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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
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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.)
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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-

EXPLANATION
——///I0—Line of equal altitude—Interval
10 feet (3 metres)

NN \
T L
1090 E\ﬁ?ﬁ?‘{\\\\
ﬁ 2'/2-inc\\\§

—_—h |

m\/
(1125)

Compressor

1Y5-inch (38-mm) high-pressure manifold hose.

Low-pressure diffusion hose

F—————200 FEET (61 METRES)—

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

0 0

’—1

— 2

10 (— ——3

—a

—5
20 — \ 46
= \ w
w ) 16 o
N BN 7 =
z . —g 2

- o

o 7, | z
Q30 — \\ \ —7%
w | | | | | | g
« 10 o
=) 1972 «
7] 2
20 0@
S N 241 \ IJ [ z
g 2, —1 d
o
E 22 — 2 T
i z
wio - 13 g
o

— 4

\, > — 5

20 — 2, ——6

\ % '8 — 7

/o s . | s

30 \ 14’ i -

| ! [ | | | 10

MAY JUNE JULY AUG SEPT OCT NOV
1973

F1eURE 3.—Isotherms, in degrees Celsius, at station 4 in
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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 46-127 42-127 18-63
Miscellaneous dark 10 1 33-36 28-38 29-35 11-15
surfaces.
11 " 24-35 19-27 20-32 8-12
12 4 29-36 28-38 20-28 9-14

occur interspersed with class 8 points (pyritic rock,
primary category), the secondary class points probably
represent the same material; however, if class 4 points
are interspersed with points of one of the sand classes,
the level of confidence in the classification drops, and
the whole assemblage is regarded as sand.

In building the tables, as the acceptable reflectance
limits of a class are narrowed, fewer matches are
found. In classes 1 and 2, for example, if we choose
limits that include most pixels in the training areas
and also many pixels in all the areas of known min-
eralization, we also get false classifications in dry-wash
material. The limits are subjectively adjusted wider or
narrower so that enough points are classified correctly

tified. Each was then evaluated for probability of cor-
rect classification, relationship to concentrations of
other classes, and comparison with known geologic
data—both rock types and occurrences of hydrothermal
mineralization. From this examination, localities most
deserving reconnaissance checking in the -field were

" chosen, and these prospecting targets were graded into

priority .categories. The grading process was of neces-
sity' very arbitrary. Thirty target areas were selected,
four of first priority and the rest of lesser interest. The
locations of these targets were transferred visually to
an enlarged digitally enhanced image of MSS band 5
in order to simplify location in the field.

As part of the field check, all anomalous areas were
first examined on stereoscopic pairs of 1:40,000-scale
aerial photographs. At this point it was possible to
reject seven areas as related to windblown sand (fig.
5), leaving 23 sites. Nineteen sites were examined in
the field, and four desirable sites were bypassed in the
field checks. Of the four “high-priority” prospecting
sites, none were found to be significantly mineralized
or hydrothermally altered, except for a little alteration
in part of area 2-b (fig. 2). Of the five sites found to be
outcrops of hydrothermally altered sulfide-rich rock,
two had been rated as “medium priority” prospects,
and three as “low priority.” Two additional sites have
altered rock containing some sulfide but seem less
attractive for prospecting at this time.

Two arecas recommended in the false-color composite
study were also examined in the classification experi-
ment, but neither was classed as mineralized by the
digital-processing method.
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FIGURE 5.—Area of dunes near Zeh (see fig. 2) falsely classified
as mineralized quartz diorite (classes 1 and 2) and pyritic
rock (classes 3 and 4).

THE NEWLY IDENTIFIED AREAS OF
MINERALIZATION

The areas of mineralization found in this investiga-
tion are in two general locations. At the first location,
four of the mineralized sites (5-c, 5-d, 6-d, 6—e) occur
in what is probably the central core of the eroded rem-
nant of a large stratovolecano (figs. 2 and 6). Of the
four, site 5—c seems to be a separate mineralized area,
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but sites 5-d, 6-d, and 6-e may be parts of a single
large mineralized body as the areas between the sites
are covered by Holocene alluvium. The second location
(site 8-a, fig. 2) is 15 km (9 mi) east of site 6-e and
well outside the core of the stratovolcano, although it
may be within the flank of the old volcano edifice.

Site 5—c (estimated area mineralized, 2.3 km? ).—The
large area of site 5-c seems underlain by light-toned
rock with silicic, argillic, and probably some sericitic
alteration. Some of this rock is porphyry and probably
tuff and sandstone or tuffaceous sandstone. Most sulfide
was present formerly as veinlets forming stockworks,
and disseminated sulfide was probably minor. No cop-
per minerals were noted in the field. .

Stte 5-d (‘estimated area mineralized, 0.5 km?)—The
northern part of site 5-d consists of scattered small
exposures surrounded by dry-wash alluvium. The out-
crops are quartz-sericite altered porphyry having re-
sistant ribs of silicic rock and vein quartz. The rock
contains limonite stains and sulfide casts, but not as
abundantly as at sites 6-d and 6-e.

The southern part of site 5-d consists of siliceous
and argillic altered porphyry and tuffaceous rock.
Pseudomorphs after sulfide are less abundant than in
other sites described; some sulfide seems to have been
disseminated and some was in veinlets. Where un-
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Ficure 6.—Classification map of an area west of Koh-i-Dalil showing five areas classed as “mineralized.”
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leached sulfide was seen, it appears to be only pyrite.
Black tourmaline is common locally.

The outcrops in site 5~d tend to be mantled by hard
siliceous material that may represent only narrow
altered zones and may not be truly representative of
the main mass of rock. :

Site 6-d (estimated area mineralized, 0.8 km?).—The
bedrock at site 6~d is all felsic porphyry having intense
quartz-sericite and argillic alteration. The pyrite min-
eralization, part disseminated and part in veinlets, is
pervasive and is estimated at 5-10 percent of the rock
volume. The sulfide is now mostly leached, but residual
masses of unleached rock are not as rare here as at the
other sites. Several places have traces of oxidized cop-
per minerals in rocks or soils; at one place, weathered
pyrite has rather common copper carbonate stains, and
the analysis was 0.3 percent copper. Jarositic and
gypsum-rich soils are common. This is the most inten-
sively altered area found in the field investigation.

Site 6-¢ (estimated area mineralized, 0.3 km? ).—Site
6-e is an area of highly altered quartz-rich porphyry.
In the northwest end are many residual blocks contain-
ing 5-10 percent pyrite, but only minor traces of copper
minerals. In a brief stop at the southeast end of the
area, we saw what may be argillic alteration in rock
from which all sulfides have been leached.

Site 8-a (estimated area mineralized, 0.8 km? ).—Site
8-a, an area of extensive sulfide mineralization asso-
ciated with what is probably intrusive feldspar por-
phyry and well-formed propylitic and  quartz-seri-
citic(?) alteration zones, has many of the characteris-
tics of a porphyry copper deposit. The site forms a low
topographic basin bounded by major dry washes on the
east and west, by an andesite flow-capped mesa on the
north, and a low range of dark andesitic(?) hills on
the south. The area is partly rimmed on the east side
by hills of propylitically altered gray feldspar quartz
porphyry. Westward, this grades into a zone containing
local pockets and lenses of argillic alteration, then into
the most highly altered central core. Hydrothermal
alteration of the central part of the deposit is intense,
resulting in a very quartz-rich rock containing abund-
ant (5-10 volume percent) pyrite and perhaps other
sulfides. Most of the sulfides have been completely
leached out, leaving voids and limonite-filled cavities;
only a few cores of unleached rock remain. Jarositic
soils and gypsum are common throughout the valley.
We saw only a few traces of copper minerals.

The intrusive porphyry is enclosed in shale.and fine
sandstone; in the northern part of the valley, the
intense alteration extends to the edge of the porphyry
and beyond to include a sizable area of sandstone as

well. Abundance of limonite suggests that the altered
sandstone was as pyritic as the altered porphyry.

A massive rock near the center of the valley is per-
haps & fine uniform-textured phase of the porphyry, a
separate intrusive body, or a well-indurated tuff. It is
thoroughly altered (the alteration tentatively classi-
fied as argillic) and locally contains traces of copper.

A white porphyry found at several places in the
mineralized zone may be an altered form of the main
porphyry or perhaps a separate intrusive body which
may have been the activating agent in the mineraliza-
tion.

Leaching of the outcrops at all of the sites has been
intense; if any copper was formerly present, the possi-
bility of a secondary enriched zone seems very good.
The leaching is so intense that the lack of visible cop-
per minerals is not too negative a factor. The lack of
sparsely mineralized quartz veins in the propylitic
zone at site 8-a is not consistent with many other
porphyries, however.

Two of the sites examined have lesser amounts of
hydrothermal alteration and sulfide. The east end of
area 2-b (fig. 2) is underlain by a very light-toned
quartz feldspar porphyry. I believe that some quartz
and argillic alteration has taken place, but the rock
may be originally silicic and relatively fresh. Iron
oxide staining is abundant in a few restricted places.
Neither sulfides nor copper carbonate stains were noted
in the field. The middle and western parts of area 2-b
are propylitically altered sedimentary and volecanic
rocks that have probably very little economic mineral
potential. Site 6~f (figs. 2 and 6), has been examined
only near the east end where some hydrothermal rock
alteration and probably pyrite mineralization is pres-
ent, but most of the tonal anomaly is due to dune sand.
The western part of the site has not been inspected.

The mineralized areas, 5-¢, 5—d, 6-d, 6., and 8-a,
which T believe to be of the porphyry type, may be
important deposits. If the sulfide near the surface con-
tains no copper, we are possibly seeing only the top of
a porphyry and the copper zone may be deeper. If even
a little copper has been present in the now leached
sulfide, the chance for a supergene ore body is excellent.

SUMMARY

A method of simple digital classification that uses
areas of known hydrothermal alteration and mineral-
ized and altered intrusive stock as control areas has
been developed. The classification table was then used
to evaluate 2,100 km? of area regarded as having a high
potential for deposits of the porphyry copper type.
Office evaluation of the resulting survey yielded 23
prospecting targets, 4 of which were considered high-
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priority. Field checks of 19 sites revealed that five sites
were sizable areas of hydrothermally altered rock con-
taining abundant sulfide, which is disseminated or in
stockwork veins, Although the classification method
used was relatively simple and unrefined, the number
of sulfide-bearing areas identified was outstanding, and
the falsely classified. areas were not so many as to
require an unreasonable amount of field checking.

The sulfide-bearing rocks are mostly porphyritic, and
although copper minerals have been seen in only a few
places, all the pyritic rocks are potentially the pyrite
zones of porphyry-copper-type deposits. Thorough
leaching of the surface rocks has removed whatever
copper may have been present. Secondary copper en-
riched zones may exist at depth.
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A PORTABLE HELIUM SNIFFER

By IRVING FRIEDMAN and E. H. DENTON, Denver, Colo.

Abstract.—A portable helium sniffer has been developed for
field use. The instrument is mounted in a four-wheel-drive
pickup truck and can detect 50 parts per billion of helium in
soil gas. The usefulness of helium sniffing in soil is being in-
vestigated as a prospecting tool in gas, oil, uranium, and geo-
thermal prospecting as well as in earthquake prediction.

The abundance of helium in soil gas has been used
as a prospecting tool for gas and oil as well as for
uranium and geothermal resources. In all previous
applications, the relative helium abundance in soil gas
has been determined in the laboratory. The recent in-
crease In interest in techniques for prospecting for
energy resources prompted us to attempt the adaptation
of a commercial helium leak detector to field use as an
onsite, instantaneous helium analyzer. Fortunately, on-
the-shelf instruments needed only slight modifications.
After a few months of development a truck-mounted
unit was assembled that was able to traverse rough
terrain with no operational problems and still main-
tain a capability of measuring 50 parts per billion
helium (= 1 percent of the normal helium abundance
in air) in gas pumped from the soil through a small
hollow probe pushed or pounded about 60 cm (2 ft)
into the soil.

The basic instrument was a model 24-120B helium
leak detector manufactured by the Instrument Prod-
ucts Division of E. I. DuPont and Co. This instrument
consists of a 1-cm-radius 180°-deflection mass spectro-
meter pumped by an oil diffusion and mechanical
pump through a liquid nitrogen-cooled trap. The in-
strument maintains a constant ionization current as
well as stabilized accelerating and focusing voltages.

M (mass)

The collected ion beam of =4 is amplified

e (charge)

by an electrometer d-¢ amplifier and appears as a
meter readout. The gas to be analyzed is admitted to
the mass spectrometer through a variable leak valve.
" The source pressure is normally adjusted to be below
2X10—* torr (1 torr = 133.3 pascals).

To increase sensitivity, we increased the source pres-
sure somewhat to 5X10—* torr and also increased the
electron-ionizing current by a factor of 1.5 by increas-
ing filament temperature. Although these changes de-
crease filament life, we find that the filaments last for
more than 50 h, even with the rough handling that the
instrument receives. Inasmuch as changing a filament
in the field requires only 10-15 min, we believe that the
increased sensitivity is worth the shorter filament life.

Zero drift and sensitivity changes in the amplifier
are compensated for by comparing the helium response
in the sample gas with that in two standard gases, one
containing about 5 ppm helium and the other about
10 ppm. These reference gases have been analyzed by
the U.S. Bureau of Mines Laboratory in Amarillo,
Tex., and are in steel cylinders containing enough gas
to last for many thousands of determinations. In nor-
mal operation we measure the helium abundance of the
two reference gases for approximately 1 min each and
then measure our sample (unknown) gas for about
1-2 min. The amplified mass-4 beam is displayed on.a
strip-chart recorder. Gas switching is usually carried
out using solenoid-operated valves and can be opera-
ted automatically if desired.

The sample probes that we originally used were
made of 14-in. water pipe with a 60° cone point and

- were driven into the ground with the help of a manual

piledriver. Later William Long designed smaller di-
ameter probes that we were able to either push or drive
into the ground with the help of a 3-lb weight that
slips over the upper part of the probe. Small holes in
the side of the probe near the bottom admit the soil’
gas into the hollow probe. The gas is then pumped
through Tygon tubing past the mass-spectrometer
variable leak valve, where some of the gas is admitted
to the spectrometer. An alternate method of sample
introduction is by the use of a hypodermic syringe to
transfer gas from the probe to the mass-spectrometer
inlet system. A simple constant-pressure inlet system
for use with the hypodermic-syringe sample transfer
was devised by Denton. The variable leak valve sup-
plied with the instrument proved to be too difficult to
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adjust and has been supplemented by another variable
leak valve (model 203, Granville Phillips Co.) that
allows precise adjustment of source pressure.

Inasmuch as the amplifiers used in the mass spec-
trometer to regulate ionization current were magnetic
amplifiers, we found that the power supplied to the
electronics must not only be voltage regulated but also
be a good sine wave and of constant frequency. Experi-
mentation disclosed that power from a gasoline-driven
generator could be used to drive an electric power
supply consisting of a stabilized 60-cycle quartz oscil-
lator and solid-state amplifier providing power well
stabilized in voltage, frequency, and wave form (model
251, Elgar Corp. power source with model 461-.01
plug-in quartz oscillator).

The first model of the helium sniffer was mounted
in a four-wheel-drive panel truck. The generator was
towed in a small trailer. All units can be operated
while the vehicle is in motion, even over rough ground.
The spectrometer, electronic voltage regulator, and
recorder were mounted on a board placed on the ve-
hicle rear seat. The board in turn was connected to the
vehicle floor through a small automobile hydraulic
shock absorber. The first model performed well, except
for the difficulty of maneuvering a trailer when back-
ing out of rough country.

The second model has been mounted in the rear sec-
tion of the four-door “crew” cab of a four-wheel-drive
pickup truck. Air-conditioning of the cab helps mini-

mize problems with dust, and mounting the generator:

in the open bed of the truck effectively isolates it from
the instrument and eliminates problems with carbon
monoxide. The gas cylinders containing our standards
and fuel for the generator are also kept in the rear
bed, which is protected by a canopy or cover.

Data obtained with the helium sniffer in an area

adjacent to hot springs have been published (Roberts
and others, 1975). Further tests of the usefulness of
helium sniffing in geothermal and uranium and gas
and oil progpecting are in progress. The possibility
of monitoring helium in seawater by the use of a gill
or membrane permeable to helium is also under consid-
eration. The possibility of heightened helium emission
from ground water or from fissures adjacent to active
faults prior,to an earthquake also bears investigation.
It may be possible to place a helium sniffer astride an
active fault and to monitor continuously and serially
several probes sunk into ground. Presumably, the
helium flux will increase before an earthquake in a
manner similar to the observed increase in radon.
However, since helium moves more rapidly than radon,
owing to its much lower molecular weight, and since
helium may. also be transported and released from
warm ground water more efliciently than radon, owing
to its unusual property of being more soluble in
warm water than in cold, helium may give a quicker
signal of an imminent earthquake than radon.

Development of the helium sniffer is continuing. The
use of a helium-permeable membrane to separate
helium from soil gas is under investigation.

Acknowledgments—We thank Terry Donovan, who
encouraged and supported the development of the snif-
fer; William Long, who helped in all stages of devel-
opment and made major contributions to probe devel-
opment; Joe Jurceka for his help with instrument
modification; and Alan Roberts and Mary Dalziel for
much of the field testing.
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METHOD AND IMPORTANCE OF OBTAINING HUMIC AND
FULVIC ACIDS OF HIGH PURITY

By R. L. MALCOLM, Denver, Colo.

Abstract.—A detailed procedure incorporating centrifugation,
pressure filtration, dialysis, resin exchange, and freeze drying
is given for the extraction and purification of fulvic and humic
acids from soils and sediments. By use of the procedure humic
acids have been prepared which have less than 0.22 percent
ash. The isolation of relatively ash-free natural organic matter
preparations is an essential prerequisite to the characteriza-
tion of organic reactivity in natural systems. Inorganic im-
purities of amorphous and crystalline clay minerals and vari-
ous inorganic metal ions often lead to numerous complications
and errors during experimentation with organic matter be-
cause the inorganic substances associated with the organic
phase cause variable reactivity of the organic substances.

