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[SI, International System of Units, .a modernized metric system of measurement..

SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

‘All values have been rounded to four significant digits ex-

cept 0.01 bar, which is the exact équivalent of 1 kPa. Use of hectare (ha) as an alternative name for square hectometer (hm?) is restricted
to measurement of land or water areas. Use of liter (L) as a special name for cubic decimeter (dm3) is restricted to the measurement of

liquids and - gases;

no prefix other. than milli should be used: with liter. Metric. ton (t) as a name for megagram (Mg) should be restricted to

commercial -usage,- and no prefiXes should be used with it. Note that the style of meter? rather than square meter has been used for con-
venience in- ﬁnding units in this table Where the units.are’ spelled out in text, Survey style is to use square meter]

SI unit . U.S. customary equivalent SI unit U.S. customary equivalent
) ‘ ’ Length Volume per unit time (includes filow)—Continued
millimeter (mim) = ...0.039.37 inch (in) _ = 15.85 gallons per minute
meter (m) = 3.281 feet (ft) (gal/min)
. = 1.094 yards (yd) = 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540'0 mile, nautical (nmi) : B . 1 bbl=42 gal)
- meters per second .(m¥/s) = 35.31 feet3 per second (ft3/s)
Area = 15850 gallons per minute
N . (gal/min)
centimeterz (cm?2) - = .0.155 0 inch? (in?) —_
meter? (m?2) = 10.76 feet? (ft2) Mass
= %)(l)gg 2471 Jarast (v4) ‘
hectometer* (hm?) = 9an ;’g‘és : gram (g)- = 0.035 27 ougsepavoirdupois (0z
’ ) = 0:003 861 bectxorig)(e‘lo acres-or - kilogram (kg) 2.205 poungs)avoirdupois (b
_ avdp
kilometer? (km?) = 0.386 1 mile? (mi?) megagram (Mg) = 1.3322 tons,l short2(2 000b 1b)
Volume - = 0. ton, long (2 240 1b)
centimeters (cms) - 0.061 02 inch? (in?) Mass per unit volume (includes density)
decimeters (dms3) = 61.02 inches® (in3)
= 2.113 pints (pt) kilogram per meters = 0.062 43 pound per foot3 (1b/fts)
= 1.057 quarts (qt) (kg/m3)
= 0058 §1 %align(f(g;l)
= L 0¢ 00
meters (m?) = 35.31 feetd (its) Pressure
= 1.308 yards? (yds)
= 264.2 gallons (gal) kilopascal (kPa) 0.1450 pound-force per inch2
= 6.2 barrels (bbl) (petro- (1bf/in2)
leum, 1 bbl=42 gal) 0.009 869 atmosphere, standard
= 0.000 810 7 acre-foot (acre-ft) (atm)
hectometerd (hm?) = 810.7 acre-feet (acre-ft) = 0.01 bar \ :
kilometers (kms3) = 0.2399 mile? (mi3) = 0.296 1 inch of mercury at
N 60°F (in Hg)
Volume per unit time (includes flow)
dec(idmet/er)“ per second = 0.035 31 foot3 per second (ft3/s) Temperature
m3/s
feet3 per minute (ft3/ temp kelvin (K) [temp deg Fahrenheit (°F)4-459. 67]/1 8

2,119

min)

temp deg Celsius (°C)

[temp deg Fahrenheit (

(°F) —32})/

II

does not constitute endorsement by the U.S. Geological Survey.

Any use of trade names and trademarks in this publication is for descriptive purposes only and
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USE OF INFRARED IMAGERY IN BANK-STORAGE STUDIES

By T. H. THOMPSON, Menlo Park, Calif.

Work done in cooperation with Bonneville Power Administration

Abstract.—The use of thermal infrared imagery as a recon-
naissance tool to identify bank seepage was investigated at
Franklin D. Roosevelt Lake in northeastern Washington. The
banks of the lake are generally composed of glacial lacustrine
sediments deposited when the Cordilleran ice sheet dammed

the Columbia River at least three times during the Pleistocene.

The existence of a significant amount of bank storage was sus-
pected. An airborne scanner having a spectral coverage of 8.5
to 11 micrometres and continuous filmstrip output was used
.in two test flights of March 27 and April 24, 1973. These flights
were made during the reservoir drawdown when ground-
water flow was from the banks to the reservoir and the
ground water was warmer than the lake. The imagery shows
temperatures in the lake ranging from 5° to 13°C. The lighter
tones of the imagery show lake circulation patterns and exten-
sive areas of bank seepage, spring discharge, stream inflow.
and subsurface discharge whch are all distinguishable from the
darker tones of the colder lake surface. Bank seepage and
ground-water discharge generally are evident where uncon-
solidated glacial sediment rather than bedrock is present.

Within the last decade airborne thermal infraved
(IR) detectors have been recognized as a valuable re-
connaissance tool for hydrologic investigations. By
sensing surface-temperature differences from the air,
many hydrologic phenomena can be detected rapidly
and at less cost than by ground survey. When aerial
IR imagery is obtained in conjunction with surface-
temperature measurements, synoptic surface tempera-
tures can be determined. The technique permits recog-
nition of hydrologic features such as lake or ocean cir-
culation patterns, sea-ice dynamics, thermal plumes,
spring discharges, and areas of ground-water dis-
charge which are difficult to detect at the surface.

The use of thermal IR imagery for the detection of
ground-water discharge has been described by numer-
ous investigators including Fischer, Davis, and Sousa
(1966), Lee (1969), Hunn and Cherry (1969), Pluhow-
ski, (1972), and Wood (1972). This study was under-
taken to determine if airborne thermal IR imagery
could be used to locate areas of ground-water discharge
to Franklin D. Roosevelt Lake and to relate such areas

_to the geology of the lakeshore area. A significant

amount-of bank storage (greater than 4 percent of
usable storage) is believed to exist in the glacial sedi-
ments adjacent to the reservoir.

Franklin D. Roosevelt Lake (hereafter rcferred to
as the lake) is located in northeastern Washington (fig.
1) and was created by the construction of Grand Cou-
lee Dam, completed in 1941. It extends 233 river kilo-
metres from Grand Coulee Dam to the international
boundary. The lake has a total capacity of 1.179x10*
cubic metres (m*) and a usable storage of 6.453 X10°

119°00’ 30 118°00' 30'

49°00" BRITISH_COLUNSBIA |
# Pend Oreille]
River
Northport

[
P4
<
~
P4
ol

. Kettle Falls

JColville

o

=

I

3
300 P
2
w
I
Q

r

OKANOGAN
PLATEAU

48°00'

Little Falls -
Dam

EXPLANATION

. SPOKANE
—— —— Extent of glacier 4

20 MILES
0 10 20 KILOMETRES
30" L s L s

0 10

F1¢ure 1.—Index map of Columbia River valley of northeast-
ern Washington showing areas of detailed study and maxi-
mum southern extent of glacial ice during Pinedale Glacia-
tion.
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m?® between its normal operating elevations of 368 and
393 m above mean sea level.

This investigation is part of a long-term project in
the Pacific Northwest to determine the potential for
and physical characteristics of bank storage at reser-
voirs in the Federal Columbia River Power System.
Bank storage is defined by Lohman and others (1972,
p. 12) as the amount of storage change in an aquifer
resulting from a change in stage of an adjacent sur-
face-water body such as a reservoir or river. An under-
standing of the flow characteristics and total volume
of bank storage can be used to increase the efficiency
of operation of the reservoirs in this integrated power
system. Projected flow from bank storage during draw-
down can be incorporated into reservoir operation
plans. Thus, such data can (indirectly) result in in-
creased power sales from the same physical facilities.

After the existence of bank storage is identified by
thermal IR imagery and other reconnaissance tech-
niques, such as an observation-well network adjacent
to the lake, a quantitative determination of bank-
storage volumes will be made. A water-budget anal-
ysis and mathematical model will be made for the
lake as was done at Hungry Horse Reservoir in north-
western Montana (Simons and Rorabaugh, 1971;
Thompson, 1974).

Acknowledgments.—This study is part of the con-
tinuing program of hydrologic investigations in the
Columbia River basin undertaken by the U.S. Geologi-
cal Survey in cooperation with the Bonneville Power
Administration. The author wishes to acknowledge F.
A. Limpert, Head, Hydrology Section, Bonneville
Power Administration, in the development of the
bank-storage project, and W. D. Simons, U.S. Geologi-
cal Survey, Menlo Park, Calif., for coordinating the
remote-sensing activities. The author is grateful to
Arnold Boettcher, U.S. Geological Survey, Helena,
Mont., for the assistance in imagery interpretation.

PHYSIOGRAPHIC AND GEOLOGIC SETTING

The lake lies within two different physiographic sub-
divisions. The southern part of the lake, including the
Spokane River arm, is bounded on the south by the
nearly flat Columbia Plateau. The northern part of
the lake lies within the mountainous highlands in the
south-trending Columbia River valley.

From the upstream end of the lake at the interna-
tional boundary, the Columbia River flows southwest
in a broad valley between the Rossland Mountains to
the northwest and the Chewelah Mountains to the
southeast (fig. 1). The Kettle and Colville Rivers join
the Columbia River at the southern tip of the Ross-
land Mountains. From there the Columbia River flows

south between the Kettle River Range to the west and -

the Huckleberry Mountains to the east. The bedrock
of the mountain highland exposed along the 160 km
of valley walls is composed principally of limestone,
marble, quartzite, schist, gneiss, and granite of Paleo-
zoic and Mesozoic ages (Pardee, 1918; Weaver, 1920;
Mills, 1969).

The Spokane River arm of the lake begins just be-
low Little Falls Dam and extends northwestward 47
km to the confluence with the Columbia. The Columbia
turns westward a few miles below the confluence and
follows a sinuous west-northwest course to Grand
Coulee Dam 74 km downstream. The westward course
of the Spokane and Columbia Rivers is a result of a
blocking of the south-flowing rivers by a massive lava
plateau in Miocene time. Bedrock formations on the
south of the Spokane arm and Columbia River are
principally lava flows of the Columbia Plateau while
on the north they are granite rocks of the Colville
batholith (Jones and others, 1961).

About 90 percent of the 1,060 km of shoreline of
the lake is bordered by sediments of Pleistocene age
(Jones “and others, 1961, p. 5). According to Rich-
mond, Fryxell, Neff, and Weis (1965) and a summary
of their work by Anderson (1969, p. 12-15), the de-
posits exposed in the lake area indicate five separate
advances of the Cordilleran ice sheet. The Okanogan
lobe formed an ice dam across the ancestral Columbia
River at approximately the same location as Grand
Coulee Dam at least three different times (fig. 1).

The unconsolidated deposits of Pleistocene age con-
sist of locally well-sorted deltaic deposits, outwash,
flood gravel, glacial-lake silt and clay, till, and land-
slide debris. According to Jones, Embody, and Peter-
son (1961, p. 4) 25 to 50 percent of the fill in the Co-
lumbia River valley is sand and gravel in the reach
from Kettle Falls to about 30 km below Grand Coulee
Dam.

Drillers’ logs from 37 wells tapping the glacial de-
posits at various points along the shoreline of the lake
indicate large variations in sediment type, both ver-
tically and horizontally, as would be expected from
the depositional history previously described. Pub-
lished geologic data for most of the area does not
differentiate the various Pleistocene sediment types.

Hydrologic Characteristics of Geologic Units

The water-bearing characteristics of the bedrock
and sedimentary deposits adjacent to the lake are
discussed by Anderson (1969, p. 15-19). He subdivides
bedrock into three subgroups: (1) basaltic rocks, (2)
limestone, and (3) granite and miscellaneous meta-
morphic rocks. The basalt and the granite and mis-
cellaneous rocks have little water-yielding potential
except at isolated locations. North of Kettle Falls,
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F1eUure 2.—Imagery obtained March 27, 1973, of Franklin D. Roosevelt Lake, showing ground-water discharge to the reservoir.
Solid arrows, bank seepage and springs; dotted arrows, subsurface discharge; circle, observation well. A, Near Cedonia;
approximate scale, 1:40,000. B, Near Fruitland; approximate scale 1 :50,000.
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Fi1eure 3.—Imagery obtained April 24, 1973, of Franklin D. Roosevelt Lake, showing ground-water discharge to the reservoir.
Solid arrows, bank seepage and springs; dotted arrows, subsurface discharge; circle, observation well. A4, Near Cedonia;
approximate scale, 1:40,000. B, Near Fruitland; approximate scale, 1:50,000. ¢, At Swawilla Basin, about 8 km upstream
from Grand Coulee Dam; approximate scale, 1:43,000.
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water may occur in the limestone which crops out in
several areas adjacent to the reservoir.

In the area bordering the lake, most of the ground
water 1s available from the unconsolidated deposits of
Pleistocene age (Anderson, 1969, p. 15). The well-
sorted deltaic deposits and glacial outwash, where free
of silt and clay, yield large volumes of water while
the glacial-lake silt and clay deposits are generally
too fine grained to yield water. The till generally has
a low permeability and the landslide debris is varia-
ble in its water-yielding capabilities.

DISCUSSION OF IMAGERY

Water vapor, carbon dioxide, and ozone in the at-
mosphere absorb most terrestrial radiation. However,
the atmosphere is nearly transparent to radiation in
the ranges 3 to 5 and 8 to 13 um (micrometres). These
ranges are commonly known as the atmospheric win-
dows. The tonal contrast recorded by IR scanners in
these radiation bands is directly related to surface-
temperature differences.

The approximate locations and extent of imagery
presented in this report are shown in figure 1. The
distortion of the lake in the imagery is a result of the
irregular flichtpath which followed the course of the
reservoir.

Equipment

The aerial thermal IR scanner used in this study is
owned and operated by the U.S. Forest Service, Boise,
Idaho. The scanner, manufactured by Texas Instru-
ments Co. (type RS-T7), is cooled by a closed-cycle
cooler aboard the aireraft and has a spectral coverage
from 3 to 4.1 ym and 8.5 to 11 um. It has a 120° total
field of view and operates at 200 scan lines per second.
The scanner has two black-body calibration sources.
The display is on a continuous rectilinearized film-
strip exposed by a high resolution cathode-ray tube,
and the film is processed in near real time aboard the
aireraft.

Flights

Two recording flights were made in 1973 during the
winter-spring reservoir drawdown. Both flights were
made during predawn hours to eliminate the effects of
solar heating and reflectance and during clondless con-
ditions to eliminate absorption of energy by clouds.
Only the 8.5- to 11-um spectral range was used dur-
ing these flights. The first flight covering approxi-
mately 80 km of the lake from Hawk Creek to a point
Fieure 3.—Continued. 10 km north of Rice, Wash., was made on March 27.
The lake elevation was 379 m.
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Fieure 4.—Sketch showing glacial deposits and bedrock and approximate extent of imagery near Cedonia, Wash.
Geology from Becraft (1966).
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The second flight was made on April 24, 1973, and
the imagery covered the entire lake to the interna-
tional boundary and the Spokane River arm to Little
Falls Dam. The lake was at an elevation of 369 m.

Flight of March 27, 1973

Parts of the imagery recorded on March 27 in the
vicinity of Cedonia and Fruitland are shown in figure
2. During the 10 days prior to the flight, the lake was
being drawn down at a rate of 0.415 m/d (metre per
day). Water was flowing from bank storage to the
lake as springs and diffuse bank seepage. The water
level in an observation well adjacent to the lake near
Fruitland (circle in fig. 2B) declined an average of
0.323 m/d for the period March 17-26, 1973.

In the imagery, light areas indicate warm surfaces,
whereas the dark areas are cold. Ground-water tem-
peratures measured in wells adjacent to the reservoir
ranged from 10° to 13°C. Lake temperatures ranged
from 5° to 12°C, while small streams tributary to the
lake averaged about 5°C. Minimum air and ground-
surface temperatures around the reservoir on March
27 averaged 2°C. Based upon the known temperatures,
the scanner was calibrated on March 27 (fig. 2) to re-
cord white for greater than 12°C to black for tem-
peratures less than 2°C. Temperatures between 12°
and 2°C range in the imagery from very light gray
to very dark gray.

Indications of ground-water discharge into the res-
ervoir are discernible on the imagery of March 1973
due to the difference in temperature between the
ground water (13°C) and the lake (5°C). The solid
arrows in figure 2 point to more intense light-toned
areas where diffuse bank seepage and large springs
discharge to the lake. A stream flowing to the lake
can be seen in the lower left corner of figure 2B. The
less intense light plumes fanning out from shore (dot-
ted arrows) are likely to be the result of subsurface
discharge of ‘ground water due to the higher hydraulic
head onshore. The water level in the observation well
(fig. 2) on March 27 was 2.15 m higher than the lake
level. However, the temperatures recorded in the im-
agery are for the top few millimetres of surface, and

positive identification of subsurface flow is not pos-
sible. '

Lake circulation patterns that generally trend down-
stream can also be seen in the imagery. The circula-
tion is due to the lake being drawn down, to wind, and
to flow to the lake. The net change in the content of
the lake during drawdown was —1,250 m?/s (cubic
metres per second) on March 27.

Flight of April 24, 1973

Parts of the imagery recorded on April 24 near Ce-
donia, near Fruitland, and 8 km upstream from Grand
Coulee Dam are shown in figure 3. The areas shown
in figure 34 and B near Cedonia and Fruitland are
approximately the same as those shown in figure 24
and B. The lake was being drawn down at the average
rate of 0.250 m/d for the 10 days prior to the April
24 flight, and water continued to flow from bank stor-
age to the lake.

River temperatures at the international boundary
gaging station, Columbia River at Northport, during
the week prior to the April 24 flight ranged from 7°
to 7.5°C. The temperature of the Spokane River at
Long Lake, which flows to the lake, ranged from 6°

- to 10.5°C during the same period. No lake or ground-

water temperatures were obtained prior to the April
24 flight.

Since little change in ground-water temperature is
likely to occur in 28 days, it was assumed that tem-
peratures remained at about 10° to 12°C. Minimum
air and surface temperatures around the reservoir
averaged 1°C on April 24. In the imagery the white
areas are equal to or greater than 10°C, where ground
water is discharging at or above the lake surface. The
black surfaces on shore are 2°C or less. The gray sur-
faces on the lake range from 6° to 10°C.

In figure 3, the solid arrows point to the light-toned
areas where bank seepage and springs flow to the lake.
The water level in the observation well (fig. 3B) was
4.58 m higher than the lake level on April 24 and was
declining at an average rate of 0.210 m/d. Plumes of
subsurface discharge (dotted arrows) are also visible,
particularly in figure 3C at the mouth of Niles Canyon.
Here the subsurface flow is probably larger due to the
higher permeability of the outwash gravels in the -
canyon and deltaic deposits at the canyon mouth.

The bank seepage in the April 24 imagery appears
less intense and less extensive than in that of March
27 when A and B of figure 3 are compared with 4 and
B of figure 2. This difference could be due to a higher
rate of dewatering of the banks in March when the
lake drawdown rate was 0.415 m/d compared with the .
rate in April that averaged 0.250 m/d. Also, the bank
seepage may appear less intense because of less con-
trast between ground-water and lake temperatures.

Indications of bank seepage on some parts of the film-
strip are obscured by light streaks on the film caused
by electronic noise in the recording system. By use of
simultaneous magnetic-tape recording of the sensor
signal and later computer processing of the tape, the
streaks could possibly be eliminated while the contrasts
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of the imagery patterns would be increased (A. J.
Boettcher, written commun., 1972).

RELATIONSHIP BETWEEN SEEPAGE AND GEOLOGY

Maps showing the approximate extent of bedrock
and glacial lake deposits based upon the geology by
Becraft (1966), Campbell and Raup (1964), and Par-
dee (1918) near Cedonia, near Fruitland, and 8 km
upstream from Grand Coulee Dam are shown in figures
4, 5, and 6, respectively. The bedrock units are not
differentiated. The approximate extent of the cor-
responding imagery is also shown on the maps. When
the maps are compared with the imagery, areas of ex-
tensive glacial lake deposits are seen to be areas where
bank seepage is generally prevalent. Conversely, there
is little indication of bank seepage in areas where the
bedrock is exposed along the lake’s shoreline. Discharge
varies greatly in the areas of glacial deposits, prob-
ably due to the variable nature of the sediments. Since
the glacial deposits are undifferentiated in the geologic
maps, further study is needed to verify this supposi-
tion.
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SUMMARY AND CONCLUSIONS

The thermal imagery recorded in March and April
1974 shows water temperature differences that range
from 5° to 12°C in Franklin D. Roosevelt Lake. Lake
circulation patterns and areas of bank seepage, spring
discharge, stream inflow, and subsurface discharge are
all discernible as tonal contrasts in the imagery. The
areas of bank seepage and subsurface ground-water
discharge generally occur in areas where glacial sedi-
ments rather than bedrock are present.

Aerial thermal IR imagery can be used as a relative-
ly inexpensive reconnaissance technique to determine
areas for further investigations of bank-storage poten-
tial. The flights must be made when the reservoir is
being drawn down and when there is a detectable dif-
ference between ground-water and lake temperatures.

Aerial thermal TR imagery is particularly useful
as a reconnaissance tool in the Pacific Northwest be-
cause periods of reservoir drawdown and maximum
bank seepage occur during late winter and early spring.

118°15’

O Fruitland

F1GURE 5.—Sketch showing glacial deposits and bedrock and approximate extent of imagery near Fruitland, Wash. Geology
from Campbell and Raup (1964).
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F1cure 6.—Sketch showing glacial deposits and bedrock and approximate extent of imagery of the Swawilla Basin.
No geologic data available for south side of lake. Geology for north side modified from Pardee (1918).
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During this period, the temperature difference between
surface water and ground water is at a maximum.
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TRANSVERSE MIXING IN THE MOBILE RIVER, ALABAMA

By WILLIAM MEYER, Indianapolis, Ind.

Abstract.—Transverse dispersion in the Mobile River was
measured by (1) ground-based techniques using water samples
and a fluorometer and (2) by aerial photography. Magnitude
of the transverse mixing coefficient obtained by the two meth-
ods was 6.2 feet squared per second (0.58 metre squared per
second) and 5.0 feet squared per second (0.46 metre squared
per second), respectively. The value of the numerical coeffi-
cient k, which relates the transverse mixing coefficient E. to
shear velocity U* and average depth of flow, d, by the rela-
tionship k=E./U*d, was 7.2.

Transverse dispersion was measured in the Mobile
River in southern Alabama by ground-based techniques
described by Yotsukura, Fischer, and Sayre (1970)
and by remote-sensing techniques described by Murray,
Smith, and Sonu (1970). Although the techniques de-
scribed by Murray, Smith, and Sonu (1970) had been
used successfully in large bodies of water such as the
Gulf of Mexico, they had not been used previously in
a large stream. This study afforded the opportunity to
do so and, in addition, allowed a comparison of the
results obtained from the two techniques. This report
summarizes the two approaches used and the results
obtained from the investigation.

Acknowledgments—This investigation was a joint
effort of U.S. Geological Survey personnel from the
Alabama District and from the Remote Sensing Re-
search Project, Prescott, Ariz.

TRANSVERSE MIXING

Transverse mixing is described by the transverse
mixing coefficient £,, which defines rate of cross-chan-
nel mixing. The transverse mixing coefficient in open-

channel flows is assumed to have the form
E.=k U* d, (1)
where U* is shear velocity, d is depth of flow, and % is
a numerical constant (Yotsukura and others, 1970).
Little experimental data are available for values of %
in large, slow-moving natural streams. Yotsukura,
Fischer, and Sayre (1970) obtained a value of % that
ranged from 0.6 to 0.7 for a 6.0-mile (9.6-kilometre)
reach of the Missouri River near Blair, Nebr., and re-

ported that Glover (1964) obtained a value of % equal
to 0.72 for the Columbia River near Richland, Wash.
Secondary flow increases the effective values of & at
bends in a river. Sayre and Yeh (1973) reported that
the average £ for a 180° bend in the Missouri River
was 3.4. ‘

Description of the test reach

The part of the Mobile River tested for transverse
mixing consisted of the first 3.0 mi (4.8 km) of the
river immediately below the confluence of the Tombig-
bee and Alabama Rivers. This point is approximately
36 river miles (58 km) north of Mobile Bay. Topo-
graphic rvelief is extremely low through this section,
and much of the area is swamp. In the 3.0 mi (4.8 km)
tested, the Mobile River flows 1.0 mi (1.6 km) in an
approximately southerly direction and then bends
gently to flow almost straight in a southwesterly direc-
tion (fig. 1). Physical characteristics of the channel
are represented by data obtained at five measuring sec-
tions during the study as shown in table 1.

Flow from the Alabama River enters the Tombigbee
River at an angle of about 45° at their confluence. Dis-
charges and velocities of the two streams were virtually
identical at the time of the study. Vertical and trans-
verse temperature readings along the lower reaches of
both streams indicated that the temperature difference
between the two streams was only 0.50°C (Celsius).
The Tombigbee River, whose temperature was meas-
ured from top to bottom at quarter points across its
width, had a uniform temperature of 20.5°C. The Ala-
bama River, whose temperature also was measured
from top to bottom, was sampled at quarter points
across its width and had a uniform temperature of
20°C. On November 15, 1972, the same measured sec-
tions showed the water temperature in the Tombigbee
River to be 20°C and the temperature in the Alabama
River to be 19°C (J. R. Harkins, written commun.,
1973).

Aerial color photographs of the Alabama and the
Tombigbee Rivers obtained during the study exhibited

11
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Ficure 1.—Location of study reach. Base from U.S. Geological
Survey Tenshaw topographic quadrangle, scale 1:62,500;
1943.

TABLE 1.—Physical characteristics of measuring sections on
the Mobile River, Ala.

[#, downstream distance from continuous fixed-point dye release; U*,
shear velocity in feet per second]

1“14;’;;12' P Width Area A:;fg U*

Jring (ft) (ft) (£t2) d(efptt)h (ft/s)
1 1,750 1,230 25,200 20.0 0.064
2 6,745 1,512 22,200 15.0 .056
3 10,165 1,410 17,466 124 .051
4 13,135 1,548 24,300 16.0 .058
5 16,185 1,340 24,900 185 .062

tonal differences between the two rivers, and the com-
mon boundary between the rivers after forming the
Mobile River was clearly observable. (See fig. 2, a
black-and-white reproduction.) Turbulent eddies with
areas of as much as 100,000 ft* (9,290 m?) were created
along this boundary (fig. 2). These eddies were ob-
served from a boat on the water surface, but their ex-
tent was not realized until after the color film had been
developed. The tonal differences between the two rivers
as exhibited by color photographs taken from the air
were barely discernible to an observer on a boat.

In the study, dye was released very near the bound-
ary between the two rivers. Dispersion of the dye, as
demonstrated by aerial color photographs, seemed to be
primarily controlled by the boundary zone and the
turbulent eddies within it (fig. 2).

Test procedure
The basic procedure used to obtain field information
on the transverse mixing coefficient required a continu-

~<— Downstream Alabama River water

0 450 900 FEET
| L 1 |
F
0

I
100 200 METRES

F1c¢ure 2.—Dye movement down the Mobile River.

ous, fixed-point injection of Rhodamine-WT dye at a
given rate into the stream. Cross-channel measure-
ments of dye concentration at five downstream sections
were then obtained.

The continnous fixed-point injection was made at
approximately the center of the Mobile River, immedi-
ately downstream from the confluence of the Tombig-
bee and Alabama Rivers. A boat was anchored at this
point. A constant-head tank was mounted on the boat
with the hose from the tank extending over the boat
and ending several feet above the water level. Injection
of the dye was begun at 9:55 a.m., c.s.t., November 17,
1972, and an average flow rate of 0.136 gallon per
minute (0.01 I./s) was maintained until 12:22 p.m. The
injected dye consisted solely of Rhodamine-W'T, 20-
percent solution. Altogether, 20 gal (76 L) of the dye
solution were injected during the test.

Water samples for determination of dye concentra-
tion were collected in chronological and downstream
order at the five sampling cross sections. Sample col-
lection began at section 1 at 10:58 a.m. and ended at
section 5 at 2:52 p.m. (table 1). From 3 to 5 minutes
were required to complete sample collection at each
section. The measuring sections were established rough-
ly an equal distance apart downstream from the injec-
tion point. Actual downstream distance of each section
was later established from a photomosaic (scale
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1:4,000) constructed of the entire test reach. Section 1 TaBLE 2.—Distribution of dye concentration in transverse di-

was 1,750 ft (533 m) downstream from the point of
injection, whereas section 5 was 16,185 ft (4,933 m)
downstream from the dye-injection point. Cross-chan-
nel width at each section was measured by stadia.

The approximate center of each measuring section
was marked by an anchored float, and the channel
edges were marked with flagging. A boat was moved
slowly at a constant speed across the channel section,
and dye samples were obtained by dipping a sample
bottle below the water surface at equal time intervals
as the boat moved across the section. Concurrent with
each sampling run a sonar was operated to obtain
depth of channel and to identify the location of each
dye sample. Sonar readings were recorded on a chart
that was run at a constant speed during the traverse;
site of each sample collected at the surface was desig-
nated by a mark on the chart. This technique allowed
the location of each surface sample to be established
within an accuracy of about 5.0 ft (1.5 m). The num-
ber of samples collected in the five sections ranged
from 12 to 15. The concentration of dye in each sam-
ple was then determined by means of a fluorometer and
a calibration curve. Data for each section are presented
in table 2.

TABLE 2.—Distribution of dye concentration in transverse di-
rection, transverse miwving test on the Mobile River, Ala.,
November 17, 1972

Distance from Dye

concentration
Station lefgeggjﬂk (micrograms
per litre)

Cross section 1

[1,750 feet—distance from injection point;
measuring section])

92
170
262
350
478
565
688
808
955

1,072
1,170
1,200

Cross section 2

[6,745 feet=distance from injection point;
measuring section)

70
190
290
400
510
750
865
975

1,060
1,150
1,250
1,355
1,450

1,230 feet=width of

©O=1D TN
T S G T ¢
ORHaHOKRDODMH

= 00 O

1,512 feet—=width . of

00 s 00 OO0 it 1

€000 =X TN GO DD
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rection, transversec mizing test on the Mobile River, Ala.,
November 17, 1972—Continued

Dye

Distance from

Station left bank c("r“nfg;’(fg;}gg
(feet) per litre)

Cross section 3

[10,165 feet=distance from injection point;
measuring section]

1,410 feet=width of

55
152
245
342
580
682
772
880
990

1,102
1,202
1,308

Cross section 4

[13,135 feet—=distance from injection point;
measuring section]

e
NHOWWO=TIN U ix W
H s R R N0 00 0 M

WO o= bW o0 I =1t

1,548 feet—width of

1 50 1.6
2 146 2.5
3 281 1.6
4 350 2.0
5 472 1.9
6 572 2.3
7 674 2.0
8 784 24
9 890 44
10 992 4.0
11 1,092 2.6
12 1,200 14
13 1,305 14
14 1,408 13
15 1,498 1.0

Cross section 5

[16,185 feet—adistance from injection point;
measuring section])

1,340 feet—=width of

1 70 18
2 170 13
3 278 2.3
4 355 19
5 452 2.4
6 545 3.0
7 644 35
8 740 3.8
9 839 42
10 935 4.9
11 1,025 39
12 1,118 6.0
13 1,210 1.7
14 1,286 8

Several temporary staff gages were installed at the
edge of the Mobile River to determine the slope of the
water surface during a time-of-travel study on Novem-
ber 14, 1972. The decrease in water surface was meas-
ured for the first 4.4 mi (7.1 km) of the river. Values
computed for water-surface slope were used to compute
an energy slope for the transverse mixing test; this
value, 0.000006, was assumed to be constant throughout

-the test reach. Velocity was measured along a measur-

ing section (fig. 1) of“the Mobile River 20,800 ft

- (6,340 'm) downstream.from the point of the dye re-
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lease. Measurements were begun at 10:50 a.m. on No-
vember 14, 1972, and were continued until 5:15 p.m.
Average velocity for the section during the measuring
period was 0.98 ft/s (0.3 m/s). This value was used
for the transverse mixing study on November 17, 1972.

In addition to the ground-based information, low-
level, large-scale (1 in=333 ft and 1 in=166 ft or
254 mm=102 m and 254 mm=>51 m), aerial color
photographs of the dye-colored water were obtained at
short time intervals during the study.

CALCULATION OF THE TRANSVERSE MIXING
COEFFICIENT

Method of moments
The relationship
' U doi
E,=— — 2
9 de 2)
may be used to provide a useful first approximation to
the transverse mixing coeflicient for dispersion of a
tracer from a continuous point source. U is the mean
flow velocity, o2 is the variance of the transverse dis-
tribution of the tracer, and « is the distance down-
stream from the point of injection of the tracer.

Assumptions involved in the derivation of equation
2 are that (1) flow is occurring in an infinitely wide,
open channel with uniform depth and (2) flow velocity
is uniform throughout the channel width. Because such
conditions did not exist in the Mobile River, the equa-
tion can be used only to provide an approximation of
E. A more valid method of analysis would require
computer simulation of field data (Yotsukura and
others, 1970).

Determination of variance of the transverse distribu-
tion of dye involved constructing a graph of concen-
tration, ¢, versus cross-channel distance, z, for each
section from the data in table 2 and calculating vari-
ance from the relationship

. —_ )2
oie E[le (Zi Z) ] (3)
s =0,
for C; equal to the concentration at the point z;, Fur-
ther, z;;,—2; is chosen equal to a constant. The factor
2 is obtained from the relationship
2=
i
Plottings of ¢ versus distance are shown in figure 3.

The first two points in figure 3 indicate a nearly linear
increase In o with distance, and the slope of the line

of best fit yields a value for the transverse mixing co-
efficient equal to 6.2 ft2/s (0.58 m2/s) for this reach.

§=

The value of % obtained from equation 1 and data in
table 1 is 7.2. This value of % is one order of magnitude
larger than that previously reported for large streams.
Unfortunately, a substantial amount of dye had
reached both sides of the river at cross sections 3, 4,
and 5, so that reliable calculation of ¢* was impossible
for these sections.

Nobuhiro Yotsukura (written commun., 1973) has
suggested several possibilities that either singly or in
some combination could produce a large degree of mix-
ing, including: (1) A jet effect produced by velocity
difference of the two rivers, (2) a lateral density dif-
ference between the two rivers, (3) a small average
velocity combined with some stratification, or (4)
transverse convections due to the bend. Of these possi-
bilities, item 4 seems most likely. In addition, as sug-
gested by J. R. Harkins (written commun., 1973), the
angle at which flow from the Alabama River entered
the Tombigbee River would certainly cause a jet effect
(item 1). Ttem 3 is also a possibility. All these possi-
bilities would increase the mixing action in the bend
immediately downstream in a southwesterly direction
and should enhance the mixing of the water from the
two streams. Because of the temperature difference of
only 0.5°C between the two rivers, the large degree of
mixing observed probably did not result from item 2.

Analysis of aerial photographs

Variance of the transverse distribution of dye can be
approximated from an aerial photograph by two meth-
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FIcURE 3.—Transverse variance of dye distribution versus
downstream distance from the injection point. Transverse
variance was determined from water sample taken from the
water surface by boat.
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ods. The first method consists of correlating levels of
dye concentration, as recorded by surface sampling
(Ichiye and Plutchak, 1966). This method requires
that the film record a uniform density level for the host
water or that differences in this level be accountable.
The second method consists of setting the half width
of the dye spread in the lateral direction equal to the
standard deviation o, as suggested by Murray, Smith,
and Sonu (1970). For such purposes, the outer bound-
ary of the dye, as determined visually from a photo-
graph, is assumed to represent a line of equal dye con-
centration detectable to the eye. These methods have
been used in determining mixing coefficients in estu-
aries and oceans.

