 1973), an aeration period (July 1973-
October 1973), and a post-aeration period (October
1973-December 1973). Six sampling stations were
established, four within the lake and one each at the
inflow and outflow stations (fig. 1). The four lake sites
were marked with buoys. The outflow station is a sur-
face-water gaging station equipped with a continuous-
stage recorder.

Temperature and dissolved oxygen were measured
in place with a thermistor thermometer and polaro-
graphic oxygen probe. Transparency was determined
with a standard 7.9-in  (20-cm) black-and-white
Secchi disk and a calibrated metal sounding line.

Phytoplankton sampling consisted of filtering 1,100
ml of water (collected from 1.5 ft or 0.5 m below the
surface, mid-depth, and 3 ft or 1 m above the bottom)
through a Wisconsin-style plankton net of No. 20
nylon bolting cloth at each of the four lake-sampling
stations (stations 2, 3, 4, and 5 in fig. 1). The concen-
trate was then preserved in a merthiolate solution
(Weber, 1966) and counted in a Sedwick-Rafter
counting cell.

One-litre samples of raw water were collected from
1.5 ft (0.5 m) below the surface at the same four sta-
tions and from 3 ft (1 m) above the bottom at sta-
tions 3, 4, and 5. These samples were analyzed for con-
stituents in the nitrogen cycle and for dissolved and
total phosphorus. Additional samples were collected
from station 5 for chlorophyll ¢ and total organic
carbon analyses. Samples were collected once a month
and more frequently during much of the growing sea-
son (June-October). Daily temperature profiles were
collected at the four lake stations from July 26 to
August 15, 1973.
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Chemical analyses were completed according to
methods presented in Rainwater and Thatcher (1960),
Slack and others (1973), or Brown and others (1970).

DESCRIPTION AND OPERATION OF AERATION
SYSTEM

Compressed air was delivered to the primary mani-
fold system at a pressure of 70 to 100 pound-force per
square inch gage (4.92 to 7.03 kgf/cm?) by a gasoline-
driven compressor with an operating displacement of
210 ft3/min (6 m3/min). The five-place manifold sys-
tem, anchored in the deepest part of the lake, released
air to a low-pressure diffusion tube in sufficient volume
and pressure (about 30 lbf/in%g or 2.11 kgf/cm?) to
overcome the hydrostatic head. A sketch of the dual-
pressure air-diffusion system is shown in figure 2.

Air injection began on July 27, 1973, and ran almost
continuously until August 16, 1973. From August 17
until August 30, 1973, the compressor ran on a 16-h
schedule, starting at about 1000 hours and continuing
until about 0200 hours. A 24-h schedule was resumed
from August 31 until September 13, 1973. A 16-h
schedule was resumed again on September 14, until
the compressor was shut down on October 1, 1973.

RESULTS
Temperature

Temperature profiles taken on July 27, 1972 (fig. 3),
indicated Prompton Lake was becoming stratified de-
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FIGURE 2.—Dual-pressure air-diffusion system and detail of
system (below).

spite tropical storm Agnes and other heavy rains and
runoff in May, June, and early July. Figure 3 shows
the thermal stratification that began at a depth of 10
ft (3 m); however, the stratification was dissipated
by several rainstorms in August, and significant ther-
mal stability did not return for the remainder of the
summer season. Observed maximum water tempera-
tures during the summer of 1972 were 24.5°C at the
surface and 14.0°C at the bottom.

Prior to beginning air injection on July 27, 1973,
thermal characteristics were similar to those for the
same period in 1972. A major runoff on June 23, 1973,
had the effect of destroying thermal stability by dis-
placing and mixing the lake water; however, by the
end of July, thermal stability was fairly well estab-
lished.

Some effects of air injection evident from figure 3
were a warming of subsurface waters and the reduc-
tion of thermal stability. Minimum temperatures in
the bottom waters increased by 1.0°C compared with
the same date in 1972 (table 1), while temperatures at
mid-depth of 16 to 26 ft (5.0-8.0 m) averaged 4.5°C
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warmer than those observed during 1972. The increased
temperature of the subsurface strata was probably the
result of a net increase in absorption of solar radia-
tion due to the induced circulation.