Inorganic contaminants in humic and fulvie acid
extracts of soils and sediments have plagued organic
geochemists and soil chemists for years. These con-
taminants are intimately associated with the organic
phase and may exhibit properties similar to the or-
ganic phase with regard to cation exchange, anion ex-
change, complexation, water-holding capacity, heat
capacity, and others. The presence of these contam-
inants is probably the major limitation on use of humic
and fulvic acids* for the study and interpretation of
natural geochemical processes involving natural or-
ganic substances. '

Ash content is the best measure of the quantity of
inorganic contamination. Ash contents as high as 10
to 30 percent were commonly reported in the litera-
ture previous to 1950 and are sometimes this high in
present-day rveports. The majority of the humic and
fulvic acid separates on which recent investigations
have been performed have ash contents greater than 5
percent. Because it is difficult to obtain fulvic and
humic acids with ash contents less than 5 percent by
conventional techniques of purification, many of the
. organic matter investigations are in question because
materials containing such high-ash contents are used.

1t Humic acid is that complex mixture of natural organic compounds
which are soluble in basic solvents and insoluble in pH 1 acid solu-
tion. Fulvic acid is that complex mixture of natural organic compounds
which are soluble in basic solvents and remain soluble in a pH 1
acid solution.

There is no established method or fixed procedure
for the extraction and purification of humic and fulvic
acids from soils and sediments. Various investigators
use one or more purification techniques such as cen-
trifugation, dialysis, and resin exchange. The use of
all these techniques with the inclusion of pressure fil-
tration has‘made it possible to obtain fulvic and humic
acids with less than 1.5 percent ash. The purposes of
this paper are to present a detailed procedure for ob-
taining relatively ash-free natural organic substances
and to emphasize the importance of using relatively

.ash-free preparations in investigations of organic

matter.

IMPORTANCE OF ASH-FREE ORGANIC MATTER
PREPARATIONS

The objective in extraction of organic matter from
soils and sediments is to separate it from the inorganic
phases such that the properties of the organic matter
can be determined without interference from inorganic
constituents. Therefore, the usefulness of the organic-
matter extract is usually proportional to its purity.
The. major inorganic impurities are crystalline clay
minerals; amorphous clay minerals of silica, alum-
inum, and iron; and various inorganic metal ions.

The inorganic impurities can lead to numerous com-
plications and errors in analyses of organic matter
and may even preclude certain analyses. For example,
the intense infrared absorption of clays occurs in the
3,200-3,500 ecm—* wave-number region (bonded and
free hydroxyl), in the 980-1,100 cm—* region Si-O
stretching), and in the 880-920 cm~—* region. Other
functional groups of natural organic compounds also
absorb at these wave numbers; therefore their infrared
spectra are difficult to interpret. Also, because many
of the clay-mineral impurities are crystalline, X-ray
diffraction studies of natural organics are greatly
hindered if not precluded.

Organic matter in soils 1s usually acidic with car-
boxyl (COOH) and phenolic (OH attached to an aro-
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matic nucleus) groups accounting for many of the
properties of the material. Several of the difficulties
encountered and the apparently inconsistent results ob-
tained in organic-matter-characterization studies are
the result of heterogeneous ionic saturation of these
functional groups and the blocking of a variable por-
tion of these groups by inorganic impurities. The situ-
ation is partially analogous to describing the proper-
ties of a known organic acid and its metal salts. The
properties of the free acid are grossly different from
that of an acid salt and vary with the type of metal
salt and degree of salt formation. Thus, fulvic and
humic acid functions should be expected to have a

spectrum of properties depending upon the type and.

amount of inorganic impurities. The hydrogen-satu-
rated (free acid form) ash-free preparation is an ex-
cellent standard for natural organic matter.
Additional errors due to inorganic impurities can
arise in exchange studies. The CEC (cation exchange
capacity) of organic matter is commonly determined by
titration of the hydrogen-saturated form with base.
The complete exchange capacity cannot be determined
unless the organic matter is completely hydrogen
saturated and low in ash content (Martin and Reeve,
1958). Clay and certain metal ions can either block
exchange sites or be associated with the organic matter

in such a manner that the full cation-exchange capacity

cannot be determined. Certain metal ions associated
with the organic matter, such as iron and aluminum,
may also hydrolyze during titration, thus resulting in
excessive base consumption. There is also the possi-
bility that some of the exchange capacity is due to
impurities present rather than to organic matter.
This is analogous to sesquioxide coatings on clay
being more relevant to Co?t+ sorption than the clay
mineral itself. The greater possibility is that the in-
organic impurity will result in an apparently lower
organic matter exchange capacity than the real value,
because per unit weight, it has a much lower CEC
than organic matter (5-100 meq/100 g for clays versus
300-1,000 meq/100 g for natural organic matter).

Inorganic impurities may also cause errors in ele-
mental analyses. Losses of bound hydroxyl water from
sesquioxides, and clay minerals during pyrolysis at
1,000°C will result in large positive errors in organi-
cally bound oxygen and hydrogen. For example, Mat-
tole River sediment fulvic acid, which has a high-ash
content, results in a high elemental C and H and an
ash-free organic total of 111.95 percent. On the other
hand, for the relatively ash-free humic and fulvic
acid preparations in table 1, the summation of C, H,
O, N, S, and P elemental percentages account for 99
to 100 percent on an ash-free basis.

DETAILED PROCEDURE FOR OBTAINING HUMIC AND
FULVIC ACIDS RELATIVELY FREE OF INORGANIC
CONTAMINATION

1. Weigh accurately a representative 1- to 10-g por-
tion of the bulk soil or sediment sample into a
‘previously weighed drying vessel. Determine
the percentage moisture of the sample on an
oven-dry basis (105°C).

2. Weigh a representative 300-g portion (oven-dry
basis) and place it into a 4-litre plastic extrac-
tion vessel. The sample should not be dried at
105°C, but the sample weight should be cor-
rected to an oven-dry basis. Add 3 litres of
0.1 N NaOH solution, purge the void space of
the extraction vessel with N, gas, affix a leak-
proof cap, and extract for 12 h on an oscillating
shaker. Smaller or larger samples may be ex-
tracted according to the amount of organic mat-
ter desired, but a soil-solution ratio of approxi-
mately 1:10 (w/v) should be maintained.

3. Remove the extraction vessel from the shaker
and transfer the suspension into 250-ml high-
speed centrifuge tubes. Centrifugation of the
extract for approximately 45 min at 10400 &
will remove the major part of the inorganic
sediment from the extract.

4. The centrifuged extract is then transferred to a
pressure-filter assembly (for example, Skoug-
stad and Scarbro, 1968) fitted with a 4-in
(100-mm)-diameter 0.45-pn membrane filter.
Previous to filtration of the organic extract the
membrane filter should be slowly leached with
2 to 4 litres of demineralized water to remove
any detergent from the filter membrane. Apply
N, gas pressure slowly until 40 1bf/in® (275.8
kPa) is attained. The small amount of clay and
particulate organic matter present in the centri-
fugate will slowly clog the filter until the
flow rate becomes less than 1 ml/min. Refilter
the portion which passed thru the filter before
the flow rate is reduced to 1 ml/min. Because
the pressure-filtration process is slow, several
1- to 2-litre filter assemblies can conveniently
be used. The filtrate is continually maintained
at a pH of 2.5 to 5.0 immediately after filtra-
tion by addition of 5 ¥ HCl. Acidification pre-
vents organic oxidation by O, uptake under
alkaline conditions.

5. After filtration, combine the residue from the
filter membrane and the centrifuge tubes and
repeat the extraction procedure using a residue
solution ratio of 1:5 (w/v).
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6. Combine the two pressure-filtered extracts and
raise the pH to between 9 and 10 with dropwise

addition of 5 ¥ NaOH during vigorous mixing.

Record the volume of the filtered extract. Col-
lect triplicate 5.0-ml aliquots of the filtered ex-
tract for carbon and nitrogen analyses. The
amount of the organic matter extracted from
‘the original sample can be calculated assum-
ing the nitrogen and carbon contents of the
extracted and unextracted portions are rela-
tively the same.

7. Lower the pH of the filtered extract to 1.0 with
dropwise addition of 5 /¥ HCI during vigorous
mixing. Centrifuge the suspension at a speed
necessary to free the supernatant fulvic acid of
any precipitated humic acid. Decant the fulvic
acid solution. Redissolve the precipitate in a
small amount of 0.1 &#¥ NaOH, then reprecipi-
tate the humic acid with HCl. Repeat the cen-
trifugation and decant the fulvic acid solution.

8. Combine fulvic acid decantates, let stand for 8 to

12 h, then remove the remaining finely precipi- -

tated humic acids by pressure filtration through
a 0.45-pm-membrane filter.

9. Cut several 700-mm links of 80-mm-diameter
cellulose acetate dialysis tubing, soak in distilled
water for a few hours, pour approximately 1
litre of the fulvic acid decantate into each link,
and tie both ends of the link securely excluding
all air. Place the links in a horizontal position
within a plastic dialysis tank. This will give a
maximum ratio of solution to dialyzing surface
and minimize leakage or tears at the ends of the
dialysis bags. Dialyze against running distilled
water for about 36 h or as much time as neces-
sary to reduce the conductance of the fulvic acid
solution to less than 10 pmho/cm. During dialy-
sis the pH of the fulvic acid preparation will
rise to approximately pH 4 and some precipi-
tation may occur. Any precipitation is resolu-
bilized according to step 14 of this procedure.

10. Prepare hydroxide-saturated (OH-saturated) ex-
change resin by filling a large-diameter pre-
paratory column one-half full of water; then
add several hundred grams of amberlite TRA-
400 anion-exchange resin. Saturate the resin
with OH - by leaching with 10 column volumes
of 10 percent NaOH at a flow rate of 5 to 10
ml/min. After saturation, wash the column with
deionized water until the conductivity of the
column effluent is the same as the deionized
water. Transfer a portion of the anion-exchange
resin from the preparative column to a small

column of approximately 20 mm in diameter by
400 mm in length.

11. Dissolve the precipitated humic acids in a mini-
mum volume of 0.1 ¥ NaOH and dilute with
deionized water to 5 to 10 mg/ml. OH satura-
tion of the humic acid is accomplished by pass-
ing the solution once through the exchange
column of OH-saturated amberlite TRA-400
at a flow rate of 10 ml/min (Hori and Okuda,
1961). Proportionally smaller amounts of resin
should be used for humic acids extracted from
less than 300 g of soil or sediment.

12. Hydrogen-saturated (H-saturated) amberlite IR~
120 cation-exchange resin is prepared in the
same manner as the anion-exchange resin except
that 10 percent HCI is used for H-saturation.

13. Place the OH-saturated humic acid into a bottle
containing 100 to 200 g of H-saturated TR-120
exchange resin. Shake the humic acid-resin mix-
ture on a reciprocating shaker for 15 to 20 min.
Pass the humic acid through an exchange col-
umn of freshly H-saturated resin at a flow rate
of 5 to 10 ml/min. A resin column 20 mm in
diameter by 600 mm in length is adequate for
completion of H-saturation.

14. Combine the dialyzed fulvic acid fractions in
a large beaker(s) and solubilize any precipitate
by addition of 1 # NaOH until a pH of 9.5
is attained. In like manner, OH-saturate and
H-saturate the fulvic acid by the same tech-
nique as employed for humic acids. Because
most soils and sediments contain less fulvic
than humic acid, a smaller amount of anion-
exchange resin should be used for OH-satura-
tion.

- 15, Immediately after H-saturation, the humic and

fulvic acids should be freeze-dried (Malcolm
1968). The freeze-dried material should be
stored in a desiccator for future use.’

RESULTS AND DISCUSSION

The elemental composition and ash contents of some
representative humic and fulvic acids extracted by this
procedure are given in table 1. Ash contents for humic
acids are generally less than 1 percent, whereas those
for fulvic acids are less than 2 percent. The ash con-
tent of the fulvic acid from the Mattole River sedi-
ment is very high (15 percent) and could not be
reduced by additional filtration or resin exchange. The
elemental values are reported on an ash-free basis,
which is computed from the experimentally determined

"elemental values and the ash content. For example, the

experimentally determined carbon percentage for
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TABLE 1.—Ash-frce elemental analyses, in percent, of organic
matter emtract_a
[Analyses by Huffman Laboratories, Wheatridge, Colo.]

Source C H (o] N S P Ash Total
Humic acid
Mattole River
sediment,
California _.__._ 59.28 4.99 29.73 4.07 0.73 0.23 0.95 99.03
Mattole soil,
California _.____ 58.03 3.64 33.59 3.26 0.47 0.10 1.19 99.09
Lakewood soil,
North Carolina _ 57.60 3.53 35.07 2.07 0.54 0.10 0.22 99.60
Fairbanks soil,
_________ 57.13 3.74 34.45 3.94 0.39 0.13 0.38 99.78

Alaska

Fulvic acid

Mattole River

sediment,

California _____ 62.28 6.38 40.17 2,45 0.31 0.36 15.00 111.95
Mattole soil, -

California _.___ 48.71 4.36 43.35 2.77 0.81 0.59 2.25 100.59
Lakewood soil,

North Carolina _ 51.74 3.53 41.20 1.10 0.65 0.39 1.93 98.61
Fairbanks soil,

Alaska ___.______ 48.59 4.57 41.79 2.67 0.51 048 1.69 9861

humic acid from the Mattole River sediment was 58.72
percent with an ash content of 0.95 percent. The cor-
rected ash-free carbon value is 59.28 percent as shown
in table 1.

Because pressure filtration of the centrifugate is a
slow process, as mentioned in the procedure, it is de-
sirable to use 10 to 15 filter units simultaneously. Par-
tial clogging of the membrane filters is rapid and is
desirable because it results in a more complete re-
moval of clay minerals. Frequent changing of the
partly clogged membrane filters is not recommended
because the flow rate will virtually remain at a low,
but adequate constant rate for long periods.

After the second precipitation and centrifugation
the humic acids may be directly H-saturated by resin
cation exchangers or H-saturated subsequent to OH-
saturation with resin anion exchangers. Humic and
fulvic acids contain sites of both positive and negative
charge, but the predominant charge is a pH-dependent

negative charge increasing with increasing pH to a
maximum between pH 8 and 9. Adequate purification
may be obtained by H-saturation only if dissolved
silica and chlorides are low. Dissolved silica adds
considerably to the ash component and chlorides are
converted to HCl during H-saturation.

One limitation of anion exchange is that some of
the organic substances are sorbed by the resin (usually
less than 15 percent by dissolved organic carbon an-
alysis). There is virtually no retention of organics on
the cation-exchange resin. The organic retention by both
resins varies with each particular humic or fulvic
acid preparation, but the sorption is-usually quite low
for the H-resin and moderate for the OH-resin. The .
decision to use or not to use anion OH-saturation is
a compromise on the part of the investigator and is
relative to the benefits and limitations of anion ex-
change and the experimental objectives.

The exchange resins must be kept moist at all times
for the resins to retain their activity. After standing
in the column for several hours or days, the saturated
resins will exchange ions into the interstitial water
and must be leached with deionized water before use.
Also to facilitate a relatively maintenance-free opera-
tion, large column extenders or a continuous flow sys-
tem are recommended for introducing humic or fulvie
acid solutions into the exchange columns.
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BEHAVIOR OF TRACE ELEMENTS DURING MAGMATIC PROCESSES—
A SUMMARY OF THEORETICAL MODELS AND THEIR APPLICATIONS

By JOSEPH G. ARTH, Reston, Va.

Abstract.—Progress in understanding the behavior of trace
elements during the processes that produce igneous rocks has
been made possible by the parallel development of theoretical
models to describe that behavior and analytical techniques that
permit precise measurement of trace-element concentrations
in igneous rocks and minerals. The result of this progress is
that trace-element studies may now be used to place strong
limits on both the degree of partial melting or fractional
crystallization involved in the production of a given magma
and the identity and quantity of the residual phases. A sum-
mary of quantitative trace-element theory and partition co-
efficient data for igneous rocks is presented.

Trace-element studies are now widely used by petro-
logists and geochemists in the study of igneous rocks,
yet many geologists wonder about the basis or validity

of petrogenetic conclusions drawn from these studies.

While many aspects of trace-element behavior remain
unknown, significant progress has been made in both
the theory and its experimental and geologic verifica-
tion. In this paper, the quantitative theory of trace-
element behavior during the processes of partial melt-
ing and fractional crystallization is- summarized for
the geologist who has not closely followed the devel-
opment of this powerful new tool. A simple example
of the use of the equations is given, as well as a com-
pilation of phenocryst-groundmass partition coeflicient
data.

The theoretical models that have been proposed
assume as a starting point that trace elements form
dilute solid solutions and behave in accordance with
Henry’s law. This assumption cannot be made, how-
ever, where an element, although low in abundance, is
a stoichiometric constituent of a phase (for example,
zirconium in zircon). Application of Henry’s law also
depends on the assumption of equilibrium or near-
equilibrium conditions. At equilibrium the chemical
potential, u, of element i in phase « equals the chemical
potential of i in phase g:

pi® = .
This can be restated in terms of the activity, @, and the
chemical potential for the standard state, u°, as:

“°ia+RT In e = [L°15+RT In dlﬂ.
Algebraic manipulation yields the equation

Oa_ Oﬂ
exp(—“—lﬁ’:i—) =af/ae=k.

The first part of this equation is constant if the temp-
erature, pressure, and bulk composition are constant,
so that the ratio of activities will equal a constant, k.
The activities can be restated in terms of elemental
concentrations, ¢, and activity coefficients, y, to produce
the following:
ylﬂ cf=k yi® 0%

According to Henry’s law the activity coefficients have

_a constant value which is independent of concentration

so long as the solution is dilute, so that

o° v

e kyo
The quantity Ke/8 is called the distribution coeflicient
and simply represents the concentration ratio of a
trace element between two equilibriated phases. The
concentration of a trace element in a magma, therefore,
is expected to reflect the value of the distribution co-
efficient between the magma and the solid phases with
which it coexists. The expected effects on the distribu-
tion coefficient of temperature, pressure, crystallo-
graphic site, and magma composition have been dis-
cussed by McIntire (1963) and Banno and Matsui
(1973), but are experimentally confirmed for only a

— Ko,

-few elements in a few minerals and over very limited

ranges of temperature, pressure, and composition.