The author attempted a densitometric analysis of the
dye spread shown on colored aerial photographs. The
photographs indicated that movement of the dye was
confined primarily to the turbulent eddy zone created
by the mixing of the Tombigbee and Alabama Rivers
and that density level of the water alone in this zone
changed rapidly in an unaccountable manner; thus,
fluctuations in the density of the dye were masked by
fluctuation in the density level of the host water. The
dye spread probably could have been analyzed by color
separation of the photographs followed by densito-
metric analysis, but this technique was considered to
be beyond the means of the study.

Figure 4 shows the results of visually examining the
aerial photographs obtained at different times over the
dye plume. As suggested by Murray, Smith, and Sonu
(1970), halfwidth of the dye spread was measured at
various distances downstream from the point of re-
lease, and the squared values were plotted against their

‘respective distances. Three different time periods were
examined by photography: 10:40 a.m., or 45 minutes
after beginning of injection; 11:36 a.m., or 1 hour and
41 minutes after injection; and finally, 12:15 p.m., or
2 hours and 20 minutes after injection. Figure 4 shows
an increasing vate of dye dispersion in about the first
1,000 ft (305 m) of travel; beyond 1,000 ft (305 m)
the dispersion rate tends to increase linearly. The slope
of the line of best fit through the linear part of the data
yields a transverse mixing coefficient of 5.0 ft?/s (0.46
m?/s) for this section of the study reach.

SUMMARY AND CONCLUSIONS

As approximated by the method of moments, a value
of the transverse mixing coefficient equal to 6.2 ft*/s
(0.58 m?/s) was obtained for a 1.0-mi (1.6-km) section
of the Mobile River immediately downstream from the
confluence of the Tombigbee and Alabama Rivers.
Visual examination of the dye spread as recorded by
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Ficure 4.—Transverse variance of dye distribution versus
downstream distance from the injection point. Transverse
variance was determined visually from aerial photographs
at 10:40 a.m., 11:36 a.m., and 12:15 p.m., c.s.t.

colored aerial photographs yielded a transverse mixing
coefficient of 5.0 ft?/s (0.46 m?/s) for the first 2,100 ft
(640 m) of the study reach.

The numerical coefficient & described by the rela-
tionship k=FE./U*d was 7.2 for the 3.0-mi (4.8-km)
study reach. This value represents an increase of nearly
one order of magnitude over that previously reported
for large natural streams. Transverse convections due
to the bend just below the confluence of the Alabama
and the Tombigbee Rivers and the jetlike mixing: of
the two waters caused by the angle at which flow from
the Alabama River entered the Tombigbee probably
combined to increase the value of k.

This study is the first in which remote-sensing tech-
niques were used in addition to standard ground-based
techniques to obtain an approximation of the trans-
verse mixing coefficient of a large stream. The numeri-
cal values for the coeflicient obtained by the two meth-
ods were very close, although the standard technique
allowed a much larger section of the river to be studied
than that allowed by remote sensing. ’
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DATING AND RECURRENCE FREQUENCY OF PREHISTORIC MUDFLOWS
NEAR BIG SUR, MONTEREY COUNTY, CALIFORNIA

By LIONEL E. JACKSON, Jr., Menlo Park, Calif.

Abstract.—Botanical evidence based on the dendrochronology
and root horizons of redwoods (Sequoia sempervirens) and
radiocarbon dating were used to date prehistoric mudflows
near Big Sur, Calif. At least three periods of mudfiow activity
were delineated for the approximate prehistoric period 1370-
1800. Two historic periods of mudfiow activity have occurred,
1908-10 and 1972-73. The documentation of mudflows as char-
acteristic surficial processes in the Santa Lucia Range indi-
cates a hazard to development on recent mudflow deposits in
this region.

From mid-October 1972 through mid-February
1973, mudflows from the rugged Santa Lucia Range
repeatedly invaded the community of Big Sur, Calif.
(figs. 1, 2). The flows were generated by intense winter
rains falling on the steep slopes of the Santa Lucias
which had been denuded by the Molera fire in August
1972. Damage from mudflows and floodwater was pre-
dominantly confined to areas marginal to the lower
courses of Pheneger, Juan Higuera, and Pfeiffer-Red-
wood Creeks (fig. 2). Within these areas California
State Highway 1 was blocked by mud, boulders, and
vegetational debris; structures were partly buried,
heavily damaged, or leveled; automobiles were swept
into the Big Sur River; and private and public recrea-
tional areas were littered with bouldery debris. One
life was lost as a result of the mudflow activity.

A reconnaissance of the mudfiow-afflicted areas of
Big Sur following the first flows in October 1972
showed that the structures and roads damaged by mud-
flows and attendant floodwater were generally on al-
luvial fans deposited by Pheneger, Juan Higuera, and
Pfeiffer-Redwood Creeks. Older mudflow deposits, al-
most identical to those freshly deposited, were well ex-
posed along stream channels in these fans.

The alluvial fans of these three streams are domi-
nantly covered with forests of redwood (Sequoia
sempervirens). Subsequent investigation of the fans
indicated that the root systems of the redwoods have,
over the years, acted as bedding markers along the
tops and bottoms of the older mudflow deposits. Thus,
by dating root layers, a chronology and recurrence
frequency of mudflow activity could be established.
Such a recurrence frequency is useful in evaluating
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EXPLANATION

E Quaternary and Tertiary sedimentary rocks; sandstone,
alluvium, and terrace deposits

Upper Cretaceous Great Valley sequence; feldspathic
sandstone, conglomerate, and minor shale

;| Cretaceous granitic rocks

Cretaceous and Upper Jurassic Franciscan Formation; litho-
feldspathic sandstone and siltstone with minor occurrences
of chert and greenstone

E Pre-Cretaceous metasedimentary rocks; principally gneiss
and schist, and Sur Series of Trask (1926) including
marble

- Jurassic or older ultramafic rocks

—— —— Contact—Dashed where approximately located

—— == Fault—Dashed where approximately located

FIGURE 1.—Generalized geology of the Big Sur area, Calif. Base
from U.S. Geological Survey Santa Cruz map, scale 1:250,000,
1965. Geology modified from Jennings and Strand (1958)
and Gilbert (1971).
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Fieure 2.—Boundaries of the Molera fire of August 1972 and of the three major drainages that produced mudflows during the
following autumn and winter. Base from U.S. Geological Survey Big Sur topographic quadrangle, scale 1:24,000, 1956.

mudflow hazards for land-use planning and in design-
ing and routing roads and bridges in the mudflow-
prone coastal margin of the Santa Lucia Range.
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SETTING

The community of Big Sur is situated along the Big
Sur River (fig. 2) and straddles the northwest-trend-
ing Sur thrust—a major structural boundary of the
Santa Lucia Range in this area. East of the thrust
are Cretaceous granitic intrusive rocks and the pre-
Cretaceous metamorphic rocks of the Sur Series of

Trask (1926) which compose the core of the range.
West of the thrust are the complex eugeosynclinal
rocks of the Cretaceous and Upper Jurassic Francis-
can Formation which form the basement west of the
fault (Gilbert, 1971). The Sur thrust bifurcates into
two parallel faults in the Big Sur area (fig. 1)—the
Sur Hill thrust on the east and the Sur thrust on the
west. Sandwiched between these two faults is a narrow
wedge of Tertiary sandstone (Oakeshott, 1951). Pleis-
tocene and Holocene deposits discontinuously mask the
bedrock geology along the Big Sur River.

The topography and drainage of the area generally
parallel the regional northwest-trending structure. Re-
lief is rugged east of the Sur thrust. For example, the
altitude ranges from 120 feet (37 metres) at the mouth
of the Juan Higuera Creek to 3,550 ft (1,080 m) atop
Cabezo Prieto less than 2 miles (3 kilometres) to the
east (fig. 2). Slopes are commonly 45° or greater on
the granitic and metamorphic terrain east of Big Sur,
but they are generally less precipitous on the Fran-
ciscan terrain west of the Sur thrust.

The climate of the area is Mediterranean with al-
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most all rainfall occurring between October and April.
Mean annual precipitation at Pfeiffer-Big Sur State
Park averages about 41 inches (1,000 millimetres) per
year; however, extremes in mean annual precipitation
as low as 21 in (530 mm) and as high as 80 in (2,000
mm) have been recorded. Summer advection fogs,
which are common in the area, supplement mean an-
nual precipitation through drip from forest trees.
Mean annual precipitation increases with altitude in
the Big Sur area. For example, 80 in (2,000 mm) of
rain was recorded at Pfeiffer-Big Sur State Park dur-
ing the winter 1940—41; Cold Springs Camp, 7 mi (12
km) south of the park, received 160 in (4,100 mm) of
rain (Pearson and others, 1967, p. B-5). The altitude
of Pfeiffer-Big Sur State Park averages 216 ft (65.8
m), and that of Cold Springs Camp, 1,350 ft (411 m).

The distribution of vegetation is controlled pri-
marily by exposure and topography. Coastal chaparral
dominates on very steep or south-facing slopes. North-
facing slopes, deep narrow canyons, and valley bot-
toms are mantled by conifers and hardwoods. Red-
wood is the dominant tree in these forests.

The upper parts of the drainage basins of Pheneger,
Juan Higuera, and Pfeiffer-Redwood Creeks and sev-
eral adjacent unnamed basins were denuded of their
vegetation by the Molera fire in August 1972 (fig. 2).
The combination of the steep fire-denuded slopes and
intense rains of the autumn and winter 1972-73 helped
to generate the mudflows in the Big Sur area (Cleve-
land, 1973). The only other mudflows recorded in
these basins since the area was settled in 1860 occurred
during the winters 1908, 1909, and 1910. The flows fol-
lowed a 1907 forest fire which burned the vegetation
in the three basins (L. R. Helm, written commun.,
1973).

The most extensive mudflow deposits in the Big Sur
area are along the lower courses of Pheneger, Juan
Higuera, and Pfeiffer-Redwood Creeks. In these areas,
alluvial fans and valley fills have been deposited pri-
mairly from mudflow activity. The fans grade up-
stream into valley fills which are constricted by steep-
sided canyon walls cut from river and older mudflow
deposits and bedrock. The valley fills are generally
bounded  upstream by an abrupt increase in channel
gradient which usually coincides with the change in
lithology at the Sur Hill thrust. The downstream fans
abruptly flare at the mouths of the canyons near their
confluence with the Big Sur River. Gradients on the
fans and upstream valley fills range from 6 to 10 per-
cent. The mudflow deposits are typically not well
sorted and are composed of particles that range in
size from clay to boulders greater than 10 ft (3 m) in

length. Minor lenses of fluvial deposits occur within
the mudflow deposits. These deposits probably rep-
resent fluvial reworking following deposition of the
mudflows.

PREVIOUS INVESTIGATIONS

Most geologic investigations in the Big Sur area
have been concerned primarily with bedrock geology.
Trask (1926) first mapped the Point Sur 15" quad-
rangle. Oakeshott (1951) mapped the Pfeiffer-Big Sur
State Park area and mentioned the Pleistocene and
Holocene deposits along the Big Sur River. Gilbert
(1971) mapped parts of the Big Sur area during his
study of the Sur fault. Cleveland (1973) and Rodine
(1975) investigated the generation of mudflows in the
Big Sur area during October and November 1972.

INVESTIGATIVE METHODS

Detailed study of the mudflow stratigraphy was
made of one of the three alluvial fan-valley fill com-
plexes. The mudflow deposits along Pfeiffer-Redwood
Creek in Pfeiffer-Big Sur State Park (fig. 2) were
chosen because of the extensive degradation of the
channel of Pfeiffer-Redwood Creek by mudflows and
floodflows during the winter 1972-73. Vertical chan-
nel degradation of as much as 6.0 ft (1.8 m) was re-
corded in some places. As a result, much of the mud-
flow stratigraphy along the creek is well exposed. In
some places the deposits are completely exposed down
to bedrock.

A base map, scale 1:480, of Pfeiffer-Redwood Creek
between the Big Sur River and a point 1,240 ft (378
m) upstream was available through the California De-
partment of Parks and Recreation. The remaining
reach of the creek between the mapped area and
Pfeiffer Falls was sketch-mapped by tape and com-
pass. These maps were combined and used in plotting
geologic and botanical features (fig. 3).

Living trees and carbon-14 dating were the two
sources of data used to date and correlate mudflow de-
posits.

Use of redwoods in dating mudflow deposits

Redwoods grow abundantly in the canyons and on
north-facing hillsides of the Big Sur area. These trees
are able to survive the periodic fires, mudflows, and
tloods which frequent the Big Sur area because of the
following growth characteristics: The growth of ad-
ventitious roots, the growth of a ring of sprouts
around a parent stump (fairy ring development), heal-
ing of fire or impact injuries to the trunk, and but-
tress ring growth following tilting of the trunk. These
responses to injury or burial provide evidence for the
dating of past catastrophic events.
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Fundamental to all uses of the redwood to date
past catastrophic natural events is its long lifespan.
Individual specimens in the 500- to 1,000-year-old
range have been identified in the Big Sur area.

Root system.—Redwoods lack tap roots (Ifritz,
1934). Instead they develop extensive, relatively thin
root horizons that, in the study area, never exceeded
4 ft (1.2 m) in thickness. Redwoods are able to with-
stand periodic burial by mudflows or Hood-deposited
sediment because of their propensity for negative
geotrophic root growth (roots growing toward the sur-
face following burial) and subsequent development of
a new and shallower root system (Stone and Vasey,
1968). Negative geotrophic root growth restores the
flow of water and nutrients into the tree which would
otherwise be inhibited by the newly deposited sedi-
ments (Stone and Vasey, 1968). The vertical roots
are eventually supplanted by horizontal shallower root
systems developed from adventitious buds on the
buried stem (fig. 4). A schematic cross section of the
root, horizons of old redwoods that have experienced
several mudflows during their lifetimes is shown in fig-
ure 5, trees 2 and 3. Each root horizon marks the top
of the underlying mudflow and the bottom of the over-
lying deposit. Furthermore, the presence of a buried

36°15'20" 121°47'30"

FIGURE 3.—Geology and selected botanical features along Pfeiffer-

root horizon indicates a significant hiatus between suc-
cessive mudflows. Without such an indicator it is im-
possible to determine whether two successive mudflows
were deposited during the same winter or 100 years
apart. Figure 6 shows examples of the appearance of
some of these adventitious roots in the field.

The relations between root horizons and mudflow
deposits used to date past mudflow events in this study
are illustrated in figure 5. Tree 1 in figure 5 has only
a single root system. Cores were taken from trees with
a single root horizon. The annual rings in the cores
were counted in the laboratory in an attempt to find
the oldest trees. The ages of the oldest trees sampled
are the minimum ages of the deposits underlying the
trees. Ages of trees with several root systems (fig. 5;
trees 2, 3) are the minimum ages of the deposits below
the lowest and original root system. Counting the root
horizons above the original root system determines the
number of mudflows which buried the tree deeply
enough to cause it to develop new root systems. If the
number of root zones is divided into the age of the
tree, then the result is the average recurrence interval
(in years) for mudflows at that site and of a char-
acter capable of causing development of a new root
zone. Thus, the division of the number of subsequent

36°15'10"
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Redwood Creek between Pfeiffer Falls and the Big Sur River.

root horizons into the age of the tree produces the
minimum average mudflow recurrence interval. Where
trees with different numbers of multiple roots were lo-
cated in close proximity, minimum and maximum ages
were established for the mudflows. Table 1 describes
tree cores examined during this study.

Mudflow recurrence frequencies determined by root-
horizon studies must be regarded as minimum values
owing to the complex history of streams such as
Pfeiffer-Redwood Creek. Constant channel migration
and attendant cutting and filling complicate the stra-
tigraphy of deposits adjacent to the channel. For ex-
ample, the mudflow deposits of 1972-73 are only spo-
radically deposited along the upper part of the
Pteiffer-Redwood Creek (fig. 3).

Trunks—Redwood trunks may record mudflow
events in several ways. The pounding of mudflows or
floodwater-driven bedload against the upstream side
of the trees strips away the bark and phloem and scars
the underlying xylem. For example, scars from the
mudflows of 1908-10 are still visible on some trees
along both Pfeiffer-Redwood and Pheneger Creeks. If
no subsequent flows attack these trees, the scars will
eventually be healed by peripheral growth around the
scar, which can be identified in annual-growth-ring
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studies (see section “Field and Laboratory Proce-
dures”). When such a scar is identified, the year of
the responsible flow may be estimated by dating the
first complete annual growth ring on the outside of
the scar (Sigafoos, 1964).

Forest fire scars are recorded in the redwood in a
similar manner. Fire scars are significant because, on
the basis of the past 113 years of recorded history,
mudflow-producing winters (1907-10 and 1972-73)
have been preceded by fire, suggesting a direct rela-
tion between the two phenomena. At any rate, fires
seem to have been frequent events near Pfeiffer-Red-
wood, Juan Higuera, and Pheneger Creeks. Many of
the redwoods along these streams are burned out in-
side or have multiple fire scars by the time they are
200 or 300 years old. This situation can be partly ac-
counted for by the fact that the stands of usually fire-
resistant redwoods, which grow in the bottoms and on
the sides of narrow valleys, end abruptly, and the
flammable chaparral vegetation on the surrounding
slopes begins. When the chaparral burns, the intense
fire overcomes the natural resistance of the redwoods
and causes damage.

The only other trees growing with the redwoods in
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Soil surface
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F1cure 4.—Schematic representation of a new redwood
root system developing after burial of old root system
by flood or mudfiow deposits. (Modified from Stone and
Vasey, 1968.)

these valleys are hardwoods which can rapidly re-
sprout after fires.

Any tilting of the ground surface resulting from
marginal slumping, or any injury to the redwood
which causes the tree to tilt, is recorded by the for-
mation of a buttress. Buttresses are identified by un-
usually wide growth rings which develop in the di-
rection of tilt. The buttress mechanically compensates
for the tree’s unbalanced weight distribution (Fritz,
1934). The initiation of buttress ring growth can pre-
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Tree 2

cisely date the tilting of a tree. Buttress dating has
already found application in dating tree tilting from
past seismic events (Page, 1970; LaMarche and Wal-
lace, 1972).

Fairy rings—Fairy rings are circular stands of red-
wood trees that have a common-origin as sprouts from
a preexisting parent tree (fig. 7). The sprouting takes
place as a response to an injury to the mother tree,
usually by fire (Stone and Vasey, 1968). The presence
of a fairy ring growing on mudflow deposits, especial-
ly where only one root horizon is present beneath the
fairy ring, indicates relative antiquity for the under-
lying deposits. Coring of the fairy-ring trees will date
the injury to the mother tree, however, and not the
age of the underlying mudflow deposits.

Carbon-14 dating

Carbon-14 dating was used in this study for two
purposes: To date deposits whose agés appeared to
be greatly in excess of the trees growing on them and
to date old root horizons which were not visibly con-
nected to any living tree.

Radiocarbon ages in radiocarbon years were cor-
rected to absolute ages in calendar years by using the
bristlecone pine chronology of Seuss (1970). The rapid
variations in atmospheric radiocarbon concentrations
during the past several hundred years cansed four of
the radiocarbon samples to have two or three possible
calendar ages. Table 2 is a compilation of these dates.
The locations of the samples are shown in figure 3.

Tree 3
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F16URE 5.—Cores taken from trees 1, 2, and 3 and rings counted to determine minimum age of tree. For tree 1 (only one
root horizon), this dated top mudflow. For trees 2 and 3, which had experienced several mudflows, ring counting dated
minimum age of lowest and original root system. Division of number of root horizons (4, B, and C) into this minimum
age gave a minimum recurrence interval of mudfiows. Samples from old root horizons not apparently connected to any
living tree (D and E) were dated by carbon-14 methods to determine gages of mudflow deposits.
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Fieure 6.—Examples of redwood-root horizons along Pfeiffer-
Redwood Creek. A, Two young redwoods, PR-2 in the fore-
ground and PR-3 in the background, with single root horizons
growing in the deposits of the mudflows of the winter 1907—
08. Both trees, PR-2 and PR-3, dated the deposits within 1-5
yvears. The large underlying log is part of the underlying
deposit. The stadia rod is 8 ft (2.2 m) in length. B, Root
horizons below 472-year-old tree PR-1. Five root horizons
including the present forest floor are present below this tree;
however, only the upper two root horizons and the second
root horizon from the bottom belong to this tree. The
youngest deposits may predate the mudflows of 1908-10. The
stadia rod is 11 ft (3.4 m) in length. Note the large size
of some of the channel-sediment clasts and the height of
the mud splatter marks on tree PR-1 (indicated by the
arrow).

23

Because of the relative youthfulness of the ages de-
termined for the carbon-14 samples collected along
Pfeiffer-Redwood Creek, significant differences are
possible between the age of a sample and the age of
the mudflow from which it was collected. If a woody
material entrained in a mudflow originated near the
center of the trunk of a tree or if the period of time
between the death of the tree and the incorporation
of the material in the mudflow was a long one, then
the age of the sample could be greatly in excess of
that of the flow. Conversely, if the dated sample was
a root, then it cannot be determined whether the root
began growing in the deposit 1 year or 100 years after
the flow. Furthermore, the carbon-14 age determined
for a sample is a mean of the range of dates when
each of the woody cells composing it died. Consequent-
ly, the carbon-14 dates obtained along Pfeiffer-Red-
wood Creek were regarded as minimum or maximum
limits of the ages of the mudflows from which they
were collected.

A
H
Original 1
tree trunk ]

¢
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FIGURE 7.—Schematic representation of the de-
velopment of a fairy ring. The fairy ring is
shown as the shaded trunks. Repeated fires
during several hundred years ecritically in-
jured the original tree in the center. In re-
sponse to this injury, sprouts began growing
from its base. Of these sprouts only three or
four survived. The others, along with the eri-
tically injured mother tree, were Kkilled and
consumed by successive fires. As this sequence
is repeated, the fairy ring enlarges until it
finally loses its identity among the surround-
ing trees. (Modified from Stone and Vasey,
1968.)
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Field and laboratory procedures

Significant geological and botanical features of the
study area were mapped (fig. 3). Cores were taken
from 13 redwood trees by using a power tree borer
developed by the Geological Survey of Canada
(Parker, 1970) which cuts a 19.0-mm core and a
Swedish increment borer which cuts a 4.50-mm core.
One complete section of a fallen redwood was cut
(fig. 8), and the annual rings of the samples were
counted in the laboratory. Fire scars, impact injuries,
periods of buttress growth, and the general condition
and quality of the core were noted during counting
and are listed in table 1.

Stream cross sections were plotted (figs. 3, 9) and
photographs were taken (fig. 6) of the mudflow and
redwood root horizons adjacent to locations along
Pfeiffer-Redwood Creek where trees were cored or car-
bon samples were collected. These photographs and
cross sections were used to document the locations of
carbon-14 samples and root horizons.

Sources of error in annual ring studies

Some counting error must be assumed for highly
fragmented cores where rings may have been destroyed
during the coring operation or unknowingly counted
twice. Error from this source is probably less than
5 percent of the total age of even the most fragmented
cores examined. Discontinuous rings, which are com-
mon in redwoods (Fritz, 1940) and do not complete-

ly encircle the tree (fig. 8), are another source of error.
Errors in tree ages owing to discontinuous rings can-
not be estimated unless several cores are taken per tree.
The ring count on tree PR-10, which was a complete
redwood cross section (fig. 88), ranged from a maxi-
mum of 151 rings to a minimum of 148 rings over the
three radii that were counted, a maximum error of 2
percent. It is hoped that the age error owing to miss-
ing rings of the cores counted is as small, although
larger errors are possible.

DATA AND FIELD OBSERVATION ANALYSES FOR
DEVELOPING MUDFLOW CHRONOLOGY

Data for tree cores and carbon-14 samples taken
near each cross section (fig. 9) were compared with
field observations to determine which data were reli-
able and should be used to define periods of mudflow
activity. Discussion of two cross sections (C-C” and
E-E") will show how partial or questionable data were
evaluated and how the data and field observations
were used to determine dates of mudflow activity.

Cross section C—C’.—The left bank of Pfeiffer-Red-
wood Creek at this site shows more root horizons than
any other individual section exposed along the creek.
Tree PR-1 (fig. 3), which yielded an age of 472 years,
and the root stratigraphies underlying it are pictured
in figure 65. This section was exposed by the scouring
and undermining of mudflows and torrential surges of
Hloodwaters that almost caused the tree to topple. Only

FreUrRe 8 —BExamples of core and slab samples prepared for annual-growth-ring studies. A, A part of the core taken from tree
PR-22. The core was oriented for ring counting, bonded to the pregrooved mounting board, and sanded flush with the
mount. B, A slab from fallen redwood PR-10. Note that the ring widths vary and that some of the rings are discontinu-
ous. The cards are 5 by 8 in (130 by 200 mm).
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TABLE 2.—Data for carbon-1} samples™

[Location of sampling sites shown in figure 3. B.P., before present ; 1950 is year 0]

Age,? including
bristlecone pine

Bristlecone

pine

correction 3

Description

Comments

Sample correction
Years B.P. Year
PRCD4 . _______ <180 —_————
PRCD-5 _..____. 52080 1430
PRCD-6 ________ <180 ————
PRCD-7 e 510-+80 1440
PRCD-9 ___.____ 40080 1550
450480 1550
PRCD-10 _______ 111080 840
PRCD-11 _______ 310+80 1640
41080 1540
45080 1500
PRCD-12 _______ 35080 1600
47080 1480
PRCD-13 _______ 51080 1440
PRCD-15 _____ __ 580=80 1370
PRCD-16 _______ 31080 1640
410+80 1540
45080 1500

—150

—165

180
230

—120
—190
—230

—70
—270

—155

—120
—190
—230

Sampled from the first old root
layer below present root sys-
tem of tree PR-23 (fig. 9,
cross section B-B’).

Sample from the second and
oldest root system below the
present roots of tree PR-23
(fig. 9, cross section B-B’).

Sample from the lowest root
horizon on the left side of the
bank of Pfeiffer-Redwood
Creek (fig. 9, cross section
E-E’). This root horizon is
not visibly connected to any
living tree.

Sample from roots (possibly a
younger root horizon) over-
lying PRCD-T in the left bank
(fig. 9, cross section E-E’).

Sample taken from the lowest
root horizon in the left bank
(fig. 9, cross section I-I").

Sample is part of a trunk or
large branch entrained in
clay-rich mudflow deposits.
Mudflow either rests on or is
close to bedrock.

Sample from an old and de-
composing root layer 50 ft
aipstream from tree PR-3.

Sample from the clay-rich mud-
flow deposit in the left bank
(fig. 9, cross section H-H’).
Deposit directly overlies bed-
rock.

Sample is a log fragment en-
trained in a mudflow deposit
near bedrock in the right
bank (fig. 9, cross section D—
D’). Sample is stratigraphi-
cally below the root hori-
zons from which PRCD-6
and PRCD-T7 were sampled.

Sample is from a log in a mud-
flow unit correlative to the
lowest unit in figure 9. cross
section F—F’ about 65 ft up-
stream from tree PR-15 (fig.
3).

Stratigraphically lowest root
layer below tree PR-1 (fig.
9, cross section C-C),

Sample age indicates deposition
of the overlying mudflow de-
posits between 1860, the date
of settlement, and 1770, which
is 180 years older than 1950.
Sample assigns a minimum
age to the underlying mud-
flow.

Sample assigns a maximum age
limit for the overlying mud-
flow deposits and a minimum
age for the underlying de-
posits.

Older age of the overlying root
horizon indicates that this
sample is anomalously young
and should be discounted.

Sample assigns a maximum age
to overlying mudflow deposits
and a minimum age to under-
lying deposits.

Sample assigns a maximum age
to overlying and a minimum
age to underlying deposits.

Sample assigns a maximum age
to overlying deposits and a
minimum age to underlying
deposits, if present.

The youngest of the three pos-
sible dates assigns a minimum
age to the underlying deposit,
and the oldest of the three
possible dates assigns a maxi-
mum age to the overlying
deposits.

Sample assigns a maximum age
to overlying deposits.

Sample assigns a maximum age
to overlying deposits.

Sample assigns maximum age
to overlying and a minimum
age to underlying deposits.

Sample date should be dis-
counted because of several
possible calendar ages for
carbon-14 age and the pos-
sibility that the lone root
sample grew into the section
after the overlying deposit
or deposits were laid down.

1 Samples analyzed by Teledyne Isotopes, Westwood, N. J.. using the Libby half-life of 5,568 years. Samples were pretreated for the removal
of humie acids and carbonates before analysis.
2 Corrections for variations in atmospheric earbon-14 were made from the bristlecone pine chronology of Seuss (1970).
3 Negative sign indicates that the correction increased the sample’s age.
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F16UuRre 9.—Cross sections of mudflow deposits and redwood root horizons along Pfeiffer-Redwood Creek. The cross sections illus-
trate key stratigraphic relations which were useful in identifying individual mudflow events. All views are looking down-

stream.

the second lowest and the two upper root horizons
are physically connected to tree PR-1. The third root
horizon from the top of cross section ('-C’ is projected
from a short distance upstream (fig. 68). The main
root in this horizon tapers in the direction of tree PR-
1, and the root does not appear to have been connected
to this tree in the past. Carbon-14 sample PRCD-16
was collected from the lowest root layer:below tree
PR-1. This root layer was not visibly connected to
PR-1. Owing to past variations in atmospheric car-
bon, the uncorrected age, 190 radiocarbon years be-
fore present, could be corrected to three possible cal-

endar ages by the bristlecone pine calibration curve—
310, 410, and 450 years before present. All dates are
younger than the PR-1 tree. This apparent reversal
in stratigraphy probably results from contamination
of the sample by fine younger rootlets which were
growing pervasively through the sample. Although
only visibly uncontaminated fragments of the sample
were submitted for analysis, enough young carbon-14
was apparently present to render the sample useless.
Ring 323 (from the outside of the tree) of the core
obtained from tree PR-1 terminates against a scar
which appears to have been the result of an impact



e —— o e

30 DATING OF PREHISTORIC MUDFLOWS NEAR BIG SUR, CALIFORNIA

injury or abrasion. This may be significant because it
could date a mudflow event of about 320 years before
present. _

Two distinet root horizons, which are present on
the opposite side of cross section U-C’, are connected
to tree PR-16. PR-16 yielded an age of 100 years, in-
dicating that the upper set of roots dates from the
1908 mudflows and that the lower set suggests the
underlying deposits are older than 100 years. Correla-
tion of these underlying deposits with those on the
opposite side of the stream is not clear. The 1908 de-
posits are fresh in appearance and do not seem to cor-
relate with the youngest deposits on the left side of
the cross section C-C".

Taken together, the two sides of this cross section
indicate that as many as four or as few as two periods
of mudflow activity have occurred between about 1500
and 1908. This count would depend upon whether

three root horizons or one root horizon below tree PR—

1 was assumed to mark mudflow events since the tree
began growing. The lowest root horizon below PR-1,
without further evidence, would have to be regarded
as predating PR-1 and cannot be included in this
total. The abrasion scar noted in the core of PR-1
dates one of these flows at about 320 years (1653).
Cross section E-E’—Two carbon samples were col-
lected from the root horizon on the left side of the
channel. Carbon-14 sample PRCD-6 was from the
lower part of a very thick root horizon, and PRCD-
7 was from the upper part of this thick root horizon.
PRCD-6 dated at less than 180 years, and PRCD-T
yielded a corrected age of 510 years before present
(1440). The most apparent explanation for this re-
verse stratigraphy is that PRCD-6 was sampled from
a much younger root which grew into the mat at a
later date; PRCD-6 date should be discounted. The
age 510 years before present for PRCD-11 is the same
as that yielded by PRCD-13, indicating the two are
very close in carbon-14 age and probably mark the
same mudflow period. No age was determined for the
mudflow deposit overlying this root horizon. The low-
est root horizon on the right bank of £-£" is the same
horizon that overlies PRCD-13 and is probably cor-
relative to the root horizon across the channel from
which PRCD-6 and PRCD-~7 were sampled. The next
shallowest root horizon on the right side of cross sec-
tion £—E’ contains the lowest roots of the multiple-
rooted trees PR-14 and PR-21; these trees yielded
tree-ring ages of 877 years and 385 years, respectively.
The deposits overlying this root horizon may date
from the 1908 mudflow event. In summary, this cross
section provides evidence for two mudflow events prior
to the beginning of the historical record in 1860. The

older occurred about 1440, and the younger, between
1440 and 1588.

DISCUSSION AND CONCLUSIONS

Figure 10 is a diagrammatic compilation of all the
usable data collected along Pfeiffer-Redwood Creek
during this study. The ages are plotted in a down-
stream direction from left to right. Radiocarbon dates
with more than one possible calendar date have not
been incorporated in this figure. The data represented
in this figure indicate that at least three mudflow
events have occurred along Pfeiffer-Redwood Creek be-

‘tween about 1370 and the beginning of recorded his-

tory of the area in 1860. The shaded bands bounded
by dashed lines in the figure indicate the apparent
minimum and maximum age ranges of these mudflow
events. The breadth of the timespan between these
boundaries represents dating error due to core break-
age, missing rings, minimum and maximum age rela-
tions of trees and radiocarbon dates to deposits, im-
precision in carbon dating, imprecision in the con-
version of radiocarbon years to calendar years, or the
possibility of more than one mudflow period within
a shaded band. The last mentioned is highly possible.
For example, the mudflows of 1908-10 and 1972-73
lett only scattered evidence of their occurrence along
Pfeiffer-Redwood Creek. Because of the possibility of
similar past events, the three prehistoric mudflow
events delineated in figure 10 must be regarded as a
minimum number.

If carbon-14 sample PRCD-10 (fig. 10) dates the
mudflow deposit that entrains it, then the mudflow
deposit is the oldest preserved along the lower course

. of Pfeiffer-Redwood Creek. Because PRCD-10 is the

only absolute age control for this mudflow deposit,
however, the relation of this mudflow deposit to others
both upstream and downstream must remain uncer-
tain.

If the age of this mudflow unit is about 1,100 years
before present as indicated by PRCD-10, the 20 ft
(6.0 m) of mudflow deposits above it indicate fre-
quent and (or) massive mudflow activity during the
past millenium. If the mudflow deposit dated by
PRCD-10 is significantly younger than 1,100 years,
then inferred past mudflow activity becomes even more
certaln.

The oldest mudflow deposits that can be dated with
certainty were deposited between 1370 and 1440 (fig.
10). Part of the deposits of this flow are well marked
by a buried root horizon that can be clearly traced
from the vicinity of the collection point of sample
PRCD-13 to the collection point of PRCD-15 (fig.
3). All usable carbon-14 dates determined for this
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PRCD-1 . Carbon-14 date

-
. Minimum and maximum age of mudflow event

F1gure 10.—Three prehistoric periods of mudflow activity along Pfeiffer-Redwood Creek as determined from geologic, bo-
tanic, and radiometric (carbon-14 dating) data. Prehistoric mudflow periods are shown as shaded bands bounded by
broken lines. Three periods of mudflow activity during the past 600 years should be regarded as a minimum figure.

root horizon range from 1370 to 1440. The minimum
age of the lowest roots of tree PR—6 is about 550 years
(1423). This absolute age agrees well with the range
of carbon-14 dates obtained from entrained material
within the deposits.

Carbon-14 sample PRCD-5, which was sampled
from the lowest root horizon below tree PR-23, yielded
a corrected date of 1430. This date falls within the
1370-1440 range; however, it could not be deter-
mined if this root horizon marks the same mudflow
event.

Many of the deposits in the 1370-1440 age range are
relatively clay rich compared to younger deposits. Un-
fortunately, the clay mineralogy is the same within
mudtiow deposits of all ages along Pfeiffer-Redwood
Creek and could not be used to distinguish between
periods of mudflow activity.