TABLE 1.—Comparison of temperature versus depth for
station }, August 23, 1972 and 1973

Depth Temperature (°C)
(feet) August 23, 1972 August 23, 1973
0 23.0 23.0
3.3 22.0 225
6.6 22.0 22.0
9.8 20.5 22.0
13.1 19.5 22.0
16.4 18.0 22.0
19.7 175 22.0
23.0 15.5 20.5
26.3 14.5 185
29.0 13.5 14.0
32.8 12.5 13.5

Air injection failed to produce isothermal conditions
anywhere in the lake despite 65 days of pumping at
Prompton Lake. Apparently, isothermy can only be
approached and not completely achieved under condi-
tions of a high rate of heating and a low rate of mix-
ing. Since efficiency decreases as isothermy 1is ap-
proached, it would require an unrealistically large
input of work to achieve and maintain isothermy.

Chemical Quality

Nutrients

Analyses for total nitrogen and phosphorus and
specific conductance of the surface and bottom waters
prior to air injection indicate that, as with the thermal
properties, the lake displayed a moderate degree of
stratification both summer and winter.

The period of air injection resulted in the general
destratification of nutrients. The sample data (fig. 4)
indicate that surface and bottom specific-conductance
values tended toward uniformity about 2 weeks after
air injection began, whereas, nitrogen and phosphorus
took about 3 and 5 weeks, respectively, to destratify.
The lake did not chemically restratify after termina-
tion of air injection on September 30, 1973.

The net result of destratification was somewhat
higher concentrations of nitrogen in the trophogenic
zone during the growing season (June-October). Total
nitrogen increased during the air-injection period
from a mean of 0.43 in 1972 to 0.56 mg/1 in 1973. The
largest increases were in the concentrations of am-
monia nitrogen and organic nitrogen; the increases
were probably the result of the upwelling of nutrient-
rich hypolimnetic water.
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An overall decrease in total phosphorus at the bot-
tom was measured during and after air injection. Al-
though the phosphorus cycle is complex, the decrease
may be explained by the oxidized microzone above the
sediment that would inhibit the release of phosphorus.
As pointed out by Fitzgerald (1970) and others, sedi-
ment can strip phosphorus from lake water under
aerobic conditions. Phosphorus concentrations at the
surface remained at about the same level but sup-
ported an increase in biomass.

Dissolved. oxygen

Prior to air injection in late July 1973, the dissolved-
oxygen regimes during 1973 were quite similar (fig. 5)
to those of 1972. Oxygen deficits began at a depth of
6.6 ft (2.0 m) and reached depletion at a depth of 16.4
ft (5.0 m). Maximum concentrations occurred near
the surface. After 1 week of air injection the hypolim-
nion was increasing in oxygen concentration. After 6
weeks of aeration the entire hypolimnion contained
more than 4 mg/l of oxygen. Air injection had no
perceptible effect upon epilimnetic dissolved-oxygen
concentrations. The irregularity of the dissolved-
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Fieure 5.—Dissolved oxygen at station 4 in Prompton Lake.
Lines indicate equal dissolved-oxygen concentration in mil-
ligrams per litre.

oxygen lines in 1973 is probably due to the greater
frequency of sampling.

Phytoplankton

Chrysophyta, principally Asterionells and Tabel-
laria, were dominant during the 14-month sampling
period prior to air injection. During November 1972,
the blue-green alga, A phanizomenon, became dominant
for a short period and during July 1973 another blue-
green alga, Anabaena, was dominant (table 2). Mean
cell counts ranged from 3 to 300/ml in 1972 (fig. 6).
The types of algae and their abundance followed the
general model for a mesotrophic lake, where diatoms
are dominant most of the year but green algae in-
crease in abundance in the summer and blue-green
algae are dominant in late summer and early autumn.

Interpretation of the phytoplankton data was com-
plicated by several events during the summer of 1972.
A series of rainstorms from May to early July physi-
cally disrupted the lake ecosystem and, no doubt, re-
duced the number of plankton. Further, an application
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FicURE 6.—Mean phytoplankton density in Prompton Lake.

of 700 1b of copper sulfate to the lake on August 16,
1972, had a catastrophic effect upon the phytoplankton
and may have been the prime reason the lake had a
low plankton density for the remainder of the growing
Season.

After the beginning of air injection on July 27, 1973,
the phytoplankton population became dominated by
Anabaena flos-aquae, to the near exclusion of all other
types (table 2). Average cell counts ranged from
113/ml on August 1 to more than 4,500/ml on Septem-
ber 13. The high density of Anabaena persisted until
air injection ended on September 30.