PARTIAL MELTING

Equations describing the behavior of trace elements
during partial melting were formulated by Schilling
and Winchester (1967) and Gast (1968). Shaw (1970)
later devised less complicated expressions which de-
scribe three possible partial-melting mechanisms: (1)
continuous removal of melt from the residual solid,
(2) continuous removal of melt from the residual
solid followed by collection of this melt in a single

41
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completely mixed chamber, and (3) continuous equi-
librium of the liquid phase with the residual solid
until removal of the liquid from the solid (sometimes
referred to as “batch” melting). When small fractions
of material are melted, the equations for each mech-
anism yield similar results. When large fractions of
material are melted (>25 percent) results of the
equations vary considerably. As the continuous re-
moval of infinitesimal amounts of liquid (Nos. 1 and
2) is often considered physically unlikely, mechanism
3 may be the most geologically realistic for large
bodies of magma of uniform composition.

For partial melting in which the liquid phase re-
mains in equilibrium with the residual solid phases
until it is removed (No. 3), equation 15 of Shaw
(1970) gives.

ck 1

——— (1)
¢ Do+ F(1-P)

where F is the fraction of melting, ¢, the initial trace-
element concentration of the solid, and ¢ the trace-
element concentration of the liquid. D, is the bulk dis-
tribution coefficient for the starting assemblage and is
given by Shaw’s equation 6 as

Dy=XoHo/L+ X BKB/L+ |, (2)
where X2 is the initial weight fraction of phase «,
X# the initial weight fraction of phase 8, and K%/~% is
the solid-liquid distribution coefficient for phase a, AF/L
the solid-liquid distribution coefficient for phase 8. The
term P is given by

P=pele/L+ pBKB/LY | | (3)
where pe, pf, and so forth are the fraction of liquid
contributed by each,K phase during melting. For the
unusual case when simple modal melting takes place
(in other words, when the percentage of each phase in
the solid does not change during melting), P=1D,, and
equation 1 reduces to

ck 1

¢ Do+F(1-D,)

In figure 1, ¢%/c, is plotted against the extent of partial
melting for residues having 2, values of 0 to 10. When
the bulk distribution coeflicient approaches zero, equa-
tion 1 reduces to

. (4)

1

T (5)

¢ F
so that the concentration of an element in the liquid
depends solely on the extent of partial melting. Where
Dy,=0 (fig. 1), an upper limit is provided for the con-
centration that can result by partial melting of a given
solid. When two elements have small distribution co-
efficients, the ratio of these elements in the liquid will
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F16URe 1.—Illustration of the behavior of a trace element dur-
ing partial melting predicted by the “modal melting” equa-
tion of Shaw (1970) for liquid which is in continuous equi-
librium with residual solid until it is removed as a “batch.”
F, fraction of melting; c,, initial trace-element concentration
of the solid; ¢, trace-element concentration of liquid; D,
bulk distribution coefficient for the starting assemblage.

be the same as that in the parent. Where # approaches
0 or is much smaller than D,, equation 1 or 4 reduces
to

. (6)
¢ D,

The larger the value of D,, the greater will be the
extent of melting for which this relation holds. For

- example, when D,=10 (fig. 1), ¢%/¢, has a value of

about 0.1 for nearly 30 percent melting.

Also of importance during partial melting is the
Influence of minor phases. No phase, major or minor,
that is present in an assemblage before melting will
exert any control on the trace-element content or ratios
of the melt if it is not a residual phase when the melt
is separated. A consequence of this is that the modal
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melting model can be used to predict liquid concentra-
tions when the identity of early melting phases is un-
known, but when the mineralogical composition of the
residue can be exactly specified for the specific degree
of melting at which the separation of liquid occurs.

In applying the equations discussed above, the most
useful results are obtained when the trace elements
studied have a broad range of distribution coeflicients
for the various rock-forming minerals. If an element
has a value of D, that approaches zero for a given
residual mineral assemblage, equation 5 provides an
estimate of the extent of partial melting. If an element
has a value of A/~ that is large for one residual min-
eral and small for the other residual minerals, then
a determination of the percentage of that mineral in
the residue can be made for small degrees of melting,
because equation 2 can be approximated as Do~
X oK*/E, and equation 6 can be written as

Co

K/t

If the distribution coefficients are significantly differ-
ent for two trace elements in a single mineral, the pres-
ence of that mineral in the residue can be determined.
For example, consider the behavior of K and Rb dur-
ing' partial melting of an ultramafic assemblage con-
taining olivine, pyroxene, and amphibole, when K is
present in trace amounts. Both olivine and pyroxene
have solid-liquid distribution coefficients for K and Rb
that are close to zero (table 1), whereas the amphibole-
liquid coeflicient for K is close to one and that for Rb
is about 0.3. Thus, during partial melting, residual
olivine and pyroxene will retain almost no Rb or K,
while residual amphibole rejects Rb more strongly
than K. The result is a liquid that is enriched in Rb
more than K and that has a lower K:Rb ratio than
that of the parent assemblage. Thus, a low K:Rb
ratio in a magma may suggest the presence of resid-
ual amphibole. If ‘amphibole does not remain in the
residue but is all reacted or melted, the K:Rb ratio
will be close to that of the parent as neither olivine nor
pyroxene retain K or Rb.

Xoo= (7)

If K and Rb were major elements in this example,
early melting of amphibole, which usually has a high
K:Rb ratio, would produce a small fraction of melt
of high K:Rb ratio. The high ratio for the melt
would be lowered to that of the original parent solid
as melting continued. It is thus important to determine
whether the elements under consideration are major
or trace elements for the composition in question.
Unfortunately, criteria for this distinction in real
magma systems are yet to be adequately defined.

FRACTIONAL CRYSTALLIZATION

Equations governing trace-element behavior during
fractional crystallization assume equilibrium either be-
tween the surface of the crystallizing phases and the
melt or between the total solid and the melt. The sur-
face equilibrium models are based on the quantitative
description of the distillation process developed by
Rayleigh (1896) as applied to crystal growth from so-
lution by Doerner and Hoskins (1925). These equations
were first applied to magmatic differentation by Neu-
mann (1948), Holland and Kulp (1949), and Neu-
mann, Mead and Vitaliano (1954), and were refined
by Greenland (1970) and Albarede and Bottinga
(1972).

The equation describing trace-element behavior dur-
ing fractional crystallization given by Greenland
(1970) may be written (for the simplified case of
crystallization of phases in constant proportions with
constant distribution coefficients) as

CrL
= F’/(Ds—1),

(8)

G
F’ is the fraction of liquid remaining, ¢, is the concen-
tration of the original melt, ¢; is the concentration in
the differentiated liquid, and D, is the bulk distribu-
tion coeflicient given by

D,=WaeKo/L+ WBKB/E+ | | (9)

where A is the solid-liquid partition coefficient and
We represents the weight fraction of « in the precipi-
tating phases (fig. 2) As in the case of partial melting,
when D, approaches zero,
Cr, 1
~— (10)
Cy F
so that the concentration of an element depends only
on the extent of solidification. Thus, the line marked
Dy,=0 (fig. 2) forms an upper limit to the concentra-
tion that a fractionated liquid may contain for a given
percentage crystallized. If, on the other hand, D, is
very large, then the liquid will be very rapidly deple-
ted. This is illustrated by the line marked D,=10 in
figure 2.

It is of interest to compare the relative magnitude
of depletion and enrichment that occurs during
surface-equilibrium fractional crystallization with that
which occurs during partial melting. For a large value
of Dy or D, (for example, D, or D,=10), fractional
crystallization (fig. 2) can produce a greater depletion
in the melt than partial melting (fig. 1). Similarly,
for a value of D, or D, which is less than 1 (for exam-
ple, D, or D,=0.5), fractional crystallization (fig. 2)
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KFI1GURE 2.—Illustration of the behavior of a trace element pre-
dicted by a Rayleigh fractionation model for fractional
crystallization from a liquid of phases in constant propor-
tions and having constant distribution coefficients. F’, frac-
tion of liquid remaining; c:, concentration of the original
melt; ¢z, concentration in the differentiated liquid; D., bulk
distribution coefficient for the residual solid.

can produce greater enrichment than partial melting
(fig. 1).

The second description of fractional crystallization
assumes equilibrium between the total crystallizing
solid and melt. This is expressed as

Cr 1

= ‘ (11)
a F'+D,(1-F)
with symbols as previously defined. This equation is
analogous to the total equilibrium partial melting
models (eq. 1) ; figure 1 can be used to represent this
case graphically if the abscissa scale is reversed to
read from 1.0 to 0 and D, values are read as 2, values.
The surface-equilibrium model may be more applicable
to rapidly cooling, shallowly emplaced magmas,
whereas the total equilibrium model may better de-
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scribe plutonic conditions where the cooling of an in-
truded magma is extremely slow, so that the crystal-
lizing phases may be in total equilibrium with the melt
(Rittman, 1973, p. 18).

DISTRIBUTION COEFFICIENTS

Quantitative application of the models above de-
pends strongly on the availability of accurately deter-
mined distribution coefficients. Several approaches
have been utilized in attempting to determine the
absolute value of distribution coefficients, the principal
ones including experimental studies in the mineral-
aqueous vapor system, microprobe studies of strongly
doped experimentally grown crystals and quench glass,
and measurement of concentrations in separated pheno-
crysts and groundmass from volcanic rocks. Some of
the severe problems incurred in utilizing the mineral-
aqueous vapor system are illustrated by Zielinski and
Frey (1974). Microprobe studies may prove useful,
although doping of the experimental materials in suffi-
cient quantity to detect the trace elements by micro-
probe may remove them from the concentration levels
at which Henry’s law is thought to apply. Phenocryst-
matrix studies such as those of Philpotts and Schnetz-
ler (1970) provide a body of “real world” data. These
data are thought to approximate the true values, but
they incur problems such as the effects of crystal zona-
tion, as illustrated by Albarede and Bottinga (1972).

Rb, Sr, Ba, and rare-earth elements are among the
most useful at this time because their phenocryst-
matrix coefficients have been precisely measured for a
variety of minerals in various rock types. The data
for Rb, Sr, Ba, and rare earths are summarized in
tables 1-3. The average and range for the determina-
tions are given. Many partition coefficients vary in
value by more than an order of magnitude; but refine-
ment should be possible after careful evaluation has
been made of the effects of temperature, pressure, crys-
tallographic site, and magma composition. In spite of
the large r1ange of values, rare-earth elements, when
considered as a group, show remarkably consistent
partition coefficient patterns for a given mineral (see,
for example, Schnetzler and Philpotts, 1970). Residues
containing these minerals will thus produce character-
istic fractionations in the rare-earth patterns of asso-
clated magmas.

NEED FOR ANALYTICAL PRECISION

The usefulness of trace elements is enhanced by their
large range of natural abundance, especially when
they are measured precisely and accurately, as for ex-
ample, when the method of isotope-dilution mass-spec-
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TABLE 1.—Partition coefficient
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8 for basaltic and andesitic rocks

Olivine Orthopyroxene Diopside Augite Pigeon- _ Hornblende  pyjog,.  Plagioclase Gar-
Avg Low High Avg Low High Avg Low High Avg Low High ite Avg Low High plte Avg Low High net*
2 determinations $ determinations 2 determinations 5 determinationa"fizgtt‘i;;tls determinatlons"fizgtﬁz;‘s determmattona"fif::fg;“

Ce .._ 0.0069 0.0026 0.0090 0.024 0.0026 0.038 0.070 0.043 0.096 0.15 0.077 0.21 0.02 0.20 0.094 0.3¢ 0.034 0.12 0023 0.28 0.028

Na -.. .00866 .003 .010 .033 .006 .058 .12 .065 .18 .81 .17 43 .05 .33 .16 .56 .032 .081 . 20 068
Sm ___ .0066 .003 .011 054 .014 .100 .18 .090 .26 50 .26 .74 .10 52 .24 .93 .031 .067 024 17 29
Eu .__ .0068 .005 010 .054 .023 .079 .18 091 .26 51 .27 5 068 .59 .26 1.1 .030 .34 .055 .73 .49
Gd _._ .0077 .004 .012 091 .032 171 .19 095 .27 .61 .32 .87 .16 .63 .28 1.1 .030 063 .017 .21 .97
Dy --. .0096 .006 .014 15 .054 .293 .21 .105 .31 .68 .50 1.0 .23 .64 .31 1.0 .030 .055 .010 .19 3.17

Er __._ .011 .008 .017 .23 076 46 .17 107 .23 .65 .46 1.0 32 55 .24 1.0 .034 .063 .010 .24 6.56
Yb ___ .014 .009 .023 .34 11 .87 .16 .092 .23 .62 .43 1.0 .40 .49 .23 .98 .042 .087 .006 .30 11.5
Lu _-.. .016 .009 .026 .42 a1 .84 .13 071 .19 56 .27 .95 .45 .43 .22 .82 .046 060 .0045 .24 11,9

2 determinations 3 determinations 9 determinations

K _.__ .0068 .0056 .0081 .014 .009 .019 .011 .0084 .014 .038 .004 .078 .0034 .96 .33 140 __ 17 .019 .36 .015

Rb ___ .0098 .0084 .011 022 015 .029 .015 .014 .015 .031 015 .039 .0003 .29 .045 .43 3.08 .071 .016 .14 .042

Sr ___ .014 .0094 .019 017 .010 .024 .12 078 .15 .12 .093 .15  .0019 46 .19 .64 .081 1.83 1.29 287 .012

gaf ——- .0099 .0086 .011 .013 012 .014 .013 .013 .013 026 004 .046 .0004 .42 .10 73 1.09 .28 .05 .59 .023
efer- ;

encest 1,8,4,5 __________ 2,8,5 . L 2,3,4,5_______ 3,5.-1,3,4,5, . 3,521,805 oo __ [

* Garnet values obtained by multiplying average garnet/clinopyroxene of reference 6 by average augite/liquid of this table.

+ Refcrences are as follows :

1. Higuchi and Nagasawa (1969).
Onuma and others (1968).
. Philpotts and Schnetzler (1970).
Schnetzler and Philpotts (1968).
Schnetzler and Philpotts (1970).
Philpotts and other (1972).

baliabod S o

6.

TABLE 2.—Partition coeflicients for dacitic rocks
[Data represent one determination per mineral]

Garnet Biotite Plagioclase Hornblende
Ce - 0.35 0.037 0.24 0.899
Nd ________ .53 044 17 2.80
Sm ________ 2.66 .058 13 3.99
Eu ______.__ 1.50 .145 211 3.44
Gd ... 10.5 .082 .090 548
Dy _.______ 28.6 097 .086 6.20
Br _________ 42.8 162 084 5.94
Yb 39.9 179 077 4.89
Lu o 29.6 185 .062 4.53
K _______ .020 .263
Rb ________ .0085 3.26 .048
Sr o 015 12 2.84
Ba ________ .017 6.36 .36
References* _ 1,2____ 1,2____ 1,2.___ 3

trometry is used. The need for accurate and precise
data is perhaps best illustrated by a simple hypothe-
tical example. Two laboratories measure the concentra-
tion of Rb in a sample from a large homogeneous body
of basalt. The precise laboratory reports Rb and Sr
values of 5.0£0.1 ppm and 150+3 ppm, whereas the
second laboratory, using a less precise technique, reports
Rb and Sr values of 5+4 ppm and 150+30 ppm. Near
the basalt is a large uniform dacite flow, the origin of
which is not clear, but two hypotheses have been ad-
vanced: (1) partial melting at great depth of a rock of
composition similar to that of the basalt at the surface,
leaving a residue containing equal amounts of garnet

* References are as follows :
1. Philpotts and Schnetzler (1970).
2. Schnetzler and Philpotts (1970).
3. Arth, unpub. data, 1975.

and clinopyroxene or (2) fractional crystallization of
equal amounts of plagioclase and clinopyroxene from

TABLE 3.—Partition coefficients for rhyolitic rocks
[Figures in parentheses indicate number of determinations]

Hypersthene Clinopyroxene Hornblende Ks:lf)illfi' lt;iitoe. ﬁ'{,‘i‘ie”" Apatite Zircon Plagloclase
(4) (2) (3) (1) 1) 1) 4) (2) (4)
Avg Low High Avg Low High Avg Low High Avg Low High Avg Low High Avg Low High
Ce oo 0.15 0.082 0.26 0.50 0.36 0.65 1.52 1.38 1.77 0.044 0.32 0.23 34.7 18.0 52.5 2.64 229 300 0.27 0.17 0.35
N e 22 .12 .35 1.11 .94 1.28 4.26 4.03 4.49 .025 .29 .34 57.1 27.4 81.1 2.20 1.97 243 .21 .12 .29
Sm _._______ 27 .16 .38 1.67 1.52 1.81 7.77 7.1 81 .018 .26 .39 62.8 29.3 89.8 3.14 2.58 3.70 .13 .084 15
Eu .. A7 .093 .27  1.56 1.11 2.01 5.14 4.5 5.9 1.13 .24 .60 30.4 20.5 50.2 3.14 1.07 5.22 215 .96 2.81
Gd . ____ .34 .23 46 1.8 1.5 22 100 9.3 105 .011 .28 .35 56.3 27.2 78.0 12.0 10.0 14.0 .097 .06 .13
Dy o .46 .33 55 1.93 1,22 2,63 13.0 12,5 13.5 .006 .29 .20 50.7 25.6 69.2 45.7 37.8 53.5 064 .04
EBr . .85 .53 .73 1.80 1.07 2.25 12.0 10.8 14.0 .006 .35 17 37.2 20.0 51.2 135 119 152 .055 .038 .072
¥Yb .86 .73 .99 1.58 1.14 2.01 8.38 7.45 9.0 .012 .44 A7 23.9 13.1 37.0 270 299 .049 .03 .07
Lu .. .90 .76 114 1.54 1.28 1.81 55 4.4 6.3 .006 .33 .21 20.2 11.2 30.2 323 281 366 .046 .03 .06
Hypersthene (1) “?xl:}’;gp{i ) meﬁg?{ 1 Plagioclase (1)
) S .0023 .037 .081 — mm mem o mme e emm .10
Rb oo .0027 .032 .014 '034(12) 2.24 .94 e e mmm e e e .041
Sr - .0085 .516 .022 3.87 - .672 O U, 4.4
Ba _________ .0029 131 .044 6.12 9.7 15.3 mee mee cem cmm mem e .308
References * _ ——— 1,4,5 __ 1~ 4,5,6_ 2__ 4,5 __ SR JU 1___

* References are as follows :

1. Nagasawa and Schnetzler (1971).

2. Higuchi and Nagasawa

(1969).