The second oldest event shown in figure 10 is defined
primarily by cross section £-£”. This event probably

occurred sometime between the end of the 1400’s and
the end of the 1500’s. Trees PR-14 and PR-21 assign
a minimum age of about 385 years (1588) to the de-
posits underlying them. These deposits overlie the de-
posits of the 1370-1440 mudflow event. The oldest
roots of tree PR-1 date within the 1500-1600 period,
as does the root horizon from which sample PRCD-9
was taken. However, other than for the determined
ages, direct or indirect relations between these two
pieces of data and the mudflow event cefined by trees
PR-14 and PR-22 are not apparent.

The youngest prehistoric mudflow event or events
probably occurred sometime between the mid-1600’s
and the late 1700’s. Evidence for mudflow activity dur-
ing this period is based on the minimum-maximum
relation of tree PR-7TA and carbon-14 sample PRCD-
9, a fire scar in tree PR-13, apparent injuries to trees
PR-1 and PR-22, and the minimum age relation of
tree PR-10 to its underlying deposits. The tree in-
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juries recorded by trees PR-1 and PR-22 in the mid-
dle 1600’s and the fire recorded by tree PR-13 near
the middle 1700’s suggest the possibility of two sepa-

" rate mudflow events rather than oné during this period.

Radiometric and dendrochronological evidence seems

-to indicate-that no mudflow wct1v1ty occurred between

the early and middle 1600’s and’ between about 1800
and 1860.

The dating and study. of mudﬁo“ deposns along
Pfelifel-Redwood Creek indicate’that mudflows have
been periodic natural phenomena in the Big Sur area
for at least the last 600 years and probably for as long
as there have been heavy -and ‘intense rainfall and
steep slopes mantled by chapfunl vegetation in the
Santa Lucia Range. Mudflow deposits i m terraces along
the lower course of Pfeiffer-Redwood Creek indicate
that these conditions hfwe pl(’V’Ll]ed for many thous-
ands of years.

Redwood dendrochr onolocry, redwood-root  strati-
graphies, and radiocarbon:data indicate that a mini-
mum of three periods of,mudﬂow activity occurred un-
der pristine conditions ‘along the lower course of
Pfeiffer-Redwood Creek between about 1370 and 1800.
This yields an approximate recurrence frequency of
about once every 140 years; however, this recurrence
frequency should be considered a minimum figure be-
cause other mudflows may have passed through the
lower course of Pfeiffer-Redwood Creek without leav-
ing a detectable record.

Judging by the past 113 years of recorded history
of the Big Sur area, fire plays an important role in
the generation of mudflows. The two recorded periods
of mudflow activity in the area of the community of
Big Sur (the winters 1908-10 and 1972-73) followed
fires that denuded the steep drainage basins to the east.
Whatever the actual past recurrence frequency of mud-
flow events might have been in the Big Sur area and
elsewhere in the Santa Lucia Range where similar
conditions prevail, it has probably been modified by
Man’s activities in starting or suppressing fires.

The documentation of mudflows as a characteristic
surticial process in the Santa Lucia Range indicates

' that a hazard exists to lives and property where mud-

tlow-deposited fans are inhabited. Mudflow-deposited
fans along the lower courses of steep, chaparral-cov-
ered drainage basins similar to Pfeiffer-Redwood
Creek occur over much of the Santa Lucia Range. De-

velopment in these areas courts the possibility that a
catastrophe like the Big Sur mudflows of the winter
1972-73 will occur again.
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APPLICATION OF A HYDROMETEOROLOGICAL-MODEL-TO THE -
“SOUTH- CENTRAL SIERRA NEVADA OF CALIFORN|A

»

By WENDELL V. TANGBORN and LOWELL A. RASMUSSEN, Tacoma Wash:

Abstract.—A hydrometeorological streamflow-prediction mod-
el (HM model) developed for the North Cascades of Wash-
ington has been tested in the south-central Sierra Nevada of
California. Twenty-four drainages ranging in mean altitude
from 770 to 3,160 metres, including several of the major ones
such as those of the Kern, Kings, and Merced Rivers, were
examined. Eight U.S. National Oceanic and Atmospheric Ad-
ministration precipitation stations were evaluated. Of these,
three proved to be of significant value for nearly all the
drainages used. Results are given for predictions on February
1, March 1, and April 1 of monthly runoff of five major drain-
ages for the April-September season. Also demonstrated is the
April 1 prediction of a daily hydrograph for the April-
September season for 2 diverse years. The altitude distribu-
tion of storage and runoff, both observed and predicted,  is
determined by using several drainages with different area-
altitude profiles. Results of this calculation for two drainages
show that, on the average, approximately 50 percent of the
April-July runoff originates above 2,800 m. The influence of
subsequent precipitation on prediction accuracy is determined
by relating prediction error and actual precipitation occurring
after the prediction day. Results for three basins show that
about 75 percent of the error of a January—September predic-
tion on January 1 is due to precipitation occurring during the
prediction season. Comparisons of prediction accuracy are made
for five major drainages: the Kern River near Kernville; the
Kings River below North Fork, near Trimmer (inflow to Pine
Flat Dam) ; the Kings River at Piedra; the Merced River at
Pohono Bridge, near Yosemite; and the Merced River below
Merced Falls Dam, near Snelling. The accuracy of the HM
model appears to be about 24 percent higher than existing
operational methods in predicting the April-July runoff on
April 1.

The Sierra Nevada of central California produces :
what could be considered the most valuable -water in .
the world. Streamflow from this high mountain regton -

is utilized with great economic ‘mdvantwe for irrigat-

ing the extensive farmlands of the San J oaquin Valley,‘

and for hydroelectric power, public water supplies,
fisheries, and many of the other needs of this region.
Fortunately, streamflow in the Sierra from which
" downstream water supplies are obtained does not im-
mediately follow precipitation. Winter precipitation
occurring as snow is temporarily stored for as much as
9 months at higher altitudes and then released to lower

altitudes during the warm dry months when it is most
needed. The se(ond ‘Ldvant'we of’ thls i that snow
storage can be measured. by several me‘ms through the -
winter and spring seasons,’ t]mq allo“ ing water man-
agers to predict subsequent summel stleamﬁow Effi-
cient management of this important 1esomcc luncres on-.
whether the total volume and space distribution of
water stored as. snow -are accurately known each
spring.

A hydrometeorological- streamflow- p1edlct10n model
(HM model), which uses only standard streamflow and
precipitation data and is based on a calculation of ac-
tual basin storage, was developed for the North Cas-
cades region of Washington (Rasmussen and Tang-
born, 1976; Tangborn and Rasmussen, 1976). The ap-
plication.of the HM model to the south-central Sierra
Nevada of California is the subject of this report.

The approach given here differs slightly from that
of the North Cascades study. However, the central
theme of both.reports is nearly identical and, to avoid
repetition, this report does not contain a detailéd de-
scription of the development of the various concepts
used in the model.

The main features of this model are:

=

Appears to be more accurate than existing methods.

2. Does not require expensive or environmentally in-
trusive instrumentation; wuses only existing
streamflow and precipitation installations.

Is comparatively simple to implement.

@

4. Has a built-in system to test the amount of stor-

acre ‘wnlable for runoff; this considerably im-
proves the, accul acy.

. Provides. a method: amenablé for ‘extension to an

automated, real-time ‘system.

6. Predicts the time distribution of summer runoff
and the altitude distribution of storage and po-
tential runoff.

Acknowledgments—We wish to thank the following
reviewers of this manuscript: A. J. Brown, Depart-
ment of Water Resources, California; and R. J. C.
Burnash, National Weather Service.
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DESCRIPTION OF THE REGION striking contrast. The topography of the western side

Compared with the North Cascades, nearly all as- is a moderately inclined slope that was not as deeply
pects of the south-central Sierra Nevada present a dissected by Pleistocene glaciation as the North Cas-
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F1GURE 1.—The south-central Sierra Nevada of California. Shown are the 1,000-, 2,000-, and 3,000-m contours, drainage divides,
and gaging stations of 24 drainage basins plus the location of 8 precipitation stations used in this study. Base from
U.S. Geological Survey topographic 1:250,000 maps of San Jose, Mariposa, Fresno, and Bakersfield. Modified by authors.
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cades (fig. 1). Conversely, the slope on the eastern side
is very steep, the result of high-angle dip-slip fault-
ing. Partly because it has not been so heavily glaciated,
the Sierra is higher and more massive, resulting in a
greater proportion of area at high altitudes. The mean
altitude of the study region is 2,130 metres.

The climate is also markedly different from that of
the North Cascades. Annual precipitation is less than
half and occurs more as short, intense winter storms.
Rain-shadow effects from the coastal ranges appear to
be considerably more subdued ; consequently precipita-
tion patterns in the Sierra are much less complex. Un-
like the North Cascades, precipitation stations are lo-
cated at higher altitudes and appear to more precisely
represent regional values. The evaporation-transpira-
tion potential is undoubtedly much greater than in the
North Cascades but actual losses are probably not re-
flected by this difference because there is relatively
less vegetation in the Sierra. Also, the summer-pre-
cipitation fraction is significantly smaller than in the
North Cascades, suggesting that less evaporation oc-
curs in the Sierra.

Hydrologically, two features stand out in this region
of the Sierra. One is that because of the higher alti-
tudes, a much larger fraction of the total annual run-
off occurs during the summer season (0.45 at the mean
altitude of the North Cascades and 0.72 at the mean
altitude of the Sierra). Second, the coefficient of varia-
tion is significantly higher than in most other parts of
the country (U.S. Geological Survey, 1970, p. 120)
both on an annual and seasonal basis. The combina-
tion of a large fraction and the high variability of
summer runoff, coupled with hot dry summers and the
large economic value of seasonal streamflow, produces
an unusual need for an accurate determination of the
spring storage of water in the higher altitudes.

DESCRIPTION OF THE DATA USED IN THIS
STUDY

Twenty-four drainage basins of the south-central
Sierra were selected for analysis (table 1). Although
many more with streamflow records are available in
this region, it was necessary to limit the number to
keep the study at a manageable size. In the selection
of these drainages, the attempt was to represent the
entire region with respect to the altitude, latitude,
and orientation of each basin. It was necessary to con-
fine the region to a rather narrow latitude band, be-

tween lat 35°45” N. and lat 38°00” N, in order to retain

homogeneity of the hydrologic variables. Although the
primary interest is in the higher altitude basins which
have a high proportion of snowmelt runoff, a few low-
altitude basins were included for a more complete rep-

resentation of the region. Only those basins that have
at least 15 years of continuous record were used.

With two exceptions only published runoff data
were included. Those basins with large reservoirs and
diversions, resulting in regulated streamflow at the
gaging site, were not used to avoid making adjust-
ments to correct for impairment of the natural flow.
The exceptions were the Kings River at Piedra (No.
2220) (R. E. Leake, unpub. data adjusted for reservoir
storage, evaporation, and diversions, 1976) and, to
demonstrate the results with at least one impaired
drainage, Mono Creek (No. 2315) (the change in stor-
age of Lake Thomas A. Edison was used to make the
necessary corrections to the published, regulated flow).

In order that the dimensions for both variables are
compatible, both runoff and precipitation are given
in millimetres. Runoff is given as a unit length (milli-
metres averaged over the drainage basin). A factor to
convert millimetres to acre-feet is given for each drain-
age basin in table 1. Precipitation values were con-
verted to millimetres from published monthly values
in inches (U.S. National Oceanic and Atmospheric
Administration, 1930-1973). Runoff data were re-
trieved from U.S. Geological Survey computer storage
files (Hutchison, 1975) as daily values and converted
directly into millimetres averaged over the published
drainage area.

Except for two examples when daily discharge was
averaged over the period of record, the time increment
used for all data was 1 month. The winter season is
defined as October—March ; the summer season is April-
September except for a few times when the April-
July season was used. .

The fraction of the area within each 300-m altitude
interval for each basin was planimetered on topo-
graphic maps and converted to a fraction of the total
drainage area. These results are given in table 2.

SELECTION OF THE OPTIMUM PRECIPITATION
STATIONS

Originally, all U.S. National Oceanic and Atmos-
pheric Administration (1952-1973) precipitation sta-
tions in this region with an unbroken record of at least
20 years were used in the HM model to calculate the
standard error of estimate for a prediction on the
April-July season against all 24 drainage basins used
in the study. Only eight consistently showed a low
standard error of estimate and were retained for more
detailed examination (see table 3). Of these, Grant
Grove (No. 3551) is the most valuable station. It was
the best, or among the best, for 14 basins, Balch Power
House (No. 449) and North Fork Ranger Station (No.
6252) for 6 basins each, and Porterville (No. 7077)
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TABLE 1.—Streamflow gaging stations used in the south-central Sierra Nevada, Calif.

Coefficient of

Station et Basin Conver- Mean i '”"°ffs ﬁﬁ';;ﬁlgﬂi
record  arga sion | 311 Am- Win- Sum- percent Am- Win: Sun-
No. Name (m) ual* ter® mer* of ual? ter® mer"
] _ (mm) (mm) (mm) annual

11-1860  Kern River near Kernville . . . . . . . . . . .. ... 1952-73 2191 1.78 2600 314 77 236 75 62 45 Al
1870 Kern River at Kernville . . . . . . . . . .. .. ... 1954-73 2613 2.12 2460 268 73 196 73 65 54 74
2020 North Fork of Middle Fork Tule River near Springville . 1952-73 102 .0827 2120 507 202 306 60 66 80 68
2045 South Fork Tule River near Success . . . . . . . ... 1957-73 282 .229 1290 126 67 59 47 107 108 112
2065 Middle Fork Kaweah River near Potwisha Camp . . . . . . 1952-73 264 .214 2280 558 147 4N 74 64 60 67
2080 Marble Fork Kaweah River at Potwisha Camp . . . . . . . 1952-73 133 .108 2310 664 147 517 78 60 Al 64
2087.3 East Fork Kaweah River near Three Rivers . . . . . .. 1953-73 222 .180 2280 478 110 368 77 63 n 64
2101  South Fork Kaweah River at Three Rivers . . . . . .. 1959-73 225 .182 1570 267 88 179 67 83 98 76
2135 Kings River above North Fork, near Trimmer . . . . . . 1952-73 2476 2.01 2610 524 98 426 81 52 52 54
2140 North Fork Kings River below Meadow Brook . . . . . . . 1957-73 97.6 .0791 3110 739 76 663 90 49 4] 52
2158 Teakettle Creek at Site No. 3, near Patterson Mountain  1958-69 2.23 .00181 2340 572 162 410 72 n 56 86
2185 Kings River below North Fork, near Trimmer . . . . . . 1952-74 3476 1.98 2500 552 119 433 78 52 49 56
2200 Big Creek above Pine Flat Lake, near Trimmer . . . . . 1954-73 181 .147 1200 248 157 91 37 80 94 101
2215  Kings River below Pine Flat Dam . . . . . . . . . .. 1952-73 4002 3.25 2230 480 62 418 87 44 72 45
2217  Mill Creek near Piedra . . . . . . . . . . . .. ... 1958-73 329 .267 770 110 78 32 29 131 147 140
2220  Kings River at Piedra . . . . . .. ... ... ... 1952-73 4387 3.56 2120 473 109 364 77 57 60 58
2265 San Joaquin River at Miller Crossing . . . . . . . .. 1952-73 658 .533 2790 828 128 700 85 37 40 41
2305 Bear Creek near Lake Thomas A. Edison . . . . . . . . . 1952-73 136 .10 3160 612 66 546 89 42 30 45
2315 Mono Creek below Lake Thomas A. Edison . . . . . . .. 1952-73 240 .195 3070 590 102 488 83 42 94 48
2375 Pitman Creek below Tamarack Creek . . . . . . . . . .. 1952-73 59.3 .0481 2460 627 80 547 87 58 97 62
2645 Merced River at Happy Isle Bridge, near Yosemite . . . 1952-73 469 .380 2730 667 87 580 87 42 61 44
2665 Merced River at Pohono Bridge, near Yosemite . . . . . 1952-73 831 .674 2630 663 107 556 84 44 61 46
2680 South Merced River near EY Portal . . . . . . . . . .. 1952-73 624 .506 1840 493 164 329 67 56 64 58
2709  Merced River below Merced Falls Dam, near Snelling . . 1952-73 2748 2.23 1620 416 134 282 68 54 66 53

The conversion factor times the runoff in millimetres gives
the runoff in thousands of acre-feet.

20ct. 1 to Sept. 30.

and Yosemite Park Headquarters (No. 9855) for 1
basin each. Two pseudostations were formed from the
first three: No. 1111 by averaging Grant Grove and
Balch Power House, and No. 1112 by averaging those
two along with North Fork Ranger Station. One or
the other of the pseudostations was either better than
or as good as any of the eight individual stations for
all but six basins (see table 4).

SELECTION OF THE PERIOD OF RECORD TO USE
IN A HYDROMETEOROLOGICAL MODEL

The length of record to use in examining any hydro-
logic phenomenon is a crucial part of modeling de-
velopment (Hannaford, 1964) Changes with time of
the climatic variables that produce precipitation, air

%0ct. 1 to Mar. 31,
“Apr. 1 to Sept. 30.

temperature during precipitation (which will deter-
mine whether precipitation is snow or rain), evapora-
tion, and ablation, are known to exist. However, the
period and amplitude of these changes are not easily
discerned. Subtle changes in the relationship between
runoft and precipitation are extremely important in
most hydrologic modeling techniques, yet little is
known of the cause and magnitude of these changes.
Most streamflow prediction models use a specific
time period as a base from which comparisons are
made. Longer periods (over 30 years) often cause dif-
ficulties in modeling because of the tendency of hydro-
meteorologic relationships to change with time (the
infringement of man cannot be disregarded here) and
simply because of the low probability of having sev-
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TABLE 2.—Area-altitude distributions of drainage basins in the south-central Sierra Nevada, Calif.

Altitude intervals, in metres

Station 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900
to to to to to to to to to to to to to to
No. Name 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900 4200
11-1860  Kern River near Kernville . . . . . . . . . .. .. .. 0.004 0.051 0.067 0.040 0.133.0.163 0.139 0.127 0.137 0.052 0.008
1870 Kern River at Kernville . . . . . . o v .\ oo o ... 0.005 .026 .073 .089 .140 .145 .147 .120 .107 .098 .044 .007
2020 North Fork of Middle Fork Tule River near Springville . .085 .067 .140 .164 .202 .166 .152 .024
2045  South Fork Tule River near Success . . . . . ... .. 0.013 0.103 .155 .186 .188 .165 .107 .060 .021 .002
2065 Middle Fork Kaweah River near.Potwisha Camp . . . . . . .013 .052 .084 .124 .134 .139 .144 .126 .117 .058 .009
2080 Marble Fork Kaweah River at Potwisha Camp . . . . . . . .011 .028 .029 .074 .225 .208 .158 .160 .091 .015
2087.3 East Fork Kaweah River near Three Rivers . . . . . .. .010 .043 .096 .132 .129 .128 .132 .142 .145 .039 .003
2101 South Fork Kaweah River at Three Rivers . . . . . . . . .002 .088 .130 .159 .156 .114 .078 .053 .127 .080 .013
2135 Kings River above North Fork, near Trimmer . . . . . . .012 .026 .031 .043 .050 .097 .103 .117 .139 .156 .157 .061 .008
2140  North Fork Kings River below Meadow Brook . . . . . . . .076 .283 .365 .235 .041
2158 Teakettle Creek at Site No. 3, near Patterson Mountain .100 .500 .400
2185 Kings River below North Fork, near Trimmer . . . . . . .001 .012 .026 .034 .048 .056 .100 .124 .158 .151 .,125 .114 .044 .006
2200 Big Creek above Pine Flat Lake, near Trimmer . . . . . .019 .070 .168 .249 .238 .169 .073 .013 .001
2215 Kings River below Pine Flat Dam . . . . . . . . . .. . .005 .037 .081 .058 .050 .055 .088 .107 .137 .131 .108 .100 .038 .005
2217 Mill Creek near Piedra . . . . . -« v ot v ... .065 .331 .272 .179 .110 .038 .005
2220 Kings River at Piedra . . . . . v« o ot .o .. 025 .094 .081 .053 .046 .050 .080 .098 .125 .120 .099 .091 .035 .005
2265 San Joaquin River at Miller Crossing . . . . . . ... .005 .018 .048 .115 .217 .250 .218 .109 .021 .00l
2305 Bear Creek near Lake Thomas A.'Edison . . . . . . . .. ,044 .066 .179 .304 .333 .072 .002
2315 Mono Creek below Lake Thomas A, Edison .. . .. . .. .086 .142 .176 .255 .232 .095 .013
2375 Pitman Creek below Tamarack Creek . . . . . . . . . . . .493 341 147 .09
2645 Merced River at Happy Isle Bridge, near Yosemite .009 .066 .184 .192 .266 .193 .077 .013 .001
2665 Merced River at Pohono Bridge, near Yosemite . . . . . .009 .014 .013 .056 .203 .214 .312 .123 .043 .011 .001
2680 South Fork Merced River near E1 Portal . . . . . . .. 014 .044 .130 .163 .151 127 .133 .142 .065 .027 .004
2709  Merced River below Merced Falls Dam, near Snelling . . .036 .108 .136 .140 .080 .065 .067 .118 .110 .078 .042. .017 .003
TABLE 8.—Precipitation stations used in the south-central eral data-collection stations in operation simultaneous-
Sierra Nevada, Calif., during the period 1952-78 ly for many consecutive years.
The pragmatic approach is analyzing trends in hy-
: ~ Fiean precipitation — CoefFicient of drometeorologic relationships is, simply, what period
Station Q{,[d:% Ao ing i pgsggﬁ ﬁ;ﬂ% of }'e001'(1' gives t»he‘ best fit betfve.en. two celependent
No. Name () () () annua1 {013 fer’ mer” variables; namely, runoff and precipitation? qu ex-
ample, how far back should records of these variables
33 Ash Mountain s18 652 531 121 19 42 45 66 extend to give the most accurate predictive qualities
449 Balch Power House s24 757 620 137 18 39 43 55 to a currently applied model?
3851 Grant Grove 2006 1090 902 188 17 41 45 62 The example given here is for the prediction period
3939 Hetch Hetchy 1180 878 691 187 21 3 3% 49 1958-73. The HM model predicted April-July runoft
6252 North Fork Ranger Station 802 835 686 149 18 36 39 s  for this period by use of a record of precipitation and
7077 Porterville 120 284 232 52 18 a0 46 76 runoff which extended back for a varied number of
8914 Three Rivers Edison PH 2 290 547 448 99 18 w2 4 7 years. Because of changes with time in runoff-precipi-
9855 Yosemite Park Headquarters 1215 922 744 178 19 53 3 a  tation relationships, each year’s prediction was based
111 Average of 449, 3551 - 9 761 3 18 39 aa ss only on the previous period of record and was then
112 Aversge of 449, 3551, 6252 —-- 8w 736 158 18 s 42 sp recalculated each year.
The results of this analysis are shown in figure 2
'0ct. 1 to Sept. 30. 20ct. 1 to Mar. 31.  Apr. 1 to Sept. 30. for three main drainage basins used in this report. An
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TABLE 4.—Relationship between runoff and precipitation for all basins and precipitation stations in the south-central Sierra
Nevada, Calif.

[Standard error of estimate is given in millimetres for the April-July runoff when the October-March precipitation and a 1-month spring test
season are used ; standard deviation of the April-July runoff is also given]

Station 3:?3' Precipitation station (see table 3 for names)
No. Namel devi- 343 449 3551 3939 6252 7077 8914 9855 1111 1112

tion

11-1860 Kern River near Kernville . . . . . . . . . . . ..

1870 Kern River at Kernville . . . . . . . .. . . ...

.. 152 53 40 34 66 52 49 39 70 33 36
.. 132 50 33 33 60 46 42 37 61 31 34

2020 North Fork of Middle Fork Tule River near Springville 197 76 71 59 91 79 72 64 99 60 63

2045 South Fork Tule River near Success . . . . . . ..
2065 Middle Fork Kaweah River near Potwisha Camp . . . .
2080 Marble Fork Kaweah River at Potwisha Camp . . . . .
2087.3 East Fork Kaweah River near Three Rivers . . . . .
2101  South Fork Kaweah River at Three Rivers . . . . . .
2135 Kings River above North Fork, near Trimmer . . . .

2140 North Fork Kings River below Meadow Brook . . . . .

.. 64 20 1515 18 15 20 20 19 15 14
.. 25 8 8 75 111 99 57 72 122 77 &
.. 309 117 92-76 142 109 112 94 144 74 79
.. 220 71 50 68 74 60 58 55 83 60 58
.. 133 35 22 25 31 23 32 29 36 22 2
.. 209 73 52 52 83 63 69 58 84 48 49
.. 328 151 93 8 130 108 176 116 115 85 86

2158 Teakettle Creek at Site No. 3, near Patterson Mountain 325 88 48 42 89 72 77 58 88 40 4

2185  Kings River below North Fork, near Trimmer. . . . .
2200 Big Creek above Pjne Flat Lake, near Trimmer . . .
2215 Kings River below Pine Flat Dam . . . . . . . ..
2217 Mill Creek near Piedra . . . . . . . . .. . ...
2220 Kings River at Piedra . . . . . . . .. e e e e e
2265 San Joaquin River at Miller Crossing . . . . . ..
2305 Bear Creek near Lake Thomas A. Edison . . . . . . .
2315 Mono Creek below Lake Thomas A. Edison . . . . . .
2375 Pitman Creek below Tamarack Creek . . . . . . . . .

2645 Merced River at Happy Isle Bridge, near Yosemite

2665 Merced River at Pohono Bridge, near Yosemite . . .

2680 South Fork Merced River near El1 Portal . . . . . .

2709 Merced River below Merced Falls Dam, near Snelling

..o 88 67 55 95 75 99 72 95 56 58
.. 90 54 42 44 41 37 53 51 38 43 4
.. 210 73 54 51 81 64 68 61 84 48 50
.. 45 33 27 25 24 23 34 34 22 26 25
.. 195 65 50 48 70 57 62 56 74 45 47
.. 260 110 80.75 92 74 139 8 101 71 69
..o2n 99 67 78 86 69 123 81 70 71 67
.. 216 107 71 9 73 63 141 8 73 79 70
.. 332 129 91 8 142 98 150 111 122 79 79

236 91 69 66 8 65 115 75 77 63 61

.. 243 93 72 62 83 66 114 77 72 73 60
. . 186 76 65 56 73 59 8 70 68 57 56

144 60 49 48 55 46 66 57 49 47 46

exception is that the upper Kings River (No. 2135)
was used instead of Nos. 2185 and 2215 because its
record extends back to 1932. An average of five long-
term precipitation stations (Nos. 343, 3939, 6252, 8914,
and 9855) was used to reduce the effect of possible
record Jbreaks caused by station moves or other un-
natural changes. The same precipitation-station aver-
age was used so that the results for all basins would
be comparable.

On the basis of these results, it appears rather
strongly that for the most accurate prediction the
optimum year to begin the period in this region is

1952. This date applies more to some basins than to
others, but for all basins a perioed beginning in 1952
gives the lowest standard error of estimate. For this
reason, it was decided to use the more hydrologically
stable 1952-73 period as the base for all subsequent
calculations in this report.

FOUNDATION FOR THE HM MODEL

The basis for this hydrometeorological approach is
simply that summer runoff is highly dependent on:
spring snow storage and that accurate predictions of
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F1cure 2.—The standard error of estimate for predicting April-July runoff on April 1 during the 1958-73 period as a function
of the starting year of the runoff and precipitation variables used in the HM model. Each prediction is based only on ante-
cedent data; for example, the 1965 prediction is computed from data from the starting year through 1964. The upper
points for each drainage are for predictions without a storage revision; the lower are for those with a revised storage
based on a 1-month spring test season. These results for three large basins in this region suggest that 1952 is the year to
begin calculations for the highest accuracy of current predictions. Gaging-station numbers are indicated in parentheses
after basin names.

both total runoff and timing are possible if the ab- Hannaford, 1964). The main difference between the
solute storage is accurately known. HM and earlier models is that this method uses only

The absolute-storage approach, which is based on existing streamflow and precipitation records and has
the principle of conservation of mass, has been intro- a built-in storage revision system (discussed in the
duced previously by several workers (Kohler, 1957; next section).
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The development given below deviates slightly from
that given in Tangborn and Rasmussen (1976) in that
storage is defined explicitly. This does not alter the
final predictive equation; it does direct more emphasis
to the role of storage in determining summer runoff.
Storage, as defined here, includes the snowpack, ground
water, and soil moisture; however, in most places the
snowpack is the dominant factor in streamflow in this
region.

For a defined drainage, .

spring storage=input—output,
which is approximately equal to winter precipitation
less winter runoff :

Sw=~P,—R,.

As basin precipitation, P,, is unmeasured, it is assumed
to be equal to some multiple, a, of gage precipitation

Py=ap.y,
so that
Swr=app— Ry,
where S, =spring storage of water in a drainage basin,
P,=winter precipitation (basin),
Ppw= winter precipitation (gage), and
R,=winter runoff (basin).

Summer runoff is approximately equal to spring
storage plus summer precipitation less summer evapo-
ration (which is defined here as the net effect of the
sum of evaporation, transpiration, and condensation),
or

R,=8u+P,—Ly;

RB,= (apw_Rw) +P3_Lsy

where Z,=summer runoff (basin),
P,=summer precipitation (basin), and
L,=summer evaporation (basin).

therefore

Basin storage at the end of the summer season is

assumed to be small and is neglected in this develop- -

ment. The error this produces is not considered signifi-
cant; however, there may be instances where this is
not true. :

Subsequent net summer precipitation and evapora-
tion are assumed to be equal to the climate average and
treated as a constant,

b=P,—L,.
When ¢ and b are determined by a least-squares fit of

R, R,, and p,, a predictive equation for summer run-
off is formed as follows:

R*=ap,+b —Rw,.
where R,*=predicted summer runoff, which is identi-
cal to that given in Tangborn and Rasmussen (1976).

Three conventional statistical measures are used in
this report: the standard error of estimate (SE), the
standard deviation (SD), and the coefficient of varia-
tion (8).

1 Y
SE=[~2(R*—R)2] ;
n

1 _ %
SD=[———2(R—R)2] » and
n-1 _
$=SD/R,

- 1 . .
where £= — 3SR and n is the number of observations.
n
The coefficient of variation is also computed for pre-
cipitation.

STORAGE REVISION

Estimation of the total storage available for runoft
each spring, whether it is in the snowpack or as ground
water and soil moisture, is the most difficult element
of a prediction model. Attempts to determine the
total water storage of a drainage basin by snow sur-
veys, precipitation measurements, and aerial snow-
cover observations are fraught with problems because
of the inherent difficulties of measuring snow depths
and densities over rough, mountainous terrain. Also,
changes in storage due to evaporation are as yet un-
measurable; consequently some method is necessary to
monitor total storage continuously  throughout the
main ablation season.

A method to revise the initial spring storage esti-
mate (as determined by winter precipitation less run-
off) was devised for the North Cascades prediction
model (Tangborn and Rasmussen, 1976). Basically,
this procedure tests the total volume of storage by
making short season runoff predictions in late winter
and then revises the storage estimate and late season
runoff prediction by an amount that is proportional
to the error incurred in making the short season pre-
diction.

The application of the storage revision method to
runoff prediction in the Sierra appears even more
successful in reducing errors than it was for the North
Cascades. Some of the vast improvement in accuracy
by this means in this region may be due to a greater
dependence of summer runoff on the snowpack and
less on summer precipitation and the much smaller
carryover of storage from one year to the next. The
length of the test season is a determining factor in
accuracy improvement and was allowed to range from
0 to 4 months. In most applications the optimum test-
season length was found to be somewhere between 0
and 1 month and a 10-day or 2-week length would ap-
pear to improve the prediction significantly. This is
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demonstrated in figure 3 which shows the results for
four basins. These curves, drawn between the 1-month
points, have been approximately fitted, but represent
the most logical shape based on the five given points.
Apparently a more thorough analysis, using time in-
crements of less than 1 month, is needed to realize
the full value of this method.

On the basis of the HM-model principles, it would
be possible to construct a real-time prediction model
using daily or even shorter interval values of observed
streamflow and precipitation. This method would in-
stantaneously and automatically reevaluate basin
storage by repeatedly making short-test predictions,
revising storage each time to a new value depending
on the resulting prediction error.

A continuous, up-to-date assessment of potential run-
off for any subsequent season would be available by
this interactive process. With this knowledge stream-
flow predictions could be updated whenever needed
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Ficure 3.—Examples illustrating the optimum length of the
spring test season for an April 1 prediction of April-July
runoff. Results shown here for the four main basins in this
study indicate that a test length of less than 1 month would
significantly lower the standard error of these predictions.
Gaging-station numbers are indicated in parentheses after
basin names.

by water users. In some regions there is a definite
need for this after major winter storms (Brown, 1974;
Santeford, 1974). An added advantage in using only
data from existing and relatively low-altitude stream-
flow and precipitation stations for such an automated
system is that both data collection and telemetry to a
central computer would be much less difficult than
from harsher, high-altitude sites (Tarble, 1968).

DISTRIBUTION OF RUNOFF WITH TIME

Beforehand knowledge of the amount of runoff ex-
pected to occur at any instant in time during the sum-
mer season is often of even greater economic import-
ance than the total volume predicted for the full sea-
son (Tarble and Burnash, 1971). A predicted summer
hydrograph is essential for maximum water-manage-
ment efficiency as it allows water users suflicient time
to plan for future supplies. The earlier this informa-
tion is available each spring, the more valuable it is
to those who need it.

Accuracy increases rapidly in proportion to the time
interval of prediction. A 1-month interval can be pre-
dicted more accurately than can 1 day. The principal
reasons for this are the unpredictability of meteo-
rological factors that produce streamflow (mainly the
energy which produces ablation) and, to a lesser de-
gree in high-altitude basins with a large snowpack,
precipitation occurring as rain. As the length of the
prediction interval increases, the variability of these
climatic elements about their long-term means de-
creases. In addition, the influence of these factors re-
lative to storage as snow in determining the rate of
runoff is less for longer seasons. However, it is pos-
sible to understand part of the inaccuracy of predict-
ing the summer hydrograph by differentiation of the
various processes that control runoff.

Six distinct factors determine the time distribution
of runoff each summer:

1. Total volume of spring storage.

9. Spatial distribution of this storage with respect to
altitude, orientation, and vegetation (chiefly
forests).

Forms in which water are stored.

Energy available for ablation of the snowpack.

Evaporation.

Amount of precipitation and whether it occurs as
rain or as Snow.

IR

The first three factors could possibly be determined
on the prediction day; the last three cannot and the
assumption must be made that climatic average con-
ditions will prevail during the ablation season. Factor
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4 is related to 2 in that spatial distributions of snow
will, to some extent, determine ablation rates.

On the basis of present capabilities, the first factor,
storage volume, is the only one of the six that can be
used for predicting a summer hydrograph. Prelimi-
nary analysis of this region indicates that the altitude
distribution of the snowpack also appears to be a sig-
nificant factor in the time distribution of runoff. How-
ever, more detailed measurements of the space dis-
tribution of storage and how it is related to the tim-
ing of runoff are needed. The last three factors must
await a significant breakthrough in long-term weather
forecasting.

These monthly runoff determinations are based en-
tirely on the total predicted storage. The distribution
is computed by a linear fit between storage, approxi-
mated by observed runoff between the prediction day
and through the prediction month, and the actual run-
off occurring during that month (Tangborn and Ras-
mussen, 1976).