Vertical distribution of phytoplankton (table 3) did
not appear to be greatly affected by the air-injection
program. Total cell counts during the control and treat-
ment period indicate a high proportion of cells in the
bottom water due to mixing and (or) settling. Longi-
tudinal distribution of phytoplankton (table 4) also
appears to have been unaffected by the treatment.

The post-injection period is best characterized as a
period of die-off of Anabaena and a return to lower
densities of indigenous genera of diatoms. One diatom,
Fragilaria, sp., had not been observed prior to air
injection.
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TABLE 2.—Dominant phytoplankton genera inhaditing Prompton
Lake '

[Total cell-count values represent mean concentrations of cells per
millilitre. A genera was considered a dominant if it comprised >15
percent of the standing crop; parenthetic values are percent of
standing crop]

Total
Date cell Dominant phytoplankton genera
count
1972
May 10 ____ 12 Synura (33.3), Asterionella (25).
May 18 ____ 10 Mallomonas (20), Cryptomonas (20).
May 24 ____ 8 Synedra (18).
May 31 ____ 3 Navicule (33.3), Syncdra (33.3), Tabel-
laria (33.3).
June 7 ____ 15 Synechococcus (66.6).
June 14 ___ 73 Asterionella (55), Synechococcus (41).
July 27 ____ 300 Asterionella (73), Anabaena (15).
Aug. 23 ._._ 57 Tabellaria (59.6).
Sept. 27 ___ 217 Tabellaria (69.5), Anabaena (23.0).
Nov. 9 _____ 19 Aphanizomenon (94.7).
1978 .
Apr. 18 ____ 12 Asterionella  (39), Dinobryon (18),
Navicula (16).
June 6 _____ 5 Asterionella (45), Tabellaria (37).
June 27 ____ 34 Tabellaria (68).
July 19 ____ 115 Anabaena (86).
Aug. 1 _____ 113 Anadbacna (93).
Aug. 15 ____ 1,344 Anabaena (85).
Aug. 30 .___ 3,071 Anabaena (99).
Sept. 13 ____ 4,504 Anabacna (99).
Sept. 27 ____ 2,803 Anabacna (99).
Oct. 18 ____ 422 Anabaena (93).
Nov. 20 ____ 170 Fragilaria (17), Tabellaria (25), Melo-
gira (26), Anabaena (28).
Dec. 4 _____ 68 Fragilaria (34), Tabellaria (47).

TABLE 3.—Vertical distribution of phytoplankton, in cells per

millilitre, in Prompton Lake

Date Surface Mid-depth Bottom
1972
May 10 ______________ 12 10 7
May 18 . 10 : 51 11
May 24 ______ . _____ 8 . 14 54
May 31 3 109 9
June 7 ______________ 15 5 32
June 14 _____________ 73 12 9
July 27 _______ . _____ 300 243 245
Aug. 23 _____________ . BT ’ 97 49
Sept. 27 .. __ 217 217 44
1978
Apr. 18 ___ . ________ 12 11 9
June 6 ______________ 5 8 6
June 27 ____________. 34 17 8
July 19 . 115 57 19
Air-injected period :
Aug. 1 __________ 113 34 9
Aug. 156 __________ 1,344 463 222
Aug. 30 __________ -3,071 990 117
Sept. 13 _________ 4,504 4,439 2,257
Sept. 27 ___._____ 2,803 8 64
Oct. 18 ______________ 442 380 301

TABLE 4.—Longitudinal distribution of phytoplankton, in cells
per millilitre in Prompton Lake in 1973

Station
Date 2 3 1 5
Aug. 156 _________ 590 430 1,100 1,900
Aug. 30 _________ 2,900 4,000 —_—— 2,100
Sept. 13 _________ 4,800 5,700 3,600 4,200
Sept. 27 . _____ 4,600 N 4,300 1,300

It is difficult to say for certain what, if any, effect
air injection had upon the abundance of phytoplank-
ton. During the pre-aeration period the lake was sub-
jected to an application of algicide; had the algicide
not been applied, the lake would have experienced a
growth of algae that might well have been similar in
proportion to that of August-September 1973. Al-
though it is not known whether air injection stimu-
lated or retarded blue-green algal growth, it definitely
did not prevent its growth.