3. Nagasawa (1970).
. Philpotts and Schnetzler (1970).

5. Schnetzler and Philpotts (1970).
6. NMoble and Hedge (1970).
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the basaltic liquid. Each laboratory produces a Rb and
Sr measurement for the dacite, the first reporting
35%+0.7 ppm Rb and 500+10 ppm Sr, the second re-
porting 35+4 ppm Rb and 500+100 ppm Sr. The
result of calculating each of these two models is shown
in figure 3. The precise data suggest that neither sim-
ple mechanism is correct. whereas the imprecise data
allow that the partial melting model is a possibility.
Clearly, the validity of conclusions based on imprecise
analytical data is subject to question, yet a surprising
number of geochemists continue to publish and allow
publication of data of poor precision and accuracy.
One might argue that we do not yet know partition
coefficients sufficiently well to justify rock analyses of
great precision. However, we never will know distri-
bution coefficients well without precise and accurate
measurement, and when and if we do attain this goal,
only the precise data in the literature will be of any
value.
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TRACE-METAL VARIATION IN SOILS AND SAGEBRUSH IN THE
POWDER RIVER BASIN, WYOMING AND MONTANA

By JON J. CONNOR, JOHN R. KEITH, and BARBARA M. ANDERSON,

Denver, Colo.

Abstract.—A reconnaissance study of 28 trace metals in
samples of surface soil (0-2.5 cm deep), subsurface soil (15—
20 cm deep), and big sagebrush (Artemisia tridentata) that
were collected from the Powder River Basin in Wyoming and
Montana indicates that little variation occurs in nature at
scales greater than about 35 km. This general lack of broad-
scale variation suggests that simple summary statistics for
these materials could provide basinwide geochemical baselines
for use in monitoring secular changes in the local geochemical
environment. Samples of big sagebrush near the Dave John-
ston Power Plant at the southern edge of the basin exhibit
statistically significant reductions of strontium, vanadium,
uranium, and selenium eastward from the plant.

The anticipated development of a large, coal-based
electric power industry in the Powder River Basin of
Wyoming and Montana has focused a great deal of
attention on the potential environmental effects. One of
the probable impacts is that of secular changes in the
geochémical environment resulting from extensive min-
ing and burning of coal. While it might be anticipated
that effects of mining and combustion may dramatical-
ly change the geochemical environment in the immedi-
ate vicinity of the activities, less dramatic changes
which might take place far from the disturbed areas
would be much more difficult to identify. Such changes
would be best monitored by the establishment of pre-
development geochemical “baselines” for the basin.

A geochemical baseline might be defined in various
ways, but a mandatory requirement of any such defini-
tion is that it take into account the predominant scales
of geochemical variability inherent in nature. This re-
port describes a reconnaissance study of the trace-metal
geochemistry of surface soil, subsurface soil and sage-
brush in the Powder River Basin. We have attempted
to describe the magnitude of geochemical variation in
three natural materials of the basin, to estimate in an
approximate way the predominant scales of variation,
and to suggest the kind and amount of work necessary
to establish geochemical baselines of a stated validity.

PHYSIOGRAPHIC SETTING

The Powder River Basin is bounded by the Black
Hills on the east, by the Laramie Mountains on the
south, and by the Bighorn Range on the west. On the
north it merges with the Great Plains and is physio-
graphically indistinguishable from the plains. The
area of the basin is approximately 52,000 km? and is
characterized by rolling low hills with high hills and
badlands along the larger drainages. The average alti-
tude of the basin is approximately 1,500 m and total
relief is about 1,400 m.

The Powder River Basin is geologically similar to
other large intermountain basins in the northern Rocky
Mountain region. As much as 5,000 m of sediments are
preserved in the basin (McGregor, A. A., 1972, p. 269),
of which perhaps 1,700-2,300 m are early Tertiary in
age. The Tertiary rocks underlie most of the surface
area of the basin; they consist largely of shale and
sandstone and contain most of the coal.

The soils in the Powder River Basin outside of the
Powder River valley proper tend to be silty or sandy
with small or moderate zonal development. They ap-
pear to include large amounts of eolian and colluvial
material. The most common soil in the basin is classi-
fied as a Haplargid (U.S. Geol. Survey, 1970, p. 86).
Typically, such soils have a loamy horizon of clay
accumulation, are low in organic matter and are rarely
moist for more than three consecutive months. Torri-
orthents (Lithosols), which lack pedogenic horizons,
are common in the northern part of the basin.

The vegetation of the Powder River Basin (Kiichler,
1964) is principally grass (4dgropyron smithii, Boute-
loua gracilis, and Stipa comata) with occasional stands
of pine (Pinus ponderosa) and juniper (Juniperus
sp.), particularly in the central part of the basin. The
flood plains of the Powder River and its tributaries are
densely vegetated with cottonwood (Populus sargentii)
and willow (Saliz sp.) where not modified by agricul-
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ture. Growing throughout the basin are a number of
species of sagebrush, including Artemisia tridentata
which was chosen as a target species for the botanical
part of this study.

METHODS OF SAMPLE COLLECTION AND
PREPARATION

All samples of bedrock, soil, and sagebrush were col-
lected in May 1973. All plant material was clipped
from the crown of a living sagebrush plant and stored
in quart-size refrigerator-freezer boxes for shipment.
In the laboratory, the plant tissue was ashed and
analyzed for a variety of metals using emission spec-
trographic and atomic absorption techniques. The ele-
ment selenium was determined on dry plant material.

Except for the samples taken in the three profiles,
which were channeled with the chisel end of a geologic
hammer, all soil samples were collected using a chrome-
plated trowel and were stored in paper soil envelopes.
In the laboratory, these samples were dried at 45°C for
one week, pulverized in a ceramic mill, and sieved to
obtain the <2-mm fraction. All larger particles were
discarded. The soils were analyzed using emission spec-
trographic and neutron activation techniques.

The rock and soil samples from the three profiles
were collected with a geologic hammer and were stored
in cloth bags. These samples were subjected to no spe-
cial handling prior to elemental analysis which was
performed using the same methods as described for the
soils (above).

In order to circumvent any potential effects of sys-
tematic laboratory error, all rock, soil, and plant sam-
ples were analyzed in a randomized sequence. The sam-
ples were prepared and analyzed in laboratories of the
U.S. Geological Survey in Denver.

TRACE-METAL VARIATION IN SOILS AND SAGEBRUSH .

Geographic variation

This part of the study, referred to as the basinwide
study, was an assessment of scale-related components
of trace-metal variation in soil and sagebrush of the
basin. The area of the basin (fig. 1) was arbitrarily
subdivided into 12 rectangular units of about 50 by 80
km (“supertownships”). Within each supertownship,
two townships and three sections within those town-
ships were selected by a randomization procedure. One
of the sections in each township was randomly selected
for duplicate sampling. In these, two localities up to
300 m apart were sampled. This design utilizes a spe-
cial case of the analysis of variance and is described in
detail in a later part of this report.

°
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F1cUurRe 1.—Index map showing sampling localities in
the Powder River Basin (patterned). Solid dots,
sampling localities (sections) used in the basinwide
study ; solid dots with ticks, duplicate sampling locali-
ties ; numbered open circles, sampling localities used
in the profile study; solid triangles, sampling locali-
ties used in the powerplant study. Rectangles, ‘‘super-
townships”; squares, townships.

Three kinds of samples were collected at each of the
48 localities sampled in the basinwide study: (1) a
sample of about 50 g of the terminal stems and leaves
from a single sagebrush plant, (2) a sample of about
200 ¢ of the upper 2.5 cm of vegetation-free soil as
close as practical to the sampled plant, and (3) a
sample of soil of about 200 g from 15 to 20 cm below
the surface at the same point as the sample in 2. The
distribution of sagebrush prevented the collection of a
single species throughout the basin. However, big sage-
brush (Artemisia tridentata) was sampled at 41 of the
48 localities, and the trace-metal chemistry of these 41
samples was used to assess trace-element variability in
an indigenous shrub.

Four components of scale-related logarithmic vari-
ance in the Powder River Basin are listed in table 1
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under “Basinwide study.” S%p. x estimates the total
logarithmic variance observed for each metal in each
listed material, 8?5 estimates the logarithmic variance
attributable to factors operating over scales greater
than 35 km (the expected distance between two ran-
domly selected townships within a supertownship),
S?p and S?% estimate the logarithmic variance attrib-
utable to factors operating over scales of 4.5-35 and
0.3-45 km, respectively, and 8?; estimates the logarith-
mic variance attributable to factors operating over
scales less than 0.3 km. The last entry in this part of
table 1, 8%, estimates the logarithmic variance arising
in the laboratory

The components of variance, and the percentage of.

the total variance represented by each, clearly demon-
strate the importance of small-scale (“local”) trace-
metal variation in soils and in Artemisia tridentata in
the Powder River Basin. Of 60 entries in the basinwide
study only 15 exhibit components at scales larger than
0.3 km which are significantly different from zero at
the 0.05-probability level. In particular, none of the
estimates of S%p are significantly different from zero
and only seven estimates of §2p are judged to be signifi-
cantly different from zero—that of barium in surface
soil and those of chromium, cobalt, lead, nickel, urani-
um, and vanadium in sagebrush ash. These estimates
indicate that samples of soil and sagebrush collected at
opposite ends of the basin will differ, on the average,
little more than samples taken about 35 km apart and,
for many metals, will differ little more than samples
taken only 4.5 km apart.

Vertical variation in soils

A second part of the reconnaissance study in the
Powder River Basin consisted of an examination of
trace-metal variation in three vertical profiles of sur-
face material near Gillette, Wyo. (profiles 1-3, fig. 1).
Each profile consists of about 100 em of weakly strati-
fied surficial or soil-like material overlying a sandy sub-
strate. The deepest profile sampled (profile 1, fig. 1)
was in the wall of a ditch at the Wyodak mine near
Gillette where some 300 cm of bedded sandstone, shale,
and conglomerate were exposed beneath the soil. All
three profiles down to about 100 ¢m displayed little
visual zonation and appeared to be composed largely of
silt and sand, presumably of mixed eolian and colluvial
origin. Channel samples were collected at each discerni-
ble stratum in each profile.

Analytical results for 24 metals are given in table 2.
Trace-metal variation down profiles 1 and 3 is general-
ly lacking in trends, but boron, chromium, cobalt, cop-
per, lithiam, mercury, molybdenum, nickel, scandium,

vanadium, and ytterbium exhibit slight increases in
concentrations downward in profile 2. These increases
reflect compositional differences between parent (bed-
rock) and overlying soil. Also, the basal stratum sam-.
pled in profile 1 is distinctly high in many metals and
reflects the compositional contrast between the basal
shale layer and the overlying sandier materials.’

A comparison of the data in table 2 to the ranges of
concentration in soil in table 1 indicates that vertical
variation in soils of the Powder River Basin is, in
general, distinctly less than that expected from place to
place over the surface of the basin. They also indicate
that turning over of the near-surface layers by strip
mining or other activity, at least in areas with pro-
files like those sampled here, should not change to a
great extent the total trace-metal content at the ground
surface. -

Variation near a potential point source

A third part of the reconnaissance study consisted of
collecting a small set of sagebrush and soil samples at
geometrically increasing distances away from a poten-
tial point source of metal pollution, the Dave Johnston
coal-fired electric generating plant on the southern
edge of the Powder River Basin. For this study, sam-
ples were collected at distances (approximate) of 0.8,
2.6, 6.6, 13.5, 26.4, and 53.8 km eastward from the gen-
erating plant. The sampling localities are shown in
figure 1. At each locality, two sites separated by about
300 m were sampled in a manner identical to that used
in the basinwide study—a sagebrush (Artemisia tri-
dentata), a surface (0-2.5 cm) soil, and a subsurface
(15-20 cm) soil.

The analytical results of this study are listed in table
3 and an evaluation is given under “Powerplant study”
in table 1. The relation of metal concentration to dis-
tance from the powerplant was examined by regression
analysis. 8%, p estimates that part of the total loga-
rithmic variance measured along the traverse which
can be described in terms of distance from the power-
plant. The percent of total variation represented by
S?Leg p 1s also given. The regression parameters & and
b are coefficients of the regression equation :

Log X =4+5 (Log D) (1)

where Log X is an estimate of the logarithmic concen-
tration of a trace metal and Log D is the logarithm of
the distance in kilometres from the plant.

It seems reasonable to require that any effects of
trace-metal pollution should show up as a decrease in
concentration with increasing distance from the plant;
that is, the coefficient 5 in equation -1 should be nega-
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TABLE 1.—Statistical analysis of trace metals in 80ils and
[*, component of variance tested to be significantly different from zero

Analysis of logarithmic variance

Basinwide study

Between

Metal Material * Method Ioggxgﬁllmic tozlrlx? se l;‘ips t?&t.:;%?gs l:gg tvtirgg: Bs:f:{)elzg Between

variance (>35 km) (35—-4.5 km) (4.5—-0.3 km) (0.3-0 km) analyses
Swex S 0N sm o S gn S 8% o
Boron _____________ S B 0.0473 0.0080 17 0 <1 0.0268* 57 0.0042 9 0.008 18
S8 E 0372 0067 18 0O <1 .0084 22 0139 37 .0083 22
SA E 0225 0026 11 O <1 .0049 22  .0097 43 0053 24
Bariom ____________ S E 0288 0 <1 .0099* 34 O <1 .0068 24 0122 42
SS BE 0210 0025 12 O <1 0125« 59 0 <1 .0060 28
SA E 0563 0 <1 .0213 38 .0233 41  .0013 2 .0104 19
Beryllium _____.____ S E 0159 0 <1 .0052 33 0002 1 .0063 40 0042 26
S8 E 0322 0 <1  .0051 16 0 <1 .0229 71 .0042 13
‘Cadmium __________ SA A 1073 0255 24 0212 20 0 <1 0563 52 .0044 5
Chromium _________ S E 0376 .0050 13 O <1 0209 56 0 <1 0117 31
S8 E 0265 0 <1  .0072 27 0 <1 .0023 9 .0170 64
SA E 0865 O <1  .0605* 70 0 <1 0106 12 0154 18
Cobalt —____________ S E 0265 0 <1 .0025 9 0156* 59 .0070 26 .0014 6
S8 B 0360 0 <1 .0102 28 0 <1 .0244 68 .0014 4
SA A 1335 0 <1 .0535* 40 O <1 .053¢ 40 .0266 20
Copper oo S E 0597 .0064 11 0 <1 .0262 44 0232 39 .0039 6
SS E 0499 0047 9 .0023 5 .0013 3 .0377 75 .0039 8
Gallivm S E 0136 .0004 3 .0009 6 O <1 0095 70 .0029 21
SS E 0124 O <1 0 <1 0053 42 0042 34 .0029 24
SA E e e e memeee —_— e —— e ——— mm——m -—
Lanthanum . ______. SS E 0394 O <1 .0058 15 ] <1 0179 45 0158 40
Lead S E 0114 0018 16 0 <1 .0019 17 0021 18 .0056 49
SS E 0447 0060 13 O <1 0273* 61 .0058 13 .0056 13
SA B .0391 0 <1 .0231* 59 .0030 8 0 <1 .0130 33
Lithiovm ___________ S A 0189 0 <1  .0035 18 .0081 43 .0066 35 .0008 4
Ss A 0217 0 <1 .0030 14 O <1 0179 82 .0008 4
SA A 0786 0 <1 .0285 36 O <1 .0448 57 .0053 7
Manganese - S E 0826 0073 9 .0047 6 O <1 0705 85 O <1
SS E 0421 0055 13 .0119 28 0 <1 .0246 59 0 <1
SA B 0453 0095 21 O <1 0216 48 0090 20 .0053 11
Mercury _—_-_______ S A 0264 O <1 0001 <1 .0142 54 0 <1 .0121 46
SS A 0251 0067 27 O <1 0 <1 0 <1 .0184 173
Molybdenum _______ S E . e oo e oo e oo JE —
Ss E . S, e e [ e e ——
SA E 0817 .0042 13 .0009 3 0 <1 0182 57 .0084 27
Nickel _____________ S B 0371 0 <1  .0043 11 .0093 25 0152 41 0084 23
SS E 0396 0 <1  .0041 10 O <1 .0272 69 .008¢ 21
SA E 0315 0 <1 .0187* 59 .0005 2 0 <1 .0123 39
Niobiom ___________ S ) [ e o JE JE .
S8 E L O S, RN JE —
Scandivm __________ S E .0465 0 <1 .0078 17 .0138 30 .0199 43 0050 11
SS B .0338 0 <1 .0067 20 .0002 1 .0218 65 .0050 14
Selenfum ~______.____ SAS D 2751 .0041 2  .0646 23 0 <1 .2036 74 .0028 1
Silver __________.__ SA E L L e e oo JE e oo —
Strontium _________ S E 0383 0 <1 .0156 41 0 <1 .0147 38 .0080 21
S8 E 0298 .0067 23 .0021 7 .0022 8 .0108 36 .0080 27
SA E 1020 .0036 4 O <7 .0610* 60 .0311 30 .0063 7
Thorium _._._______.. S N 0143 0 <1 0 <1 .0063 44 0064 ' 45 .0016 11
. SS N 0138 0008 6 O <1 0 - <1 0113 8 0016 12
Titanium ___.._______ SA E 0379 0 <1 .0186 49 0 <1 0 <1 0193 51
Uranivm __________ S N .0161 0 <1 .0057 36 .0025 15 .0072 48 .0002 1
SS N 0155 0 <1 .0051 33 .0021 14 .0080 52 .0002 1
SA F 0834 0 <1 .0531* 64 O <1 0 <1 .0303 36
Vanadium _________ S E 0230 0 <1 .0100 44 .0063 27 0 <1 .0067 29
SS E 0273 0 <1 .0043 16 O <1 .0152 56 .0078 28
SA E .0968 0 <1 .0575* 59 .0096 10 .0094 10 0203 21
Ytterbium _________ S E 0198  .0017 9 0 <1 0 <1 .0061 31 0119 60
gi B .0188 .0007 3 0 <1 .0030 16 .0033 18 .0119 63
E . N, e el R J -
Yttrium ___________ S E 0183 .0020 11 O <1 .0110* 60 O <1 .0052 28
gi B 0169  .0003 2  .0019 11 0 <1 .0090 53 .0057 34
E . . e e JE U, JR JE _—
Zine _____________. S A 0142 0002 1 .0014 10 .0072 50 .0051 36 .0004 3
SS A 0222 0 <1 .0066 30 0 <1 0152 68 .0004 2
. SA A 0182 0 <1 .0027 15 0074 41 .0067 37 .0013 7
Zirconium _________ S B .0260 0 <1 .0035 13 .0078 30 .0082 32 .0065 25
SS E 0279 0043 15 O <1 .0135* 48 0037 13 .0065 23
SA B 0403 0044 11 0015 4 .0055 14 0181 45 .0108 27

1S, surface soil 0- to 2.5-cm depth; SS, subsurface soil 15- to 20-cm depth; SA, ash of sagebrush (Artemisia tridentata).