Results showing the time-distribution prediction
made by the HM model on four basins (Kern River
near Kernville; Kings River below North Fork, near
Trimmer; Kings River at Piedra; and the Merced
River at Pohono Bridge, near Yosemite) are shown
in table 5. February 1, March 1, and April 1 predic-

STREAMFLOW-PREDICTION MODEL, SIERRA NEVADA, CALIFORNIA

tions of the April-July monthly runoff were made in
each case. As can be seen, the accuracy of the predic-
tion of the summer hydrograph generally increases
from February 1 to April 1. The distribution was
made by determining the coefficients for a linear fit
between the 1952-73 observed monthly runoft, 72,,, and
spring storage, So:
Ln=0,8+by.

Runoff data for the 1952-73 period was used to find
the best fitting coefficients for each month. Storage,
So, on the prediction day was approximated by runoff
occurring subsequent to the prediction day and through
the prediction month. For example, an April predic-
tion made on February 1 would be

B* (sprity = aR* (pepruary-aprin) + 0,

where ¢ and b were predetermined by a fit of April
runoff on February-April runoff. Interestingly, the
approximation of 8, by February-April runoff gave
better results than a longer season, for example, Feb-
ruary-July, which would seem to be a better estimate
of total storage. This may be due to April runoff be-
ing more closely related to only part of total storage,
that is, that of snow lying in exposed areas.

An approximate measure of the value of each
month’s prediction can be made by comparing the

TABLE 5.—Accuracy of the predicted monthly distribution of runoff, in millimetres

Station Pri‘g;;" April May June. July August September

No. Name day Mean SD SE Mean SD SE Mean SD SE Mean SD SE Mean SD SE Mean SD SE
1860 Kern River Feb. 1 35 22 14 68 51 28 70 52 28 38 34 18 16 12 6.0 8.7 5.3 3.3
near Kernville Mar. 1 -- == 10 -- -- 24 _—- 22 - -- 18 —— - 6.3 __ __ 3.3

Apr. 1 - -1 — -1 ____18 ____10 ____ 43 __ __ 19

2185 Kings River below Feb. 1 63 27 21 1337539 13179 47 66 57 36 27 18 12 4.2 11 9.6
North Fork, Mar. 1 == == 15 == == 35 —= =43 = =37 ___.12 - - 9.8

near Trimmer Apr. 1 - --2] -- == 2] -- -- 33 -- - 26 -—--- 9.6 __. .. 8.0

2220 Kfngs River at - Feb. 1 60 24 21 122 66 36 111 70 41 50 49 29 1513 7.2 6.1 4.1 3.1
Piedra Mar.1 -~ --15 ----30 -- __38 ____3 __.__. 82 .. _. 35

Apr. 1 —--20 . __.3 — 27 21 .- 53 - __ 2.4

2665 Merced River at Feb. 1 .923233 2119954 1729759 61 56 36 1513 8.5 5.7 4.44.3
Pohono Bridge, Mar. 1 .. - 2] - -4 - .60 - -8 ... 9.6 -- - 43

near Yosemite Apr. 1 - -l3 R ¥ — 47 -— -3 —_— - 1.0 = _. 4.1

Note

.--SD = standard deviation; SE = standard error of estimate.
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standard error of estimate with that month’s stand-
ard deviation. If the standard error is less than the
standard deviation, the prediction method would be
an improvement over using the mean flow as a predic-
tion.

The prediction of daily discharge throughout the
subsequent summer season is an important factor in
water management (Barsch and Burnash, 1968;
‘Hannaford and others, 1970). An illustration of how
accurately the HM model is able to predict April-
September daily values of discharge on April 1 is
shown in figure 4. As only monthly values of predicted
runoff are obtainable with the current system, a smooth
curve that agreed with the observed discharge on April
1 and whose integral agreed with the predicted month-
ly values was constructed. Two years are shown as ex-
amples: 1969, a much above average runoff year, and
1972, a much below average year. Both years were
about average with regard to prediction error. The
accuracy and definition of this time distribution would
likely be improved if a shorter time interval of data
input were used.

The physical basis for relating runoff timing to stor-
age 1s that for a given ablation potential, runoff rates
are strongly dependent on the amount of storage oc-
curring as snow. The areal distribution of the snow-
pack will, to some extent, also determine the runoff dis-
tribution as a widely dispersed snowpack will melt
more rapidly than one with an identical volume con-
centrated in smaller areas. It can therefore be reasoned
that some means of independently determining the
areal coverage of the snowpack, that is, by satellite
photography, would assist in predicting the time dis-
tribution of runoff.

PREDICTION OF THE ALTITUDE DISTRIBUTION OF
STORAGE AND RUNOFF

The distribution with altitude of the source of moun-
tain streamflow is often of practical interest because
many water users are concerned with the effects of
vegetation changes, cloud seeding, and other human
activities which may alter the distribution of moun-
tain water supplies. This information is of particular
concern to land-use managers who must determine the
best use of these mountain regions for all of society
(Horn, 1973). In addition, the distribution of snow
storage with altitude influences the timing of summer
runoff. Knowledge of the spatial distribution would
undoubtedly assist in determining the time distribu-
tion.

A plot of the mean summer (April-July) fraction
of the mean October-July runoff as a function of
basin mean altitude is shown in figure 5. This frac-

43

300 -
KERN RIVER
NEAR KERNVILLE (1860)

F1Q000

+9000

250 +

8000

200 -

6000

1969, PREDICTED L5000

4000
100 ~
3000

1
MEAN DAILY DISCHARGE IN CUBIC FEET PER SECOND

2000
50 -

MEAN DAILY DISCHARGE IN CUBIC METRES PER SECOND

PREDICTED

Iwn,m
MAY

1000

n
APRIL JUNE JuLy AUGUST SEPTEMBER

10,000

MERCED RIVER

AT POHONO BRIDGE (2665) 9000

250 -
8000
“F7000
6000

5000

4000

3000

-2000

MEAN DAILY DISCHARGE IN CUBIC METRES PER SECOND

000

£

1972, 7ACTUAL

APRIL MAY JUNE AUGUST SEPTEMBER

Ficure 4.—The April 1 prediction of mean daily discharge
throughout the summer (April-September) season. Shown
are the actual and predicted dailies for 1969 -and 1972, and
the 1952-73 daily mean for the Kern River near Kernville
(No. 1860) and the Merced River at Pohono Bridge, near
Yosemite (No. 2665).

tion, /2,/R,, shows a much better fit with altitude than
does either 2, or R, individually. A fitted quadratic
through these points gives the approximate distribu-
tion of R,/R, as a function of altitude for this region
and can be used to determine the storage and potential

MEAN DAILY DISCHARGE {N CUBIC FEET PER SECOND
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F1oURE 5.—The mean summer runoff fraction, Rs/R,, versus
mean basin altitude, Z for all basins used in this study. This
fraction shows much less scatter than when either Rs or E,
are plotted against mean altitude. Many of the deviations
from the best fitting quadratic of Rs/R, on Z can be ex-
plained by basin orientation. Basins 2101 and 2375 are
strongly north oriented while 2200, 2020, 2158, 1860, and
1870 have a predominant south-facing orientation. Basin 2709
shows a large deviation from the fitted curve because the
gaging station is located a distance downstream and the
drainage area includes a large region which does not have
a summer snowmelt component. The fitted curve does not ap-
pear to balance the scatter of points because of the domi-
nance of storage at higher altitudes, and the area-altitude
fractions instead of the mean are used in the fitting process.

_ These results indicate that basin orientation significantly in-
fluences runoff timing. The relationship shown here is used
to calculate the distribution of storage or summer runoff
with altitude as demonstrated in figure 6.

runoff distribution. As most of these basins span a
wide altitude range, the mean altitude is not the best
variable to use. To account for the nonlinearity of the
R,/R, versus Z function and the wide range in alti-
tudes, the basin area-altitude fractions (table 2) are
used in the fitting procedure (Rasmussen and Tang-
born, 1976).

Most of the large deviations from the fitted quad-
ratic can be explained by basin orientations. North-
facing basins will tend to retain snow longer into the

spring season and have a R,/E;fraction greater:than

than the regional average. Conversely, south-facing
basins will lose snow more rapidly each spring and the

fractions will be less than the average. Those basins
that showed a large deviation from the mean func-
tion were not used in the final computation of the
regional storage distribution. It is of interest to note
that the North Cascades basins did not show this
strong dependence on orientation of the summer run-
off fraction. This may possibly be due to solar radia-
tion being a less influential factor for snowmelt in the
North Cascades than in the Sierra.

Knowing both the area and unit runoff for each al-
titude interval allows the determination of the total
volume of storage (approximated by the observed or
predicted April-July runoff) and potential summer
runoff as a function of altitude. The approximate April
1 storage as a function of altitude is given by the
following:

n
Sij=Xly; Z_Awf(zk)a
=i
S;;=Storage at and above the 7th altitude
interval (of n intervals) in basin j,
F(Zi)=R,/R, versus Z function for the region,
A=Area-altitude fraction, ith interval,
basin 7,
X;=Area of basin j, and
Ry;= Annual runoff of basin j.

where

Figure 6 shows the result of this calculation on the
Kings River (No. 2185) and the Merced River (No.
2665). Although the Kern River is a main drainage,
it was not included because it has a strong southerly
orientation and does not fit well with this set of drain-
ages. Using the predicted R,*/R,* for each basin, it
is possible to make this determination of discharge
versus altitudes before the main runoff season begins,
thus giving water supply managers the benefit of
knowing the potential runoff from each altitude zone.

EFFECT OF SUBSEQUENT PRECIPITATION ON
PREDICTION ACCURACY

A scatter diagram of the prediction error each year
for a January-September prediction season versus
January—September precipitation demonstrates a high
negative correlation, »=—0.975 (fig. 7). This occurs
because greater than normal precipitation causes nega-
tive errors (predicted runoff is less than observed).
Conversely, less than normal summer precipitation
will cause positive errors.

Results for three basins, shown in figure 8, indicate
that subsequent precipitation is a significant cause of
prediction. error thnoughqut. the:late winter and early
spring (to about April'1 for the Kern River, May 1
for the Kings River, and June 1 for the Merced River).
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Figure 6.—Inferred altitude distributions of storage for Kings
River below North Fork, near Trimmer (No. 2185) and
Merced River at Pohono Bridge, near Yosemite (No. 2665).
The total storage is taken to be equal to the total April-
July runoff. Five curves are shown for each basin, using the
actual and predicted runoff for the wet year 1969, the ac-
tual and predicted runoff for the dry year 1972, and the
mean actual runoff for the period 1952-73. These altitude
curves are obtained by using the runoff values for several
nearby basins with different area-altitude profiles.

After these dates unusual departures from normal
precipitation appear to be inconsequential. These con-
clusions seem to disagree with those resulting from a
study made earlier of the effects of summer precipita-
tion in the high Sierra which indicates that a large
part of the streamflow prediction error during the
snowmelt period is due to summer precipitation (Han-

naford and Williams, 1967). A study of high-altitude. .

precipitation (above 2,750 m) -in. the upper Kings

River basin indicates that. considerably greater.
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FicUrRe 7.—Prediction error for a January 1 prediction of
January-September runoft for the Kings River below North
Fork, near Trimmer (2185) versus the actual precipitation
occurring during the January-September season at station
1111. The correlation coefficient for this linear fit is —0.975,
demonstrating the strong influence of subsequent precipita-
tion on prediction error.

amounts of localized, convective precipitation may oc-
cur in these regions than occurs at established, lower
altitude meteorological stations, particularly during
the late summer season July-September (Henderson
and others, 1974).

These results do suggest that increased efforts to fore-
cast spring and summer precipitation would yield
worthwhile improvements in early season streamflow
predictions but that forecasting late summer precipi-
tation would not be as useful for this purpose.

COMPARISONS WITH OTHER METHODS

Five drainage basins for which seasonal streamflow
predictions have been made in the past were selected
for accuracy comparison of the HM method with op-
erational forecasts. These were chosen because of the
major importance these drainages have in this region
(California Department of Water Resources, 1959-
1973). Only those basins with published records of
natural flow were used, the one exception being the
Kings River at Piedra (No. 2220); these records ad-
justed to natural flow were obtained from the Kings
River Water Association (R. E. Leake, written com-
mun., 1975). Comparisons are made for the April-
July runoff season and the 1959-73 period in all cases,.

‘When available, comparisons of predictions made on V
February 1 and March 1 of the April-July flow- are
also given. The Kings River at Piedra (No. 2220) and
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Fi1cure 8—The prediction error as a function of time of pre-
diction for streamflow ,to the end of September (upper line)
given for Kern River near Kernville (No. 1860), Kings
River below North Fork, near Trimmer (No. 2185), and
Merced River at Pohono Bridge, near Yosemite (No. 2665).
The stippled area represents that part of the error due to
the precipitation occurring in the basin subsequent to the
prediction day. Relationships, such as the one shown in fig-
ure 7, are the basis for determining the relative influence
of summer precipitation on prediction error given in these
examples.

the Merced River at Pohono Bridge, near Yosemite
(No. 2665) have predictions available for years extend-
ing back into the midthirties but comparisons could
not be made for earlier years because of the previously
discussed limitation of the HM model to post-1952
data (table 6). .

These comparisons should be considered only as an
approximate evaluation of the HM model and are not
meant to reflect on the validity of the operational
methods in use which, mostly, are extremely accurate.
Certainly an established  method which has had to
evolve through the years cannot simply and equitably
be compared year by year with a new method which
benefits by the trials and experience of other workers
in the field of hydrology. That is, the newly developed
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Fiaure 8-—Continued.

HM model has been compared here with an average
of the operational models that have been used over the
past 15 years. The current versions of the operational
models presumably contain improvements in model
design, in addition to their having access to the rec-
ords of precipitation and runoff occurring in years
after their predecessors were used. Had these current
versions been used over the entire comparison period,
as has the new HM model, then the operational models
may well have enjoyed a far better record than is
shown for them here. '

Use of the HM model appears to give more accurate
predictions than the present operational methods. If
the improvement, /, is given as the percentage differ-
ence of the standard error of estimate,

7 (BE)e— (SE)my
(SE).

X 100.
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where (SE).=standard error of the comparison
method and

(SE) uy =standard error of the HM method.

the increase in accuracy varies from just less than 1

percent for the March 1 prediction on the Kings River '

inflow to the Pine Flat Reservoir (No. 2185) to 34 per-
cent for April 1 prediction on the Merced River at
Phono Bridge, near Yosemite (No. 2665). The aver-
age improvement in accuracy for all April 1 predic-
tions is about 24 percent.

It should be emphasized that the HM model pre-
dictions were made each year on the basis only of data
previous to that year. For this reason the mean error
of these predictions, given in table 6, does not equal 0.

Comparisons of prediction accuracy of the summer
hydrograph or monthly distributions were not pos-
sible because these data were not available for other
methods.

PROPOSED IMPROVEMENTS IN THE HM MODEL

A number of improvements in the HM model can
be visualized which would increase its accuracy and

versatility for the Sierra and other mountain regions.
Some of these involve a major change in current pro-
cedures (for example, the addition of an evaporation
component) ; others could be implemented with minor
changes. The most promising modification would be
shortening the time interval for the input of precipita-
tion and runoff. Both of these sets of data are now di-
rectly retrievable from computer linked storage files
for most parts of the country with at least a daily
frequency.

Improvements in predicting the summer hydrograph
by a greater definition of the spatial distribution of
the snowpack, particularly with altitude, is another
proposed modification. There is little doubt that the
ablation of snow varies with altitude; however, other
factors such as changes in slope orientation and forest
cover changes with altitude must be included in any
model that takes altitude into account. Sublimation
directly from the snowpack and other evaporation and
transpiration losses are other elements in mountain
hydrology which need to be included in a realistic
physical model. '

Perhaps the most promising approach would be a
continuous-balance model that would account for the
amounts of all forms of water as they enter, are tem-
porarily stored, and then leave each of the nearly uni-
form hydrometeorological elements into which a drain-
age basin might be divided (Leavesley, 1973).
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TABLE 6.—Comparison of hydrometeorological (HM) and California Department of Water Resources (CDWR) predictions
of the April-July runoff, in millimetres, for the 1959-73 period cwcept that the February and March predictions for the

Kern River near Kernville are for 1968-73.

. . Predictions
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No Name . CDWR HM CDWR HM CDWR HM
) Mean SD Mean SE* Mean SE®* Mean SE* Mean SE* Mean SE* Mean SE?
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PROCEDURE FOR ESTIMATING THE TEMPERATURE OF
A HOT-WATER COMPONENT IN A MIXED WATER BY
USING A PLOT OF DISSOLVED SILICA VERSUS ENTHALPY

By A. H. TRUESDELL and R. O. FOURNIER, Menlo Park, Calif.

Abstract.—A graphical method using a plot of dissolved silica
versus enthalpy allows quick determination of the temperature
of the hot-water component of a nonboiling thermal spring.
The method is applicable to warm spring waters that either
have not lost heat before mixing or have lost heat by separa-
tion of steam before mixing.

Fournier and Truesdell (1974) published graphical
and analytical procedures for estimating the tempera-
ture and proportion of a hot-water component mixed
with a cold water. These procedures, valid for warm
springs of large flow rate, were based on heat and
silica balances. This paper presents simplified graphi-
cal procedures for obtaining those results. The method
makes use of the dissolved silica-versus temperature
graph of Fournier and Rowe (1966, fig. 5), replotted
in figure 1 as dissolved silica versus enthalpy of liquid
water in equilibrium with steam. To simplify the pro-
cedure, we have chosen to plot enthalpy in Interna-
tional Table calories (calir) per gram (above 0°C)
rather than joules per gram because the enthalpy of
liquid water is numerically approximately the same
as the temperature.

In using figure 1, one may assume either that no
steam or heat had been lost from the hot-water com-
ponent before mixing or that steam had separated
from the hot-water component at an intermediate
temperature before mixing. In either event, it is nec-
essary to assume that no loss of heat occurs after mix-
ing, that the initial silica content of the deep hot
water is controlled by the solubility of quartz, and
that no further solution or deposition of silica occurs
before or after mixing. These assumptions are dis-
cussed in greater detail in Fournier and Truesdell
(1974).

PROCEDURE

Assuming no loss of steam or heat before mixing;
then do the following:

1. Determine or estimate the temperature and silica
content of nonthermal ground water in the re-
gion and plot as a point in figure 1, the silica-
versus-enthalpy graph. Plot temperature in de-
grees Celsius as calories. This is shown as point
Ain figure 2.

2. Plot the temperature and silica content of the warm
spring water as another point on the graph,
point B in figure 2 (again plotting temperature
as calories).

3. Draw a straight line through the two points and
extend that line to intersect the quartz solubility
curve, point C in figure 2. Point C is the enthalpy
and silica content of the deep hot-water compo-
nent.

4. Obtain the temperature of the hot-water component
from its enthalpy by using steam tables (Kee-
nan and others, 1969) or figure 3.

Determine the fraction of hot water in the warm
spring by dividing the distance AB by AC.

St

It is possible that point B may plot at too high a
silica value for the extension of line AB to intersect
the quartz solubility curve. This may be due to the
assumption of too low a value for the silica content
of the nonthermal water, and this value may be in-
creased if it seems reasonable. Alternately, the hot-
water component may have lost heat, but not silica,
before mixing. If heat was lost by separation of steam,
it is possible to evaluate the situation.

Assuming steam loss from an adiabatically cooled
liquid before mixing with cold water; then do the fol-
lowing:

1. Plot the temperature and silica contents of the
warm and cold waters as in the above procedure
(fig. 4, points A and D). :

2. Draw a straight line between those points (A and
D) and extend that line to the lignid-water en-
thalpy equivalent of the temperature at which

49
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Frgure 1.—Dissolved silica—enthalpy graph for . determining temperature of a hot-water component mixed with cold
water yielding warm spring water.

steam is assumed to have escaped before mixing is intersected (point F in fig. 4). Point F gives
(point E for 100°C in fig. 4). the enthalpy of the hot-water component before
3. Move horizontally across the diagram parallel to the onset of boiling, and point G gives the orig-

the abscissa until the maximum steam-loss curve inal silica content before loss of steam occurred.
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before mixing. See text for explanation.

4. Determine the fraction of hot water (after steam
loss) in the warm spring by dividing the distance
AD by AE. The weight fraction of original hot
water lost as steam before mixing, @, is given by
the formula

silica value at point G

r=1-— .
silica value at point F

If steam is lost at temperatures above 100°C, point
F will lie on an intermediate steam loss (ISL) curve
between the 100°C maximum steam loss (MSL) curve
and the quartz solubility (QS) curve. The relative
distance of the ISL curve from the QS and MSL
curves is in the proportion (Hos—Hisy)/ (Hist—H1o0)
where H s is the enthalpy of liquid water at the quartz
solubility curve at a given value of silica, Hig, is the
enthalpy of liquid water at the actual temperature of
steam loss, and Hq, is the enthalpy of liquid water at
100°C.

If steam separates at less than 1 atmospheric pres-
sure, the enthalpy of the residual liquid water will be
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FI16URE 3.—Temperature-enthalpy relations for liquid water in
equilibrium with steam.
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less than 100 calir/g. Point F will then be positioned
on a different maximum steam-loss curve located
slightly to the left of the maximum steam-loss line
shown in figure 4. However, the change in position
of the maximum steam loss curve as-a function of the
atmospheric pressure (altitude) is generally trivial.

DISCUSSION

The maximum enthalpy of the hot-water component
that can be reliably determined is set by the point at
which an extended line, such as AB (fig. 2), would be
tangent to the quartz solubility curve. For most rea-
sonable silica contents of nonthermal water, this will
be at about 300 calir/g (~285°C). Higher initial en-
thalpies of the hot-water component would cause an
extended line to intersect the quartz solubility curve
at two points, and the lower enthalpy point probably
would be erroneously selected as the solution to the
mixing problem. Although this presents a problem in
interpretation, another problem inherent in dealing
with very high enthalpy waters (above 275 to 300
calir/g) is probably more serious. Quartz precipitates
relatively quickly from such waters, and, therefore,

temperatures derived from any relation assuming no
silica precipitation are likely to be in error.

This method does allow easy evaluation of the effects
of variations in assumed silica content and temperature
of nonthermal water. The method also allows results
obtained assuming no steam loss to be compared
quickly with results obtained assuming steam loss at
various intermediate temperatures. Similar graphical
methods can be used to accommodate other silica phases
such as chalcedony and cristobalite.
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GEOCHEMISTRY OF AMPHIBOLITES FROM THE
CENTRAL BEARTOOTH MOUNTAINS, MONTANA-WYOMING

By THEODORE J. ARMBRUSTMACHER and FRANK S. SIMONS, Denver, Colo.

Abstract.—Trends of variation of major- and minor-element
contents in amphibolites from the central Beartooth Mountains
strongly suggest that these rocks of andesitic composition are
derived from a tholeiitic, mafic igneous parent and not from
a sedimentary parent. Discriminant functions based on minor-
element content also indicate igneous parentage, whereas
functions based on major-element content indicate a sedi-
mentary parent, suggesting that the general assumption that
the regional metamorphism is isochemical may not be entirely
valid. Furthermore, chemical data on the amphibolites do not
fit the fractionation curves of average Beartooth metadolerites,
the most likely precursor. If, however, it is assumed that
regional metamorphism and formation of amphibolites were
accompanied by potassium metasomatism, then the higher con-
centrations of Si0:; Al:Os, K:0, and potassium-related minor
elements in the amphibolites relative to metadolerite can be
explained.

As part of a program to evaluate the mineral re-
source potential of the Beartooth Primitive Area, Mon-
tana and Wyoming (Simons and others, 1973), num-
erous samples of amphibolite and other rock types were
collected and analyzed spectrographically in order to
establish background concentrations of various minor
elements. The resulting large amount of information
on the chemical composition of amphibolites also pro-
vided an opportunity to study the origin of these rocks.
In order to further this study, 15 carefully selected
samples (fig. 1) were analyzed for major and minor
elements. Part of the data derived from the analyses
indicates that the amphibolites formed from mafic ig-
neous rocks rather than from sedimentary rocks; an
igneous parentage for Beartooth amphibolites was sug-
gested previously by van de Kamp (1969) and Simons
and others (1973). However, some difficulty arises in
defining the parent igneous rock if the metamorphism
is considered to be isochemical, because the amphibo-
lites are more nearly andesitic than basaltic in
composition.

ROCK DESCRIPTIONS

The Precambrian terrane of the central Beartooth
Mountains is mainly granitic gneiss. Migmatite, horn-

blende gneiss, biotite gneiss, and amphibolite are less
abundant, whereas pegmatites, porphyry dikes, mafic
dikes, orbicular rocks, agmatites, biotite schist, and
metasedimentary rocks—quartzite, marble, iron-forma-
tion—constitute only a minor percentage of the ter-
rane. Granitic rocks are locally abundant (Page and
Nokleberg, 1972). Amphibolites occur throughout this
terrane as irregular stocklike masses several kilometres
across, as irregular blocks and angular fragments in
agmatites, as partly disrupted or boudinaged tabular
masses cutting host-rock foliation, and as layers and
tabular bodies parallel to host-rock foliation. Contacts
with enclosing rocks are typically sharp.

Most amphibolites are medium grained but some are
either fine or coarse grained. Variable amounts of
aplitic and granitic material commonly vein the am-
phibolites. Textures are typically homeoblastic but
tend to be nematoblastic in the few amphibolites that
show lineation. Modal plots of hornblende-rich rocks
(fig. 2) show that most of these rocks contain nearly
equal proportions of feldspar and mafic minerals, con-
siderably more plagioclase than potassium feldspar or
quartz, and more hornblende than biotite.

The following mineral assemblages have been identi-
fied in hornblende-bearing rocks; the number of sam-
ples of each type that were examined is given in
parentheses:

Quartz-plagioclase-biotite-hornblende (87)
Quartz-plagioclase-microcline-biotite-hornblende (40)
Quartz-plagioclase-biotite-hornblende-clinopyroxene (12)
Quartz-plagioclase-hornblende-orthopyroxene (1)
Quartz-plagioclase-biotite-hornblende-orthopyroxene (1)
Quartz-hornblende-chlorite (1)
Plagioclase-hornblende-chlorite (2)
Plagioclase-biotite-hornblende-clinopyroxene-orthopyroxene
(2)
Quartz-hornblende-garnet-epidote (1)

None of the mineral assemblages is restricted to a
specific type of field occurrence.

Quartz is usually strained and quartz-quartz bound-
aries are sutured. Quartz grains that were originally
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F16URE 1.—Map of central Beartooth Mountains showing sample localities for chemically analyzed amphibolites.

larger seem to have recrystallized to finer grained
quartz mosaics. The abundance of quartz varies widely.

Plagioclase, typically the most abundant mineral,
has a composition near Anss_s; most plagioclase is
partly sericitized and some is saussuritized. Twinning
is weakly developed according to albite and Carlsbad
twin laws or is absent. Glide twin lamellae are present
in bent laths.

Microcline, if present, occurs in only minor amounts
in most rocks (=3 volume percent), but may be abun-
dant in some (114 volume percent in sample A348).
Typically it is unaltered and appears to be para-
genetically late.

Biotite is partly replaced locally by chlorite. Pleo-
chroism is from neutral or pale reddish brown to dark
chocolate brown or dark reddish brown. In most rocks
biotite is less abundant than hornblende.

Hornblende is irregularly shaped to euhedral in
habit and is typically unaltered. Occasional large euhe-
dral crystals are poikiloblastic and contain numerous
blebs of optically continuous quartz. Pleochroism is
mainly from light yellowish green to dark olive green.

Accessory minerals are epidote, allanite, sphene, apa-
tite, zircon, opaque oxides, pyroxene, and alteration
products.
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- Major- and minor-element analyses of 15 lithological-
ly diverse types of amphibolites from the central Bear-
tooth Mountains (fig. 1) are presented in tables 1 and
2, together with Niggli values and ratios of key
elements. :

According to Leake (1964), comparison of the
trends of variation of certain elements found in am-
phibolites with similar trends in igneous and sedi-
mentary rocks is more useful in deducing the parent
rocks of amphibolites than is comparison of average
concentrations of these elements with similar averages
in various rock series. He concluded (p. 239) that meta-
somatic changes are not important in the genesis of
amphibolites. Plots of Niggli 100 mg, ¢, and al—alk
values (fig. 3), mg versus ¢ values (fig. 4), and al—alk
versus ¢ values (fig. 5), Niggli’s mg against Cr and N1
(fig. 6), and weight percent Na,O+K.,O against
weight percent Si0O, (fig. 7) show quite convincingly
that the central Beartooth amphibolites follow a dif-
ferentiation trend similar to that of Karroo continental
tholeiites, that they fall within the fields of mafic igne-
ous rocks instead of sedimentary rocks, and that they
are predominantly tholeiitic in composition. Similar
techniques and comparable results have been obtained
by Herz and Banerjee (1973) for Brazilian amphibo-
lites, by Van Alstine (1971) for amphibolites near
Salida, Colo., by Preto (1970) for British Columbian
amphibolites, by Nelson (1969) for amphibolites in
western North Carolina, and by van de Kamp (1969)
for amphibolites from the southeastern Beartooth
Mountains. In each of these studies, isochemical meta-
morphism has been assumed or implied.

Application of discriminant functions (Shaw and
Kudo, 1965) to the problem of origin of the central
Beartooth amphibolites did not yield a unique solution
(table 3). Functions X, and X, of Shaw and Kudo,
calculated from minor:element contents, indicate an
igneous origin for nearly all of the amphibolites,
whereas function X, based on major element contents,
indicates a decidedly sedimentary origin for the am-
phibolites. However, the evidence for an igneous origin
provided by field relations, Niggli values, alkali/silica
ratios, and minor-element content strongly indicates
that a process other than metasomatism of sedimentary
parent rocks is required to explain major element geo-
chemistry of the amphibolites.

In order to determine whether metasomatic ex-
changes might have occurred, the average concentra-
tions of major and minor elements and fractionation
trends of central Beartooth amphibolites are compared
with those of other pertinent rock series. The most
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TABLE 1.—Chemical analyses and Niggli values of amphibolites, central Beartooth Mountains
[Chemical analyses by S. D. Botts]}

Sample ... 1 2 3 4 5 6 7

8 9 10 11 12 13 14 13

Chemical analyses (weight percent)

Si0y ——____ 54.1 62.6 52.2 59.5 56.9 54.1 51.6 584 54.4 46.3 54.3 55.2 57.5 53.7 61.9
AlOs o _ 18.2 14.9 16.6 15.3 173 175 15.9 17.6 14.9 17.9 154 16.1 9.9 17.2 16.3
Fe,0s 2.5 2.5 3.6 1.7 2.9 2.2 25 2.5 5.2 3.0 1.5 3.6 1.8 3.9 2.3
FeOQO ______ 4.8 4.1 6.0 5.0 4.0 4.8 48 3.3 6.4 9.6 5.9 5.0 4.2 5.0 2.7
MgO . 5.3 2.7 5.2 3.4 45 6.1 7.6 3.4 3.5 84 101 5.0 12.6 4.6 2.6
Ca0 ______ 8.9 4.8 8.1 5.9 7.0 85 6.4 5.4 6.9 6.8 6.8 6.6 9.3 79 4.6
NasQO e 3.3 3.6 3.2 3.4 3.8 4.0 4.2 4.1 3.3 2.6 2.6 3.3 1.9 3.6 42
KO _____ .88 3.0 1.7 2.1 14 95 2.2 2.3 15 2.4 .93 23 .86 1.3 1.5
H 04 - 1.1 1.0 11 .88 1.1 1.1 2.0 1.5 .73 1.9 1.2 1.6 .90 1.3 1.7
H.0— _____ 13 .10 .08 .08 .10 .08 A2 17 .03 .20 .06 .10 .09 07 .13
TiO3 —aeeo .46 .92 11 1.2 .54 46 1.2 .62 1.5 .80 .36 11 24 .86 41
PiOs - 12 42 50 .55 10 .08 65 12 .51 07 07 .35 97 .05 25
MnO __.__. .08 A1 10 .10 .10 07 07 .13 37 A1 a1 .10 A2 07 18
COp oo .08 .03 01 .02 07 .01 .02 .03 .06 .01 .08 .01 .01 12 .04
Total__ 100 101 99 99 100 100 99 100 99 100 99 100 100 99 99
Niggli values
al e 28 30 25 .29 29 27 24 33 25 24 23 28 14 29 36
m ____ 37 33 41 35 36 38 45 32 42 51 51 38 56 36 27
C oo 25 18 23 21 22 24 17 18 21 16 18 21 24 23 18
alk _______ 10 19 11 15 13 11 14 17 12 9 8 13 6 12 19
8 e 143 217 137 195 165 140 132 186 155 103 135 161 139 152 232
b oo 15 .36 .26 .29 .20 14 25 27 .23 .38 19 31 22 .19 19
mg ——____ b7 43 .50 48 .55 .61 .66 .52 .36 .55 .73 .58 .82 .55 .55

1. Amphibolite (S1337), mode in volume percent: quartz,
7.5; plagioclase, 63.7; biotite, 2.6 ; hornblende, 24.8; trace
amounts calcite, allanite, epidote, opaque oxide.

2. Amphibolite (A348), mode in volume percent: quartz,
22.2; plagioclase, 34.9; microcline, 11.4; biotite, 12.7;
hornblende, 15.7; trace amounts sphene, apatite, epidote,
opaque oxide.

3. Amphibolite (A445), mode in volume percent: quartz, 6.4;
plagioclase, 47.8; microcline, 2.0; biotite, 10.8; horn-
blende, 27.7; clinopyroxene, 1.5; trace amounts sphene,
apatite, epidote, opaque oxide.

4. Amphibolite (A630), mode in volume percent: quartz, 16.3;
plagioclase, 44.3; microcline, 2.9; biotite, 13.4; horn-
blende, 18.7; trace amounts sphene, epidote, zircon,
apatite, opaque oxide.

5. Amphibolite (S1794), mode in volume percent: quartz,
10.3; plagionclase, 51.6; biotite, 8.9; hornblende, 20.8;
epidote, 7.0; trace amounts muscovite, sphene, allanite,
apatite, opaque oxide. )

6. Amphibolite (A623), mode in volume percent: quartz, 2.0;
plagioclase, 50.6: biotite, 5.6; hornblende, 39.7; epidote,
2.0; trace amount sphene.

7. Amphibolite (A613), strongly foliated; contains quartz,
saussuritized plagioclase, chlorite, hornblende, sphene,
and apatite ; intensely altered.

logical parent for the amphibolites, if they are derived
from mafic igneous rocks, would be one similar in com-

position to the mafic dikes and small intrusions of the.

area (Prinz, 1964; Mueller, 1971). The possibility that
the amphibolites originated from the metamorphism of

chemically similar graywackes (Rivalenti and Sighi--

nolfi, 1969) is discounted because of the absence of
evidence for the existence of such rocks in this terrane.
Little, i1f any, similarity exists between the average

8. Amphibolite (S1402) ; contains quartz, plagioclase, micro-
cline(?), chlorite, hornblende, epidote; altered.

9. Amphibolite (S1580) ; contains quartz, plagioclase, micro-
cline(?), biotite, hornblende, trace amount sphene.

10. Amphibolite (A146B); contains quartz, plagioclase, bio-
tite, hornblende, clinopyroxene, trace amounts apatite,
opaque oxide.

11. Amphibolite (A185), mode in volume percent: quartz, 4.3;
plagioclase, 43.1; biotite, 4.7; hornblende, 45.1; chlorite.
1.5; trace amounts epidote, apatite, opaque oxide.

12. Amphibolite (A250), mode in volume percent: quartz, 11.7;
plagioclase, 36.1; microcline, 2.9; biotite, 7.9; horn-
blende, 21.6; epidote, 16.6; pyroxene, 1.1; trace amounts
sphene, chlorite, apatite, opaque oxide.

13. Amphibolite (S1755), mode in volume percent.: quartz, 11.4;
plagioclase, 16.4; biotite, 3.2; hornblende, 68.4; trace
amounts epidote, opaque oxide.