Anabaena flos-aquae, a common nuisance blue-
green alga, has been observed by some earlier research-
ers (Knoppert and others, 1970; Lackey, 1973) to in-
crease during destratification. If Anabaena and other
blue-green algae are insensitive to forced summer cir-
culation, then the benefits of this type of lake manage-
ment program would be seriously lessened where blue-
green algae characteristically reach bloom proportions.

Transparency

Transparency during the pre-injection period ranged
from 174 in (442 cm) on August 23, 1972, to 12 in (30
cm) on November 12, 1972. The data indicate that the
background transparency results in Secchi disk values
of from 50 to 70 in (127 em-178 cm). An abrupt in-
crease in transparency during the middle of August
1972 corresponded to the copper sulfate treatment on
August 16, 1972, that effectively killed the phytoplank-
ton. Within 5 weeks after the copper treatment the
transparency decreased at all stations to less than 40
in (102 ecm) and by November 9 (autumn overturn)
to less than 30 in (76 ¢cm).

Alr injection did not appear to have any significant
effect upon transparency. The low transparency at the
end of August 1973 corresponded well with the period
of the blue-green algal bloom. A region of low trans-
parency containing sispended detritus from the depths
of the lake was observed in the vicinity of the “boils”
surrounding the air.

CONCLUSIONS

The results of the present study suggest that injec-
tion of compressed air into the hypolimnion of a 35-ft
(10.6-m) deep lake will significantly increase subsur-
face water temperatures with little effect upon the sur-
face water outside the area of the “boil.” Thermal
destratification was approached after 6 weeks of pump-
ing compressed air into the hypolimnion, but isothermy
was never completely achieved and perhaps was not
possible under the limitations of the system.

Chemical destratification was achieved to a great
degree within 2 to 5 weeks after air injection began.
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The net results was higher concentrations of nitrogen
in the trophogenic zone. Phosphorus concentrations
were more difficult to evaluate. Perhaps the greatest
positive effect was that dissolved-oxygen concentra-
tions were increased within the hypolimnion. Within
6 weeks the entire deep-water area contained more
than 4 mg/1 of oxygen, and thereby the volume of the
lake suitable for aerobic life was increased by 12 per-
cent. The epilimnetic dissolved-oxygen cencentrations
were not appreciably influenced by air injection.

Tt was difficult to evaluate the effects of air injec-
tion upon the phytoplankton owing to the environmen-
tal disruptions during the pre-injection period. How-
ever, there was no evidence that phytoplankton
populations were reduced as a result of air-induced
circulation as suggested by studies at other lakes.
Hypolimnetic aeration did not appear to have any
significant effect upon transparency.

The objective of controlling the growth of blue-
green algae by cooling the waters of the trophogenic
zone was not met. The reasons for the lack of algal
control are not clear but are probably associated with
lake configuration, insufficient depth (that is, cold
water), and insufficient circulation to overcome solar
heating and thermal stability of the epilimnion.
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EXPLORATION FOR PORPHYRY COPPER DEPOSITS IN
PAKISTAN USING DIGITAL PROCESSING OF LANDSAT-1 DATA

By ROBERT G. SCHMIDT, Reston, Va.

Abstract.—Rock-type classification by digital-computer proc-
essing of Landsat-1 (formerly ERTS-1) multispectral scanner
data has been used to select 23 prospecting targets in the
Chagai District, Pakistan, 5 of which have proved to be large
areas of hydrothermally altered porphyry containing pyrite.
The known porphyry copper deposit at Saindak was used as a
control area. Empirical maximum and minimum apparent re-
flectance limits were selected for each multispectral scanner
band in each rock type classified, and a relatively unrefined
classification table was prepared. Where the values for all four
bands fitted within the limits designated for a particular class,
a symbol for the presumed rock type was printed by the com-
puter at the appropriate location; these symbols formed a
classification map. Drainage channels, areas of mineralized
quartz diorite, areas of pyrite-rich rock, and the approximate
limit of propylitic alteration were very well delineated on the
computer-generated map of the test area. The classification
method was then used to evaluate 2,100 km® in the Mashki Chah
region, east of the test area, and a partial check of the results
was made in the field. The results of the experiment show that
outcrops of hydrothermally altered and mineralized rock can
be identified from Landsat-1 data under favorable conditions.
The empirical method of digital computer classification of the
multispectral scanner data was relatively unrefined and rapid.
The five mineralized prospecting sites identified are in locations
that I would not have selected as favorable on the basis of
geologic knowledge or photogeologic interpretation at the time
of the investigation.