2 E, semiquantitative emission snectrography; A, atgmic absorption ; N, neutron activation; D, 2,3-diaminonapthalene extraction.
3 Coefficients of prediction equation, Tog =4 + g Log D.

¢ Number of samples in which element was determined to total number of samples analyzed.

5 Determined in dry weight.
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sagebrush of the Powder River Basin, Wyoming and Montana
at the 0.05 probability level ; leaders (___) indicate no data available]
Analysis of logarithmic variance-Con. Summary statistics
Powerplant study
Distance-
related Regression Average concentration,
variance parameters Ratio ¢ Variation
Geo- Geometric Observed Expected
Per- metric Abundance deviation range 95-percent
S2Log D cent é ) mean (GM) (Sichel's t) (GD) (ppm) range (ppm)
..... — _— P 44:48 29 31 1.54 <20 - 70 14 - 62
..... — _— — 44:48 26 28 151 <20 - 70 13 -~ 53
0.0001 7 2.48 —0.02 41:41 270 280 1.33 200 =~ 500 170 - 430
0004 7 2.84 .04 48:48 740 770 1.36 500 -3,000 520 1,000
.0023 23 2.85 .09 48:48 720 760 135 300 -1,500 440  -1,200
0004 2 2.88 .04 41:41 500 580 1.71 150 -1,500 190 -1,300
..... —_— - R 32:48 .87 .96 1.55 <1 - 1.5 38 - 2.0
..... —_— _— —_— 37:48 99 1.11 1.47 <1 - 1.5 48 - 2.0
.0007 3 .68 —.05 41:41 55 6.8 1.92 1.3 - 30 16 - 19
.0010 6 1.51 —.06 48:48 45 48 1.49 20 - 100 24 - 84
.0023 12 1.44 .09 48:48 49 52 1.43 20 - 100 383 - 12
.0063 17 1.58 —.15 41:41 18 21 1.74 5 - 150 69 - 47
.0007 5 .65 .05 46:48 6.3 6.7 1.37 <3 - 10 35 - 11
.0034 14 b7 A1 45:48 6.3 7.5 1.56 <5 - 20 28 - 16
0055 28 .61 —.14 37:39 2.0 2.6 1.97 <1 - ) 85 - 8.2
.0001 <1 .84 .02 48:48 14 16 1.63 3 - 30 55 - 36
0071 14 .68 .16 48:48 16 18 1.67 5 - 50 60 - 43
L0004 7 1.07 .04 48:48 12 13 131 7 - 20 74 - 19
.0040* 40 1.02 12 48:48 13 14 1.28 7T - 20 85 - 20
_____ — - I 8:41 <10 mmmmem _— [ [,
.0023 13 141 .09 39:48 28 34 1.79 <30 - 170 10 - 176
<.0001 6 1.28 .01 48:48 17 18 1.24 10 - 30 13 - 22
.0040* 57 1.08 12 48:48 17 18 1.45 10 - 100 88 - 33
0018 6 1.92 .08 41:41 59 65 155 . <30 - 150 29 - 120
.0023 11 1.23 —.09 48:48 21 22 1.36 11 - 35 12 - 38
.0001 1 1.22 —.02 48:48 24 25 1.33 14 - 47 14 - 42
0047 25 131 -.13 41:41 10 12 1.78 2 - 48 3 - 30
.0023 7 2.29 .09 48:48 250 280 1.63 70 -1,000 12 -1,000
.0001 1 2.29 .02 48:48 230 250 1.56 100 - 700 100 - 700
.0010 6 2.72 .08 41:41 480 530 1.52 300 -1,500 220  -1,000
.0014 10 —1.73 —-.07 48:48 .020 022 1.43 .01- .04 012—- .033
.0001 1 —1.92 .02 48:48 023 .025 1.41 01— .04 017- .031
_____ — _— I 3:48 <3 ————— —— <3 - 20 [,
_____ — - — 3:48 <3 et - <38 - 5 e
.0023 13 1.05 —.09 41:41 10 11 1.51 <7 - 30 49 - 20
.0034 11 1.03 —.11 46:48 14 15 1.48 <5 - 30 7.0 - 27
<.0001 <1 94 .01 47:48 15 16 1.61 <7 - 50 63 - 36
.0010 8 1.24 —.08 41:41 16 17 1.49 <10 - 30 87 - 30
.0007 20 94 —.05 26:48 6.2 7.2 1.68 <10 - 10 23 - 17
_____ P —— _— 26:48 6.2 7.2 1.68 <10 - 10 23 - 17
<.0001 <1 .70 .00 44:48 79 8.2 1.32 <8 - 15 51 - 12
.0018 12 .66 .08 47:48 7.8 8.7 1.60 <3 - 15 32 - 19
.0564* 82 —.04 —.45 41:41 43 . .68 2.63 .08 48 06 - 29
..... . - —_— 1:41 <1 [ — <1 - 1 .
.0003 2 2.29 .03 48:48 160 180 1.53 50 - 500 75 - 340
.0023 9 2.25 .09 48:48 160 180 1.47 100 - 500 81 - 310
.0234* 53 3.16 —.29 41:41 590 700 1.77 150 -1,500 200 -1,700
.0055 30 93 .14 48:48 9.4 9.6 1.26 53 - 15 62 - 14
0071+ 38 o1 16 48:48 9.6 9.8 1.25 56 — 15 64 - 14
0071 32 3.33 —.16 41:41 1,000 1,100 1.54 200 -2,000 560 -1,800
.0007 13 .40 .05 48:48 3.0 3.1 1.28 1.7- 170 18 - 49
.0014 18 37 .07 48:48 3.0 3.2 1.28 22 - 70 19 - 50
.0016* 36 31 —.20 28:41 .56 72 2.05 <4- 35 17 - 1.8
.0018 11 1.79 —.08 48:48 7 80 1.36 30 - 150 47 - 130
<.0001 1 1.78 —.01 48:48 87 92 1.39 50 - 150 51 - 150
0147+ 49 2.00 -—.23 41:41 31 39 1.93 <15 - 170 99 - M
.0007 15 .16 .05 47:47 1.8 19 131 1 - b 15 - 22
.0010 8 14 .06 48:48 1.8 1.9 1.30 1 - 5 1.6 - 2.0
_____ ——- ——- —— 4:41 <2 R — <2 - 3 R,
.0007 6 111 .05 48:48 17 17 1.28 10 - 50 12 - 24
.0028 28 1.04 10 48:48 18 18 1.27 10 - 30 13 - 25
..... — — — 5:41 <20 [ N <20 - 30 P,
.0007 5 1.63 —.05 48:48 59 62 - 131 28 - 93 35 - 100
<.0001 <1 1.59 .00 48:48 61 64 1.35 25 - 104 34 - 110
.0028 31 2.7 -.10 41:41 410 430 1.29 200 - 800 250 - 660
.0001 1 2,18 —.02 48:48 150 160 1.45 70 - 500 9 - 290
.0047 21 2.31 —.13 48:48 140 150 1.40 70 - 300 80 - 250
.0028 14 191 —.10 41:41 57 . 64 1.58 20 - 150 27 - 120
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56 TRACE-METAL VARIATIONS IN POWDER

tive. Twenty-five such coefficients in table 1 are nega-
tive, indicating a decrease away from the plant, but
only four—for selenjum, strontium, uranium, and va-
nadium in sagebrush—are associated with variance
components significantly different from zero at the 0.05
or lower probability level.

Thus, these four metals appear to be prime suspects
as pollutants around this particular generating plant.
Graphs of the decrease with distance for these metals
are shown in figure 2. Additional suspect metals in-
clude cobalt, lithium, titanium, and zine, all in sage-
brush ash, because each exhibits a reduction in concen-
tration with distance which is significant at the 0.05- to
0.10-probability level and which accounts for 25 per-
cent or more of the total variation along the traverse.
Graphs of the decrease with distance for these metals
are also shown in figure 2.

TRACE-METAL SUMMARIES

The data collected in the basinwide study, because of
the objective manner of collection, permit unbiased es-
timates of average geochemical properties for the sam-
pled materials in the Powder River Basin. Summary
statistics are given in table 1 under that heading. For
each entry, the method of elemental analysis, the de-
tection ratio, and five summary parameters are listed.
Two average values are given—the geometric mean,
G'M, an estimate of the most probable metal concentra-
tion; and the abundance, Sichel’s ¢, the estimated pro-
portion of the material which is composed of that
metal. Three expressions of variation are given—the
geometric deviation, GD, a factor expressing the degree
of total variability measured; the observed range that
gives the lowest and highest concentrations measured;
and the expected 95-percent range that estimates the
range that 95 percent of a suite of randomly collected
samples from over the basin should exhibit.

There appears to be little compositional difference
between soils collected at the surface and those taken
from the subsurface (down to a 20-cm depth). In addi-
tion, the soil averages listed in table 1 are similar to
averages given for soils in the Western United States
(Shacklette and others, 1971, table 3). For the most
part, the upper value of the expected 95-percent range
in metal variation in all materials seems to be about
two to five times that of the lower value. Only rarely
are these limits separated by a factor of 10 or more.

Some of the metal detected in sagebrush ash may be
reflecting in part the presence of soil dust attached to
the surface of the plant rather than metal actually in-
corporated into plant tissue. For purposes of monitor-
ing the local environment, the source of the metal de-
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tected in plant ash is not critical. Nevertheless, the
fact remains that many metals in plant ash are certain-
ly being actively accumulated by the plant because
concentrations detected in the ash are much too high to
be accounted for in adhering soil dust. For example,
there is far too much boron, lead, manganese, molyb-
denum, and strontium in the average ash to be attrib-
uted to adhering soil even if the assumption is made
that all the ash consists of adhering soil.

GEOCHEMICAL BASELINES

This exploratory work in the near-surface geochemi-
cal environment in the Powder River Basin suggests
three tentative conclusions: _

1. Statistically significant geographic variation in
trace-metal content of soil and sagebrush occurs
almost wholly at scales less than about 35 km, and
most occurs at scales less than about 4.5 km.

2. Vertical variation through the near-surface hori-
zons appears to be distinctly smaller than the
geographic variation, at least in the sandy inter-
fluves of the basin.

3. Coal-fired electric generating plants may introduce
detectable amounts of some trace metals into the
local environment.

The last conclusion underscores the need to establish
geochemical baselines in localized areas subject to ener-
gy devclopment, but in terms of establishing baselines
for the Powder River Basin as a whole, the first con-
clusion is paramount. A common form of a metal base-
line is that of a geochemical map. But because so much
of the expected variation in the materials studied here
occurs at small geographic intervals, any map purport-
ing to describe a reasonable amount of the variability
must be based on a sample design using a velatively
short sampling interval. Thus, because the basin is
large, basinwide baseline maps, if they are to be at all
useful, would require an extremely expensive sampling
and analytical program.

The extent of the analytical requirement is indicated
by examination of the percent of “mappable” or geo-
graphic variation existing at three sampling intervals.
In terms of the sample design used in the basinwide
study, three estimates of percentage mappable varia-
tion are:

Py =1008%5/ (8%Log x~8%8) (2)
P, 5=100(8%s+8%r) /(S*Log x—~S8%8) , and (3)
P0‘3=100(823+82T+82S)/(82L0g X—SZE)’ (4)

where Pg;, P,s, and P, ; represent the percentage of
geographic variation estimated to occur at scales larger
than 35, 4.5, and 0.3 km, respectively. For example, a
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geochemical map of copper in subsurface soil based on
samples taken on a 35-km grid in the basin would
describe about 10 percent of the total natural variation.
A similar map based on a 4.5-km grid would describe
about 15 percent of the natural variation, and one on a
0.3-km grid would result in only an 18-percent
description.

Computations of Pss, P,; and P, s for all entries in
table 1 indicate that for the most part, geochemical
maps based on a sampling interval of 35 km (generat-
ing perhaps 50 localities for the entire basin) would
rarely describe more than 10-20 percent of natural
geographic variation for the materials studied. Reduc-
ing the interval to 4.5 km (generating about 2,600 sam-
pling localities) would increase this proportion only
slightly for many of the listed metals. The important
exceptions here would be barium, strontium, and va-
nadium in surface soil, chromium in subsurface soil,
and chromium, cobalt, lead, nickel, uranium, and va-
nadium in sagebrush ash, for which about half or more
of the geographic variation occurs at scales equal to
greater than this interval. Decreasing the sample inter-
val to 0.3 km would generate over 200,000 localities in
the basin. These considerations indicate the difficulties
attendant on preparing geochemical maps of soil and
sagebrush in the Powder River Basin.

The general lack of broadscale variation in these
materials suggests a different approach to establish-
ment of basinwide baselines. For most of the entries in
table 1, samples taken at opposite ends of the basin are
expected to vary little more than samples taken 35 km
apart, and for many metals, such samples will differ
little more than samples taken only 4.5 km apart. This
suggests that intensive sampling in a relatively few
limited parts of the basin could provide data on ex-
pected concentrations and expected ranges which
should be applicable to all parts of the basin. For such
metals, a useful baseline could consist of a few statisti-
cal parameters rather than a map whose configuration
exhibits little broadscale variation. Moreover, the base-
line against which unusual samples should be measured
need not be a single value but, rather, could Le a range
of concentration. To the extent that little baseline data
on trace-metal distributions currently exist for the
Powder River Basin, the expected 95-percent ranges in
table 1 may be taken as provisional baselines.

STATISTICAL ANALYSIS AND SAMPLE DESIGN

Because of a common tendency for trace metals in
natural materials to exhibit positively skewed frequen-
cy distributions, it has become common practice to
analyze and summarize trace-metal data on a logarith-
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mic basis. The estimate of the most probable concentra-
tion used in this study is the geometric mean, GM,
which is the antilog of the mean of the logarithms of
concentration. The measure of scatter about the mode
used here is the geometric deviation, GD, which is the
antilog of the standard deviation of the logarithms of
concentration.

The utility of these measures is greatest if the under-
lying frequency distributions are, in fact, lognormal.
Then, the G'H is the best estimate of the mode, and the
estimated range of the central two-thirds of the ob-
served distribution has a lower limit equal to GM/GD
and an upper limit equal to GM-GD. The estimated
range of the central 95 percent of the observed dis-
tribution has a lower limit equal to G/ /(GD)? and an
upper limit equal to GM - (GD)> The expected 95-per-
cent range in table 1 is based on an adjustment in the
geometric deviation to counter the effects of laboratory
variation, as follows:

 @D,=Antilogy/(Tog GD)* 8% (5

where G'D, is the adjusted deviation to be used in com-
puting the range.

Although the geometric mean is, in general, an ade-
quate estimate of the most common concentration, it is,
nevertheless, a biased estimate of metal abundance. In
table 1, the estimate of abundance is Sichel’s ¢ statistic
(Miesch, 1967).

An ever-recurring problem in statistical summaries
of trace-metal data arises when the metal concentration
in one or more of the samples lies below the limit of
analytical determination, resulting in a censored dis-
tribution. Procedures developed by Cohen (1959) are
used here to compute unbiased estimates of the G,
@D, and Sichel’s ¢ where concentration data are incom-
plete. Miesch (1967) discusses in detail the theory un-
derlying these computation procedures. In order to
estimate scale-related components of logarithmic vari-
ance in the basinwide study and the component of
logarithmic variance related to distance in the power-
plant study, a few samples, for which concentrations
were reported as “less than” some lower limiting value,
were assigned small concentration values approximate-
ly equalzto 0.7 of the limit of detection. This was done
to provide a completely numeric data set for evalua-
tion in the belief that assignment of any small value
would not substantially alter the results.

The model of geochemical variation used in the
basinwide study is written as:
Log Xiiim=M +Bi+ T+ Siji+ Lija+ Eijiam~ (6)

where the logarithm of a trace-metal concentration re-
ported on a given sample, Log Xjjun. is assumed to
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deviate from the true logarithmic average for that
material, #, by the cumulative effect of five inde-
pendent sources of variation. B; represents the effect
arising at the broadest scales (between supertown-
ships) which may be viewed as the “basinwide” effect.
T'; represents differences observed between townships,
Sy represents effects observed between sections, and
Liji, represents effects arising at the smallest geo-
graphic scales (between localities). A fifth effect,
Eijlums which is always present but which is nongeo-
graphic in nature, is that due to laboratory procedure
or analytical error. This effect was evaluated inde-
pendently by analyzing duplicate splits of 15 samples
each of plant and nonplant (soil and rock) material.
Each of the effects in equation 6 is assumed to be a ran-
dom variable with a mean of zero and an unknown
variance. Estimates of these variances, denoted as 8%z,
S2p, 8%, 8%, and S%g, respectively, may be computed
using procedures given in Krumbein and Slack (1956),
and their sum represents the total observed logarithmic
variance in the basinwide study, as follows:

S?Log x=8%p+ 8%+ 8%+ 82+ 8. (7

The model of geochemical variation used in the
powerplant study is:

Log X,=a+b (Log D) +R;, (8)
where the logarithm of trace-metal concentration re-
port on a given sample, Log X, is assumed to be con-
trolled in part by the distance in kilometres, Log D of
the collection point from the generating plant. In this
model, the total observed logarithmic variance is sub-
divided into two parts, one reflecting variation related
to distance, S%0¢ p, and one reflecting all other sources
of variation including laboratory variation. This latter
component, representing R; in equation 8, was not
formally estimated.

The coefficients @ and b are estimated (as 4 and & in
equation 1) by techniques of linear regression based on
the least-squares criterion (Ostle, 1954, p. 119-122).
The coefficient @ is the logarithmic concentration of

metal expected at a distance of 1 km from the plant,
and & is the slope of the trend away from the plant.