14. Amphibolite (A373), mode in volume percent: quartz, 6.0;
plagioclase, 46.1; microcline, 1.1; biotite, 83; horn-
blende, 33.3; epidote, 3.3; trace amounts muscovite, cal-
cite, sphene, allanite, apatite, opaque oxide.

15. Amphibolite (81795), contains quartz, saussuritized plagio-
clase, chloritized biotite, epidote, hornblende, trace
amounts apatite, sphene.

major-element composition of central Beartooth am-
phibolite (table 4, col. 1) and undifferentiated Bear-
tooth metadolerite (col. 7); the amphibolite contains
larger amounts of Si0Q,, Al,Q., Fe,0;, alkalis, and
P.0O; and smaller amounts of FeO, MgO, MnO, TiO,,
and CaQ. Most of the same dissimilarities exist in com-
paring average central Beartooth amphibolite (col. 1)
and van de Kamp’s (1969) average Beartooth amphib-
olite (col. 2). Furthermore, plots of both groups of
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TABLE 2.—Minor-element analyses and element ratios of amphibolites, central Beartooth Mou,htains

[Quantitative spectrographic analyses by Chris Heropoulos, X-ray fluorescence analyses by B. P. Fabbi, fluorometric analyses by Roosevelt
Moore and Joseph Budinsky]

Sample® __.______. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Quantitative spectrographic analyses (parts per million)
Ba . __ 230 740 880 1,060 360 210 2,700 520 700 550 250 790 135 420 280
CO e 34 19 34 24 22 31 33 20 34 49 47 27 48 31 14
Or e 53 72 140 89 82 190 370 105 44 340 570 120 880 105 54
Cu e . 57 34 78 48 7 40 110 41 339 5 58 22 38 15 10
Ni o 57 40 67 41 45 66 120 57 27 98 175 56 490 55 28
Se o 26 18 28 19 17 25 20 22 36 32 25 28 38 30 11
Vo e 160 140 235 150 100 120 155 96 300 180 110 170 150 180 %
/) S 45 280 195 225 55 53 320 100 195 54 68 215 48 180 80
X-ray fluorescence analyses (parts per million)
Rb oo . 28 93 57 48 72 25 94 104 19 128 26 57 30 36 62
Sr o~ 620 355 670 630 580 590 950 540 600 210 520 610 200 590 495
Spectrophotometric (Th) and fluorometric (U) analyses (parts per million)

Th 2 8.2 37 8 48 21 2.4 0.3 3.4 0.8 3.9 8.4 31 84 6
U o 99 125 95 99  1.60 1.35 2.5 .55 .65 31 .23 .31 .83 .59 .81
Ratios *

Th/U . 202 656 3.89 808 3 1.56 096 055 523 258 1.7 271 3.73 142 74
Rb/Sr __________ .05 .26 .09 .08 12 .04 1 19 .03 61 .05 .09 15 .06 13
K/Rb . _______ 261 268 247 362 161 316 195 184 658 155 206 335 237 300 202
K/Sr o __.__ 12 70 21 28 20 13 19 35 21 95 15 31 36 18 25
* Sample descriptions given in table 1.
2 Ratios for K/Rb and K/Sr recalculated from weight percent K:0 given in table 1.
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F1cURE 4.—Niggli ¢ versus mg values for amphibolites from
central Beartooth Mountains. Also shown are field and trend
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Beartooth amphibolites together with Prinz’ (1964)
fractionation trends for Beartooth metadolerites, on e

(FeO+Fe,0:), (N2.0+K;0), and MgO and K0, 1o} _—
Na.0, and CaO diagrams (fig. 8), show that nearly ’

three-fourths of van de Kamp’s analyses closely follow D T S T o e
the metadolerite trends, whereas amphibolites from the : NIGGLI ¢

central Beartooth Mountains (this report) show no
apparent relationship to these trends and appear to be
deficient in total iron and to contain more K,O relative
to them. Comparison of modal plots of hornblende-

Fieure 5.—Plot of Niggli ¢ versus al—alk values for amphi-
bolites from central Beartooth Mountains. The solid lines
show trends of variation of shale-carbonate mixtures (van
de Kamp, 1969, fig. 1B).
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Ficure 6.—Plot of Niggli mg versus Cr (O) and Ni (Xx) for
amphibolites from central Beartooth Mountains. Long dashes
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short dashes outline shale-carbonate variation trend for Ni
and mg (van de Kamp, 1969, fig. 34, 3B). Variations of Cr
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Freunre 7.—Alkali-silica plot of amphibolites from central Bear-
tooth Mountains; diagram modified from MacDonald and
Katsura (1964).

rich rocks of this report (fig. 2) with those of similar
rocks from the eastern and central Beartooth Moun-
tains (Butler, 1969, p. 85, fig. 3) shows that rocks dis-
cussed in this report tend to be richer in total feldspar,
suggesting either that they had a somewhat different,
less mafic, igneous source or that potassium feldspar
has been metasomatically introduced.

Average minor-element contents of central Bear-
tooth amphibolites and various other rock groups are

TABLE 3.—Discriminant functions of amphibolites in which
pogitive values denote igneous parentage and negative values
denotec gedimentary parentage

[Discriminant functions derived by use of Shaw and Kudo (1965)

formulas]
Sample * X1 3Xg ¢X3
1 cmimeeeee +8.90 +2.97 —6.72
2 . —1.42 +1.35 —6.38
8 o +3.21 +3.10 —1.61
4 e +1.52 +1.84 —2.77
| +2.93 +1.50 —8.35
6 e +4.91 4275 —7.44
G +.83 +2.47 —1.64
8 - +1.94 +1.79 —13.25
Q o +5.39 +3.54 —.57
10 +2.17 +3.95 —4.08
11 . +4-4.35 +3.45 —5.44
12 . +2.58 +2.71 —3.70
13 e +2.06 +4.21 —1.68
14 . +3.62 +3.07 —17.78
15 o —.16. —.02 —10.64

1 Sample numbers same as in table 1.
3X; = —2.69 log Cr —3.18 log V —1.25 log Ni +10.57 log Co
+7.73 log Sc

7.54 log Sr —1.95 log Ba -—-1.99 log Zr
—19.58 + & & 8

3X2 = 8.89 log Co +3.99 log Sc —8.63.

‘X3 = 7.07 log TiOz +1.91 log Al:0s —3.29 log Fe:0s 4-8.48 log FeO
+2.97 log MnO +4.81 log MgO +7.80 log CaO +3.92
log P20s +0.15 log COz —15.08.

TABLE 4.—Average major-element compositions, in weight per-
cent, of Beartooth amphibolites and various groups of igne-
ous and sedimentary rocks

1 2 3 4 5 6 7
Si0, _____ 555 51.03 499 54.20 51.35 5810 51.0
ALO; 161 1320 16.2 1717 1508 1540 153
Fe:0s —____ 2.8 320 3.0 348 255 4.02 2.2
FeO ________ 5.0 746 7.8 549 833 245 8.9
MgO _______ 5.7 1013 63 436 757 244 8.6
Ca0 __._____ 6.9 858 9.8 792 939 311 9.7
Na,0 __._____ 3.4 265 28, 3.67 225 130 2.4
KO _______ 1.7 1.05 1.1 111 87 324 q
H0+4 __—__ 1.3 1.44 1.0 86 121 500 ____
H.0— ______ .10 01 . . A0 .. -
TiO; e .78 69 16 1.31 71 .65 9
P05 . .32 .10 .30 .28 23 a7 1
MnO _______ 12 19 a7 A5 21 .. 2
CO; . .04 A5 . . 01 263 ____
Total _._ 99.76 99.88 99.97 100 99.86 98.51 100
Oxidation
ratio* ... 337 278 25.8 364 216 59.6 18.2

8’6)2Fe203 X 100/2Fe:0s + FeO, values in mols (Preto, 1970, p.

1. Average central Beartooth amphibolite, this report.

2. Average Beartooth amphibolite; calculated from data of
van de Kamp (1969, table 2, p. 1130-1131).

Average continental tholeiite (Manson, 1967, table III, p.
222).

Average andesite (Nockolds, 1954, table 6, col. I1, p. 1019).

Average amphibolite, eastern and central Beartooth Moun-
tains, from Butler (1969, table 3, col. A, p. 89).

Average shale (Clarke and Washington, 1924, p. 82: total
includes 0.64 percent SOs, 0.05 percent BaO, and 0.80 per-
cent C).

7. Parent magma, Archean metadolerites, Beartooth Moun-

tains (Prinz, 1964, table 8, col. 1, p. 1243).

S we ®

given in table 5. Central Beartooth amphibolites (col.
1) closely resemble amphibolites from throughout the
Beartooth Precambrian terrane (col. 3), except possi-
bly in terms of Zr content. On the other hand, more
differences than similarities exist between central Bear-
tooth amphibolites and southeastern Beartooth am-
phibolites (col. 2). Central Beartooth amphibolites
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TABLE 5.—Average minor-element compositions, in parts per
million, and element ratios of Bcartooth amphibolites and
various groups of igneous and sedimentary rocks

1 2 3 4 5 6

411 500 250 700 285
62 30 38 20 53
1,215 225 152 100 185
66 40 135 50 85
365 80 76 70 80
58 30 32 15 36
352 200 266 130 250
111 70 111 160 90
12 — 2.7 *10-13 —
_______ —- .59 *3.7 ——
85 — 18 164 —
198 400 471 300 180
_______ — 458 '2-7 -
43 - .04 b5 -

44 S,

1 Data from Rogers and Adams (1972a).
2 Data from Rogers and Adams (1972b).
1. Average central Beartooth amphibolite ; this report.
2. Average Beartooth amphibolite; calculated from data of
van de Kamp (1969, table 2, p. 1130-1131).
3. Average of 97 semiquantitative spectrographic analyses of
Beartooth amphibolites (Simons and others, 1973, table
4, col. 1, p. 47).
4. Average quartz-normative tholeiite (Prinz, 1967, table II,
col. 1).
5. Average shale (Taylor, 1965, tables 6, 11, 15, 19, 21).
8. Geometric mean of 343 semiquantitative spectrographic
andlyses of mafic dikes, Beartooth area (Simons and
others, 1973, table 5, p. 64). :

are decidedly enriched (greater than 1.5 times) in
potassium and related elements Ba, Rb, Th, and U as
compared to average quartz-normative tholeiites (col.
4) and the very similar Beartooth mafic dikes (col. 6),
whereas variations among other elements are not as
systematic. The ferromagnesian-related minor-element,
content (Co, Cr, Ni) of central Beartooth amphibo-
lites is consistently higher than that of average shale

(col. 5), whereas that of the potassium-related ele-.

ments Ba, Rb, Th, and U is consistently lower. The
minor-element content of the central Beartooth am-
phibolites thus suggests that they most closely resemble
quartz-normative tholeiites to which considerable
amounts of potassium and related elements have been
added, probably through potassium metasomatism.

Elliott (1973) showed that major changes in the
composition of mafic rocks with increasing tempera-
ture of metamorphism include a decrease in Fe,Os,
K.O, P.O;, H.O, and TiO, and an increase in FeO,
Ca0, and MgO, while Al;0, and Na,O remain essen-
tially unchanged. Examples he chose were retrograde
metamorphism of higher P-7' gabbro to lower P-7
amphibolite in south Norway and progressive meta-
morphism of amphibolites in the Adirondack Moun-
tains of New York (Engel and Engel, 1962). Com-
parison of average central Beartooth amphibolite
(table 4, col. 1) with Prinz’ (1964) parent metadoler-
ite (col. 7) shows that compositional changes similar
to these, except perhaps the change in TiO,, would have
occurred if the amphibolite had been derived from the
metadolerite.

Preto (1970) and Elliott and Cowan (1966) have
calculated the oxidation ratios?! of amphibolites and
have compared the values with similar ratios calculated
for various assemblages of associated intrusive and ex-
trusive mafic rocks. The average oxidation ratio of
several intrusive assemblages is 16.5 and of several
extrusive assemblages is 26.8 (Elliott and Cowan, 1966,
p. 323). If, as suggested by Chinner (1960), metamor-
phism does not appreciably affect the oxidation state
of rocks, then the oxidation ratio of amphibolites must
be inherited from their parent mafic rock (Preto, 1970,
p. 780) and the parent rock can be determined.

Oxidation ratios of central Beartooth amphibolites
range from 18.6 to 43.4 and average 33.7 (table 4, col.
1). These values tend to be considerably greater than
the oxidation ratio of the Beartooth parent metadoler-
ite, 18.2 (table 4, col. 7), which is typical of the values
for intrusive mafic rocks. The average oxidation ratio
of the amphibolites also seems to be considerably
greater than that of extrusive rocks, but it is less than
that of average shale (table 4, col. 6). It appears,
therefore, that the metamorphic event which resulted
in the formation of the amphibolites may not have oc-
curred in a closed system relative to oxygen. Again, the
concept of isochemical metamorphism does not seem to
apply to the formation of amphibolites in the central
Beartooth Mountains.

DISCUSSION

Variation diagrams using various combinations of
Niggli values and major- and minor-element contents
show that central Beartooth amphibolites follow com-
positional trends of mafic igneous rocks rather than
those of sedimentary rocks and, therefore, have igne-
ous parentage. However, the identity of the parent is
problematical because metamorphism does not seem to
have been isochemical. Chemically, the amphibolites
most closely resemble average andesite (table 4, col. 4),
but andesitic rocks are more commonly associated with
calc-alkaline, or orogenic, suites and have not been re-
ported from the Precambrian terrane of the Beartooth
Mountains or from similar terranes elsewhere in the
middle Rocky Mountains. In geologic terms, the most
likely igneous parent is tholeiite, similar in composition-
to the metadolerite and quartz dolerite dikes present in
the area, but amphibolites do not plot very close to
fractionation curves for Beartooth metadolerite (fig.
8). If, however, potassium metasomatism accompanied
the formation of the amphibolites, as suggested by the
occurrence of paragenetically late microcline, a tho-
leiitic igneous parent can be envisioned. The enrich-
ment of amphibolites in Si0,, Al,0,, KO, and potassi-
um-related minor elements, relative. to metadolerite,
strongly supports such a possibility.

1 Mol 2Fe203 X 100/(2Fe20s 4+ FeO).
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FeO+Fe,0,
or
K,O

Na,0+K,0

F1eUre 8.—Plots of central Beartooth amphibolites (circles)
and southeastern Beartooth amphibolites of van de Kamp
(1969) (triangles) on (FeO-4Fe:0:), (Na.04+K.0), and
MgO diagram (open symbols) and K:0, Na.Q, and CaO
diagram (closed symbols). The dashed lines represent
fractionation trends of Beartooth metadolerites (Prinz,
1964).
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GEOCHEMICAL AND PETROLOGICAL STUDIES OF A URANIFEROUS
GRANITE FROM THE GRANITE MOUNTAINS, WYOMING

By J. S. STUCKLESS, C. M. BUNKER, C. A. BUSH,
W. P. DOERING, and J. H. SCOTT, Denver, Colo.

Abstract.—Granite rocks from the Granite Mountains, Wyo.
have been proposed as the source of uranium deposits in the
Crooks Gap, Gas Hills and Shirley Basin uranium districts,
Wyoming. We have divided these granitic rocks into four
units: (1) a biotitic phase which forms the dominant unit at
the western end of the Granite Mountains, (2) a leucocratic
phase which was found from 215 to 405 metres in drill hole
GM-1, (3) silicified zones which crosscut the granitic rocks
and form topographic highs, and (4) fractured zones, in drill
hole GM-1, which seem to have been hydrothermally altered.
The biotitic phase is hypidiomorphic-granular to Xenomorphic-
granular alkali granite with anomalously high contents of U
(10 parts per million), Th (50 ppm), and Pb (50 ppm).
Fission-track studies show that uranium is located in zircon,
sphene, apatite, monzite, xenotime, biotite, chlorite, epidote,
and magnetite; no intergranular uranium was found. The
leucocratic phase is mineralogically similar to the biotitic
phase, but contains less than half as much iron. It is xenomor-
phic granular and commonly contains rounded and retrograded
garnets, which suggests that this phase is either metamorphic
or contaminated with metamorphic materials. The leucocratic
phase has anomalously high contents of U (8 ppm) and Pb
(55 ppm), but has a low Th content (10 ppm). The silicified
phase and fracture zones exhibit cataclastic and ecrystallo-
blastic textures and are highly variable in mineralogy. Po-
tassium-bearing minerals are generally absent. Microcline is
replaced by albite and (or) quartz, and biotite is replaced
by clinozoisite. Uranium values may be anomalously high in
the fracture zones. One sample contains 1100 ppm radium-
equivalent uranium. In this and other uranium-rich samples
from the fracture zones, the uranium is associated with iron
oxides which commonly fill microfractures. According to our
model and currently available data, an alkali granite is the
best crystalline source rock for uranium, especially if it is
unmetamorphosed and rapidly exposed to near-surface condi-
tions for the first time when a favorable basin existed nearby.

Previous researchers (Rosholt and Bartel, 1969;
Rosholt and others, 1973) have documented a Cenozoic

uranium loss from the granite of the Granite Moun- -

tains, Wyo. Surface samples and core samples re-
covered from depths of 30-50 metres were shown to be
approximately 80 percent deficient in uranium relative
to the radiogenic daughter products 2°°Pb and 2¢Pb.

Rosholt. and Bartel (1969) calculated an average
uranium loss from the granite of 20 grams per kilo-
gram. They concluded that the granite had lost 1,000
times the uranium reserves plus production in Wyo-
ming and therefore the granite was the most probable
source rock for the uranium deposits in the surround-
ing districts.

In this current study we recovered core samples to
a depth of 405 m in order to determine (1) the maxi-
mum depth of uranium leaching, (2) whether uranium
has been reconcentrated at depth in Cenozoic time,
(3) the geochemical and petrologic characteristics of
the granite, and (4) the possible sites of and mechan-
isms for uranium loss. In this paper we concentrate
on the geochemical and petrologic characteristics of
this uraniferous granite.

Acknowledgments.—We are indebted to the U.S.
Energy Research and Development Administration
(formerly Atomic Energy Commission) for providing
neutron-neutron, natural gamma, magnetic susceptibil-
ity, gamma-gamma, and electrical logs of drill-hole
GM-1. Sample preparation was done by Gerry Cebula,
Jack Groen, Norman Lewis, and Carol Gent. Sulfur
and iron analyses were made by Leon Groves. We
wish to thank Z. E. Peterman and R. A. Hildreth for
use of their unpublished maps of the western end of
the Granite Mountains.

GEOLOGIC BACKGROUND

The Cenozoic geology of the Granite Mountains has
been compiled by Love (1970) and the Precambrian
geochronology has been reported by Peterman, Hild-
reth, and Nkomo (1971), Nkomo and Rosholt (1972),
and Rosholt, Zartman, and Nkomo (1973). The lower
Precambrian rocks can be subdivided into three major
groups: amphibolite-grade metamorphic rocks, granitic
rocks, and diabase dikes. These rocks form the core of
the Granite Mountains and are exposed as a west-
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northwest-trending fault block which is approximately
105 kilometres long.

The metamorphic rocks crop out along the north-
western corner of the Granite Mountains and, in gen-
eral, the foliation and outcrop patterns both strike to
the northeast. The metamorphic rocks are bounded
along a nearly east-west line to the north of the granite
and strike east to northeast. These rocks are domi-
nantly coarse- to fine-grained biotite-quartz-feld-
spar paragneisses and orthogneisses that contain both
plagioclase and potassium feldspar; migmatites and
augen gneisses are common, particularly near the con-
tact with the granite. Small elongate bodies of amphi-
bolite, nephritic jade and serpentinite constitute a
minor proportion of the metamorphic assemblage, and
are peneconcordant with the major structures and
lithologic contacts in the metamorphic rocks. Peter-
man, Hildreth, and Nkomo (1971) reported a Rb-Sr
whole-rock age of 2925 80 million years for the gneiss-
ic rocks and Nkomo and Rosholt (1972) reported a
Pb-Pb isochron age of 2950%+120 m.y. for a suite of
similar rocks from the same area.

Granite rocks form the main mass of the Granite
Mountains. We have divided the granite into leuco-
cratic, biotitic phases, and silicified and fracture zones.
Of these units, only the biotitic phase and silicified
zones have been recognized in outcrop. The units pene-
trated by drill holes were the biotitic and leucocratic
phases and the fracture zones. Most of the outcrops at
the western end of the Granite Mountains are formed
by a medium- to coarse-grained biotitic granite which
is light gray and at a few localities exhibits a weak
foliation. A reddish, coarse-grained biotite granite
crops out along the northwestern and northern edges
of the Granite Mountains (loc. TCM-1 and CR-1,
fig. 1). Both localities are separated from the main
granitic mass by outcrops of metamorphic rock, but
outcrops at the second locality are too small to be
shown on the scale of figure 1. Aplites are commonly
associated with the reddish granite, but are rare in
the main mass of granitic rocks.

In outcrop the granitic rocks are generally massive
and exhibit large exfoliation surfaces such as at Lan-
kin Dome. Locally the rock may be highly jointed or
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contain small discontinuous iron-stained zones of de-
composed rock. Small veinlets and isolated large crys-
tals of microcline are ubiquitous throughout the main
granite body.

Potassium-poor silicified zones form a volumetri-
cally minor portion of the granitic rocks, but are con-
spicuous because of their resistance to erosion. These
silicified zones are extremely leucocratic and form
blocky outcrops. Potassium feldspar is strongly altered
or absent. Biotite is partly to wholly replaced by
opaque oxides, chlorite, clinozoisite, and (or) epidote.
In outcrop the silicified zones occur as tabular bodies,
concordant with horizontal jointing in the granite or
as north to northeast trending dikelike zones that cut
the granitic rocks. The tabular bodies act as cap rocks
for many of the exfoliated granite knobs and may be
as thick as 25 m. The dikelike zones often form ridges
or ridge crests. These zones are generally a few tens
of metres wide and less than a kilometre long, but one
silicified zone is nearly a kilometre wide. Contacts be-
tween the granite and silicified zones may be either
sharp or gradational.

The age of the main granitic mass has been de-
termined as 261070 m.y. by a Rb-Sr whole-rock iso-
chron (Peterman and others, 1971) and as 2790+80
m.y. by a Pb-Pb whole-rock isochron (Rosholt and
others, 1973). A lead isotopic analysis of one sample
from the reddish, coarse-grained biotite granite col-
lected north of the main granitic mass (loc. CR-1;
fig. 1) was concordant with the Pb-Pb whole-rock
isochron for the metamorphic rocks suggesting that
this phase may be older than the main granitic body
(Nkomo and Rosholt, 1972). )

Diabase dikes are common throughout the Granite
Mountains, but constitute only a small fraction of the
total rock exposed. The dikes generally strike north-
northeast to east. Most are several tens of metres
wide; exposures range in length from 1 to 5 km. A
sample from one of the larger dikes yielded a K-Ar
whole-rock age of about 2600 m.y. (Z. E. Peterman,
oral commun., 1974). '

No other Precambrian rocks are known to crop out
in the Granite Mountains, but geochronologic evidence
suggests that the area was affected by a minor ther-
mal event that probably occurred between 1500 and
1700 m.y. (Nkomo and Rosholt, 1972; Rosholt and
others, 1973; Z. E. Peterman, oral commun., 1974).
Igneous and metamorphic rocks of this age have been
reported in Precambrian terrains west and south of
the Granite Mountains (Catanzaro, 1967; Hills and
Armstrong, 1974).

During the Paleozoic and Mesozoic Eras the Pre-
cambrian rocks were buried beneath sediments, mainly

of shallow marine and continental origin, as epicon-
tinental seas transgressed and regressed over the re-
gion. Evidence of this period of sedimentation has
been largely removed from the immediate area of the
Granite Mountains, but at the extreme western edge of
the mountains the metamorphic rocks are overlain by
a Cambrian sandstone (Love, 1970).

From the close of the Cretaceous until the close of
the Eocene the Granite Mountains were subjected to
profound uplift with concomitant downwarping of the
adjacent basins. Rapid erosion of the up-faulted block
during early Eocene time produced a boulder conglom-
erate over 600 m thick to the south of the Granite
Mountains (Love, 1960). During middle to late Oli-
gocene, topography became more subdued and the
granitic rocks were partly buried by rhyolitic volcanic
ash and arkosic debris (Love, 1970). Burial of the
mountains continued until after middle Pliocene time
when the area was downwarped and downfaulted
(Love, 1960). In the late Pliocene or early Pleistocene,
epeirogenic uplift along reactivated Tertiary fault sys-
tems produced -the partly exhumed, subdued to-
pography of the present day Granite Mountains
(Rosholt and others, 1973).

ANALYTICAL PROCEDURES

Sample selection

Samples analyzed during this study include outcrop
samples considered to be representative of units not
found in the deep drill hole (GM-1); they include
shallow core samples obtained with a portable Wenke
drill, intermediate-depth samples taken from three
60-m drill cores obtained from the Wyoming Geologi-
cal Survey, and a series of samples from the 410-m
hole (GM-1) drilled by the U.S. Geological Survey
(Stuckless, 1975). The core from the deep drill hole
was analyzed at approximately 3-m intervals by choos-
ing 30- by 5-centimetre core samples that megascopi-
cally appeared to be representative of a 3-m interval.

Sample preparation

One-fourth of the core selected for analysis was cut
with a diamond saw, and removed and saved as a
permanent record. Surfaces of the remaining core were
cleaned with emery paper and rinsed with distilled
water before crushing. Surface samples were treated
in a similar fashion, with the exception that weathered
and altered surfaces were broken off and discarded
before crushing.

Coarse crushing (—32 mesh) was accomplished
using a mechanical steel-jaw crusher and disc pul-
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verizer. Equipment was thoroughly cleaned between

samples. Approximately 10 g of the coarse-crushed
material was split off and ground to —100 mesh using
a diamonite mortar and pestle. Fine crushing (—200
mesh) was done in an agate mortar and pestle. Mor-
tars and pestles were cleaned with quartz sand be-
tween samples. The finely crushed material was used
for X-ray fluorescence analyses and isotopic studies.

X-ray fluorescence

X-ray fluorescence was used for the Rb, Sr, Pb, Fe,
and S analyses. The X-ray fluorescence units were
operated at 75 kilovolts and 46 milliamperes to obtain
the maximum line intensities for Rb, Sr, and Pb. Fe
and S were analyzed at 50 kV and 37.5 mA. The tar-
gets and analyzing crystals used were W and LiF for
"Kea of iron, Cr and PET for K« of sulfur, Mo and
LiF for K« of rubidium and strontium, and Mo and
LiF for La of lead. The La line was used for lead to
minimize interference from other elements.

Iron and sulfur values were obtained by comparing
the count-rate data to a calibration curve based on
mixtures of reagent grade FeSO,-4H.O and CaCOs.
Precision for the iron analyses is +8.0 percent (20),
and precision for the sulfur analyses is estimated at
+15 percent (20) with detection limit of 5 parts per
million.

Lead values were obtained by comparing X-ray
count for the unknowns with X-ray count rates for
26 whole-rock samples from the Granite Mountains
for which lead has been determined by isotope dilu-
tion. Standards were analyzed with each set of un-
knowns, and a total of 103 determinations were used
to generate a calibration curve by a least-squares re-
gression. The mean variance of the known samples
about the calibration curve is 4.5 ppm. For most sam-
ples the resulting error is less than *+10 percent, but
for a few low-lead samples the resulting error is as
high as *+25 percent.

Rubidium and strontium were analyzed during a
single run and the data were reduced by use of a com-
puter program that corrects for absorption effects.
This is accomplished by measuring the molybdenum
Compton scattered peak which is inversely propor-
tional to the mass absorption coefficients (Reynolds,
1967). Precision (*20) for the reported results is
8.2 percent for Sr, 9.2 percent for Rb, and 3.1 percent
for the Rb/Sr ratio. The greater precision for the
Rb/Sr ratio is obtained because the matrix effects on
Rb and Sr X-radiation are essentially identical in
any given sample (Doering, 1968).

Gamma-ray spectrometry

Radioelement (K, RaeU, and Th) contents of the
samples were measured by gamma-ray spectrometry.
Approximately 600 g of the —32 mesh material were
sealed in 15-cm-diameter plastic containers. The con-
tainers were placed on a sodium iodide crystal, 12.5
cm in diameter and 10 em thick. The gamma radia-
tion penetrating the crystal was sorted according to
energy by the associated electronic devices and the
resulting spectra were stored in a 100-channel memory.
The spectra were interpreted with the aid of a linear-
least-squares computer method which matches the
spectrum from a sample to a library of radioelement
standards; the computer method for determining con-
centrations is a modification of a program written by
Schonfeld (1966). Standards used to reduce the data
include the USGS standard rocks, New Brunswick
Laboratories standards, and several samples for which
uranium and thorium concentrations had been de-
termined by isotope dilution and mass or alpha spec-
trometry.

Uranium contents were measured indirectly by
measuring the 2*Ra daughters (***Bi and **Pb) to
obtain radium-equivalent uranium (RaeU) values. Iso-
topic equilibrium between these daughters and ?2*Ra
was accomplished by allowing the sealed sample con-
tainers to sit for at least 21 days prior to the analyses.
Radium-equivalent uranium is the amount of uranium
required for secular isotopic equilibrium with the
226Ra and its daughters measured in a sample. Thirty
determinations of uranium by delayed neutron and
isotope-dilution methods show that 73 percent of the
samples may have recently (within the last 100,000
years) undergone a nearly uniform average daughter-
product loss (or uranium gain) of 15 percent between
masses 238 and 226, and 20 percent of the samples
suggest variable amounts of daughter-product gain
(or uranium loss). Unless otherwise stated, all ura-
nium concentrations referred to in this paper are ra-
dium-equivalent values.

Although thorium is also measured from daughter
products (212Bi, 212Pb, and 2°¢T1), isotopic disequilib-
rium is improbable because of the short half-lives of
the daughter products of 232Th. Therefore, the daugh-
ter products measured are considered to be a direct
measurement of thorium. Potassium is determined
from the 4K constituent which is radioactive and di-
rectly proportional to the total potassium.

All the radioelement data reported in this paper
are based on replicate analyses. The coefficient of varia-
tion for the accuracy of these data, when compared to
isotope-dilution and flame-photometry analyses, is
about *2 percent for RaeU and Th and about x1
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percent for K. These percentages are in addition to

minimum standard deviations of about 0.05 ppm for * grated decay voltage (multiplied by 100) by the volt-

-age measured while the current is turned on. During

RaeU and Th and 0.03 percent for K.

Petrographic techniques

Modal data reported in this paper are based on a
minimum of 500 point counts on a 1-millimetre grid

of standard 20-mm by 40-mm thin sections. The large .

standard deviations reported for average modes (table
1) of the various rock ‘types reflect  the 1nhomogene1-
ties on a thin-section-sized scale and the coarse grain
size of the rocks. Uranium distribution was determined

by irradiating polished thin sections with a neutron -
““céntrations of sulfide or oxide minerals (Zablocki,

dose of approximately 2x10'® n/cm?. Induced fissions

of 27 were recorded in a low uranium muscovite de-

tector which had a background fission-track "density
of 1,200 tracks/cm?. The muscovite detector was
pressed flat against the polished thin section during
irradiation and subsequently etched for 15 s in 48 per-
cent HIF to develop the induced fission tracks. Black
areas 'in the photographs of the detectors shown in
figures 2-6, correspond to uranium concentrations
greater than 30 ppm.

Geophysical logging

The neutron-neutron log was made within the drill

hole by measuring backscattered neutrons from a 2*2Cf.

source located 25 cm from the detector. Depth of pene-
tration into the wall of the hole varies with the rock-
moisture content; for low-porosity rocks such as those
penetrated by GM-1, it is approximately 60 cm (Pir-
son, 1963). Because hydrogen has a large capture cross
section for neutrons, the presence of water in pores
and fractures or in the form of structural water, par-
ticularly that associated with alteration minerals (Nel-
son and Glenn, 1975) in the rock, reduces the number
of backscattered neutrons, and thus this log is a good
indicator of hydrous zones intersected by the drill hole.
The resistivity log was made with a short-normal
electrode configuration having an electrode spacing of
40 cm between the current and potential electrodes.
The depth of investigation is approximately twice this
spacing or 80 cm. The resistivity log is a good indica-
tor of porosity because electrical current flows through
rock principally by ionic conduction in the saline water
in pores and fractures. However, current flow may be
augmented by the presence of metallic minerals.

Induced polarization (IP) measurements are made
by applying electrical current to the rock adjacent to
the borehole, then turning the current off and measur-
ing the decay voltage for a short period of time. The
response of the IP log in GM-1 is expressed as a per-

centage “which is determined by dividing the inte-

IP logging, current is applied to two electrodes, one
on the borehole probe and the other grounded at the
surface. Voltage is measured between two other elec-
trodes, one on the probe and the other grounded at

_the surface. Depth of investigations is approximately
" twice the spacing between the current and voltage elec-

trodes on the probe. In .our measurements the probe-
electrode spacing was 10 cm, and therefore the depth
of investigation was about, 20 cm.

Although IP anomalies are usually caused by con-

1966), anomalies may be caused by high concentrations
of saline water in fractures or large amounts of clay

_alteration minerals in igneous rocks. If sulfides are

oxidized to sulfates, IP anomalies are greatly reduced
or lost altogether.

The natural gamma-ray log detects gamma rays
with energies from about 0.1 to 3 million electron volts.
These energies are emitted principally by *°Ra
daughters in the uranium series, ?**Ra daughters in the
232Th series, and *K. These daughter products may
not be in equilibrium with their parent isotopes, par-
ticularly in zones of fractured rock where migration
of radon may be important, and therefore gamma-
ray anomalies do not necessarily represent high con-
tents of uranium or thorium. The natural gamma-ray
log has a background count rate of 2,000 ¢/s (counts
per second) from an artificial isotope contained in the
detector for gain stabilization of spectral response.
The true count rate for the natural radiation in the
granite can be determined by subtracting 2,000 c/s
from the observed count rate.

Magnetic susceptibility of the core was measured in
the laboratory at approximately 30 cm intervals. The
magnetic susceptibility of a rock is a measure of the
volumetric concentration of ferromagnetic minerals,
chiefly magnetite, pyrrhotite, and ilmenite (Zablocki,
1966). The measured value has been empirically
related ‘to magnetite content by the formula
K =1940V°+ where A is magnetic susceptibility in
micro-cgs units and V' is magnetite concentration in
volume percent (Mooney and Bleifuss, 1953).

RESULTS
Petrography

Average modes for the biotitic and leucocratic
phases of the granite encountered in drill hole GM-1
are given in t‘mb]e 1 together with ranges for modes of
the fnctule and Sl]lClﬁed zones. Chemlcal analyses
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for granite samples obtained from the three holes
drilled for the U.S. Air Force (CR-1, CR-14, CR-26,
fig. 1) are reported in table 2 together with Nockold’s
(1954) average alkali granite. Plagioclase is domi-
nantly sodic oligoclase to albite, and therefore the calcic

TABLE 1.—Modal data for the major granitic rock units recog-
nized in the Granite Mountains, Wyo.