Mapping and mineral prospecting were undertaken
at Saindak (fig. 1), in Pakistani Baluchistan, in 1962
because the locality was considered one of the more
favorable areas in the Chagai District; the results of
the study were reported by Ahmed, Khan, and Schmidt
(1972). Detailed geologic and geophysical mapping
and exploration at Saindak were later resumed by the
Geological Survey of Pakistan (Khan, 1972; and
Farah and Nazir Ullah, 1973), and the Resource De-
velopment Corporation of the Pakistan Government.

In 1962, after discovery of the disseminated copper
sulfide ore body at Saindak, we noted that tonal
changes and topographic expression related to hydro-
thermal alteration might be detected by optical remote
sensing. When geological applications of data from
the Earth Resources Technology Satellite, now Land-

sat, were still in a planning stage, the area of the
Saindak deposit was discussed by U.S. Geological Sur-
vey personnel as an ideal test site for a remote-sensing
experiment (fig. 2).

Two investigations concerned with direct detection
of sulfide mineralization -and hydrothermal alteration
using Landsat-1 multispectral scanner data have used
the porphyry copper deposit at Saindak as a test site.
because the deposit is large, has well-developed altera-
tion zones and little vegetation, is well mapped, well
exposed, and undisturbed. In addition, I was familiar
with the deposit and region.

In the first investigation (Schmidt, 1974), false-color
composite images made from Landsat-1 data were used
to select light-toned areas that might be related to
hydrothermal alteration. This rapid inexpensive
method was handicapped by the general resemblance
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of hydrothermally altered areas to light-toned patches
in dry washes and also to many areas mantled by
eolian sand. Colors and densities for the four wave
bands were selected to enhance the contrast between
eolian sand and other light-toned features as much as
_ possible. Many light-toned anomalies were eliminated
as probable dry-wash material, and some others were
rejected for other geologic reasons. The coincidence of
anomalous light tones with areas shown as felsic intru-
sive rocks on published photogeologic maps (Hunting
Survey Corp., Ltd., 1960) was considered favorable.
Field checking showed that this initial assumption was
probably false, as weathering and erosion of the hydro-
thermally altered porphyries of the region have re-
sulted in topographic forms so low and rounded that
they would probably not be classed as felsic intrusive
rocks by photogeologic methods.

After the composite images were evaluated, even
though several targets for field prospecting had been
selected, it seemed desirable to seek a method that
could discriminate more definitely between several sur-
face materials that yielded similar tones.

In the second investigation, digital computer process-
ing was used to classify data from the four multispec-
tral scanner bands (MSS bands 4, 5, 6, and 7) and to
attempt to identify the surficial material, particularly
those types of material known to be related to hydro-
thermal alteration and mineralization, but also those
light-toned surface types most likely to be confused

with the hydrothermal alteration and mineralization-
related surfaces.

In 1973, experimental work was undertaken by
Ralph Bernstein and Bruce Clark of the Federal Sys-
tems Center, IBM Corp., on digital processing of
Landsat-1 data as a method of locating mineral de-
posits. Clark extracted numeric data for the four MSS
bands for each pixel from small test areas at Saindak
chosen to represent single rock types and single rock-
alteration types. Two experimental classification tables
were then prepared, both of which delineated the Sain-
dak mineralized area remarkably well (fig. 3), and
which suggested that the method might be refined and
used as an exploration tool. Computer services were
purchased from the IBM Corp. by the U.S. Geological
Survey to refine the classification tables for the area
of the known deposit at Saindak, and then to use the
refined method for the mineral evaluation of the 2,100
km? (810 mi?) of the Chagai District where the poten-
tial for finding porphyry copper deposits is good and
where widely distributed eolian sand has made visual
analysis of colored composites particularly troublesome
(fig. 2). Mineral evaluation undertaken in this experi-
ment resulted in the selection of 23 targets for field
prospecting. After completion of the digital computer
classification experiment, a field check was made, Octo-
ber 13-31, 1974, of some of the prospecting sites se-
lected in the two studies.
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Ficure 3.—Part of a 9-class map of Saindak control area. Class
4, one class used to identify mineralized quartz diorite, has
been blackened to aid recognition and correlates closely with
outcrops of mineralized quartz diorite (the class numbers are
not the same as those in table 1). Classes 5, 8, and 9 together
delineate dry wash areas. Class 2 outlines the area of known
pyritic rock fairly well, but also appears in dry wash areas
too frequently. Other classes do not fit known geology.
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REGIONAL GEOLOGY