The variance of a trend is-defined by Miesch, Connor,
and Eicher (1964) on the basis of an integral equation
which, when evaluated for a trend of the form in
equation 8, gives:

S x =10 0=52(do— d1)*/12. (9)

For the powerplant study d, is the logarithm of 0.8 km,
d, is the logarithm of 53.8 km; and S?r.g p=0.278375%,
The percentage of trace-metal variation accounted for
by the regression equation 9 is computed as 100 times
the square of the simple correlation between Log X;
and Log D.
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THE SOURCE OF HYDROTHERMAL SOLUTIONS AT PUERTO MAUNABO AND
ITS BEARING ON THE BASE-METAL-POTASSIUM FELDSPAR
ASSOCIATION IN PUERTO RICO

By M. H. PEASE,

Abstract.—A quartz oligoclase porphyry exposed near Puerto
Maunabo may provide evidence to further our understanding of
the base-metal-potassium feldspar association known to occur
in many of the porphyry-type copper deposits of Puerto Rico.
The porphyry appears to be a magmatic differentiate on the
border of the San Lorenzo batholith that may represent a
source of mineralizing hydrothermal solutions. The porphyry
intrudes an albitized quartz diorite border phase of the batho-
lith that contains large roof pendants of metavolcanie rock.
These roof pendants are mostly metamorphosed to greenschist
metamorphic facies, but in the vicinity of Puerto Maunabo
south of the porphyry, they reach amphibolite metamorphic
facies; north of the porphyry, similar xenolithic lenses of
metavoleanic rock appear to have been converted entirely to an
oligoclase quartz felsite. The layered albitized quartz felsite has
the same composition and texture as irregular veinlets in the
albitized quartz diorite and as the groundmass in the porphyry.
The K* ions and basic ions of Fe*!, Cu*’, Mg** apparently were
mobilized during final magmatic crystallization and then
escaped as hydrothermal solutions that followed open conduits
within a zone of structural weakness which also permitted the
emplacement of the porphyry. The volcanic rock of Cerro
Piedra Hueca, in contact with the albitized quartz diorite, and
generally along strike west of the porphyry, has been altered
to a quartz sericite rock entirely devoid of mafic silicates. This
is the southeasternmost exposure of hydrothermally altered
volcanic rock in the regional zone of northwest-trending faults
that contains the principal porphyry-type copper deposits of
Puerto Rico. The texture, mineralogy, and geologic environment
of the porphyry at Puerto Maunabo are similar to those of the
ore-bearing porphyries but differ in one important aspect. Most
ore-bearing porphyries contain hydrothermal potassium feld-
spar and reddish-brown biotite intimately associated with the
base-metal sulfides. In the porphyry of Puerto Maunabo, potas-
sium feldspar is conspicuously absent, and only a trace of
biotite is present; the only sulfide present is pyrite. The physi-
cal and chemical environment required to precipitate K* ions,
either as potassium feldspar or biotite, apparently is very
s'i,milar to that required to precipitate base-metal sulfides. At
Puerto Maunabo, these conditions evidently did not prevail, and
potassium and the base metals may have been carried in solu-
tion to a more favorable environment.

The San Lorenzo batholith is exposed in southeastern
Puerto Rico (fig. 1), and the somewhat smaller Utuado

Jr., Boston, Mass.

batholith is exposed about 75 km westward in west-

central Puerto Rico. Between these two intrusive bodies
and bordered on the north and south by extensive fault
zones 1s an area underlain chiefly by Cretaceous vol-
canic rocks that have been moderately folded, greatly
shattered, penetrated by many small granitic stocks
and dikes, and locally completely altered by the action
of hydrothermal solutions.

The metallogenic map of Puerto Rico (Cox and
Briggs, 1973) shows that sulfide mineralization is com-
mon in Puerto Rico and that the largest base-metal
deposits have been found along the southern border of
the Utuado batholith. Geologic relations that may shed
some light on the source of hydrotherrmal solutions that
transport base metals have been observed in the Punta
Tuna quadrangle in the southernmost exposures of the
San Lorenzo batholith.

A narrow band of quartz oligoclase porphyry is ex-
posed in a small group of hills near the village of
Puerto Maunabo (fig. 2) in the southeast corner of
Puerto Rico. The porphyry appears to be a late mag-
matic differentiate of the San Lorenzo batholith and
may represent a source of mineralizing hydrothermal
solutions. It occurs within an albitized quartz diorite
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F16URE 1.—Index map of Puerto Rico.
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F1eURre 2.—Simplified geologic map of the Punta Tuna
quadrangle, Puerto Rico.

body on the border of the batholith and has been hy-
drothermally altered. The albitized quartz diorite
which shows evidence of deuteric alteration also is in
contact with hydrothermally altered volcanic rock. The
texture, mineralogy, and geologic environment of the
porphyry are similar in many respects to those of in-
trusive porphyries associated with base-metal deposits
in west-central Puerto Rico.

The age of the porphyry of Puerto Maunabo is not
known, but if it is the same as the porphyries associ-
ated with base-metal deposits, as much as 20 m.y. may
have .elapsed,  according to D. P. .Cox (written com-
mun., 1974), between emplacement of the San Lorenzo
- batholith and final emplacement of the porphyry.

 GEOLOGIC'-SETTING:

The San Lorenzo batholith of Late Cretaceous age is
a crudely circular plutonic complex about 25 km in
diameter. The southern part of the batholith includes
the Yabucoa and Punta Tuna quadrangles (C. L.
Rogers, M. H. Pease, Jr., C. M. Cram, and M. S. Tisch-
ler, unpub. data, 1976). The Yabucoa quadrangle is
underlain mostly by granitic-textured rock intermedi-
ate in composition between hornblende-biotite quartz
diorite and biotite-hornblende quartz monzonite. The
Punta Tuna quadrangle is underlain mostly by albi-
tized quartz diorite having extensive roof pendants of
metamorphosed volcanic rock. The northern boundary
of the albitized quartz diorite appears to be transition-
al and is covered by alluvium and colluvium at the
southern border of the Yabucoa quadrangle.

Most of the metavolcanic rocks are uniformly dark
greenish gray and in the epidote greenschist facies of
metamorphism. They commonly retain faint relic tex-
tures and structures that attest to their origin as inter-
stratified lava, tuff, and breccia. At Cerro Piedra
Hueca, near the western edge of the quadrangle, an
area of volcanic rock has been hydrothermally altered
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to a very light gray rock composed chiefly of finely
divided quartz and sericite.

The quartz oligoclase porphyry crops out in a rela-
tively narrow arcuate band that passes through Puerto
Maunabo (fig. 3.). It is not a true porphyry; evenly
distributed clots, as much as 30 mm in diameter, of
quartz and oligoclase phenocrysts give to this rock the
apparent coarse texture of a porphyry. The southern
contact of the porphyry is defined by an abrupt increase
of mafic silicates in the albitized quartz diorite; the
northern contact is gradational, but an indefinite con-
tact was delineated in the field, where pyrite is no
longer present and the porphyritic texture is no longer
conspicuous.

A section of stratified tuff and lava exposed in sea
cliffs at Puerto Maunabo has been metamorphosed to
dark-greenish-gray hornblende schist. Relic primary
phenocrysts are preserved in the metalavas and thinly
layered stratification containing graded bedding is pre-
served in the metatuffs. This section is about 85 m
wide; it trends northward and terminates abruptly at
the southern border of the porphyry. Lenses of pale-
yellowish-brown' layered felsite are exposed in two
areas on the north side of the porphyry. One area is
nearly.on strike-with the hornblende schist; the other
is.about 300~ m.west. Layering within the eastern lenses
conforms: generally to the attitude of relic bedding
within the hornblende schist. In the second area of fel-
site, the-layering trends in a north-northwesterly direc-
tion; and associated with lenses of felsite in this tongue
are blocks of float and a few possible outcrops of dark-
colored hornblende schist possibly interlayered with
the felsite. The outlines of these felsite lenses are indis-
tinct because they interfinger with albitic quartz diorite
of similar color and composition. The layered structure
and areal distribution of these felsite lenses suggest
that they too represent bands of metamorphosed vol-
canic rocks, probably stratified tuffs.
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Ficure 3.—Geologic map of the Puerto Maunabo area,
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A medium-gray, commonly porphyritic, diabase dike
forms the crest of the sea cliff at Punta Tuna; it
transects the hornblende schist lens and the band of
quartz-oligoclase porphyry and extends northwest-
ward, where it is buried by alluvial deposits. This dike
is about 20 m wide at Punta Tuna and thins northwest-
ward ; it is offset by faults of small displacement. Simi-
lar linear dikes also offset by minor faults intrude the
southern border of the batholith at several localities.

PETROGRAPHY

Quartz oligoclase porphyry.—The quartz oligoclase
porphyry is a light-gray siliceous rock containing al-
most no mafic silicates. Clusters of quartz and oligo-
clase phenocrysts are evenly distributed in a fine-
grained matrix of quartz and oligoclase containing
wisps of reddish-brown biotite and rare clinozoisite.
Fine to coarse cubic pyrite amounts to as much as 10
percent of the rock.

The two distinct grain sizes in the quartz-oligoclase
porphyry are evidence of alteration and partial re-
placement. The coarse constituents have been partly
resorbed by later interstitial material. Turbid oligo-
clase crystals are deeply embayed and contain
secondary inclusions of quartz and clear oligoclase;
many of the large quartz grains are corroded, but
others appear to have been enlarged by accretion of
secondary quartz to form the phenocrysts that charac-
terize hand specimens.

Albitized quartz diorite—The albitized quartz di-
orite is variable in texture and composition, but in
general is a medium-grained holocrystalline rock com-
posed chiefly of median oligoclase, An-20, and quartz,
and having interstitial subhedral hornblende and bio-
tite. Oligoclase is turbid brown and altered; it com-
monly shows the relic twinning of a more calcic plagio-
clase. It locally forms myrmekitic intergrowths with
quartz. No potassium feldspar remains in the rock, if it
was ever present. Coarse anhedral crystals of quartz
having irregular extinction compose as much as 50
percent of some specimens; fine-grained secondary
quartz also is found in microveins and interstitially
with albite. Most hornblende is partly or entirely al-
tered to granular aggregates of biotite, chlorite, epi-
dote, magnetite, and sphene. Much of the biotite, how-
ever, appears to be original and is partly replaced by
clinozoisite and chlorite minerals.

Plutonic rocks just north of the porphyry are inter-
mediate in the transition from albitized quartz diorite
to porphyry, although they have not been mapped as a
separate unit. Fine-grained interstitial quartz-oligo-
clase aggregate, identical with the fine-grained facies

of the porphyry, occurs in irregular clots and veinlets
in amounts less than 15 percent. Myrmekitic inter-
growths of quartz and sodic oligoclase occur in large
unevenly distributed patches. Mafic constituents,
which consist of olive-brown biotite in fine aggregate
clots associated with minor amounts of penninite, epi-
dote, and clinozoisite, amount to less than 5 percent of
the rock. Primary hornblende is rare or absent, and
finely divided magnetite is ubiquitous. This rock evi-
dently grades northward into typical albitic quartz
diorite, but the transition cannot be observed, as the
exposures are surrounded by a broad alluvial valley.
Albitic quartz diorite exposed south of the porphyry
shows no such transition and has the typical texture
and composition of that exposed farther to the west
and north,

Hornblende schist.—The hornblende schist exposed
south of the porphyry consists of an intergranular mo-
saic of sodic andesine and quartz, having stubby sub-
rounded grains of hornblende occurring in clusters and
as discrete crystals. Probable pseudomorphs of pyrox-
ene phenocrysts are represented by clusters of horn-
blende showing poorly defined crystal outlines bordered
by magnetite dust. Relic plagioclase phenocrysts have
been so nearly resorbed that, although their optical
continuity is still-apparent, their crystal outlines are
obscure. Bedding in the tuffs is marked by light and
dark mineral segregation and by abrupt and, in part;
gradational changes in grain size parallel to bedding
planes.

Felsite—The microscopic texture of the felsite north
of the porphyry is much like the fine-grained facies of
the porphyry. It is a granoblastic mosaic of quartz and
sodic oligoclase containing many patches of myrmekite.
Sheaflike clusters of biotite compose about 2 percent
of the rock, and magnetite is present. The primary
stratification clearly apparent in hand specimen is al-
most entirely obscured on a microscopic scale because
of recrystallization to grain-size diameters greater than
primary bedding thickness.

Hydrothermally altered wolcanic rock.—The hydro-
thermally altered volcanic rock exposed at Cerro
Piedra Hueca is composed almost entirely of quartz
and sericite in a ratio of about 3:1. Clinozoisite occurs
in granular patches, and pyrite is present. In weathered
outcrops, the rock is perforated with irregular-shaped
pores amounting to about 20 percent of the rock, and
most pores are lined with a thin rim of dark-reddish-
brown hematite, probably after sulfides.

Diabase dikes—The diabase dikes have a typical
diabasic texture, although masked by deuteric altera-
tion. Phenocrysts composing as much as 40 percent of
the rock consist of strongly zoned intermediate plagio-
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clase, An 40-60, which is sericitized and contains inclu-
sions and veinlets of albite and hornblende. The horn-
blende is pseudomorphic after pyroxene and is partly
altered to penninite, clinozoisite, and epidote. Relic
pyroxene is rare. The groundmass consists of inter-
locking grains of quartz and sodic plagioclase having
wisps and clots of hornblende, chlorite, clinozoisite,
and, rarely, calcite.

MAGMATIC DIFFERENTIATION AND FORMATION OF
HYDROTHERMAL SOLUTIONS

Exposures in the Punta Tuna quadrangle appear to
demonstrate progressive stages in the formation of
hydrothermal solutions from residual magmatic liquids
emanating from late-crystallizing magma on the bor-
ders or near the top of the San Lorenzo batholith. The
albitized quartz diorite appears to be the product of a
residual melt derived from a parent dioritic to grano-
dioritic magma by fractional crystallization in the
presence of a water-rich vapor phase. By this process,
K+ ions were entirely removed, Cat2?, Mg+t2?, and Fe+?
ions were depleted, and the breakdown of primary sili-
cates resulted in the formation of hydrous silicates
accompanied by an increase in the relative amount of
free quartz.

The oligoclase-quartz porphyry represents a concen-
tration of later crystallizing volatile-rich magma fur-
ther depleted in basic constituents. A mush of coarse
crystals having interstitial fluid magma evidently was
squeezed upward as an east-trending dike along a fault
or fracture. In the process of cooling and final crystal-
lization, many of the early-formed coarse crystals of
the mush were resorbed by reaction with the residual
magma. Along the northern border of the porphyry,
this residual magma penetrated for a considerable dis-
tance from the contact fractures and interstices in es-
sentially crystalline albitized quartz diorite. Xenolithic
lenses of metavolcanic rock also were almost entirely
converted to oligoclase quartz felsite. Conceivably,
these metavolcanic rocks had originally been basaltic in
composition.

Evidence that suggests a basic volcanic origin for the
felsite may be summarized as follows:

1. The felsite exposed north of the porphyry is dis-
tinguished from the enclosing albitized quartz
diorite by a conspicuous layering very similar to
that in the hornblende schist south of the
porphyry.

2. The composition and microscopic texture of the fel-
site, however, 1s identical with the fine-grained
clots and veinlets in the surrounding altered albi-
tized quartz diorite just north of the porphyry.

3. Lenses of the eastern area of the felsite are nearly
on strike with the hornblende schist to the south,
and the layering is essentially parallel to the lay-
ering in the schist.

4. No felsite was observed south of the porphyry, but
a few slabs of green hornblende schist float, per-
haps preserved remnants, are associated with the
western felsite area north of the porphyry.

During final crystallization of the porphyry the re-
maining water-rich vapor phase escaped, probably as
hydrothermal solutions via fractures in the overlying
voleanic rock, carrying released basic ions of Fe+?,
Cat+2, and Mg+*?, and previously mobilized K+ ions.
Evidence in the porphyry of the former presence of
volatiles carrying these ions is indicated by the occur-
rence of ubiquitous pyrite, myrmekite, rare muscovite,
and traces of reddish-brown biotite and clinozoisite.

Lateral and vertical distribution of these hydro-
thermal solutions appears to have been confined to
open conduits within the zone of structural weakness
that permitted emplacement of the porphyry. The hy-
drothermally altered quartz-sericite rock exposed at
Cerro Piedra Hueca is roughly in line with this zone
of structural weakness. The solutions that altered the
porphyry at Punta Maunabo also may have altered the
volcanic rock at Cerro Piedra Hueca.

This altered volcanic rock is at the eastern terminus
of a belt of disconnected outcrops of hydrothermally
altered volcanic rock (shown on the metallogenic map
by Cox and Briggs, 1973), that extends northwestward
toward Cerro Avispa (fig. 1). Iron sulfides have been
found at several localities within this belt, and a po-
tential ore deposit of quartz veins containing traces of
gold and silver as well as minor sulfides is exposed in
the Cerro Avispa area. These exposures of hydrother-
mally altered rock almost certainly are alined along a
zone of faulting, not shown on the metallogenic map,
that parallels the principal trend of mineralization in
Puerto Rico.

The hydrothermal alteration appears to be older
than the diabase dike that cuts the porphyry because
the dike shows no evidence of alteration that cannot be
ascribed to deuteric alteration.

ANALOGY TO ENVIRONMENT OF BASE-METAL
DEPOSITION IN PUERTO RICO

Some of the geologic characteristics of copper-min-
eralized areas in Puerto Rico were presented at the
Third Caribbean Geological Conference (Pease, 1966).
This paper concluded that most deposits of economic
interest are of the porphyry copper type. Among the
essential features of this type of deposit in Puerto
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Rico are irregularly shaped dikes of porphyritic
quartz diorite within and alined roughly parallel to
one or another of the major west-northwest- to north-
west-trending shear zones of the island. Where not
hydrothermally altered, this porphyritic intrusive rock
consists of subhedral phenocrysts of albitized plagio-
clase, quartz, and olive-brown hornblende and biotite
in a microcrystalline groundmass composed chiefly of
albite, granular quartz, and chlorite. Plagioclase
phenocrysts and mafic minerals both show evidence of
deuteric alteration.

In mineralized areas, however, both the intrusive and
the voleanic country rock are intensely fractured and
hydrothermally altered. They are strongly silicified
and sericitized and the primary silicates have been
essentially destroyed. Quartz-sulfide veins and calcite
veins fill the fractures. Some quartz veins, particularly
within or closely associated with the intrusive rock,
contain copper-bearing sulfides, and commonly these
veins also contain adularia and magnetite. Sulfides are
also disseminated throughout the highly fractured vol-
canic and intrusive rock, but copper sulfides appear to
be concentrated along the borders of hydrothermally
altered porphyritic quartz diorite. Finely divided red-
dish-brown biotite appears to be a hydrothermal min-
eral intimately associated with these copper sulfides.