{Data are given in volume percent =+1¢, or as observed ranges for
the highly variable units. "I'r., trace; —-_, not found]

Bio- Range of modes

Leuco-

titic cratic Sfiiligi' Frac-

bhase * phase * zonees 8 13352 4
Quartz _____ 31277 377+ 85 18-61 17-38
Plagioclase . 29.9+4.9 290+ 6.7 8-58 49-77
Microcline __ 33.5+5.9 30.3+10.5 0-9 0-12
Biotite _____ 4.9+53 1.2+ 12 0-7.8 0-0.8
Epidote _-__. 6+0.5 1+ 03 1.6-29 0.7-5.3
Opaques ____ 3+04 2+ 04 Tr.-0.9 0.2-2.3
Muscovite .- .3+04 1.1+ 0.2 Tr.-1.7 0-0.8
Accessories _ .3+0.5 1+ 05 Tr.-2.0 Tr.-0.8
Garnet _.___ — 4+ 04 . ——

1 Biotitic phase based on 28 thin sections. Chloritized biotite is in-
cluded with biotite.

2 Leucocratic phase based on 19 thin sections. Chloritized biotite
included with biotite.

3 Range of modes for 6 samples from the silicified zones. Clinozoisite
Lsi tiil;cluded with epidote, and chloritized biotite is included with

otite.

+Range of modes for 6 samples from the fracture zones. Chlorite,
probably originally biotite, varies from 3.4 to 0.7

TABLE 2.—Rapid-rock analyses for samples from the Granite
Mountains, Wyo.

[Data given in weight percent. Analyses of Wyoming samples by H.
Smith using single solution procedure described in Shapiro (1967).

Average alkali granite from Nockold (1954). ___, not reported])
Hole No .and depth in metres Average
COR-1 CR-14 CR-26 alkali
41.00 57.24 60.66 granite
Chemical analyses
SiO: o ___ 73.1 72.0 74.8 73.86
AlLOy o ____ 13.2 14.0 13.8 13.75
Fe,O0n o ____ 1.4 .90 .50 .78
FeO __________ 11 1.2 1.1 1.13
MgO __________ .80 .53 24 ,26
Ca0 _________ 1.7 48 11 72
Na O o __ 31 3.3 3.1 3.51
KO o 4.4 5.6 5.2 5.13
HO0+4 .40 A6 .29 47
H.O0— ________ 12 .08 .06 )
TiOe o ____ 54 15 11 .20
POs .. .08 .06 04 14
MnO __________ .03 .02 .02 05
COe .01 .01 03
Total _.___ 100 99 100 100
CIPW normative minerals
Q 33.7 29.6 33.6 32.2
C .46 1.83 1.23 1.4
or o ___io_ 26.0 33.5 30.6 30.0
ab . ____ 26.3 28.3 26.1 29.3
an __._____.____ 7.86 1.95 4.99 2.8
en ___________ 2.00 1.34 .60 .6
S o~ .03 1.23 1.46 1.1
mt 2.03 1.32 2 1.2
il . 1.03 .29 .21 kil
F2) ¢ S 19 14 .09 3
CC o .02 .02 .07 .3
Salic total__ 94.31 95.16 96.77 95.16
Femic total- 5.30 4.38 3.15 3.70

plagioclase to alkali feldspar ratio is much less than
0.3. Thus, on the basis of either chemical (Nockold,
1954) or modal data (Streckeisen, 1967), these rocks
fall in the alkali granite class.

Modes for the major minerals in the biotitic and
leucocratic phases are not significantly different
although the leucocratic phase seems to be slightly
richer in quartz. Modal amounts of mafic and trace
minerals are generally lower in the leucocratic phase,
but the muscovite content is greater. Fracture zone
and the silicified zone samples are characterized by a
marked decrease in abundances, relative to adjacent
samples, or a total absence of biotite and potassium
feldspar. These minerals appear to have been replaced
by chlorite, clinozoisite (or epidote), magnetite, albite,
and (or) quartz. In the fracture zones the plagioclase
becomes more sodic, whereas in at least one' silicified
zone the plagioclase becomes more calcic.

The biotitic phase is a hypidiomorphic-granular to
xenomorphic-granular, medium-grained, alkalic granite
containing subequal amounts of quartz, plagioclase,
and microcline. Biotite is the most abundant mafic
mineral and is commonly partly altered to chlorite
and (or) epidote (fig. 24). Biotite is invariably
poikilitic with fine-grained, nearly opaque, radio-
active mineral grains which are surrounded by pleo- .
chroic halos. A semiquantitative electron-microprobe
determination (P. W. Weiblen, oral commun., 1975)
suggests that this mineral was originally sphene. Bio-
tite, chlorite, and epidote are generally surrounded by
a thin opaque rim, probably hematite. Other accessory
minerals are zircon, apatite, monazite, and fine-grained
muscovite and clays included within the plagioclase.
These alteration minerals make the plagioclase appear
cloudy in plane-polarized light (fig. 24). Quartz ex-
hibits an undulose extinction. Myrmekite was noted in
a few thin sections.

The distribution of uranium in the biotitic phase
is shown in figure 2B. The uranium distribution is
similar to that reported by Bowie, Simpson, and Rice
(1978) for the Aberdeenshire granites. The highest
concentrations of uranium occur in the accessory min-
erals zircon, sphene, and monazite; according to pub-
lished analyses of several mineral separates they gen-
erally contain several hundred to a few thousand ppm
uranium (Doe, 1970). These show up as black dots
in the detector, the largest of which is a zircon located
near the center of the upper edge of figure 2B.

The second highest concentrates of uranium occur
in epidotes, apatites, and the opaque alteration prod-
ucts of the biotites and chlorites. The higher con-
centrations of uranium around the biotites are par-
ticularly well displayed at the lower left-hand corner
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F1cure 2.—Photomicrograph (plane-polarized light) of a biotitic-phase sample taken from 20.4-m depth (A) and ura-
nium distribution in the sample (B). The dark circle in the upper right-hand corner of the photomicrograph and the
clear circle in the detector are registration marks. RaeU content of the sample is 12.34 ppm. Q, quartz; Pl, plagio-

clase; Bi, biotite; M, microcline; Z, zircon.

and near the center of figure 28. Although not clearly
visible at the magnification used in figure 25, biotite
and chlorite contain 1-10 ppm U. When chlorite and
biotite are intergrown, the chlorite generally contains
more uranium. No evidence was found for measurable
concentrations of uranium along intergranular bound-
aries or microfractures.

The leucocratic phase is typically medium grained
and xenomorphic granular. Mutually sutured grain
boundaries are common. Although quartz, plagioclase,
and microcline are subequal in abundance for the
average leucocratic phase, this phase is locally more
inhomogeneous than the biotitic phase. These inhomo-
geneities (on the scale of 1 m or less) are reflected
in the higher variability of potassium below the 220-m
depth in GM-1 and the large 1o for the modal data
(table 1). Microcline commonly contains rounded crys-
tals of quartz that are in optical continuity with one
another. In many samples alteration of plagioclase to
sericite and clays (fig. 34) is more poorly developed
than in the biotitic phase, but myrmekite is more

common. Triple-grain boundaries of 120° and undulose
extinetion are common for quartz.

Biotite erystals are generally similar to those in the
biotitic phase, but are less abundant (table 1) in most
samples of the leucocratic phase. More of the biotite
has been replaced by chlorite in the leucocratic phase;
in a few samples, cleavage traces (001) in the chlorite
occur at an angle to those in the biotite. Several in-
tervals of core in the leucocratic phase are garnet-
iferous, with garnet attaining a maximum modal
amount of 3.5 percent. In all samples, garnet is partly
retrograded to chlorite and muscovite.

The distribution of uranium in the leucocratic phase
is shown in figure 3B8. Almost all the uranium is con-
tained in the accessory minerals zircon and sphene, but
small amounts are also contained within the biotite
and chlorite. The apparent large size of the radioactive
inclusions in the biotite (fig. 38) are due to minor re-
lief between the thin section and muscovite detector
during irradiation. The general background content of
uranium in the leucocratic phase (fig. 38) is much
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F16URE 3.—Photomicrograph of a leucocratic-phase sample taken from 259.7-m depth (A) and uranium distribution in the
sample (B). Registration marks are in the upper left-hand corner. RaeU content of the sample is 10.09 ppm. Q, quartz;

Pl, plagioclase; Cl, chlorite; Bi, biotite; M, microcline.

lower than that in the biotitic phase (fig. 28). This
is true even when the lencocratic-phase contains nearly
twice as much uranium as the biotitic-phase sample.
As in the biotitic phase, there is no noticeable concen-
tration of uranium along intergrain boundaries or
microfractures.

Samples from the fracture zones which cut both the
biotitic and leucocratic phases in drill hole GM-1 ex-
hibit a well to poorly developed cataclastic to crystallo-
blastic texture with both subparallel and anastomosing
cracks (fig. 44). Several samples show a pseudomor-
phic replacement of microcline by albite which results
in chessboard albite (Starkey, 1959; Gilluly, 1933).
The large Carlsbad-twinned crystal that extends from
the center of figure 44 to the left edge of the photo-
graph is a microcline that has been partly replaced by
albite. Most samples also have fine-grained inter-
growths of albite and quartz. Biotite is generally re-
placed by stilpnomelane or chlorite, some of which is
vermicular in form. Modal amounts of quartz, pla-
gioclase, and microcline are highly variable as shown
by the ranges given in table 1. Most samples exhibit

a complete destruction of microcline. Some samples
contain modal pyrite and (or) increased amounts of
magnetite. The magnetite crystals are commonly sur-
rounded by rutilated quartz.

Uranium distribution in the fracture zones differs
sharply from either the biotitic or leucocratic phases.
Uranium is strongly concentrated along fractures that
have been filled with an opaque material, possibly
hematite or a hydrous iron oxide. The same uranium-
rich opaque material appears to have formed large
(0.5 mm) anhedral grains in or near the anastomosing
cracks (fig. 48). A similar uranium enrichment was
noted in the “shatter zone” of the Criffel granodiorite,
Scotland (Bowie and others, 1973), where the uranium
content was more than an order of magnitude greater
than the normal background level for the granodiorite;
the only uraniferous minerals found were hematite
and its alteration products.

Two samples, collected just above zones of uranium
enrichment in drill hole GM-1, contain large (0.5
em) euhedral to subhedral erystals of magnetite that
are mantled by thin rims or cut by veins of a uranium-
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F16Uure 4—Photomicrograph of a fracture-zone sample taken from 49.4-m depth (A4) and uranium distribution in the sam-
ple (B). Registration marks are in the upper right-hand and lower left-hand corners. RaeU content of the sample is
52,91 ppm. Q, quartz; Pl, plagioclase, K and A, microcline and albite; Cz, clinozoisite; Bi, biotite.

rich mineral (fig. 5). This mineral appears to be an
epidote. Within the magnetite crystal, slightly trans-
lucent red areas, probably hematite, exhibit minor en-
richments of uranium (=20 ppm). Both these two
samples and the actual fracture zones contain the com-
mon uranium-bearing accessory minerals zircon,
sphene, and epidote. The uranium content of chlorite
in the fracture zones appears to be much higher than
in either the biotitic or leucocratic phase. The general
background level for uranium is also greater.

The silicified zones are generally crystalloblastic
(fig. 64) and highly variable in mineralogic composi-
tion. The range for modal data within the silicified
phase is given in table 1. Quartz and (or) andesine
have been introduced at the expense of microcline in
all samples. In most samples, epidote, clinozoisite, or
chlorite, together with an opaque phase, possibly hema-
tite, have replaced biotite (fig. 64). Much of the ap-
parent variability in mineralogy of this phase 1s due
to three samples collected perpendicular to the strike
of the silicified zone (loes. Gr-3 through GR-5, fig.
1). Here, the contact with the biotitic phase is grada-

tional and samples collected within 2 m of the biotitie
phase contain appreciable amounts of microcline and
(or) biotite. Some samples from the silicified zones
contain several percent sphene and (or) apatite.

The distribution of uranium in the silicified zones
(fig. 68) is similar to that in the leucocratic phase.
The background level of uranium is very low and
most of the uranium is confined to altered biotites and
accessory minerals. Epidote that has replaced biotite
in the crystal just below the center at the left edge
of figure 64 has preserved the poikilitic inclusions of
radioactive accessories (dark points in the detector,
fig. 68); it also shows the high concentration of
uranium in the opaque minerals, possibly hematite,
around the epidote.

Chemical and logging data

Data for selected major and trace elements are given
in table 3 and graphically presented as a function of
depth in figures 7 and 8. Averages of these data for
the four granitic rock units are presented in table 4.
Chemical data for the surface samples and a few
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Freure 5.—Photomicrograph of a euhedral magnetite crystal (A) collected from a depth of 129.4 m. The fission-track distribu-
tion (B) shows that the magnetite is rimmed and cut by a uranium-rich phase, probably epidote. A few areas which show
as gray in the detector appear to correspond to hematite replacement of the magnetite.

-

samples from the U.S. Air Force drill holes are pre-
sented in histogram form for comparison (fig. 9).

The lower trace-mineral and mafic-mineral contents
in the leucocratic phase are readily apparent in fig.
7 near the 220-m depth. The average thorium content
of the leucocratic phase is approximately a factor of
5 lower, and uranium, iron, and strontium are de-
creased by a factor of two, relative to the biotitic
phase. The count rate for the neutron-neutron log is
about 5 percent greater in the leucocratic phase than
in the biotitic phase suggesting that this phase of the
granite contains less water (both structural and non-
structural) and may partly reflect the lower mica con-
tent (table 1).

Fractures encountered in the drill hole are schema-
tically shown in figure 7. Sections of core with fewer
than one fracture per 60 cm are shown as unfractured.
Sections of highly sheared rock (fracture zones) are
shown by heavy lines. Sections with several breaks,
but no alteration on the fracture surfaces are shown
by short lines. Comparison of the fractures with the
neutron-neutron log shows that most of the fractures
contain water. Fracture zones (such as 47-52 m and
58-63 m) are usually limonitic, and plagioclase is
chalky in appearance. A few of the fractured areas,

such as 225-240 m and 265-270 m, exhibit only minor
alteration and have only slightly lower neutron-neu-
tron count rates. Both of these observations suggest
less hydrous conditions than the fracture zones. The
average porosity of the unfractured rock as estimated
from the neutron-neutron log is less than 5 percent.

An alternate estimate of porosity can be obtained
from the electrical resistivity log (fig. 7). The highest
resistivities obtained in drill hole GM-1 approach
10,000 ohm-metres. Assuming water salinities similar
to those of water in granites at the Nevada Test Site
(Scott and others, 1967), the highest resistivities prob-
ably represent porosities as low as 0.1 percent. The
large sections of high resistivity demonstrate the
tightness of the granite in the vicinity of drill hole
GM-1 and yet isotopic work in progress (Nkomo and
Stuckless, 1975) suggests that even these sections of
granite have lost uranium. Low resistivities that do not
correspond to low neutron-neutron count rates prob-
ably reflect increased concentrations of sulfides, oxides,
clays or the greater wall depths investigated by the
resistivity tool.

Uranium (RaeU) concentrations exhibit the widest
variations (1.6-1,100 ppm) among the tested para-
meters, and correspond closely to the natural gam-
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F16¢Uure 6.—Photomicrograph of silicified-zone sample MS-1 (4) and uranium distribution in the sample (B). Registration
marks are in the lower left-hand and upper right-hand corners. Uranium content of the sample is 13.04 ppm. Q, quartz;

Pl, plagioclase; Cz, clinozoisite.

ma log. A few narrow zones (for example, 130 m) in-
tersected by the drill hole that had a high gamma
count rate were seemingly not sampled for the labora-
tory measurements, and in other zones (for example,
350 m) only part of the high uranium rock was in-
cluded with the laboratory sample. One sample high
in uranium collected at 87.17 m was apparently not
in secular equilibrium with the daughter products in
the lower part of the decay chains.

Because uranium exhibits the greatest variability,
correlation between uranium and other less mobile ele-
ments reported in this paper is unlikely. Even the
Th/U ratio which typically ranges from 3 to 5 for
most granitic rocks (Rogers and Adams, 1969) is
highly variable (table 4). This ratio is generally be-
tween 5 and 10 in the biotitic phase and less than 3
for the leucocratic phase. Comparison of the natural
gamma radioactivity and neutron-neutron logs shows
that many of the fractures are greatly enriched in
uranium and (or) gamma-emitting daughter products
of the decay chain. This relationship is best displayed
in the fracture zone from 47 to 52 m (figs. 7, 8).

The thorium content of the core samples is fairly
constant for the upper 62 m, ranging from 53.9 to 73.4
ppm, but is more variable at depth (fig. 7) for the re-
mainder of the biotitic phase and for surface samples
of the biotitic phase (fig. 9). A few marked thorium
lows in the core samples collected between 60 and 200
m correspond to minor increases in the neutron-neutron
count rate. These sections of the core may represent
mixtures of the biotitic and leucocratic phases. There
is supporting evidence for this at 172 m where small,
partly resorbed garnets are visible in hand specimen
and the thorium content of the nearest sample is rela-
tively low (table 3). Within the biotitic phase, thorium
varies most consistently with iron (correlation coef,
2=0.86). The general correlation between thorium
and iron is apparently preserved even in the fracture
zone 47-52 m in spite of the evident destruction of
magnetite between 50 and 51 m. The correlation be-
tween iron and thorium is lower in the leucocratic
phase (22=0.50) where the thorium content drops by
an order of magnitude.
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TasLE 3.—Selected elemental data for samples from the Grawite Mountaing, Wyo.
[N.D., not detected; ___, not found]

i
P
3
{

Sample Depth (m) RaeU (ppm) Th (ppm) Fe (%) S (ppm) Sr (ppm) Rb (ppm) K (%) Pb (ppm)
GM-1 2.68 9.94 61,33 1.58 9.0 106 236 4,41 60.7
5.58 10,58 62,40 1.53 9.0 106 232 4,64 51,4
8.50 6,71 57.74 1.29 <5 103 225 4,48 53.9
11.46 4,95 54,49 1.34 5.4 105 231 4,78 54,0
13,05 7.86 64,53 1,47 <5 95.3 213 4,43 49,1
17,43 6.83 59.11 1.60 <5 97.8 232 4,61 49,2
20,42 12.34 64,29 1.60 89.5 94.8 215 4,32 55.6
23,32 8.66 64,88 1.47 12,7 88,4 227 4,38 51.4
26,30 20,81 57.69 1,51 34,6 88,5 222 4,33 49.6
29,20 10.89 59.32 1.53 9.0 88.7 223 4,44 53,5
32,37 5,40 65.95 1.60 56,6 86.0 207 4.30 60.2
35,33 4,94 61,12 1.51 14,5 88,6 2.9 4,53 50.6
38,34 8.90 65.57 1.64 <5 86.8 210 4,54 53.8
41,33 7.70 69,10 1.64 <5 85.9 207 4,55 54.8
44,32 18,58 63,21 1.53 7.2 95.5 218 4,64 48.0
46,91 9.04 57,52 1.12 12,7 113,1 145 3.15 . 45.2
48,43 7.64 61,72 1.29 228 43,5 32.9 W62 28.6
48.95 20,47 66,59 1,38 93,1 74,4 107 2,04 33.3
49,44 52,91 56,78 .98 159 89.3 199 4,43 48,2
50.11 1103.0 55,0 1.06 78.9 88.4 262 2,95 54.0
50.75 106.9 56,05 1.15 <5 38.4 18.7 W11 25,5
51.79 62.14 62.03 1.32 12,7 93.9 2.8 4,31 46,4
52,46 19,53 53,93 1.34 18,2 90.6 226 4,48 46,9
55.60 7.55 55,15 .99 12,7 50,2 115 2,49 30.0
58,49 7.59 37.60 .60 10.9 33,2 11.4 .21 28.0
61,63 4,92 73.42 1.38 16,4 47.8 25,0 .54 18.5
63,98 4,44 37.87 .80 27.3 71.0 176.7 3.65 37.7
65.50 3.18 19,91 .56 20,0 87.6 221 4,48 43.1
69,77 6.87 49,69 1,32 14,5 87.7 220 3.84 43.8
72.63 6,00 43,29 .93 12,6 95.5 240 4,71 49.0
75.62 19.70 66,26 1,42 49.3 99,2 276 5.13 64,2
78,58 23,20 65,53 1.64 21,8 92,0 235 4,19 58.4
81.62 16,01 46,88 1.06 49,4 89.9 246 5.25 57.2
84,34 13,20 46,54 1.16 23,7 85.2 219 4,36 49.8
87.17 45,51 45,11 0.93 14.9 92,9 246 4,56 50.5
90.16 21,47 39,55 .91 14,5 97.3 267 5,25 50.8
93,15 7.18 25.00 } .56 5.4 89,7 202 4.39 46,6
96,13 4,68 41,72 1.05 12,7 90.4 217 4,25 50,5
99,24 5.71 37,49 1.04 9.0 99,1 : 216 4,09 46,8
102,29 10,32 60.38 1.38 12,7 101 230 4,62 47.4
105.34 11,10 49,71 1.21 5.4 100 181 3.64 42,8
108.23 10.08 58,36 1,42 5.4 95.1 218 4,46 47.4
111,22 7.41 40,06 .99 <5 86.4 190 3.62 42,1
114,24 10,97 68.91 1.64 38.3 98.3 239 4,39 45.7
117.26 10.06 66,05 1.51 9.0 97.2 244 4,43 43,9
120,24 7.64 61,39 1,62 16,4 93,5 218 4,27 47.1
123,29 9,18 67,20 1.51 20,0 90.1 225 4,28 40,4
126.31 7.36 65.55 1.51 18,2 83.2 190 4,33 43,7
129.36 6.15 13,31 .86 12,7 82.3 179 4,16 - 36.2
131,64 8,60 61,37 1.47 20,0 64,7 181 3.95 38,2
134,78 6.85 69.45 1.68 78,5 32,4 88.6 1.17 61,1
138,11 12,35 63,43 1.51 12,7 82.0 218 4,39 47.1.
141,12 8.19 64,68 1.55 16,4 78.2 202 4.18 42.8
143,99 10.05 58,64 1.47 155 30.8 70.8 1,20 29,0
147,04 7.98 62,09 1.42 166 23,1 48.6 .59 . 22,3
150,08 7.30 68,23 1.21 <5 80.3 182 5.05 45.6
153.10 5.70 55.61 1.21 12.7 76.7 179 4,57 44,5
155.66 10.16 68,23 1.53 9.0 63.0 108 2,45 36.6
158,98 4,01 20,98 .60 10.9 66,5 166 4,43 42,7
161,85 6,04 58,67 1.45 27.3 YA 95,8 2,42 32.8
164,71 15,60 31,29 1.01 41.9 63.8 122 3.09 33.3
167,58 13,55 54,51 1.08 155 75.2 135 3.72 53.6
171,27 7.49 16,76 43 96,8 77.8 104 2.95 34,5
174,10 6,51 59,38 1.32 85.8 85.8 144 3,25 44,2
177.36 5.40 24,60 .43 69,3 82.0 136 3.91 57.9
179.74 23.73 39,45 .86 23,7 75.5 134 3.63 45,2
182,82 11,72 39.30 1.04 56,6 89.5 143 3.62 45,8
185.99 9.57 47,34 .82 40,1 42.1 46,9 1.26 40,4
188,95 10.84 56,33 1.42 S.h 77.8 150 4,02 51,2
193,15 10.38 58.47 1.23 192 71.9 154 4.37 58.4
198,64 10.84 55,58 1.51 12,7 75.6 159 4,04 58,6
201,38 12,40 59,85 1,25 141 68,2 164 3,95 55.6
204,13 12,09 42,77 1.25 217 51,2 146 3,41 53,1
207,54 10.79 15,59 .86 27.3 38,1 90.8 2,84 54,0
210,50 17,77 52,03 1.51 <5 39.3 157 3.58 58.4
213,51 8.51 31,46 1,08 9.0 44,9 163 3.85 51,3
216.47 22,72 24,26 1,68 63.9 45,4 239 5.05 63.9
219,73 5.56 11.94 .39 27.3 43,4 240 6.15 62.1
225,40 4,78 14,36 .47 32,8 15.5 179 4,87 51,4
228,20 5,83 4,06 .33 27.3 23,5 192 5.36 57.3
230,95 20,27 7.35 46 85.8 9.0 21,7 46 21.0
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TABLE 8.—Seclected elemental data for samples from the Granite Mountains, Wyo.—Continued
Sample Depth (m) RaeU (ppm) Th (ppm) Fe (%) S (ppm) Sr (ppm) Rb (ppm) K (%) Pb (ppm)
M-1 232,87 4,15 3.62 .65 61,9 27.3 199 5,60 67.2
235,25 7.91 3.26 .25 21.8 27.8 210 5,61 53.6
239,70 9,77 10,66 .64 12,7 35,6 154 3.77 43,5
240,56 5.92 11,13 1.12 23,7 39,2 183 3,49 47,7
245,30 5.90 7.57 .20 16.4 31.4 171 3.88 42,0
248,26 23,47 14,88 .54 133 39,8 183 3.50 46,3
251,77 3,01 1.31 .35 34,6 20.9 183 4,67 49.8
254,33 4,46 5.71 .48 1.4 20.3 145 4,11 33.9
256,70 2,20 5,97 .33 34,6 41,7 205 6,25 71,1
259,66 10.09 5.09 .55 111 35,1 167 5,04 58,9
263.74 3.41 5.98 .18 16.3 35.9 140 4,73 58.8
266,37 5.00 4,05 .52 <5 19.9 58.8 2,03 44,7
269,57 4,27 1.88 .23 5.4 32.1 120 4,02 42,6
271,82 4,47 3.89 .65 12,7 25,0 134 4,60 47,0
275,60 13,28 10,06 1.12 21.8 35.3 120 3,85 62,1
278.43 3.29 8,98 .67 31,0 32,2 121 3,62 58,5
281,24 39,64 4,97 .71 82,2 32,8 130 4,27 49,7
284,62 8.88 10.90 .76 16,4 37.9 105 3,07 45,3
287,70 4,90 5.63 .38 <5 36.8 91.7 2,94 44.8
290,72 20,93 9,69 1.55 9.0 34,8 77.8 1,56 78.1
293,52 6,07 4,91 W46 23,7 32,5 65,0 2,22 45,3
298,73 18.96 12,25 .69 20,0 31,5 88.5 3,16 57.7
301,78 5.68 9,72 .33 12.7 36,7 125 4,15 50.8
304,07 4,03 9,19 .53 <5 34,5 125 4,67 60,2
308,52 4,07 8.43 0,68 <5 28,9 161 5.90 72.3
311,57 8.40 11,76 .76 9.0 32,6 92,3 3,41 55.4
314,89 3.05 5,17 .22 16,4 35,0 109 4,10 56,1
319,49 6,51 11,78 .52 23.7 50,1 115 4,05 44,1
322,54 5.75 14,51 .58 12,7 44,0 114 4,09 47,0
326,11 5,71 13.68 1,25 16,4 31,3 95.0 3,42 68,5
329,03 31.99 12,64 1,16 38,3 30.6 80.5 2,72 63.1
332,08 4,35 12,18 1.16 5.4 22,9 18.8 W49 27,1
335,07 3.56 10.03 .64 <5 40,7 145 4,71 64,1
338,79 18,88 6,49 .20 71.2 43.9 92,8 3,22 53.9
342,08 12,31 10.89 .79 12,7 45,9 127 4,44 76.9
345,10 20,03 13,63 .82 10.9 43,1 113 3,58 64,9
350,12 40,96 11,81 .48 25,7 37.7 94,2 3,13 49,5
352,53 4,54 14,99 .83 16,4 39.4 32,7 .59 41,9
355,79 4,14 5,63 .15 5.4 30.3 83.9 2,83 45,3
357,26 15,32 12,96 .37 214 29.9 98.9 3.39 54,2
360,98 3.05 8,53 .33 <5 28,1 105 3.98 55,4
364,48 1,64 9,51 .39 <5 37.3 120 4,26 60,4
367.41 4,65 21,27 .77 5.4 38,7 103 3,56 58,1
370,45 3,87 10,55 .49 <5 41,9 104 4,00 56,9
373,84 2,91 7.58 W71 9.0 45,9 113 4,07 54,8
376,79 5.62 10,82 .58 16,4 42,3 87.3 3.26 58,7
380.18 19,06 10.90 .65 12,7 45,1 119 4,47 60,8
383,22 3,73 12,03 .19 20,0 44,6 134 5,03 58.2
386,52 9.50 15,35 .61 7.2 43,2 117 3,96 57.3
389,69 4.97 20,99 .81 5.4 46,3 117 3.95 51,5
394,90 15,16 9,01 .38 82,2 39.6 90,7 3,50 41,9
398.19 5.85 18,04 .54 12,7 39,3 106 3.82 58.6
400,48 3,61 12,14 W31 23,6 43,6 131 4,76 59.2
404,29 18,62 24,50 .61 12.7 49,1 131 4,37 54,6
409,23 5.14 4,98 W47 12.7 41,2 133 4,30 58.2
MS-1 .0 13,04 43,93 .39 9.0 485 N.D. .06 26,9
MS-6 .0 7.12 27.24 .25 16,4 329 26.1 .68 12,7
LD-1 .0 11,91 38.39 .30 9.0 463 N.D. .06 22,3
LM-2 .0 9.60 7.57 1,08 20.0 636 2.9 .09 10.7
GR-3 3. 2,23 26,21 1.64 12.7 319 47,0 2,07 17.9
GR=4 3 7.91 17.44 1.06 16.3 425 25,7 0,78 9.1
GR=5 3 2,64 26,09 .19 5.4 709 31.6 .95 9.0
MS-2 0 .51 3.51 .27 <5 107 149 5.31 27,6
TCM-2 0 2,97 19.67 2,42 12.7 520 107 2,78 53,6
D1686 0 2,14 27,72 —— — 83.8 166 3.73 40,22
CR-1 30.33 3.73 36,67 — — 254 136 3.75 35,89
41,00 20,0 40,6 1.90 9.0 298 134 3.9 22,2
46,79 3,37 34,68 — — 289 115 3.31 19,0
DDH=3 6,71 1.56 11.48 1.27 9.0 109 138 -— 66,2
DDH-4 1,22 2,14 19,33 1.47 10.9 299 82,8 2,27 38.8
DDH~5 3,60 1,98 25,99 1.26 5.4 112 149 4,12 51.1
DDH-6a 1.07 2.05 21,65 77 9.0 249 103 3,59 36.3
DDH=6b 1.16 2,07 23,88 1,91 12,7 195 100 3.96 42,0
DDH-7 .37 2,87 44,59 1,27 <5 107 136 3.82 50,0
DDH-8 2,74 6.91 34,58 1.18 <5 100 203 4,54 64,3
CR-26 30,24 4,94 42,49 — — 117 169 4.50 58.6
50,29 3.75 41,75 — — 124 176 4.86 67.4
60,66 4,72 50,2 1,25 5.4 126 155 4,15 45,8
CR-14 30.72 10,50 69,07 — — 87.5 241 4,31 52.0
47,95 10,50 64,48 -— — 95.6 223 4,62 51,2
57.24 12,2 66,0 1.53 9.0 84,6 204 4,50 46,8
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F16URE 7.—Graphs of geophysical and geochemical data for drill hole GM-1.

TABLE 4.—Averages for selected elemental data and ratios
for samples from the Granite Mountains, Wyo.

[Reported as average =+10)

Biotitic Leucocratic Fracture Silicified

Number of phase phase zones zones
samples.. 83 52 20 7
U (ppm) 9.8+ 6.7 81+ 171 76.7%243 7.8+ 42
Th (ppm) 485+ 16.2 97+ 50 39.3x 25.8 267+ 122
Fe (wt

percent) 13+ 04 b5+ 03 11x 04 T+ .06
S (ppm) 28 = 41 35 = 26 62 =+ 67 13 = 5
Sr (ppm) 104 = 69 375+ 123 441+ 235 481 147
Rb (ppm) 183 =+ 50 132 = 38 80.6x 70 194+ 184
K (wt

percent) 4.1% 0.8 42+ 09 17+ 14 T+ 0.7
Pb (ppm) 481%x 91 546*x 94 403* 160 155+ 7.0
K/Pb 875 *£190 780 £240 385 +£262 533 498
Th/U 6.5+ 32 19+ 14 37+ 39 50+ 4.1
U/Kx10* 24+ 1.6 21+ 19 79.2+225 78.1+ 96.2
K/Rb 230 = 41 326 + 48 209 =+ 81 323 =+ 68
Rb/Sr 21+ 0.8 39+ 20 18+ 09 .05 = 0.05
Th/K 121+ 44 25+ 14 69.3+1164 223 +318

Total iron content does not appear to correlate
with the magnetic anomalies in the biotitic phase of
the granite. This is reasonable because anomalies on
the order of 1,000 micro-cgs units indicate a magnetic
content of only 0.5 percent by weight (0.25 percent by
volume) which constitutes only a small percentage of

the total iron. Furthermore, thin sections from the
more magnetic parts of the core generally have lower
mafic-mineral contents suggesting that an increased
proportion of the iron is contained in opaque minerals.
With the exception of the three anomalies near 260 m,
magnetic anomalies generally correlate with or occur
near natural gamma radioactivity anomalies. Most of
the magnetic anomalies are due to disseminated mag-
netite grains for which crystals attain a maximum
diameter of 5 mm (fig. 54) ; the three large anomalies
near 260 m are due to large (2 to 3 cm) crystals of
magnetite. Magnetic anomalies within the leucocratic
phase appear to correlate with the iron content, partic-
ularly when iron increases without a concomitant in-
crease in thorium. This may be due to the lower aver-
age iron content of the leucocratic phase such that
magnetite constitutes a larger percentage of the total
iron. The good correlation between thorium and iron
appears to be reestablished in the last 30 m of the
drill hole.

The relationship between iron and thorium can be
explained if the poikilitic inclusions of radioactive
minerals in the biotite form the dominant thorium
sites and if the biotite is the dominant site for iron,
that is, varying the amount of poikilitic biotite would
produce a sympathetic variation of iron and thorium.
Alternatively, the correspondence between iron and
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F1gure 7.—Continued.

thorium may be normal for alkali granites; the large
fluctuations in these two elements in the core samples
from the biotitic phase may be caused by admixture
with material derived from the leucocratic phase and
resorbed into the melt. This latter explanation sug-
gests that the leucocratic phase may have originated
when the metamorphic roof rocks of the magma cham-
ber broke loose and sank in the magma. Parts of this
xenolith then spalled off and were assimilated to vary-
ing degrees by the surrounding magma. A suitable
metamorphic parent rock was collected by Z. E. Peter-
man near loc. D1686 (fig. 1). This rock is xenomor-
phic granular, leucocratic, and contains euhedral gar-
nets. The garnets in this rock do not exhibit retro-
grade alteration; thus if this rock does represent the
parent of the leucocratic phase, retrograde alteration
of garnets within the leucocratic phase must have
been caused by reaction between the magma and the
xenolith. o

Sulfur contents of the GM-1 core samples are
highly variable in both the biotitic and leucocratic
phases of the granite. Sulfur concentrations in the
upper 20 m of the bore hole vary from slightly above
to below the limits of detection by X-ray fluorescence
(5 ppm) and suggest sulfide oxidation and removal by
leaching within the vadose zone. At the time of drill-
ing, depth to water was approximately 30 m in the
U.S. Air Force hiole CR-14, 100 m to the east. Most
of the higher sulfur concentrations, particularly be-
tween 50 and 300 m, correspond to induced polariza-

tion anomalies suggesting that sulfur is present as sul-
fide minerals. One such anomaly at 153 m corres-
ponds to a small veinlet of pyrite and quartz that cuts
the bore hole. A few of the induced polarization
anomalies, such as the one at 310 m, appear to corre-
spond to increased magnetite content rather than in-
creased sulfides. The higher sulfur anomalies between
20 and 60 m and at 360 m do not correspond to in-
duced polarization anomalies which suggests that the
sulfides may have been oxidized to sulfate compounds.
Sulfur contents greater than 100 ppm tend to cor-
respond to large lows in alkaline-metal and alkaline-
earth contents. This relationship is expressed in the
detailed section shown between 45 and 55 m (fig. 8)
where the alkaline-metal and alkaline-earth contents
exhibit two strong lows. The first low occurs at 48.43
m and corresponds exactly to the first sulfur high.
The second low occurs at 50.75 m which is 1.31 m
deeper than the second sulfur high. However, the
depth of the alkaline-metal and alkaline-earth low
corresponds to the depth of total magnetite destruc-
tion (the low interval in the magnetic susceptibility
log at 50-m depth) and the zone of most highly frac-
tured rock (fig. 8). If a high sulfide anomaly existed
at this depth, the pyrite could have been oxidized and
the sulfur removed by leaching.