The Mirjawa ranges, which include the Saindak
deposit, and the Mashki Chah region where the classi-
fication method was applied, have somewhat different
regional geology. The rocks of both areas are Cre-
taceous to Quaternary in age. The Mirjawa range area
has mostly northwest-trending folded and much
faulted sedimentary and volcanic-sedimentary strata
containing small amounts of intrusive and extrusive

igneous rock. The detailed geology of the Saindak area
(Ahmed and others, 1972) is fairly representative of
the geology of this border region. Cretaceous sedi-
mentary rocks represent a wide variety of marine and
continental depositional environments; lower Tertiary
rocks are mostly shallow marine, and upper Tertiary-
Quaternary strata are largely continental.

Saindak is a few kilometres east of the eastern edge
of a wide area of regional metamorphism centered
around a granitic intrusive body 40 km (25 mi) west
of Saindak in Iran.

Rocks of the Mashki Chah region, a western exten-
sion of the Chagai Hills, are also folded and faulted,
but the folding lacks the strong linear pattern charac-
teristic of the Mirjawa ranges. Volcanic rocks with low
dips, probably initial, are common and widespread.
Intrusive rocks are more abundant; several volcanic
necks are known, and volcanic cones and probably plug
domes ares present. Recently dried or still weakly flow-
ing sinter-depositing saline springs, plus a few
fumaroles on the volcano Koh-i-Sultan suggest that
hydrothermal activity is continuing.

All the western part of Pakistan is covered by
1:253,440-scale photogeologic reconnaissance maps
(Hunting Survey Corp., Ltd., 1960), but probably less
than 1 percent of the Chagai District has been mapped
in detail.

ECONOMIC GEOLOGY

Mineral reconnaissance in the Chagai District has
been spotty and mostly in search of high-grade de-
posits; if a porphyry copper deposit had been noticed
during early investigations, it might have been passed
over as too low grade for consideration at that time.
Several large areas of the Chagai District containing
abundant intermediate and felsic volcanic rocks and
small hypabyssal intrusive bodies of Cretaceous
through Pleistocene age may be considered to have a
good potential for large sulfide deposits of the por-
phyry copper type.

At Saindak, several small copper-bearing porphyritic
quartz diorite stocks cut northward across the folded
lower Tertiary stratigraphic section. The stocks may
be cupolas on a single barely exposed granitic body
8 km (5 mi) long and as much as 1.5 km (1 mi) wide,
or may be separate but related intrusive bodies. The
group of stocks is surrounded by zones of contact meta-
morphism and hydrothermal alteration. The stocks are
enclosed in a sulfide-rich envelope that contains as
much as 15 percent pyrite by volume; the envelope in
turn is surrounded by a zone of propylitic alteration in
which pyroclastic rocks in particular are altered to a
hard dark epidote-rich hornfels. The most highly
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altered central pairt of the deposit is not fully defined,
but there is pervasive quartz-sericitic alteration, and
recent studies by Shahid Noor Khan are outlining a
potassic alteration zone containing much hydrothermal
biotite. Fluid inclusions are abundant in quartz grains.
Many of the fluid inclusions contain halite crystals, and
some gas-rich inclusions suggest formation of the
quartz under near-boiling conditions (J. T. Nash,
written commun., 1973).

The well-developed pattern of hydrothermal altera-
tion zones and the general characteristics of the copper
sulfide mineralization are similar to the simple ideal
model of porphyry deposits described by Lowell and
Guilbert (1970), but only detailed geological mapping
plus extensive exploration drilling, such as the pro-
gram now being carried out by the Government of
Pakistan, can determine whether the deposit is of eco-
nomic significance.