The textures and composition of the quartz oligoclase
porphyry at Puerto Maunabo have many of the char-
acteristics and associations of hornblende-quartz di-
orite porphyry stocks associated with the porphyry
copper-type ‘mineral deposits of Puerto Rico (Cox,
Larson and Tripp, 1973). They are highly siliceous
porphyries that contain finely divided conspicuously
reddish-brown hydrothermal biotite and no primary
mafic silicates. The similarity is clearly apparent; the
conspicuous differences are the absence of potassium
feldspar and the absence of base metals at Puerto
Maunabo.

The potassium feldspar, present in the San Lorenzo
batholith, is not present in the albitized quartz diorite
or in the quartz oligoclase porphyry. Yet the occur-
rence of myrmekite in the porphyry suggests that K+
ions were present in the magma and were segregated
out during late-stage deuteric alteration that accom-
panied the release of water-rich volatiles to form hy-
drothermal solutions.

Most of the porphyry-copper-type ore deposits in
Puerto Rico, on the other hand, contain, in veinlets,
hydrothermal biotite and potassium feldspar in addi-
tion to the base metals (Cox, Larson and Tripp, 1973).
Although K+ ions are not necessarily required to pre-
cipitate base metals from solution, the physical and
chemical environment that causes the precipitation of
K+ ions, either as biotite or potassium feldspar, ap-
pears to be very similar to that required for precipita-
tion of base-metal sulfides.

CONCLUSIONS

The quartz oligoclase porphyry exposed at Puerto
Maunabo appears to be a late-magmatic deuterically
altered phase of the San Lorenzo batholith and the
source of hydrothermal solutions that have altered vol-
canic rocks at Cerro Piedra Hueca. A northwest-trend-
ing zone of fractures that extends from Cerro Piedra
Hueca at least as far as Cerro Avispa evidently acted
as an open conduit for passage of these hydrothermal
solutions.

Hydrothermally altered rock found along many
other northwest- and west-northwest-trending shear
zones probably was altered by similarly derived hydro-
thermal solutions. Where the porphyry intrusive rock
is exposed in these zones, it too is hydrothermally al- -
tered and contains sulfides. If hydrothermal potassium
feldspar and biotite are present in veinlets in the high-
ly fractured porphyry and adjacent country rock, the
sulfides commonly contain base metals, but base-metal
sulfides do not tend to precipitate if, as at Puerto
Maunabo, K+ ions have been driven off prior to crys-
tallization and hydrothermal alteration.
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AGE AND TECTONIC SIGNIFICANCE OF VOLCANIC ROCKS ON
ST. MATTHEW ISLAND, BERING SEA, ALASKA

By WILLIAM W. PATTON, Jr.,
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THOMAS P. MILLER, and RICHARD A. SCOTT,
Menlo Park, Calif.; Anchorage, Alaska, Denver, Colo.

Abstract.—Reconnaissance investigations of the heretofore
little known volcanic assemblage on St. Matthew Island provide
significant information on the tectonic history of the Bering Sea
shelf. St. Matthew Island is made up of approximately 500 m
of subaerial calc-alkaline volcanic rocks ranging in composition
from high-alumina basalt to rhyolite. Four K-Ar analyses of
samples from this volcanic sequence give Late Cretaceous ages
of 65-77 m.y., and intercalated carbonaceous tuff layers yield
Cretaceous pollen assemblages. Along the northeast coast of
St. Matthew Island, the volcanic rocks are intruded by granodi-
orite that gives an early Tertiary K-Ar age of 61 m.y. Correla-
tions with on-land geology in northeast Siberia and marine geo-
physical data from the western Bering Sea strongly suggest
that St. Matthew Island represents a southeastward extension
of the Okhotsk-Chukotsk belt, a Cretaceous and early Tertiary
volcanic arc that borders the Pacific margin of Siberia for
nearly 3,000 km. The apparent continuation of this volcanic arc
along the margin of the Bering shelf at least as far east as St.
Matthew Island supports suggestions by Burk and by Scholl
and others that in late Mesozoic time the Pacific plate margin
coincided with the present Bering shelf margin and did not
shift to the Aleutian trench until the end of Cretaceous or the
beginning of Tertiary time.

During the summer of 1971 the U.S. Geological Sur-
vey conducted a reconnaissance expedition to St.
Matthew Island in the central Bering Sea aboard the
Survey research vessel Don J. Miller I1. The purpose
of the expedition was to obtain basic geologic informa-
tion on the age and lithologic character of the volcanic
rocks on St. Matthew Island as part of a broad pro-
gram of onshore and offshore investigations of the
energy and mineral resources of the Bering Sea shelf.
St. Matthew Island had not been mapped previously,
and available geologic information was confined to
brief notes from early exploratory surveys of the Ber-
ing Sea region published more than 50 yr ago (Daw-
son, 1894 ; Emerson, 1904).

St. Matthew Island together with two small neigh-
boring islands, Hall and Pinnacle, is situated 400 km
west of mainland Alaska on the broad continental shelf
that connects Alaska and Siberia (fig. 1). Although

these islands have a combined area of only 350 km?,
they are important because they provide a rare sub-

.aerial exposure of the geology of the shelf and furnish

new information on the tectonic history of the Bermg
Sea region.

This report briefly describes the geology of the
island and suggests how the island fits into the tectonic
framework of the Bering Sea region.

DESCRIPTION OF ROCK UNITS

St. Matthew and nearby Hall and Pinnacle Islands
are made up almost entirely of an assemblage of flat-
lying to gently folded subaerial calc-alkaline volcanic
rocks of Late Cretaceous and earliest Tertiary age
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F1cure 1.—Index map showing St. Matthew Island and Bering
Sea shelf. Dashed line, outer margin of shelf at 200-m
contour.
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(fig. 2) (Patton and others, 1975). The exposed thick-
ness of the volcanic sequence is at least 500 m. Along
the north coast of St. Matthew Island the volcanic
rocks are intruded and thermally altered by small
stocks of granodiorite of early Tertiary age. A small
fault-bounded block of contorted volcanic graywacke
and argillite of probable Cretaceous age occurs near the
center of the island.

Volcanic assemblage

The lower part of the volcanic assemblage consists
chiefly of andesite, dacite, and rhyolite tuff and breccia
with minor andesitic and dacitic flows, dikes, and
plugs. This predominantly pyroclastic succession un-
derlies virtually all of of St. Matthew Island and also
is exposed in a small area along the east side of Hall
Island (fig. 2). Pollen, identifiable as Cretaceous in
age, was collected from these rocks at two localities
along the southwest coast of St. Matthew Island. No
samples of the tuffs and breccias suitable for isotope
dating were found on St. Matthew Island because of
pervasive alteration by granodiorite intrusions. An un-
altered sample of rhyolite breccia from Hall Island,
however, gave mineral pair K-Ar dates of 74.1+2 m.y.
and 74.4+2 m.y. (Late Cretaceous) for biotite and
hornblende, respectively. Analytical data for the K-Ar
ages have been published previously (Patton and oth-
ers, 1975).

The pyroclastic rocks are capped by flows of high-
alumina basalt and andesite that are at least 250 m
thick at the north end of St. Matthew Island and on
Hall Island. On Hall Island these flows are interlay-
ered with andesitic tuffs and conglomerate. Potassium-
argon ages of 76.8+2 m.y. and 64.8+2 m.y. (Cretaceous
and Tertiary?) were obtained from two whole-rock
samples of the flows at the north end of St. Matthew
Island (Patton and others, 1975).

The youngest volcanic rocks are rhyolite and dacite
welded tuffs and fine-grained hypabyssal rocks that
appear to be, at least in part, cogenetic with granodi-
orite. These felsic volcanic rocks have not been dated
isotopically but are assigned a Tertiary (probable
earliest Tertiary) age on the basis of their apparent
consanguinity with the granodiorite.

Granodiorite

Fine-grained leucocratic hornblende granodiorite
crops out in seacliffs at several localities along the
north-facing coast of St. Matthew Island (fig. 2). The
total exposed area of the granodiorite is small, but the
volume of these intrusive rocks may be considerably
greater in the subsurface. This is suggested by the rela-

tively large area of thermal alteration of the pyroclas-
tic host rock extending well beyond the small area of
exposure of the granodiorite. A greater subsurface
volume is also suggested by a broad 10 mGal positive
gravity anomaly over the coastline which, according to
Barnes and Estlund (1975), can be accounted for by
the density contrast between a large granodiorite body
at shallow depth and the less dense pyroclastic host
rocks.

A potassium-argon age of 60.7+2 m.y. (earliest Ter-
tiary) was obtained from hornblende from a sample of
the granodiorite collected on the central part of the
island.

Volcanic graywacke and argillite

A puzzling section of highly deformed and thermally
altered marine volcanic graywacke and argillite occurs
in a small fault-bounded block in the central part of St.
Matthew Island (fig. 2). These sedimentary rocks show
small-scale crossbedding and convolute laminations
suggesting that they are the distal facies of a turbidite.
No other exposures of these rocks were found, and
their age and stratigraphic relations are uncertain. The
structural complexity of these rocks indicates that they
probably are older than the Upper Cretaceous volcanic
rocks of the island. However, the proximity of St.
Matthew Island to the probable Cretaceous margin of
the Bering shelf and correlations with on-land geology
in northeast Siberia make it appear likely that they are
Cretaceous.

CHEMICAL ANALYSES AND NORMS

The volcanic and plutonic assemblage on St. Matthew
Island shows a typical calc-alkaline trend on an AFM
plot of 34 representative samples (fig. 3). The alkali-
lime index for the samples is 58 and well within the
calc-alkali field of Peacock (1931). The analyzed sam-
ples (Patton and others, 1975) include high-alumina
basalt flows; andesite, dacite, and rhyolite tuffs, flows,
and hypabyssal rocks; and granodiorite. All the sam-
ples are quartz and hypersthene normative, and some
of the more silicic andesite contains sufficient excess of
AlLO; so that corundum appears in the norm with the
consequent exclusion of diopside.

LATE CRETACEOUS AND EARLIEST TERTIARY
VOLCANISM AND TERRIGENOUS DEPOSITION
IN THE BERING SEA

The broad distribution of voleanism and terrigenous
deposition in the Bering Sea region during Late Cre-
taceous and earliest Tertiary time (~80 to 55 m.y. ago)
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FIGURE 3.—AFM plot of 34 representative samples of volcanic
and plutonic rocks on St. Matthew Island.

is shown in figure 4. During this time thick terrigenous
sediments were being deposited along the continental
margins of northeast Siberia and Alaska. At the same
time volcanism occurred behind the continental margin
along a relatively narrow belt in northeast Siberia and
over a somewhat broader belt in western Alaska. The
northern limit of large-scale volcanic and plutonic
activity was the pre-Late Cretaceous miogeosynclinal
Verkhoyansk-Chukotsk belt in Siberia and the Seward
Peninsula—Brooks Range belt in Alaska. Between Alas-
ka and Siberia, the belt of miogeosynclinal rocks ap-
pears to bow southward through St. Lawrence Island
(Patton and Tailleur, 1972). '

Volcanism

In northeast Siberia volcanic and associated plutonic
activity was confined largely to the Okhotsk-Chukotsk
belt, a relatively narrow but continuous tectonic fea-
ture that parallels the Pacific margin in Siberia for
nearly 3,000 km (Belyi, V. F.,1973; Tilman and others,
1969). In the vicinity of the Gulf of Anadyr, the Ok-

hotsk belt turns abruptly to the southeast and extends.

along the south side of the Chukotsk Peninsula.

‘Recent offshore geophysical investigations and on-
shore geologic mapping on St. Matthew and St. Law-
rence Islands suggest that the Okhotsk-Chukotsk belt
continues southeasterly across the Bering shelf at least
as far as St. Matthew Island (fig. 4). In the Gulf of
Anadyr and on the western Bering shelf, Soviet geolo-
gists believe that they can trace the voleanic rocks of
the Okhotsk-Chukotsk belt along a broad Cenozoic
high from the Chukotsk Peninsula nearly to St. Mat-
thew Island (Verba and others, 1971). On St. Law-

rence Island subaerial calc-alkaline volcanic rocks
similar to those on St. Matthew Island have been
mapped on the western and central part of the island
(Patton and Csejtey, 1971). Three K-Ar ages have
been reported for the volcanic rocks on St. Lawrence
Island: 62.8 and 60.5 m.y. on sanidine and hornblende,
respectively, from a trachyte (Patton and Csejtey,
1971) and 62.2 m.y. on a dacite (Dalrymple and Lan-
phere, 1971).

The extent and distribution of volecanic rocks on the
Bering shelf east of St. Matthew Island are not known.
However, in western Alaska a major belt of subaerial
calc-alkaline volcanic rocks can be traced for about 800
km northeastward from the lower Kuskokwim River
valley to the Arctic Circle. Six K-Ar ages ranging
from 58 to 69 m.y. (Patton and Miller, 1973; Hoare
and Condon, 1966; Hoare, unpub. data; and Patton,
Lanphere, and Brosgé, unpub. data) have been ob-
tained from these volcanic rocks. Two smaller areas of
similar volecanic rocks also have been mapped in the
upper Kuskokwim-Yukon region (Cass, 1959; Eakin,
1918), but no isotopic ages have been measured on these
rocks.

In addition to the known areas of volcanism shown
in figure 4 the broad region of western Alaska south
and east of the Seward Peninsula-Brooks Range belt
also contains many large granitic plutons, some of
which may represent roots of former volcanic terranes.
Only a few of these plutonic bodies have been dated
isotopically, but these ages are sufficient to show that
magmatism was widespread in Late Cretaceous and
earliest Tertiary time. For example, in the northern
Yukon-Koyukuk region along the Hogatza trend a
major plutonic event has been dated at about 80 m.y.
(Miller and others, 1966). An age of 79 m.y. has been
measured on a large granitic pluton at Cape Romanzof
in the Yukon delta (Hoare and Condon, 1968), and a
similar pluton in the central Kuskokwim region has
yielded an age of 65 m.y. (Hoare, unpub. data, 1975).
In southern Alaska, Reed and Lanphere (1973) have
documented a major intrusive phase in the Alaska-
Aleutian Range batholith between 58 and 83 m.y. on
the basis of 70 K-Ar mineral ages.

Terrigenous deposition

In Alaska, a belt of highly folded deep-water flysch
deposits containing a sparse Maestrichtian fauna has
been traced from the Chugach Mountains through Ko-
diak and the Shumagin Islands (Jones and Clark,
1973). At the southwest end in the Shumagin
Islands, Moore (1972) found ecvidence that this
belt did not continue southwestward along the
Aleutian Arc but crossed the trend of the Alaska Pen-
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insula and extended northwestward along the margin In the Koryak-Anadyr region of Siberia (fig. 4),
of Bering Sea shelf. These deep-water deposits are bor- Soviet geologists (Avdeiko, 1971; Gladenkov, 1964)
dered on the north by a band of fossiliferous shallow- also recognize an outer belt of deep-water flysch de-
water sedimentary deposits that stretches from the posits with mafic volcanic rocks and an inner belt of
Wrangell Mountains to the lower Alaska Peninsula. shallow-water and nonmarine sedimentary deposits.
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Along the Bering shelf margin, acoustical profiling
and dredging by Scholl, Buffington, and Marlow
(1975) and Hopkins and others (1969) have shown
that highly deformed flysch deposits underlie the shelf
edge beneath a thick cover of poorly consolidated Neo-
gene sediments. Fossils of Late Cretaceous (probably
Campanian) age were found in samples of the flysch
dredged from the walls of Pribilof Canyon. This was a
particularly important discovery because it appears to
bear out earlier suggestions of Burk (1965) that the
late Mesozoic continental margin deposits of the Alaska

160° 180°

Peninsula and Koryak-Anadyr region were connected
by way of the Bering shelf margin. It also is signifi-
cant because it establishes the contemporaneity of calc-
alkaline volcanism on St. Matthew Island and the de-
position of flysch sediments at the continental margin.

PLATE TECTONIC INTERPRETATION

Figure 5 shows the plate model for the Bering Sea
region proposed by Scholl, Buffington, and Marlow
(1975). Their model suggests that the lete Mesozoic
boundary between the North American—Eurasian conti-
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Mesozoic time. Arrows indicate relative plate motion.
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nental plate and the Kula oceanic plate extended from
Siberia to Alaska along the present Bering shelf mar-
gin. At the end of the Mesozoic or in the early Tertiary
the boundary either jumped or migrated to its present
position at the Aleutian Trench, isolating the deep
Bering Sea basin behind the Aleutian Are.

This model is supported by the discovery of exten-
sive calc-alkaline volcanism of Late Cretaceous and
earliest Tertiary age on St. Matthew Island within a
few hundred kilometres of the shelf edge and by the
correlation of this volcanism with flysch deposition at
the shelf margin.

The relative motion of the Kula plate in this pro-
posed model appears to have been at a small converg-
ence angle with the Bering shelf margin, leading to the
suggestion that the margin was a transform fault. Our
evidence for an extensive belt of calc-alkaline volcan-
ism parallel to the margin, however, seems to argue for
subduction, even though the convergence angle may
have been small.
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AGE AND ORIGIN OF THE DARROUGH FELSITE,
SOUTHERN TOIYABE RANGE, NEVADA

By R. C. SPEED* and E. H. McKEE
Evanston, lil., Menlo Park, Calif.

Abstract.—The name Darrough Felsite was originally as-
gigned to a body of fine-grained quartzofeldspathic igneous
rock probably greater than 3 km thick that is exposed con-
tinuously over 100 km® in the southern Toiyabe Range of
central Nevada. The Darrough was supposed to consist most-
ly of intrusive rocks of probable Permian age. Reexamination
of parts of the Darrough Felsite indicates that it is Tertiary
and has no genetic affiliation to pre-Tertiary sedimentary and
volcanic rocks of the Toiyabe Range. The Darrough consti-
tutes an enormously thick succession of crystal-lithic tuff, tuff
breccia, crystal tuff, and volcanogenic sedimentary breccia and
sandstone. The tuffaceous rocks are strongly compacted where
ash particles are the dominant constituent but are much less
compacted where lithic fragments and crystals constitute a
rigid framework. Much of the Darrough Felsite may have
undergone extensive silicification, probably as a postcompac-
tion event. Contact relations of the Darrough Felsite indicate
that it is younger than pre-Tertiary rocks of the southern
Toiyabe Range and the Ophir pluton, here dated at 53.9 m.y.
(K-Ar, biotite). Three K-Ar ages of minerals from tuff of
‘the Darrough are 26.1, 22.7, and 22.3 m.y., suggesting a mid-
dle Tertiary age. A large dike intruding the Darrough, pre-
viously assigned a Jurassic age, gives a K-Ar-biotite age of
29.4 m.y. We tentatively interpret the Darrough Felsite to
represent an accumulation of ash and breccia flows in a vol-
canotectonic depression.