Strontium, rubidium, potassium, and lead contents
of the core vary sympathetically as a function of
depth (fig. 7). All four elements are strongly depleted
in the fracture zones. Each element is slightly depleted
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FiecuBe 8.—Graphs of geophysical and geochemical data through the fracture zone between 44- and 56-m depths in drill hole
GM-1.

in zones that contain less than average amounts of
potassium feldspar, such as at 266 m, and slightly en-
riched in zones that contain more than average
amounts of potassium feldspar, such as at 257 m. The
similarities in behavior are not maintained within the
silicified zones, where strontium is greatly enviched
and rubidium, potassium, and lead are strongly de-
pleted (table 4, fig. 9). This is due to the high modal
abundance of clinozoisite and sodic feldspar, which
have strong affinities for strontium (Iiyama, 1968),
and the concomitant disappearance of potassium feld-
spar and biotite, which contain most of the alkali
metals in the other phases of the granite.

The correlation between rubidium and strontium is
very high in drill core samples of the biotitic phase
(2=0.85) and is graphically evident from the re-
markably constant Rb/Sr ratio (fig. 7). However the
Rb/Sr ratio is much more variable for surface samples
from the biotitic phase (fig. 9). Alteration within the
fracture zones has removed both rubidium and stron-
tium but has preferentially removed more rubidium
(indicated by the smaller Rb/Sr ratio). This is caused
by the disappearance of phases that have high Rb/Sr
ratios such as potassium feldspar and biotite, but with-
out a marked decrease in major strontium-bearing
phases. The correlation between rubidium and stron-
tium in the leucocratic phase (£=0.14) is much lower
than in the biotitic phase. This is particularly evident
in the upper 60 m of the leucocratic phase in the drill
core. The poorer correlation is not related to any
obvious mineralogic control and probably reflects orig-
inal geochemical differences between the biotitic and
leucocratic phase.

Potassium and rubidium exhibit a close geochemical
correspondence in both the biotitic (£=0.91) and leu-
cocratic (R=0.85) phases, but the K/Rb ratio is larger
in the leucocratic phase (fig. 7. table 4). This may in
part.be due to the lower: biotite content in.the leuco-
cratic phase, but is probably largely due to an original
geochemical difference between the two phases. The
low K/Rb ratios in the fracture zones (fig. 8) is be-

cause of the preferential removal of potassium. There
1s a slight tendency for the K/Rb ratios to increase
in the deeper samples of the biotitic phase; mixing
between the two phases could account for this trend.

Potassium and lead correlate fairly well in both the
biotitic (£=0.60) and leucocratic (Z2=0.68) phases.
The larger variability of the K/Pb ratios relative to
the K/Rb ratios may indicate in part the poor analy-
tical precision for the lead data which would make the
the lead variations larger than those for rubidium.’
However, isotopic data (Rosholt and others, 1973) in-
dicate that 30-60 percent of the lead is radiogenic and
thus the variable IX/Pb ratio is probably due to vary-
ing amounts of radiogenic lead, which accumulated
after the granite had formed.

DISCUSSION AND CONCLUSION

Published data document the fact that the uranium
concentration in igneous rocks increases with in-
creasing silica (Rogers and Adams, 1969; Tilling and
others, 1970) and that at any given silica content ura-
nium increases with the degree of alkalinity (Tilling
and Gottfried, 1969). The granitic rocks of the Gran-
ite Mountains are alkalic and high in silica and
therefore a high uranium content is hot surprising.
The range of uranium concentrations for most grani-
tic rocks (Si0.;>70 percent) has been reported as 2 to
15 ppm with an average of 4 ppm (Rogers and Ad-
ams, 1969). The biotitic phase reported in this paper
is anomalous when compared with those concentra-
tions. The uranium concentrations range from 3 to 45
ppm (table 3) and average 9.8 ppm (table 4). In addi-
tion Rosholt and others (1973) have reported an aver-
age uranium loss of 20 ug/g, which suggests that the
average biotitic phase samples once contained about
30 ppm uranium. Even the leucocratic phase which
has an'average uranium content of 8.1 ppm' (table 4)
is anomalous relative to most granitic rocks. Further-
more, most samples from this phase also seem to
have suffered recent uranium depletion (Nkomo and
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Ficure 9.—Elemental distribution of surface and near-surface samples. Open squares, silicified-zone samples; solid squares,
biotitic-phase samples; squares with X, leucocratic-phase samples, including one sample, TCM-2, and three samples from
drill hole CR-1 collected north of the main mass of granitiec rocks.

Stuckless, 1975) which suggests that the original
uranium content was even more anomalous.’

Thorium Genemlly exhibits a close geochemical.cor-
respondence to uranium- in igneous:rocks.. In «rmnltes
(Si0,>70 percent) Th/U ratios’ generally range

from 3 to 5, and the average thorium concentration is
18 ppm (Rogers and Adams, 1969). In this respect,
both the biotitic phase (avg Th=48.5 ppm) and the
leucocratic phase (avg Th=9.7 ppm) are anomalous,
but in opposite directions. The present Th/U ratio in
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the biotitic phase (6.5) is not particularly anomalous,
if the apparent uranium loss is considered, both the
biotitic and leucocratic phase must have been more en-
riched in uranium relative to thorium than the aver-
age granitic rocks reported by Rogers and Adams
(1969). The present Th/U ratio for the leucocratic
phase (1.9) is anomalously low even if the uranium loss
is not taken into account.

The apparent anomalies cited above may be due, in
part, to the relative geochemical mobility of uranium
in some crystalline rocks. Uranium-lead-isotope sys-
tematics have been used to demonstrate uranium loss
from several Precambrian crystalline units. Granite
samples from the Granite Mountains, Wyo., have lost
as much as 80 percent of their original uranium (Ros-
holt and Bartel, 1969; Rosholt and others, 1973;
Nkomo and Stuckless, 1975). Samples from the Ruin
Granite and granite at Lollar Peak, Ariz., have lost
approximately 50 percent of their original uranium
(Ludwig, 1974). Samples of granitic metamorphic
rocks from the Minnesota River valley have lost 50
percent of their original uranium (Goldich and others,
1975), and similar samples from the Granite Moun-
tains exhibit a 65 percent uranium loss (Nkomo and
Rosholt, 1972).

Isotopic evidence has also been used to document
uranium loss from intermediate and mafic rocks. Pub-
lished results of isotopic studies show uranium loss in
intermediate rocks from the Granite Mountains (Nko-
mo and Rosholt, 1972) and from Australia (Gray and
Oversby, 1972). Even mafic lavas from the Onver-
wacht Series from South Africa seem to have incurred
a recent (Cenozoic) uranium loss (Sinha, 1972). Tso-
topic evidence suggests that uranium loss from most
crystalline rocks is approximately 50 percent of the
amount originally present. Nevertheless, the actual
amount of uranium lost, in terms of micrograms per
gram, from all rocks except the granites is small; this
is because granite was originally richer in uranium.

Comparison of surface and drill-core samples has
been used to demonstrate near-surface uranium loss
from granites. The Conway Granite of New Hamp-
shire contains approximately 30 percent less uranium
above 200-m depth than at deeper levels (Rogers and
others, 1965). Barbier (1968) reports that surface
samples from a two-mica granite from the Massif Cen-
tral in France are 50 percent deficient in uranium re-
lative to samples taken at depth and that dominantly
immobile uranium was not encountered until depths
greater than 320 m.

Few unequivocal data have been published to docu-
ment a lack of uranium mobility. Igneous examples
are dominantly calc-alkaline to calcic in composition.

Rosholt, Peterman, and Bartel (1970) report isotopic
evidence for equilibrium between uranium and radio-
genic lead in a granite cored in Saskatchewan at 2,225
m depth (24.4 m below the top of the Precambrian).
Comparison of uranium contents in surface samples
and deep (1-2 km) drill-hole samples from the Sierra
Nevada batholith (Wollenberg and Smith, 1968 ; Till-
ing and others, 1970) does not suggest any noticeable
increase in uranium at depth. A similar conclusion
was reached by Tilling and Gottfried (1969) for
rocks from the Boulder batholith, Montana. These two
patterns of equal uranium contents in surface and
drill-core samples are similar to the pattern observed
in the Granite Mountains (fig. 7); however isotopic
evidence (Nkomo and Stuckless, 1975) suggests that
even deep samples in the Granite Mountains have lost
uranium.’

Several sites of and mechanisms for uranium loss
can be proposed for the samples analyzed in this
study. The seemingly lower original uranium con-
tent of the leucocratic phase could be attributed to an
early uranium loss during metamorphism. Uranium
loss during granulite-facies metamorphism has been
documented by Gray and Oversby (1972), and tex-
tures within the leucocratic phase, together with such
mineralogic phases as garnet, suggest high-grade
metamorphism. Alternatively, the leucocratic phase
could have lost uranium during a partial melting
event if this phase represents a partially assimilated
xenolithic block of country rock. '

More recent uranium loss from all rock-type sam-
ples in this study and in Rosholt and others (1973)
could be attributed to weathering. Similar explana-
tions have been advanced by Richardson (1964) and
Rogers and others (1965). However, the present low
topographic relief between the Granite Mountains and
surrounding basins, together with the great depth of
uranium loss, make a simple weathering explanation
seem unreasonable. Furthermore, the only evidence of
weathering is a gencral sulfur depletion which ap-
pears to be confined to surface samples and the upper
20 m of the drill core (figs. 7, 9). If uranium loss is
due to simple weathering, it most probably occurred
during the time of high topographic relief proposed
by Love (1960) for the Eocene Epoch.

An alternate mechanism for relatively recent deep
uranium loss may be similar to a mechanism for lead
from zircons, dilatancy as proposed by Goldich and
Mudrey (1972). During uplift and erosion of a gran-
ite, release of overburden pressure causes near-surface
rocks to dilate. During dilation, water may be lost,
taking with it certain mobile elements such as ura-
nium. The maximum depth of this effect is unknown,
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but depths of several hundred metres have been pos-
tulated (Goldich and Mudrey, 1972).

Although several possibilities exist, possible sites for
mobile uranium in crystalline rocks are poorly docu-
mented. Our preliminary studies suggest that in the
biotitic-phase samples, uranium is confined to zircon,
sphene, apatite, monazite, biotite, chlorite, and epidote.
The first four of these minerals have been used for
various uranium-lead geochronologic studies, and ex-
amples of reverse discordance (preferential loss of
uranium over lead) have been reported for apatite,
monazite, and rarely sphene. (See Doe, 1970, for sum-
mary.) Studies are currently underway to check for
reverse discordance in all the uranium-bearing phases
in the rocks from the Granite Mountains.

In addition to the known uranium-bearing phases it
is possible that uranium was lost from currently un-
recognizable uranium sites such as grain-grain boun-
daries and soluble-mineral phases. Our uranium dis-
tribution study of a single sample with equilibrium
amounts of uranium and radiogenic lead (259.7 m, fig.
3) revealed neither type of site. However, it is pos-
sible that this sample lost no uranium because there
were no mobile-uranium sites.

Several samples from drill hole GM-1 exhibit
evidence of uranium gain. Uranium gain is chiefly
localized in fractured rock and is probably best attrib-
uted to one of two fluid-related mechanisms: hydro-
thermal alteration or reprecipitation from meteoric
waters. Much of the additional uranium may have
been released by weathering and subsequently pre-
cipitated in fractures as reported by Rogers, Adams,
and Gatlin (1965), Barbier and Ranchin (1969), and
Barbier (1974). However, some uraniferous zones
show signs usually attributed to hydrothermal altera-
tion. These zones now exist as fractured and altered
rock in which sulfur, fluorine, and chlorine are slightly
enriched relative to the biotitic and leucocratic phases.
The abundances of pyrite and magnetite increase, and
abundances of potassium-bearing phases (such as bio-
tite and microcline) decrease (fig. 8) in these zones.

The replacement of microcline by chessboard albite
in several granites has been attributed to hydrother-
mal alteration (see Gilluly, 1933) from possible late-
stage magmatic activity. The most uranium-rich
samples in the fracture zone from 45 to 55 m in GM-1
contain too little lead (even if all the lead were radio-
genic) to have existed in a closed system for the last
2.6 billion years. Even if this and other fracture zones
were altered originally by late-stage magmatic fluids
related to the granite emplacement, they must have
gained uranium or lost lead in recent times. We have
no evidence for more recent hydrothermal activity in

the Granite Mountains and, therefore, conclude that a
purely hydrothermal origin for the uranium enrich-
ment is unlikely.

Barbier and Ranchin (1969) have reported the ve-
precipitation of uranium as autunite on fractures
within a uraniferous granite from St. Sylvester,
France. Barbier (1968) suggested that a two-mica
granite from Monts de Blond, France, was oxidized to
a depth of 320 m and reduced at greater depths; the
oxidation affected both uranium and iron oxide dis-
tributions. If uranium was in motion within the gran-
ite from the Granite Mountains, changes in Eh or pH,
which could precipitate some of the uranium, might
be most common within the hydrothermally altered
rock. Reaction of pyrite, oxygen, water, and uranium-
bearing phases may hold uranium in solution with
iron sulfate. If the solution pH rises appreciably
within the fractures zones, uranium and iron oxides
may precipitate together along small cracks thereby
creating the type of uranium distribution shown in
figure 4. It is also possible that the large crystals of
magnetite as shown in figure 5 might have a localized
effect on Eh or pH which could cause a precipitation
of uranium. At present we are unable to draw any
firm conclusions about the mechanism for concentrat-
ing uranium in crystalline rocks or about the charac-
teristics of crystalline rocks as potential hosts.

A preliminary and tentative characterization of
potential crystalline uranium-source rocks for sedi-
mentary uranium deposits can be proposed on the
basis of available data. First, an alkaline granite or
possibly a syenite should be the most favorable rock
type because the uranium content increases with the
increase in silica content and degree of alkalinity. Sec-
ond, the most favorable source rock should be an un-
metamorphosed one because uranium can be lost dur-
ing granulite facies metamorphism. Third, in order to
form cconomic deposits the potential sonrce rock
should have had a rapid exposnre to near-surface con-
ditions for the first time when a favorable site for ura-
ninm  deposition existed nearby. Because current
studies indicate that the depth of uranium loss is
greater than the depth of weathering, recently np-
lifted crystalline blocks with patches of sediments on
top of them could have lost their mobile uranium while
In a near-surface environment during or prior to the
deposition of the overlying sediment. Granitic rocks
of the Granite Mountains that might have lost ura-
nium during a late Precambrian exposure would have
been stripped away by the profound erosion of early
Cenozoic time. Finally, if mobile uranium loss occurs
before mechanical breakdown of the rock, sediments
derived from crystalline rocks are unlikely to form a
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source of uranium because the mobile uranium should
have been lost prior to erosion.
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A COMPARISON OF SOME ANALYTICAL TECHNIQUES FOR DETERMINING
URANIUM, THORIUM, AND POTASSIUM IN GRANITIC ROCKS
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Abstract.—Geochemical exploration for uranium requires
accurate and precise determinations of low-level concentra-
tions. We have used seven different techniques and four dif-
ferent treatments of the fluorometric method to analyze for
uranium in granitic rocks. In addition we have used four
analytical techniques for thorium and three analytical tech-
niques for potassium, two elements that are commonly pres-
ent in anomalous amounts within uranium provinces. Our re-
sults show that commonly used techniques for thorium and
potassium determinations are both adequately precise and
accurate, but that many techniques used for uranium deter-
minations lack the necessary precision or accuracy for com-
plete geochemical prospecting. We suggest that a combination
of delayed-neutron determinations for uranium and y-ray spec-
trometric analyses for radium equivalent uranium, thorium,
and potassium provides the best data base for geochemical
exploration for uranium. If more detailed interpretations are
desired, the combination of v-ray spectrometry and a-spectro-
metry may be best. Carefully done fluorometric analyses
should be adequate for water, ore, mineralized rock, and other
applications where high precision and accuracy are not re-
quired.

Interest in low-level uranium and thorium concen-
trations as a guide to exploration and the ever-decreas-
ing radioelement contents needed for minable ore
bodies have placed new constraints upon analytical
chemists and exploration geologists. High levels of
accuracy and precision are now needed for determina-
tions in the parts-per-million range, and often geolo-
gists must choose the most cost effective and reliable
method for analyzing samples. In this report, we com-

pare results of several techniques to those obtained by -

isotope dilution using mass spectrometry. The isotope-
dilution technique can yield accurate results for urani-
um and thorium to better than *1 percent (3¢) of the
amount present throughout the range of 0.5 to 1,000
ppm (Garner and others, 1971).
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ANALYTICAL PROCEDURES

All the analytical techniques used in this study have
been described elsewhere, and the reader interested in
the details is referred to the references cited. The fol-
lowing section gives only brief descriptions and modifi-
cations of the techniques used by us.

Sample preparation—Sample preparation and the
types of samples used are described in the accompany-
ing article by Stuckless and others (1977). For each
sample, 1-2 kg of rock were processed so that repre-
sentative samples of outcrop or drill core could be
obtained.

Mass spectrometry—Uranium and thorium contents
were obtained using standard isotope-dilution tech-
niques as described by Tatsumoto (1966) and Rosholt,
Zartman, and Nkomo (1973). Approximately 1 g of
—200 mesh material was used for each analysis. Results
are accurate and precise within =2 percent (20).

Delayed neutron.—Details of the procedure for de-
termining uranium and thorium contents by the
delayed-neutron technique are given by Millard (1976).
Approximately 10 g of —32 mesh material were used
for each analysis. Results are generally precise and
accurate within +5 percent (20¢) except where Th/U
ratios are greater than 8 or less than 2. The delayed-
neutron values that are used in figures 1, 2, and 3 show
the 20 errors which were based on counting statistics
for individual samples.

83



84 URANIUM, THORIUM, AND POTASSIUM DETERMINATIONS IN GRANITIC ROCKS

Alpha spectrometry.—The procedures used with the
a-spectrometric technique are described by Rosholt,
Doe, and Tatsumoto (1966), and modifications to the
technique are described by Stuckless and Ferreira
(1976). Approximately 1 g of —200 mesh sample was
used for each analysis. Results are precise and accurate
to within *2 percent (20).

Gamma-ray spectrometry—Radium-equivalent ura-
nium (RaeU), thorium, and potassium values were ob-
tained by sealed-can y-ray spectrometry as described
by Bunker and Bush (1966, 1967) and Stuckless and
others (1977). About 600 g of —32 mesh material were
used for each analysis. Results are accurate and precise
to within * (2 percent +0.10 ppm) for RaeU and Th
to about = (2 percent +600 ppm) for K (2¢).

Total beta-gamma counting.—Equivalent-uranium

(eU) values were calculated by measuring the total g8

and y radiation coming from the sample with an end-
window counter and by assigning all the radioactivity
to uranium-series products. Count rates were then com-
pared to those for known uranium standards for which
daughter products were in equilibrium with their par-
ent isotopes. About 10 g of —32 mesh sample were
used for each measurement and counting times were
adjusted such that the counting statistics would be
better than +3 percent (1¢).

Fission track.—The determination of uranium con-
tents by the fission-track technique using spark count-
ing has been described by Cross and Tommasino (1970)
and Becken (1972). In our adaptation of this method,
approximately 0.1 g of finely ground sample was
pressed into the surface of a cellulose pellet, covered
with a 10-um-thick Lexan detector, and irradiated. The
Lexan was then etched with NaOH to develop fission-
track holes which were counted by spark counting. The
comparison of the number of fission tracks in the sam-
ple detectors to the number in detectors placed on
standard pellets yielded the uranium contents of the
samples. Under optimum conditions this technique has
a precision of *+10 percent (2¢).

Fluorometry—The general principles of fluoro-
metric uranium methods have been described in many
papers (see, for example, Grimaldi and others, 1954).
The fluorometric measurement is precise within *5
percent (20), if the samples are free from interference
by absorbing elements, which quench fluorescence, or
by enhancing elements, which increase fluorescence.
The accuracy of this technique is dependent upon a
quantitative recovery of uranium and the absence of
interfering elements during the final measurement.-

We have used four different methods of sample at-
tack: (1) dissolution in HF, HClO,, and HNO,, (2)

fusion with NaOH, (3) fusion with LiBO., and (4)
leaching with boiling HClO, and HNO, followed by
controlled refluxing to concentrated HClO,. The first
two methods of dissolution utilized 1 g of material, and
each was followed by uranium extraction with ethyl
acetate and formation of a fluorescent bead by fusion
with NaF.

In separate experiments, the first method of attack
was followed by a leach of the residual salts with con-
centrated HClO,. The resulting solution was diluted
to 10-percent HClO,, and two aliquots were taken. A
known amount of uranium (referred to as a spike) was
added to one aliquot from each sample so that the exist-
ence of quenching of fluorescence by adsorbing ele-
ments (for example, Fe, Ti, Mn, Pt) could be
examined. A fluorescent bead was made for each ali-
quot. If the difference between the uranium contents
for two beads from one sample was not equal to the
amount of spike added, the sample was rerun after
either a separation of uranium or dilution to a point
where quenching was not measurable.

The fusion with LiBO, was followed by dissolution
of the molten fusion bead in 5-percent HF. This solu-
tion was then aliquoted, spiked, and measured as above.
The solution obtained by leaching with HCIO, and
HNO; and refluxed to concentrated HC1O, was diluted
to 10-percent HC1Q,, aliquoted, spiked, and measured
as above. For ore or water samples any combination of
the techniques used by us can yield an accuracy of +5
percent. :

Atomic absorption and flame photometry.—Approxi-
mately 0.5-g samples of —200 mesh material were
digested in HF, HC1O,, and HNO; and analyzed for
potassium by either the methods of Suhr and Inga-
mells (1966) for flame photometry or of Shapiro and
Brannock (1962) for atomic absorption. Both methods
have precision and accuracy of about +1 percent (2¢).

RESULTS AND DISCUSSION

Sample preparation and splitting—In any geochem-
ical study that compares analytical techniques, prob-
lems in sample preparation and splitting are as im-

_portant as those involved  with the actual measure-

ments. We have taken particular care to avoid con-
tamination during each stage of crushing and pulver-
izing. Differences in elemental concentrations between
subsamples ground to different finenesses are estimated
to be less than 0.1 percent.

It is possible for subsampling errors to cause vari-
ations'as large as 100 percent in certain types of geo-
logic samples (Ingamells and others, 1972). We have
adjusted subsample weights and grain sizes to mini-
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mize this problem. Model calculations, which assigned
all the uranium to small percentages of high-uranium
zircon, suggest that splitting errors should be less than
0.4 percent for each of the techniques except fission
track. The minor effect of splitting errors on the re-
ported results is indirectly confirmed by the close
agreement between uranium values obtained by de-
layed neutron and isotope dilution in combination with

mass spectrometry (fig. 1). If splitting errors were
significant, the results should exhibit a scatter that
would be larger than that predicted by analytical
precision.

Alpha spectrometry—Fourteen samples were ana-
lyzed for uranium and thorium by e-spectrometry and
mass spectrometry both in combination with isotope
dilution. The results in table 1 show that all but one of

100|I||1|| T T T T T

50 —
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T
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10 50

U, INPARTS PER MILLION, BY ID AND MS

F1GURE 1.—Log-log plot of uranium contents obtained by the delayed-neutron (DN) technique versus those obtained by isotope
dilution (ID) in combination with mass spectrometry (MS). A 1:1 line is shown for reference. Symbol sizes are equal to a
20 error. The values for two samples were divided by 100; these are indicated by boxes with error bars.
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TaABLE 1.—Uranium and thorium determinations, in parts per million, for granitic samples from the Granite
Mountains, Wyo.

[-, not determined; *, analytical precision unknown due to interference from other elements]
y

Uranium Thorium
Sample Isotope dilution Fluorimetry Isotope dilution
No. —=———————  Delayed y-ray Fission Total -———0—— Delayed y-ray
Mass neutron Digest.+ Digest.+ Fusion + Leach spec track B+ v Mass neutron spec
spec a-spec extract, spike spike spike RaeU eu spec a-spec
(O] ® & (&) ) ®) (€] ® ® an b ) &G
0.39 - 0.34 - - - - 0.42 0.61 - 4.51 - 5.20 5.89
- - .81 - - - - .55 - - - - 25.7 29.5
- - .89 - - - - - - - - 5.20 4.62
- - 1.04 - - - - .83 - = - - 46.5 43.6
.92 - 1.11 - - - - .96 1.31 - 37.71 - 35.0 38.6
- B 1.61 - - - - 1.59 - - - = 14.5 14.4
- - 1.65 - - - - 1.59 - - - - 12.4 11.9
- - 1.76 - - - - 1.90 - - - - 13.7 14.8
- - 1.90 - - - - 2.20 - - - - 5.57 5.97
- - 2.07 - - - - 1.77 - - - - 27.5 29.2
2.13 - - - - - - 2.07 - - 22.69 - - 23.9
2.23 - 2.20 - - - - 2.14 3.0 - 16.65 - 17.8 19.3
- 2.24 - - - - 1.73 - - - - 24.7 24.5
- - 2.30 - - - - 2.27 - - - - 42.3 45.4
2.40 - 2.71 - - - - 2.23 - - 26.65 - 21.9 26.2
2.52 - 2.57 - - - - 2.64 - - 27.88 - 24.7 26.1
2.66 - - - - - - 1.98 - - 25.10 - - 26.0
- 2.86 - - - - 2.28 - - - - 14.2 15.1
- - 2.91 - - - - 2.72 - - - - 40.1 38.2
3.04 - 2.96 - - - - 3.01 - - 1.37 - 8% 1.33
- - 3,08 - - - - 3.18 - - - - 33.1 26.9
3.09 - 3.02 - - - - - - - 19.92 - 21.6 -
- - 3.36 - - - - 2.63 - - - - 35.4 30.2
3.69 3.60 - - - - - 2.87 - - 46.03 40.00 - 44.6
3.74 3.81 - - - - - 2.97 - - 19.18 16.86 - 19.7
- B 3.97 - - - - 3.90 - - - - 38.9 35.6
4.22 4,54 - - - - - 4.97 - - 19.72 20.82 - 21.0
4.23 - 4.12 - - - - 4.54 - - 15.55 - 13.3 15.0
- - 5.28 - 8 7 5 5.40 - - - - 25.9 24.6
5.52 - 5.51 4.5 2 7 7 4.74 7.3 - 13.54 - 13.9 14.3
- - 6.00 - - - 4,07 - - - 6.93 8.43
- - 6.82 - - - - 7.12 - - - 29.8 27.2
7.15 - 7.52 - - - - 7.91 7.4 - 17.93 - 15.6 17.4
7.32 7.28 7.04 4.5 2 8 6 4.85 - ~ 72.29 73.24 71.3 72.2
7.62 - 7.91 5.0 3 11 8 7.64 - - 60.53 - 60.4 61.7
7.71 - - - 6 12 10 8.40 - . 11.27 - - 11.7
8.00 - - - - - B 6.91 - - 32.23 - 34.6
7.90 - - - 3 11 8 7.59 - - 39.93 - - 37.6
- - 9.93 - - - - ' 8.90 - - - - 60.3 65.6
10.76 - 11.4 - - - - 10.9 - 56 68.58 - 67.0 68.1
== 11.13 11,17 10.9 9.8 3 13 11 20.3 “ 20 6.77 6.96 6.08 7.35
- - 11.4 - - - - 9.94 - 56 - - 61.3 61.3
12.83 13.68 - 13 - - - 10.1 - 41 6.33 6.95 - 5.09
13.08 12.91 13.3 8.2 6 12 14 12.1 - 53 62.79 60.14 61.5 63.1
- - 13.5 - - 15 15 13.7 b 25 - - 49.2 49.8
15.15 15.37 15.4 13 13 17 16 13.0 - 26 44,49 43.73 42.4 43.9
18.92 - 20.0 15 5 18 18 20.9 - 34 8.85 - 5.5% 9.7%
21.52 22.67 22.9 21 13 24 20 18.6 161 48 23.98 25.10 23.8 24.5
23.00 - - 19 11 17 20 20.4 - 66 59.24 - - 56.8
3 23.43 24.4 22 8 24 22 23.5 20.0 47 15.06 15.06 8.1* 14.9
. 26.30 - - - - = 22.6 - 60 63.84 65.22 - 63.8
56.21 56.43 56.5 48 44 49 53 44.5 61 91 43.86 46.32 42.9 44.2
-=106.0 107.5 101.9 89 25 - 105 106.9 101 120 59.46 55.11 48.6 56.1
1459 1378 1290 1430 1200 1240 1300 1103 1170 1240 45.83  -57% 55%
]Isotope dilution and mass gpectrometry. Analyst: I. T. Nkomo.
2Isotope dilution and a-spectrometry. Analysts: C. P. Ferreira and J. N. Rosholt.

3Analysts: H. T. Millard and D. A. Bickford.
"Fluorimetry following complete sample digestion and U extraction.

Analysts: E. J. Fennelly and J. G. Crock.

5I"luox'imet:ry following complete digestion of the sample and no separation of U but with a spike used to determine the amount of quenching

of fluorescence. Analysts: R. Kiel and K. Edwards.

5F1uorime:ry following fusion with LiBO2 and no separation of U but a spike used to determine the amount of quenching of fluorescence.

Analysts: R. Kiel and K. Edwards.

7Flyorimetry following leaching of sample with boiling HC104 and HNOj3 and no separation of U but a spike used to determine the amount of

R. Kiel and K. Edwards.
C. A. Bush.

quenching of fluorescence.
Y-ray spectrometry.
SAnalyst, A. Bartel.
10Analyst: J. S. Stuckless.,

Analysts:
Analyst:

the pairs of uranium values agree within the limits of
precision of the 2¢ level, and that nine of the pairs of
thorium values agree within the limits of precision at
the 20 level. Although the a-spectrometry technique is
adequately accurate for most geologic problems, it is a
relatively expensive and time-consuming technique and
therefore is not well suited for routine geochemical
exploration. However, because the technique can meas-
ure the amounts of uranium and the long-lived daugh-
ter isotopes in the uranium decay chain (**U, **U,
2200Th), it is useful for some specific problems that re-

quire measurements of radioelement disequilibria. (See,
for example, Stuckless and Ferreira, 1976.)

Delayed neutron.—Twenty-two samples were ana-
lyzed for uranium and thorium by delayed neutron and
by isotope dilution using mass spectrometry (table 1,
figs. 1 and 2). All but two of the pairs of uranium
values agree within the limits of precision at the 2¢
level (fig. 1). The precision of the two techniques is
similar except for two samples with low uranium con-
tents and high (>15) Th/U ratios. For these samples
the correction for the thorium interference adds a
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FI1GURE 2.—Arithmetic plot of thorium contents obtained by
the delayed-neutron (DN) technique versus those obtained
by isotope dilution (ID) in combination with mass spec-
trometry (MS). A 1:1 line is shown for reference. Symbol
sizes are equal to a 20 error. Four samples for which the
uranium interference with the thorium value (obtained by
the delayed-neutron technique) was excessive have been
omitted.

large uncertainty to the measured uranium content
(fig. 1). The delayed-neutron technique is rapid, and
commercially available services are relatively inexpen-
sive, These features, combined with the precision and
accuracy of the technique, make it a highly desirable
tool for analyzing granitic samples.

Thorium contents obtained by the delayed-neutron
technique are not as precise or accurate as the uranium
determinations, but the results are still adequate for
most geochemical exploration purposes. Of the 22 ana-
lyzed pairs, 4 contained too much uranium to allow an
accurate measurement of the thorium content by the
delayed-neutron technique. Of the remaining 18 pairs
only 2 pairs of thorium values exhibited a statistically
significant difference (fig. 2).

It should be noted that the precision and accuracy
of the delayed-neutron technique shown here is due in
part to the type of reactor used and the composition of
geologic standards used for calibration. For example,
samples that contain large amounts of neutron-mod-
erating light elements, such as carbon and hydrogen,
can yield erroneous values for uranium and thorium

because of in situ thermalization of neutrons, but for
granites this is not a problem.

Gamma-ray spectrometry.—Thirty-two samples were
analyzed for RaeU and thorium by y-ray spectrometry
and for uranium and thorinm by isotope dilution in
combination with mass spectrometry (table 1). An
additional 20 samples were analyzed for RaeU and
uranium by y-ray spectrometry and the delayed-
neutron technique respectively. The results of .all 52
pairs of analyses are shown in figure 3. Sealed-can
y-ray spectrometry is a very precise technique, but
actually gives a measurement of ?2*Ra. It yields a ura-
nium value only if there is secular equilibrium within
the upper part of the »**U decay chain. RaeU is sig-
nificantly different (greater than 2¢) from uranium in
34 of our 52 granitic samples and this difference would
lead to errors ranging from +100 to —384 percent in the
calculated uranium values. Most of the RaeU values
are Jower than actual uranium values by 15-20 percent.

Although RaeU may not yield an accurate measure-
ment of the uranium content, the results obtained by
sealed-can y-ray spectrometry may prove useful in geo-
chemical exploration programs. Significant differences
between uranium and RaeU may indicate the presence
of labile uranium which in turn may identify a par-
ticular granite as a likely source rock for nearby sedi-
mentary uranium deposits or as a favorable rock for
in situ leaching of uranium (Stuckless and Ferreira,
1976).

A second benefit of y-ray spectrometry as an explora-
tion tool is that one measurement yields thorium and
potassium contents as well as RaeU values. Granitic
rocks with high uranium contents also tend to have
high thorium and potassium contents. These twc ele-
ments are not as easily leached from surface outcrops
as is uranium and therefore may be useful in the
identification of high-uranium granite where extensive
surface leaching has removed much of the original
uranium.

Although one-third of the 29 pairs of thorium values
obtained by y-ray spectrometry and isotope dilution in
combination with mass spectrometry do not agree with-
in the limits of precision at the 20 level (fig. 4), the
true error is not very large. Consequently the results
are sufficiently accurate for most geochemical purposes.

Total beta-gamma count.—Fifteen samples that con-
tained more than 10 ppm U were analyzed for ¢U by
total 8-y counting. For those samples that contained
less than 100 ppm U, the eU values were 61 to 420 per-
cent higher than the uranium values (table 1). This is
largely due to the g-y activity contributed by the thori-
um decay series and *°K. However, one sample (No.



88 URANIUM, THORIUM, AND POTASSIUM DETERMINATIONS IN GRANITIC ROCKS

100 T T T 1 T T T

| S T T T T T T T
50 — —
+
+
- + +/ + i
+
2 +
o) +
3 [m]
- 10— —+ t —
b3 - — _.
o - +
Y S ]
- +
%) * B
[ L
s |
<
@ 5} + ]
z o
D‘ - —t .
o
@Q
@
L ¥ |
n
_‘_*+
- 4 + -
=
1.0 |— ]
0.5— ‘ —
I | oo ) ] i Lo | L 1 I | [ | |—1
0.5 1.0 5 10 50 100

U, IN PARTS PER MILLION, BEST VALUE
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230.95) contained only small amounts of thorium and
potassium (tables 1 and 2), and the high ¢U value is
attributed to excess 22°Ra. Although total 8-y counting
is a rapid and simple technique for which counting
statistics can be adjusted to yield good precision, the
accuracy of the technique as an estimate of uranium
content in granitic rocks is very poor. We therefore

conclude that total 8-y counting has only limited use-
fulness in uranium exploration programs in granitic
terrains.