Hematite and iron sulfide skarns are common re-
placements of limestone beds in the propylitic zone of
the deposit. Quartz-diorite dikes are common and
locally abundant within the alteration zones and are
easily identified on aerial photographs. Veins contain-
ing sparse argentiferous galena and copper minerals
are also common within the propylitic zone. The oceur-
rence together of skarns, dike swarms, and base-metal
veins in other locations in the region is considered a
favorable factor in prospecting for porphyry copper
deposits.

The sulfide-rich zone, including both the intrusive
porphyry stocks and the adjacent pyrite-rich country
rock, has been eroded to form a light-toned valley.
Desert soils associated with many porphyry copper
deposits the world over have distinct red and orange
color anomalies; this is true at part of the Saindak
deposit as well, where the mineral natrojarosite has
been identified in the pigmented material. In the cen-
tral valley at Saindak, however,” windblown and
alluvial grains considerably dilute or cover much of
the colored soil.

In plan view, this valley is encircled by a symmetri-
cal rim of hills more rugged and darker in tone than
the surrounding region (Ahmed and others, 1972, fig.
2). These hills, generally corresponding to the erosion-
resistant zone of hornfels and propylitic alteration,
form the outer boundary of the whole exploration
target.

CLASSIFICATION EXPERIMENTS

Classification experiments were conducted in an area
immediately surrounding the Saindak deposit. In
Clark’s experimentation, a shade print of MSS band 5
was prepared and used as a map to identify the loca-

tion of individual data rectangles, or pixels, within
areas of known rock type. Numeric data for the four
MSS bands were extracted for each pixel in the known
areas, the obviously unconforming pixels were rejected,
and maximum and minimum apparent-reflectance lim-
its were chosen for each rock type. The computer
searched the data for the four bands for each pixel,
and where the values fit the apparent-reflectance limits
chosen for a class, the symbol for that class was printed
at that location. When the observed values fit more
than one class (where classes were set up with over-
lapping limiting values), a pixel was placed in the
class that was considered earliest in the search sequence,
resulting in some bias. Clark tested one table using nine
classes (fig. 3) and one using five. Areas of mineralized
quartz diorite were delineated very well, but the three
classes of pyritic rock also included far too many pixels
within light-toned dry-wash material. The drainage
pattern was well defined.

In the EROS-funded experiment, three revisions
were made and tested, and one alternate table was tried.
In the early tables, there was no class for eolian sand
because there were no areas of sand in the Saindak
vieinity that we could use as control; the area where
the method was to be applied, however, contained much
sand: and: disecrimination between mineralized felsic
rock.and eolian:sand was expected to be a major prob-
lem. An area: of known dune sand outside the known
area was used:to establish the sand classes.

The final classification table is shown as table 1. We
have dealt with only three general types of materials:
(1) mineralized rock, including intensely hydrother-
mally altered (quartz-sericite zone) quartz diorite, and
pyritic rock, (2) alluvial and eolian materials, recently
moved dry-wash alluvium and eolian sand being the
materials most likely to be confused with the first
group, and (3) a loose category of dark surfaces that
includes both hornfels-type bedrock and many areas of
desert-varnished lag-gravels (especially in class 10).
The computer-generated classification map of the Sain-
dak deposit that was made using the final classification

table is shown in figure 4.

Four of the main surface types are each represented
by two classes—a main, more restrictive class with re-
flectance limits in at least one band that make it
exclusive from all other main classes, and a secondary
class that overlaps the limits of at least one other class.
Individual pixels classified in one of the main cate-
gories are intended to have a higher probability of cor-
rectly matching the surface material. Points classified
in the secondary categories must be evaluated in the
context of the classes of adjacent points. For example,
if class 4 points (pyritic rock, secondary category)
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FIicure 4.—Part of final classification map of test area.

TABLE 1.—Final table used in digital classification of MSS data
in the Chagai District, Pakistan

Rock type Cmss Symbol Band.
4 5 6 i
Mineralized quartz 1 . 46-50 52-60 50-60 18-22
diorite.
2 ® 4445 52-60 4549 18-19
Pyritic rock _ o _______ 3 % 41-45 47-54 3944 16-17
4 X 4145 47-54 3944 16-19
Dry wash . ___________ 5 = 3946 39-46 35-44  14-17.
6 - 41-45 46-51 4249 18-19
Boulder fan ___________ T 0+ 33-40 3946 30-35 9-16
Eolian sand ___________ 8 - 3844 46-54 42-51 18-22
9 ’ 45-45 46-