The name Darrough Felsite was applied by Fergu-
son and Cathcart (1954) to a large mass of fine-grained
siliceous igneous rock that crops out in the southern
Toiyabe Range of central Nevada (fig. 1). They be-
lieved the mass to be mostly intrusive and suggested
that a genetic association exists between it and the
nearby partly volcanic Pablo Formation. Because the
Pablo was questionably assigned to the Permian, the
Darrough Felsite also was considered to be Permi-
an(?). Taken literally, Ferguson and Cathcart’s
(1954) interpretation of the Darrough Felsite indi-
cates a major episode of silicic volcanism in the south-
ern Toiyabe Range in Permian(?) time. If their age
assignment is correct, silicic volcanism must be in-

1 Dept. Geological Sciences, Northwestern University.

cluded in Permian(?) paleotectonic reconstructions of
western and central Nevada.

Preliminary conclusions presented below on the age,
origin, and geologic relations of the Darrough Felsite
differ from those of Ferguson and Cathcart (1954) and
indicate that the Darrough is a thick pile of siliceous
tuff, breccia, and possibly lava of middle Tertiary age.
We find no genetic relation between the Darrough and
the Pablo Formation. There is no convincing evidence
of Permian silicic volcanism in the area of the southern
Toiyabe Range.

Three possible origins are considered for the Dar-
rough Felsite. It may represent volcanic and epiclastic
rocks that filled a volcanotectonic depression; it may be
pyroclastic rock that accumulated around the vent of a
volcano and became extremely thick owing to caldera
collapse and infilling, possibly accompanied by domal
intrusion and resurgence; or it may be the product of a
large endogenous and exogenous flow-dome complex.

The Darrough Felsite is a physically challenging
body of rock to study in the field owing to precipitous
slopes and great relief. Complete areal investigation of
the unit will require considerable time, and the present
preliminary study is of the more accessible parts of the
unit.

GEOLOGIC SETTING

The distribution of the main body of the Darrough
Felsite, as modified from Ferguson and. Cathcart
(1954), is shown in figure 1. These authors also de-

lineated a sizable body of Darrough Felsite north of

the mouth of Peavine Canyon, about 15 km to the
south. We have not examined that body, but F. J.
Kleinhampl, oral commun., 1971) believes that it is
correlative with rocks mapped as Darrough Felsite of
the main body as shown in figure 1.

Rocks of pre-Tertiary age include early Paleozoic
and Permian rocks (Ferguson and Cathecart, 1954),
Pennsylvanian rocks (F. J. Kleinhampl, oral commun.,
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F16URE 1.—Geologic map of part of the southern Toiyabe Range, Nev. Modified from Ferguson and Cathcart (1954).

1971), and the Pablo Formation. These are grouped in
a single map unit (fig. 1). The Pablo Formation was
thought by Ferguson and Cathcart (1954) to lie con-
formably on Permian conglomerate and to be Permi-
an(?) in age, but it is allochthonous in the Toiyabe
Range (Speed, 1973) and can be dated only as older
than the 53.9-m.y. K-Ar age of the Ophir pluton (table
1) which intrudes it. The Pablo contains abundant
mafic volcanic rock, chiefly basaltic pillow lava, and
bedded tuff. SiO. contents of two fresh-looking clino-
pyroxene-bearing Pablo basalts are 45.0 and 48.0 per-
cent, and K,O contents are less than 0.25 percent. No
siliceous volcanic rocks are recognized in the Pablo. All
the pre-Tertiary rocks contain at least two sets of tec-
tonic folds, none of which is recognized in the Dar-
rough Felsite.

Tertiary extrusive rocks comprise three units in
figure 1, in addition to the Darrough Felsite, with an-
desite constituting a probable pre-Darrough, basal
Tertiary unit. Numerous small erosional remnants of
andesite that overlie Mesozoic and Paleozoic rocks in
Pablo and Jett Canyons are cut by granitic dikes of
the Jett Canyon system, one of which in Jett Canyon
is dated at 29.4 m.y. (table 1). Though the Darrough
Felsite and the andesite are not in contact, intrusive
relations of the dikes and the andesite and the dikes
and the Darrough suggest that the andesite is older
than the Darrough. We suggest that the andesite may
be correlative with similar rocks dated at about 35 m.y.
that form the base of Tertiary sections to the north,
northwest, and northeast of the area of figure 1 in the
Clan Alpine, Shoshone, Toiyabe, and Simpson Park

PRE-TERTIARY
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TaBLE 1.—K-Ar analytical data from samples of the Darrough
Felsite and associated rocks, southern Toiyabe Range

[Constants : K4A=0.584 X 10-1%/yr ; AB=4.70 X 10-1°/yr; atomic
at ndant K9=1.19 X 10—+. Argon analyzed by scandard isotope dilu-
tion techniques on a Neir-type 6-in-radius 60°-sector mass spec-
trometer. K:0 analysis by flame photometer using a lithium internal
standard. Sample locations in fig. 1)

Radio- Radio-
Name and Mineral Appar-
Sampl relation to and K20 genie genle ggt
Dle Arto Ar
Darrough in wt (mol/ (per- age
Felsite pereent . 50%)  cent) (m.y.)
1____Darrough Felsite - Sainzl%dlge, 4.577 47 22.3+0.8
.79.
2 do - Saﬂdér_}e, 3.838 56 22.740.8
3 do —-. Hornblende, .949 49 26.7+1.0
2.37, 2.40.
4____Tuff of intermedi- Sanidine, 4.125 56 22,7+0.8
ate unit. 12.19,
§----Quartz monzonite Biotite, 2.981 66 29.4+0.8
dike intrusive 6.8.
into Darrough
Felsite.
6____Ophir pluton (older Biotite, 5.884 83 53.9+1.5
than Darrough 7.29.

Felsite).

Ranges (Riehle and others, 1972; McKee and Stewart,
1971 ; McKee, 1968).

The youngest unit of Tertiary volcanic rocks is the
Toiyabe Quartz Latite, a regionally extensive succes-
sion of distinctive ash-flow tuffs."The Toiyabe Quartz
Latite contrasts markedly with the Tertiary rocks be-
low it because it contains a hign proportion of only
moderately compacted tuffs, in sharp contrast to the
strongly compacted and locally silicified subjacent
tuffs. A K-Ar age of 21.5 m.y. was obtained
for the Toiyabe Quartz Latite about 10 km
west of figure 1, (Kleinhampl and Ziony, 1967).
The basal contact of this unit shown in figure 1, taken
from Ferguson and Cathcart (1954), is apparently an
unconformity.

A third Tertiary unit of tuff, volcanic breccia, and
sedimentary breccia (fig. 1) corresponds to the Es-
meralda Formation of Ferguson and Cathcart (1954)
and was designated the middle voleanic unit by Klein-
hampl and Ziony in 1967. Although it has some litho-
logic similarities to the Esmeralda, it is probably most-
ly older than that formation in its type area. The unit
contains tuff and epiclastic volcanic rocks that lie
below the Toiyabe Quartz Latite and above the Dai-
rough Felsite over most of the area of figure 1 but
below the Toiyabe Quartz Latite and above Tertiary
andesite west of Jett Canyon where the Darrough is
absent. Future work may prove that this unit includes
several unrelated Tertiary units and, in particular, that
much of it shonld be included in the Darrough Felsite.

In the North Twin River drainage (fig. 1), the basal
rocks of this unit are about 100 m of massive epiclastic
breccia, microbreccia, and pebbly feldspar-chert sand-
stone. The breccias contain clasts of pre-Tertiary rocks
and Tertiary andesite, dense siliceous volcanic rocks,
and quartz. Well-developed bedding in the sandstones
is concordant with compaction foliation in subjacent

Darrough Felsite. These sedimentary rocks were as-
signed by Ferguson and Cathcart (1954) to the Permi-
an Diablo Formation, but such correlation is unlikely
because the type Diablo does not contain volcanic frag-
ments and feldspar grains common in these sedimen-
tary rocks. The sedimentary rocks lie above the Dar-
rough as mapped in figure 1, and they resemble epi-
clastic rocks locally within the Darrough.

The tuff, volcanic breccia, and sedimentary breccia
are conformably overlain by at least 600 m of densely
compacted ash-flow tuff also included in the unit. The
tuff contains sanidine, plagioclase, and quartz pheno-
crysts and sparse aphanitic lithic fragments. Eutaxitic
structures are prevalent, but compaction zonation is
unrecognized. The tuff has a smaller proportion of
crystals and is slightly less dense than typical Dar-
rough Felsite. The greater density of the Darrough is
thought to be due to thorough silicification, however,
rather than greater compaction. A K-Ar date on sani-
dine from this tuff (No. 4, table 1) is 22.7+0.8 m.y., a
nearly identical age to that of two sanidine separates
from the Darrough Felsite. The age, degree of com-
paction, lithologies, and attitude of rocks in the tuff
and breccia unit in the North and South Twin River
drainages suggest a genetic affiliation of such rocks
with the Darrough.

West of Jett and Pablo Canyons (fig. 1), the tuff
and breccia unit contains more variably compacted
rocks. Such rocks lie above Tertiary andesite, and their
relations with the Darrough are unclear.

Figure 1 shows segments of a system of steep dikes
that cut pre-Tertiary rocks, Tertiary andesite, and some
parts of the Darrough Felsite. These dikes consist vari-
ably of rhyolite porphyry, porphyritic granitic rocks,
‘breccia, and, in places, tuff. The siliceous dikes occur in
an anastomosing network, here called the dike system
of Jett Canyon. Lithic variations in this dike system
are both vertical and subhorizontal, perpendicular to
the walls, as well as along strike. In general, granitoid
rocks occur where the dikes are thick (as much as 500
m), and rhyolite porphyry in dikes that are narrower
than 10 m. Breccia dikes contain clasts of older rocks,
including Tertiary andesite. Serpentinite occurs along
thin dikes and faults between dikes.

DARROUGH FELSITE AS A LITHIC UNIT

Previous interpretations
Ferguson and Cathcart (1954) observed that the

Darrough Felsite is largely fine-grained igneous rocks
consisting of quartz, K-feldspar, plagioclase, biotite,
and devitrified glass. They further noted that well-
defined flow handing is widespread and that the rocks
are porcelaneous at places but granitoid at others. They
felt that such textures perhaps best indicated that
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siliceous lava flows make up much of the Darrough
Felsite. Their interpretation that the contacts of the
Darrough were all intrusive with respect to older rocks,
however, apparently forced a conclusion that the unit
is largely an intrusion. Furthermore, Ferguson and
Cathcart (1954) found felsite-pebble conglomerate in-
terbedded with so-called flow rocks within the Dar-
rough Felsite. Apparently because of the seeming con-
flict that the Darrough contains intrusive, extrusive,
and sedimentary rocks, Ferguson and Cathcart (1954)
assigned the layered rocks, at least in part, to inliers or
pendants of the Pablo Formation within the intrusive
mass of the Darrough. '

A pre-Tertiary age of the Darrough Felsite was as-
sumed by Ferguson and Cathcart (1954) because the
Darrough is intruded by granitic rocks assigned by
them to the Jurassic(?). They reasoned that an ap-
parent relationship of the Darrough Felsite and the
Pablo Formation made probable a Permian age for the
Darrough. The correlation of Darrough Felsite and
the Pablo Formation was influenced further by the as-
sumption that siliceous flows, lithologically like Dar-
rough Felsite, occur in the Pablo Formation elsewhere.

New observations

.Reconnaissance-investigations indicate that the Dar-
rough Felsite .is. a thick sequence of.subtly layered
.rocks consisting of variably compacted crystal-lithic
siliceous tuff, tuff breccia, lava, volcanic and sedimen-
tary breccia, and sandstone. The exposed thickness
exceeds 2,000 m, and the total thickness is likely to be
far greater. Tuff and tuff breccia appear to dominate
the sequence. Such rocks are characteristically rich in
crystals (average 40 percent phenocrysts), and they
commonly contain an abundance of small lithic clasts
as well as crystals. Some vertical intervals exceeding
50 m are made up of very coarse unsorted epiclastic
breccia whose clasts are of various sedimentary and
metasedimentary rocks, granitic rocks, and other silice-
ous igneous rocks. Associated with these breccias are
local, generally thin intervals of bedded gravel- and
sand-sized lithic particles and quartz and feldspar
crystals.

Intrusive rocks, such as those mapped by Ferguson
and Cathcart (1954) at South Twin River, do exist in
the Darrough Felsite. Our reconnaissance indicates,
however, that the proportion of intrusive rocks in the
Darrough is not as large as originally supposed.

All the layered rocks of the Darrough Felsite, in-
cluding tuffs, breccias, flows, and sedimentary types,
are extremely hard and nonporous. Such properties
appear to be uniform throughout the Darrough re-
gardless of degree of compaction of the tuff or degree

of sorting in the sediment. Indeed, measurements of
the density of tuffs in the Darrough indicate uniformly
negligible porosity. The entire body appears to be
silicified to some extent, and there is evidence of hydro-
thermal alteration and weak metamorphism at many
places.

The lithologic zoning, bedding in sedimentary rocks,
and compaction foliation in tuff are coplanar within
local areas. Departures from parallelism exist where
compaction foliation of the tuffs is bent in ramp struc-
tures and small flowage folds, especially near the base
of the unit. General attitudes of planar structures are
indicated at several places in figure 1; maximum dips
are about 45°, but in most places dips are nearly
horizontal.

The basal contact of the Darrough Felsite appears
to be a regular surface and where it can be walked out
near the mouth of North Twin River, it is planar over
distances of 100 m. At this locality the contact is an
angular unconformity with folded pre-Tertiary rocks.
Farther west, the northern boundary of the Darrough
is a high-angle fault intruded by a dike lithologically
correlated with the dike system of Jett Canyon. At
Broad Canyon, a wide segment of the Tertiary Jett
Canyon dike system intrudes the contact of the Dar-
rough Felsite and older rocks. Layering in the Dar-
rough at Broad-Canyon is concordant to the trend of
the dike and is.discordant to bedding and fold elements

‘in older rocks to the southeast.

It seems clear that the Darrough Felsite was not
deformed with rocks assigned to the Pablo or older
pre-Tertiary formations, whose penetrative deforma-
tion was completed before emplacement of the Dar-

rough. Furthermore, there appears to be no particular

spatial association of the Darrough Felsite and any
older rock unit. The Darrough is not a genetic affiliate
of the Pablo Formation, as suggested by Ferguson and
Cathecart (1954), and the Pablo does not contain
siliceous lavas. Foliated rhyolitic rocks that intrude
the Pablo as well as other pre-Darrough units in Jett,
Pablo, and upper Peavine Canyons are here assumed
to be segments of the Tertiary dike system of Jett
Canyon.

TUFFACEOUS ROCKS OF THE DARROUGH FELSITE

Tuffaceous rocks of the Darrough Felsite include
three chief intergradational types, here called crystal-
tuff breccia, crystal-lithic tuff, and distinetly laminated
crystal tuff. All contain between 20 and 60 percent
crystals and average about 40 percent. The crystal as-
semblage is rather uniform in the specimens examined.
Quartz, at places highly resorbed, is generally more
abundant than K-feldspar or plagioclase, which are in
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generally equal proportions. K-feldspar has 2V~25°
and about 12 percent K.O (average of two analyses),
indicating it is sanidine; plagioclase is mildly zoned
and has compositions estimated at An,, to An,. The
albite is probably in large part modified to its present
composition by hydrothermal alteration. Sparse, coarse
biotite flakes are widespread but rare and hornblende
phenocrysts occur at a few places. In most specimens,
the feldspar phenocrysts appear fresh, whereas the
mafic minerals are variably altered. The crystal mode
implies that the tuffs are rhyolite to quartz latite or
rhyodacite. The matrix of the tuff which was once
shards is now uniformly crystallized or devitrified and
is a dense microcystalline intergrowth of quartz, K-
feldspar, and plagioclase. X-ray diffraction analysis
of the matrix suggests that the quartz content exceeds
that of feldspar by a factor of 3 or more. Very fine
grained secondary brown biotite occurs in crystal tuffs
at a few places along certain foliae, enhancing the al-
ready conspicuous foliation. Thin veinlets of epidote
and chlorite that cut the foliation are scattered
throughout the Darrough Felsite. The tuff also con-
tains a widely varying quantity of lithic fragments
whose diameters are generally less than 10 em and
mostly a centimetre or less. The clast types are
aphanitic felsic igneous rocks, granitic rocks, chert,
slate, quartzite, marble, gray limestone, laminated cal-
careous siltstone-mudstone, and cale-silicate and pelitic
hornfels. The fine-grained igneous clasts are much like
the crystal tuff of the Darrough Felsite except that the
phenocryst content is lower and the foliation less well
developed in the clasts. The clasts of sedimentary and
metasedimentary rocks can all be related to rocks in
various pre-Tertiary units in the area of figure 1.

The crystal-tuff breccias contain such a high propor-
tion of lithic clasts that the crystals and clasts in effect
constitute a rigid particle framework. The framework
evolved in some samples by moderate compaction and
welding, and in others, it existed at the time of em-
placement by tight grain packing. Relics of devitrified
undeformed shards occur abundantly in the framework
interstices. Some pumice blocks and lapilli in tuff
breccia are squashed, but where they exist between rig-
id particles, pumice lapilli are relatively undeformed.
Foliation in the tuff breccia is defined by the elonga-
tion of occasional collapsed pumice clasts. Welding of
some degree is apparent in some of the crystal-tuff
breccias.

The term “crystal-lithic tuft” is used for rocks in
which crystals and lithic fragments are largely sus-
pended in ash, shards, and pumice, all of which are
now completely welded and devitrified. Lithic clasts
are less plentiful in this rock type than in the tuff

breccia. Relict shard textures in most of the crystal-
lithic tuffs show that the tuffs are highly compacted,
but they are locally less deformed where pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>