Fission track.—Ten samples that represented the en-
tire range of uranium concentrations were chosen for
fission-track analysis. Only 3 of the 10 samples yielded
uranium concentrations that agree with those obtained
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FI1GURE 4.—Arithmetic plot of thorium contents obtained by
sealed-can +y-ray spectrometry versus thorium contents ob-
tained by isotope dilution (ID) in combination with mass
spectrometry (MS). A 1:1 line is shown for reference. Sym-
bol sizes are equal to 2¢ errors. Three samples for which
uranium interference with the thorium values (obtained by
~-ray spectrometry) was excessive have been omitted.

by isotope dilution in combination with mass spectrom-
etry within the expected limits of error (table 1). This
poor agreement is partly due to the problem of adjust-
ing irradiation parameters to fit samples whose urani-
um concentrations varied more than 4 orders of magni-
tude. Furthermore, such a small amount of sample is
actually measured (<0.1 g) that splitting errors are
no longer insignificant. Finally, a single high-uranium
grain may create many fission tracks that cannot be
resolved and are thus counted as a single track. The
latter two problems are particularly serious for coarse-
grained rocks and to a lesser extent for disseminated-
type ore deposits. Thus, the usefulness of the fission
track using spark-counting technique is limited to cer-
tain volcanic rocks, water, and other geologic samples
that lack point-source concentrations of uranium and
gross inhomogeneities.

Fluorometry.—Uranium values obtained by the flu-
orometric method are strongly dependent on the pro-
cedures used for chemical preparation of the sample.
Many granite samples will not release all their urani-
um unless the granite is completely dissolved. Thus,
partial attacks, such as with 4 ¥ HNQ; or fusion with
NaOH, may yield low values for uranium. Several ele-

ments that are common in granites can interfere with
fluorescence measurements if they are present in the
final bead in large enough amounts. Therefore, either a
chemical separation or a determination of the amount
of interference is necessary if an accurate determina-
tion of concentration is to be made. Ifour different sets
of fluorometric determinations are reported in table 1
and results are summarized in figure 5. A fifth set of
determinations in which the samples were fused with
NaOH and uranium was extracted with ethyl acetate
is not reported. These results were lower than or equal
to those obtained by dissolution and uranium extrac-
tion and will not be discussed further.

The two sets of fluorometric data that were obtained
following the HF digestions exhibit a strong bias to-
ward values that are too low (fig. 54 and B). We
therefore conclude that this method does not allow the
quantitative recovery of uranium from the sample.
Possible explanations include: (1) loss of uranium
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Ficure 5.—Log-log plots of uranium contents obtained by the
fluorometric method versus those obtained by isotope dilu-
tion (ID) and mass spectrometry (MS). A, digestion of the
sample in HF, HC1O,, and HNO; and extraction of uranium;
B, digestion of the sample in HF, HCIO;, and HNO; and
spiking an aliquot so that interference of fluorescence could
be examined; O, fusion with LiBO. and spiking an aliquot,
and D, leaching with hot HClQ,, and HNO; and spiking of
an aliquot. All plots show 5-percent error bars for the fluoro-
metric values and a 1:1 reference line. In each plot the
value of one sample has been divided by 10; this sample is
shown by a square.
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from the sample as UF; at the time the sample is dried,
(2) loss of uranium with the dissolution residue as an

insoluble phase, and (3) loss of uranium from the final

solution by coprecipitation with Zr(OQH),. Until the
problems associated with the total digestion mode of
sample attack are resolved, we believe that fluorometry
1s best used with other types of sample attack.
Fluorometric uranium values that were obtained fol-
lowing either fusion with LiBO, or leaching with oxi-
dizing acids agreed better with those obtained by iso-
tope dilution using mass spectrometry (fig. 5C and D).
Only 2 of the 16 uranium values obtained following the
LiBO, fusion agree with the expected value within the
expected limits of precision, but 7 values agree within
+10 percent. Most of the samples that show a larger
disagreement contain less than 10 ppm U. Some of the

apparent disagreement can therefore be ascribed to the-

difference in the number of significant figures. Thus,
the accuracy of the technique for granitic samples that
contain more than 10 ppm U appears to be =*10
percent. '

Of the 17 fluorometric uranium values that were ob-
tained following the hot oxidizing acid leach of the
sample, 14 agree with the expected value within *10
percent. With one exception, the larger disagreement is
for samples that contain less than 10 ppm U. The good
accuracy obtained by the hot oxidizing acid leach
method is somewhat surprising because the leach was
not expected to affect some of the uranium-bearing
minerals such as zircon.

The results of our study suggest that the fluorometric
technique is sufficient for most routine analyses. Its
usefulness is limited by somewhat poorer precision and
accuracy relative to delayed-neutron or isotope-dilution
analyses. This is especially true for samples that con-
tain less than 20 ppm U. Our results also suggest that
the inclusion of control samples that are mineralogical-
ly similar to the unknown samples is advisable to check
the accuracy of the fluorometric technique as applied
to a specific problem.

Potassium analyses.—A thorough comparison of
potassium analyses by the atomic absorption and flame-
photometric techniques is given by Dalrymple and Lan-
phere (1969). Both of these techniques have a reported
precision and accuracy of approximately *1 percent.
Our results for flame photometry and atomic absorp-
tion (table 2) do not agree within this limit of pre-
cision, especially for potassium contents of less than 1
percent. However, the absolute differences are small,
and therefore we feel that the accuracy is adequate
for application to problemns associated with geochemi-
cal prospecting for uranium in crystalline rock.

URANIUM, THORIUM, AND POTASSIUM DETERMINATIONS IN GRANITIC ROCKS

TABLE 2.—Potassium determinations, in weight per-
cent, for samples from the Granite Mountaing, Wyo.

[*, poor precision due to interference of U and Th; -, no data)
Sample
No. F.p.! y-Ray? A.A3 AAY
MS-1 0.058 0.06 0.071 0.07
SD-8 .053 L0L* .066 -
50.75 .20 J11* .23 .25
61.63 43 .54 .49 .44
230.95 - .46 - .46
352.53 .59 .59 .63 .66
GR-4 - .78 - .83
GR-5 .97 .95 .98 1.00
GR-3 - 2.07 - 1.91
DDH-4 2.18 2.27 2.25 2.16
SD-11 3.04 3.09 2.98 3.16
CR-1-41.0 - 3.71 - 3.65
SD-17 4.06 4.03 4.07 4.07
50.11 - 2.95*% - 4.15
PD-5 4.37 4.50 4.14 -
CR-26-60.6 - 4.21 - 4.32
404.29 - 4.37 - 4.48
251.77 - 4.67 - 4.57
87.17 b 4.56 - 4.57
CR-14-57.2 - 4.47 - 4.65
225.40 4.67 4.87 4.65 4.65
81.62 4.86 5.25 - -
383.22 4.87 5.03 -
SDNE-12 5.20 5.22 5.2 . 4.82
232.87 5.42 5.60 - -
308.52 5.77 5.90 5.75 5.81
256.70 5.90 6.25 5.84 5.89
219.73 5.92 6.15 - -

lF.P. = flame photometry; analyst: Wayne Mountjoy.

Zv-ta = y-ray spectrometry; analyst: C. A. Bush.

3A.A.1 = atomic absorption; analyst: Wayne Mountjoy.

44.A.2 = atomic absorption as part of rapid rock analysis; analysts:
H. Smith and S. Botts.

Figure 6 compares the potassium values obtained by
y-ray spectrometry with those obtained by chemical
methods. Where more than one chemical value was
available, we have chosen to use that obtained by flame
photometry. The figure shows that the y-ray spectro-
metric values are in good agreement with the chemical
values although a slight positive bias may exist for
high (>4.5 percent) potassium contents.

CONCLUSIONS

Uranium is typically associated with thorium and
potassium in igneous rocks, and therefore large-scale
geochemical exploration programs for uranium can
benefit from the identification of thorium and potassi-
um anomalies. OQur results show that y-ray spectrome-
try.is more than adequate for this purpose. In addi-
tion, y-ray spectrometry yields RaeU values which can
be used as an estimate of uranium content.

Disequilibrium within the upper part of the 23¥U
decay chain may indicate the presence of labile urani-
um (Stuckless and Ferreira, 1976). Labile uranium
may indicate a favorable source of uranium for sedi-
mentary traps or a potential target for commercial in
situ leaching. Our results show that disequilibrium to
the extent of 10 percent or more between 2**U and
220Ra can be identified by comparing RaeU values with
uranium obtained by the delayed-neutron technique,
and that as few as 50 samples from a particular igne-
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Ficure 6.—Arithmetic plot of potassium contents by y-ray spec-
trometry versus those obtained by chemical techniques.
Values obtained by flame photometry have been plotted in
preference to those obtained by atomic absorption when
more than one chemical value for potassium was available,
A 1:1 reference line is shown together with a 2¢ field of
error for the v-ray spectrometric value. Stippled area rep-
resents error of =+ (2 percent 4600 ppm).

ous unit may be needed to test for disequilibrium. We
therefore suggest that the combination of delayed neu-
tron for uranium and y-ray spectrometry for RaeU,
thorium, and potassium should provide an excellent
data base for geochemical exploration for uranium in
crystalline rocks. -
The best technique for identifying disequilibrium in
the upper portions of the uranium decay chain is e-
spectrometry because this technique in combination
with isotope dilution yields quantitative and precise
measurements of the amounts of 23U, 2*¢U, and **°Th.
These measurements can identify disequilibria that are
greater than 4 percent. However, this technique is time
consuming and expensive and is best reserved for ver
detailed studies. '
Our evaluation of the fluorometric method shows
that it is still an excellent technique for determining
uranium. It cannot be used in conjunction with y-ray
spectrometry to identify 2**U-*2Ra disequilibria that
are less than 15 percent, particularly if uranium con-
tents are less than 10 ppm. However, if the proper
care is taken to obtain a quantitative recovery of urani-
um from the sample, results should be adequately ac-
curate for a wide variety of applications, such as assays
in conjunction with mining operations or analyses of

samples from identified target areas. In addition the
fluorometric method has been proved to be an effective
exploration tool in hydrogeochemical programs.
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SOME CHARACTERISTICS OF PELE’'S HAIR

By WENDELL A. DUFFIELD, EVERETT K. GIBSON, Jr.,* and
GRANT H. HEIKEN,? Menlo Park, Calif., Houston, Tex., Los Alamos, New Mex.

Abstract.—Pele’s hair is a filamentous variety of brown side-
romelane glass that forms during eruption of basaltic lava.
Strands of Pele’s hair form from droplets of lava that are
spun or stretched into filaments during quenching, and others
may form as chilled streamers of lava. Common elongate
vesicles, sometimes twisted, indicate extreme stretching and
twisting during hair formation. Hair diameter ranges from
about 1 to 300 micrometres. Refractive index of hairs decreases
with hair diameter and is most probably a function of the
process of formation rather than chemical composition. Masses
of Pele’s hair form natural spun-glass filters that trap small
particles and serve as sites for sublimate deposition. Such depo-
gition may begin even while hair is falling to the ground
through an eruption fume cloud. Sublimates include carbonates,
sulfates, sulfur, and less commonly hydrocarbons, thus com-
plicating the interpretation of volatiles in Pele’s hair in terms
of original magmatic constituents. Vesicles, which provide
the most nearly pure samples of magmatic volatiles, contain
mostly H.O and CO..

During vigorous gas-driven eruption of basaltic
lava, a variety of pyroclastic materials may form, in-
including fine strands of brown sideromelane glass
known as Pele’s hair. Relatively little Pele’s hair
forms compared with the bulkier pyroclastic products,
and much of this hair is quickly dispersed downwind
during eruption. Masses of hair may collect around
active vents, but these commonly are quickly covered
by subsequent flows that may remelt the glass strands.
Thus, there is little chance for the preservation of
sizeable deposits of Pele’s hair; such samples must be
collected at the time of hair formation or shortly there-
after.

We collected several samples of Pele’s hair that
formed during eruptions of Kilauea Volcano in 1969-
72. Most samples were only a few hours to several
days old when collected; some were gathered while
strands of Pele’s hair, together with clots of spatter
and scoria, fell on and around us downwind from lava
fountains. Subsequent studies of hair morphology, re-
fractive index, chemical composition, and sublimate
coatings indicate that caution must be used in com-

1 National Aeronautics and Space Administration.
2 Los Alamos Scientific Laboratory.

parisons with bulkier though contemporaneous or
closely allied eruption products.

HAIR FORMATION AND MORPHOLOGY

Near-surface acceleration due to expansion of gases
(Shaw and Swanson, 1970) drives jets of basaltic lava
that partly solidify in air to form droplets, irregularly
shaped clots, and glass threads (Pele’s hair). Accord-
ing to previous workers (Wentworth, 1938; Williams
and McBirney, 1969; Heiken, 1972, 1974), Pele’s hair
forms from droplets that are stretched into threads.
Hairs with attached droplets (fig. 1), known as Pele’s
tears, indicate that some strands form in this manner.
Most strands are free of such droplets but have broken
ends and thus may have formed from droplets or
from chilled streamers of melt. Isard (1971) calculated
that such streamers should break up into droplets only

200 m

FIGURE 1.—Photomicrograph of hair attached to clot of spatter.
Note roughly circular outline of exposed vesicles on clot and
elongate outlines of those on hair, indicative of stretching
during hair formation.

93
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FI6URE 2.—Photomicrographs of Pele’s hair showing common shapes. A, Closed loop. B. Branching. Note microphenocrysts (mp)
where branch is attached to main hair, and small, nearly invisible branch between the two larger filaments. ¢, Mass of

rods including S- and hook-shaped hairs. D, Tuning fork.

if the viscosity of the material is less than 10° poises,
and the work of Shaw, Peck, Wright, and Okamura
(1968) suggests that much of the lava at Kilauea has
a viscosity of 10* poises or less during eruption. Ob-
servation of Kilauea lava fountains, however, typically
indicates simultaneous formation of Pele’s hair and
droplets. The formation of all such particles probably
is a complex process involving rapidly changing tem-
perature (and therefore viscosity) in a turbulent, ex-
panding eruption fountain that is not readily amen-
able to quantitative analysis.

We have also observed the formation of Pele’s hair
at a few-metres-high cascade in a lava river and at a
lava falls plunging as much as 120 m through violent
updrafts into a pit crater. Almost certainly, some
Pele’s hair forms wherever clots of low-viscosity lava
are introduced into strong air currents, and because

these conditions occur most frequently at erupting
vents, most Pele’s hair is formed there.

Pele’s hair has been described by several earlier
workers (for example, Krukenberg, 1877; Dana, 1891;
Wentworth and Macdonald, 1953). Typically, Pele’s
hair is roughly circular in cross section with a dia-
meter between about 1 and 300 micrometres. In detail,
the basic cylindrical form exhibits numerous modifica-
tions, including bent, bifurcated, and pretzellike
shapes, and changes in diameter as much as an order
of magnitude either abruptly over lumps caused by
microphenocrysts and vesicles or gradually frem one
end of a strand to another (fig. 2). The interiors of
hairs are also varied. Solid glass cylinders occur, but
spherical to elongate vesicles are common. Elongate
vesicles form capillary-like tubes parallel to hair axes
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Fieure 3.—Photomicrographs of Pele’s hair with vesicles. 4, Elongate vesicles (V) parallel to strand of hair. The longest vesicle
was broken during sample preparation and partly filled with resin which formed a meniscus (M). B, Helical vesicle, indi-
cative of twisting during hair formation. €, Thin-walled ovoid vesicle broken during mounting and longer vesicle with menis-
cus (M) in upper hair. End of lower hair shows pipelike shape caused by large near-axial vesicle. D, Highly ribbed surface
caused by multiple, near-surface elongate vesicles. Vehicles curve around microphenocryst (mp) alined with long axis of

hair.

and occur both singly and multiply, commonly pro-
ducing a thin-walled tube or bundle of tubes (fig. 3).

At room temperature and pressure, vesicles con-
tain a partial vacuum, but at higher temperatures
vesicles burst and release mostly H,O and CO,. Abun-
dant vesicles probably indicate initial high volatile
content of the magma.

Some strands contain single crystals or clots of crys-
tals as phenocrysts or microphenocrysts that com-
monly cause lumps in hair of otherwise rather uni-
form diameter. The longest dimension of a crystal gen-
erally is alined with the hair axis (fig. 30). Both
elongate vesicles and alined crystals attest to extreme
stretching during the process of hair formation. The
capillary vesicles suggest axial strain of several or-

ders of magnitude relative to a presumably spherical
gas bubble present in the lava before the stretching
and solidification associated with hair formation. He-
lical vesicles also indicate some twisting (fig. 35).

REFRACTIVE INDEX AND CHEMICAL COMPOSITION

The refractive indices of the glassy parts of about
90 samples of Pele’s hair, spatter, pumice, and lava
flows that formed during the 1969-71 Mauna Ulu
eruption (Swanson and others, 1971) are summarized
in figure 4. The range in refractive index shown by
all types of materials is 0.031, although most values
fall between 1.599 and 1.606, a range of only 0.007. Al-
most without exception, the refractive index of fine
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1.614
— ) i y h
1610 - Spatter, pumice, pahoehoe
1606~ <Average _
Average

— Coarse Pele's hair

._—Fine Pele's hair

REFRACTIVE INDEX OF GLASS

1.582 &= —

F1cURE 4.—Refractive indices of glassy parts of eruption prod-
ucts formed during 1969-71 eruption of Mauna Ulu, Kilauea
Voleano, Hawaii. Indices were determined with sodium
light in immersion oils that were checked periodically with
an Abbey refractometer and corrected for temperature.
Error of determination is estimated to be +£0.002. Samples

were washed in distilled water to remove sublimate coating
and then hand crushed. Only broken interior surfaces were
used for refractive-index determinations.

hair (arbitrarily defined as less than about 75 um
in diameter) is less than that of coarse hair which in
turn is less than that of most of the bulkier materials.
These relations are further illustrated by examination
of contemporaneous eruption products.

Thirteen sets of contemporaneous eruption products
were obtained by hand sorting field-collected masses
of Pele’s hair into fine hair, coarse hair, and droplets
that were attached to some strands of hair or clots

of spatter caught in the mass of hair. Without excep- -

tion, for each set of contemporaneous products, the
finest material has the lowest refractive index (fig. 5).
Furthermore, the hair of smallest diameter (sample
PH-9) has the lowest refractive index of all studied
material. In general, unambiguous intersample com-
parisons between refractive index and minimum di-
mension of particles are precluded by the estimated
standard error (*0.002) in refractive-index deter-
mination and overlap in hair size caused by normal
variation in diameter, even along individual hairs.
Nonetheless, the consistency of the data (fig. 5) indi-
cates that a direct relation between refractive index
and the original minimum dimension of particles
exists for all studied samples.

The refractive index of glass from fused or naturally
glassy volcanic rock is commonly used to determine
the silica content of the glass (George, 1924) ; silica
increases as refractive index decreases. The refractive
indices of a sample of Pele’s hair (1.598) and droplets
(1.604) broken from the ends of this hair suggest
that the droplets are relatively poor in silica. How-
ever, chemical analyses (table 1) show that, within
analytical precision, silica content is nearly the same
for these two contemporaneous materials. Many elec-
tron microprobe analyses for silicon, iron, and mag-
nesium were made along individual strands of Pele’s
hair that showed great axial variation of diameter.
No measureable changes in these elements were found
along these strands (B. A. Morgan, oral commun.,
1973), thus suggesting variation in refractive index
is caused by something other than major-element
chemistry.

© Fine Pele's hair A Coarse Pele's hair O Spatter, droplets
PH-6 Sample number used in tables and fext
% PH-5 PH-12
1.6081— - ; H-l
g PH_GPH 4 g l H-11
- PH-13 PH-10
O 1.606/— pH-3 PH:2 8] '
W PH-9
0 600 PH-| /PH-I4
X T \
LDU 4 PH-15
Z 1.6021—
]
> 1.600+—
[N o}
QO | I
5% J) |
E 0 |
0 1596 — :
1< é/I.SSZ
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TABLE 1.—Chemical analyses of Pele’s hair (PH-1) and

droplets (PH-18) broken from this hair

[Analytical methods are described in Shapiro and Brannock (1962),
supplemented by atomic absorption tests; analyst, P. L. D. Elmore]

PH-1 PH-1S
5102 50.6 50.7
A1203 13.7 13.0
F9203 .60 .90
FeO 10.0 10.0
Mg0 7.6 9.5
Ca0 11.3 10.0
Na20 2.2 . 1.9
KZO .51 .41

+

H,0 .27 .37
H20 .06 .00
Ti0, 2.3 2.1
PZOS .30 .28
MnO .18 .19
CO2 .02 .01

99.60 99.40

Ross and Smith (1955, 1961) have shown that the
refractive index of volcanic glass is a function of
water content and state of oxidation of iron, as well
as silica content. The presence of hydrated minerals,
as firmly attached sublimate coatings, and vesicles that
contain water vapor precluded a test of possible con-
trol of refractive index by differences in water con-
tent of the glass itself. Change in refractive index re-
lated. to oxidation state of iron is also untested, but it
seems unlikely that oxidation state of iron in Pele’s
hair and attached droplets would differ much if at all.
Well-known properties of manmade glass fibers sug-
gest that the refractive index of Pele’s hair is prima-
rily a function of the manner in which the hair
formed.

Manmade glass fibers have many properties that
differ from bulk glass of the same composition (Weyl
and Marboe, 1964). For example, tensile strength is
higher, and the density and refractive index are lower
(Slayter, 1952). These differences are attributed to
marked contrasts in the cooling histories of fiber.ver-
sus bulk glass, with solidification under stress (Weyl
and Marboe, 1964) and relatively high rates of cool-
ing (Slayter, 1952) as important factors in determin-
ing the properties of the fibers. The shapes of Pele’s

hair and its contained vesicles attest to extreme stretch-
ing, bending, and twisting during formation of the
hair. Furthermore, the most finely attenuated strands
have the lowest refractive index, which is consistent
with the idea that rate of cooling as well as state of
stress during cooling controls refractive index of the
resulting glass. Thus we suggest that our observations
of refractive index of Pele’s hair are best explained
by the manner in which hairs form, with only possible
minor effects related to chemical composition.

SUBLIMATES ON HAIR SURFACES AND
VOLATILES IN VESICLES

Masses of Pele’s hair that line the throats of fuma-
roles or rest on warm fuming lava flows become en-
crusted with sublimates. Generally, hair collected only
minutes after its formation shows some surficial crusts,
presumably deposited from the fume cloud through
which the hair drifted to the surface. After a few
hours in percolating fume, hairs may become com-
pletely coated (fig. 64, 6B). Such sublimates may
cement masses of hair together and may also cement
tiny basaltic spheres to strands of hair (fig. 6C). We
studied the volatile constituents in these sublimate
coatings using the methods of Gibson (1973; 1974).
Briefly, we heated samples to about 1,400°C at a rate
of 6°C per minute in a vacuum of 2X10~° torr and
routed all evolved volatiles into a mass spectrometer
for identification during heating. Near the melting
temperature, vesicles burst, releasing additional vola-
tiles that also were analyzed by the spectrometer. The
weight of all samples was recorded continuously dur-
ing heating. Most of the weight lost below 800°C re-
presents the release of volatiles from sublimate mine-
rals, whereas that lost above 800°C represents mostly
degassing of the basaltic glass. Typical gas release
profiles are shown in figure 7. These profiles differ de-
pending principally upon the amount and variety of
sublimate material present.

Microscopic examination of sample PH-10 shows
that almost no sublimate material coats these hairs.
During heating, only traces of volatiles were evolved
below the melting point (fig. 74). About 300 parts per
million of adsorbed water was released around 100°C
(see H,O spike of fig. 74 and percentage weight lost
in table 2), and a continuous diffusional loss of water
occurred between 150° and 500°C. The release of CO,
(80-60 ppm CQO.) between 400° and 600°C suggests
traces of carbonates on hair surfaces. At the melting
point of the glass (1130°+10°C), CO, and traces of
CO were released suddenly, indicating the rupture of
one or more gas-filled vesicles. Total weight loss was
2.31 percent after heating to 1400°C (table 2), with
only 0.57 percent lost during heating to 800°C.
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C 20 m

Ficure 6.—Scanning electron micrographs of Pele's hair. A4,
Strand of hair almost completely coated with sublimate
crust. B, Hair with feathery sublimate deposit (sulfur?) C,
Small basaltic sphere cemented to Pele’s hair by sublimate.
Photomicrographs B and (' by R. B. Finkelman.

Pele’s hair in sample PH-14 is moderately crusted
with sublimates. About 0.35 percent by weight of ad-
sorbed water was released below 200°C (fig. 7B). The
release of CO, between 400° and 550°C indicates a
carbonate phase(s) in the sublimate crust. Similarly,
the presence of a sulfate phase(s).is indicated by
the release of SO, between 400° and 550°C (gypsum?).
Elemental sulfur was released between 650° and 900°C.
Total weight loss was 3.44 percent upon heating to
1400°C, and melting occurred at 1130°+10°C (table
2).

Pele’s hair in sample PH-9 is completely coated
with sublimates (fig. 64). Below 300°C nearly 0.65
percent water was released (table 2 and fig. 7C).
Methane and other hydrocarbons were released between
150° and 250°C. As with PH-14, the release of CO,
and SO, between 400° and 550°C indicates the pres-
ence of carbonate and sulfate phases in the sublimate
crust. A second release of CO, between 600° and 700°C
suggests the presence of another carbonate phase, and
additional CO, at about the melting temperature sug-
gests gas release from vesicles. Microscopic sulfur erys-
tals were melted and released as S, gas between 750°
and 1000°C. Total weight loss was 7.03 percent after
heating to 1400°C, with melting at 1120°+10°C.

DISCUSSION

Descriptions of the gas-release profiles for all stud-
ied samples are listed in table 3. The most extensively
crusted samples give complex gas-release profiles that
indicate the presence of sulfur, carbonates, sulfates,
and in two samples, hydrocarbons in this crust, where-
as hair with virtually no sublimates releases mostly
H.O and CO..

Gases released from such fresh uncrusted hair
should represent a reasonably pure sample of the gases
escaping from the lava at the time of eruption. Mue-
now (1973), reporting on gas-release studies of Pele’s
tears from eruptions of Kilauea in 1970-71, noted that
the typical gas released from Pele’s tears contained
about 95 percent H,0, 3.5 percent CO,, 1 percent SO,
(mole percent compositions), and traces of organic
constituents. The gas release profiles for Pele’s hair
with sublimate coating are most similar to the profiles
reported by Muenow (1973), suggesting that his sam-
ples included sublimates. In particular, samples of
fresh Pele’s hair did not evolve CO, as did Muenow’s
samples for the temperature interval 700°-800°C, and
methane and other hydrocarbons were present only in
Pele’s hair that was heavily crusted with sublimates.
Apparently the surfaces of small particles of volcanic
glass are sites for the condensation and deposition of
a wide variety of low-temperature minerals, even as
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TABLE 2.—Percentage weight lost from Pele’s hair during heating at 6°C per minute under a vacuum of about 2X10° torr

Sample No. _ _ _ _ _ __ PH-5 PH-6 PH-9 *  PH-10 PH-14 PH-15 PH-23 PH-87 PH-87

Initial weight _ __ _112.43 124.38 105.02 121.68 111.76 86.28 153.76 157.69 159.07

(milligrams)

Sublimate coating_ _ _Heavy Virtually Heavy Virtually Moderate Moderate Moderate Heavy Moderate

none none

100°C. - ____ 0.044 0.200 0.0329 0.231 0.336 0.026 0.044 0.006
200°C - - ____ 0.133 0.008 0.646 0.107 0.351 0.406 0.052 0.082 0.013
300°C - —_ 0.276 0.016 0.932 0.230 0.411 0.533 0.098 0.127 0.019
400°C - _ _ __ 0.480 0.040 1.179 0.296 0.642 0.684 0.124 0.165 0.019
500°C — — — —____ 0.720 0.048 2.053 0.403 0.899 1.159 0.150 0.203 0.031
600°C — —_ - ___ 0.872 0.064 2.595 0.452 0.976 1.298 0.156 0.228 0.044
700°C — — —— __ __ 0.960 0.096 3.013 0.510 1.122 1.425 0.228 0.247 0.063
800°C —_ . _____ 1.085 0.129 3.412 0.567 1.259 ) i.553 0.280 0.292 0.088
900°C - — o~ __ 1.218 0.169. 4.230 0.608 1.404 1.669 0.306 0.336 0.126
1000°C . —__ __ 1.352 0.209 4.620 0.641 1.482 1,820 0.325 0.387 0.157
1100°C — — — —_ ___ 1.565 0.346 4.857 0.740 1.610 2.121 0.442 0.476 0.258
1200°C _ _ - —__ __ 1.717 0.474 5.066 0.896 1.756 2.295 0.559 0.615 0.427
1300°C —— . _ __ 2.144 0.981 5.504 1.282 2.175 2,747 0.891 0.964 0.780
1400°C — - ___ 3.184 2.484 7.034 2.309 3.442 4.080 1.840 1.915 1.854

Melting point,t10°c_1130°c 1120°C 1120°C 1130°C 1130°C 1120°C 1120°C 1120°C 1120°C

those particles are cooling and solidifying during
cruption. Thus, interpretation of the origin of gases
released on later examination is difficult.

CONCLUSIONS

Pele’s hair forms by extreme stretching and twisting
of lava as it cools and solidifies. This process of for-
mation affects the refractive index of the resulting
glassy strands in such a way that the refractive index
decreases with diameter of the hair.

Masses of Pele’s hair have a high ratio of surface
area to weight and serve as natural spun-glass filters
that trap small particles and provide sites for deposi-
tion of sublimate materials. Such deposition begins
during initial descent of hair through its eruption
fume cloud and may eventually account for as much
as several percent of the total weight of a hair sam-
ple. The volatile constituents released on heating in-
dicate that carbonates, sulfates and elemental sulfur
are the most common sublimates. Water vapor and
carbon dioxide are the most common volatiles released
from hair with little or no sublimate coating.

Katsura (1967) believed that Pele’s hair is the only
material that represents a quenched sample of Ha-
walian basaltic magma. It is true that Pele’s hair is

probably the most rapidly quenched subaerial eruption
product, but the property that allows such rapid
quenching (extremely small particle size) promotes
similarly rapid contamination of the material; within
days or hours weathering and contamination may ad-
vance to the stage at which it is virtnally impossible to
expose fresh interior. Bulkier glassy eruption products,
such a lapilli-sized spatter, provide far better material
for sampling quenched magma. ‘
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TABLE 3.—Descriptions of Pele’s NWair studied in heating experiments

Maximum time
between for-
mation and
collection

Sample Site of Type of Date of
Number formation activity collection

Volatiles' released during heating

PH-§ Mauna Ulu degassing Sept. 29, 1969 . 21 hours

lake v . ppm.

Water was’ the major gaseous phase released below 200°C and amounted to 1100-1300

Between 250 and 400°C sample lost 0.35% by weight, mostly CO, with traces

of €O, 0y, and H;0. Between 350° and 600°C, CO, from a carbonate and SO, from
decomposition of a sulfate were released and amounted to 0.39% weight loss.
After loss:of -low-temperature condensates sample was essentially depleted of
‘volatiles other than reaction products formed at high temperatures. Large
* amounts of‘pydrocarbons with fragments of mass 41 were released between 250° and
400°C. N

PH-6 do. active May 27, 1969 Several '
fountain hours

5]

Sample:conta{nedxa.tracev(léss than 10-20 ppm) of H,0 adsorbed on surface, but
had no 'surface condensates as indicated by lack of volatiles released below
+ 800°C.

Only 0.13 weight percent was lost upon heating to 800°C and only 2.48%

after heating to 1400°C (with 1.5% being lost between 1300 and 1400°C).

PH-9 1/2 km S.E. cascading Oct. 1, 1970 24 hours
of Mauna Ulu  stream

Below 300°C, H;o'was the major gas phase released (around 0.65 weight percent).
Between 150° and 250°C, methane was released. Release of CO, and SO, between

400°. and 550°C indicates decomposition of carbonate and sulfate. A second
release of €0, occurred between.600° and 700°C. Between 750° and 1000°C S, was
evolved whereas SO evolved at lower temperatures. The sulfur results from
melting of sulfur crystals observed on surfaces of hair.

PH-10 Mauna Ulu active Oct. 1, 1970 24 hours

Trace quadtitiés of.wéter (less than 20 bpm H}O) were evolved around 100°C. A

fountain diffusion controlled loss of Hz0 occurred between 150° and 500°C. Traces of sSub-
limate carbonate are indicated by release of small amounts of CO, between 400°
and 600°C. At melting point of glass (1130°C) CO, and a trace of CO were
released.suddenly, suggesting rupture of gas-filled vesicles.

PH-14 do. do. Oct. 29, 1970 24 hours

Unusually iafge amounts of water (0.35 weight percent) were released below 200°C.

C0, from decomposition of carbonate was evolved between 400° and 550°C. Sulfate
minerals decomposed between 440°c and 550°C and between 650° and 900°C. Both SO,
and S, were evolved at higher temperatures.

PH-15 do. degassing June 16, 1971 3 months

Gas release profile is almost identical to that of PH-14. Below 200°C sampie

lake lost 0.41% water. Decomposition of sublimate carbonate and sulfate occurred
between 400° and 750°C. Loss of S, and traces of SO, occurred between 850° and
1100°C. Near melting, sudden release of CO, and traces of CO indicated vesicle
rupture.

Aug. 14, 1971 None-
immediate
collection

PH-23 Kilauea active
Caldera fountain

Trace of adsorbed water was released below 150°C. Sudden release of H,0 at
200°C suggests rupture of vesicles. Between 200° and 300°C vesicles containing
H,0 and €0, ruptured causing "spikes” on gas release profiles. Evolution of

S0, between 500° and 800°C suggests traces of sublimate sulfates, and traces

of CS,. probably a reaction product, were evolved between 700° and 1000°C. At
melting point of glass {near 1120°C), CO, with traces of CO was released sudden-
ly, indicating vesicle rupture

PH-87 Rim of 120-m Tava
Makaopuhi falls into
Crater crater

June 11, 1972 1*day

Traces of adsorbed H,0, CO;, CO and/or N, were evolved at low temperatures, and
about 130 ppm H,0 was released by diffusion between 240° and 450°C. Traces of
SO were evolved between 400° and 900°C and traces of CS, between 700° and 900°C

Additional SO, was evolved between 1000° and 1120°C and probably was a product
of reaction between sulfur-hearing phases and silicates of the glass.
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CHEMICAL VARIABILITY IN THE LAKEVIEW MOUNTAINS PLUTON,
SOUTHERN CALIFORNIA BATHOLITH-A COMPARISON OF THE METHODS OF
CORRESPONDENCE ANALYSIS AND EXTENDED Q-MODE FACTOR ANALYSIS

By-A. T. MIESCH and D. M. MORTON,
Denver, Colo., Menlo Park, Calif.

Abstract.—An extended method of Q-mode factor analysis
that has been described previously offers a number of im-
portant advantages over conventional Q-mode factor analysis
and correspondence analysis when applied to compositional
data. Among these are the ability to compute the composi-
tions, in the original units of the data, represented by the
reference axes. The only special requirement of the data is
that the values for each observation sum to a constant. Mathe-
matically derived reference axes, such as the principal-com-
ponents and varimax axes, commonly represent compositions
that are partly negative. Even where no negative values are
present, these compositions are comparatively difficult to in-
terpret in petrologic terms and impossible or inappropriate to
include in petrogenetic models. A model has been developed
for the Lakeview Mountains pluton which employs vectors
representing the compositions of melanocratic schlieren, leu-
cocratic schlieren, and inclusions as the reference axes. When
the effect of the inclusions is removed, the compositional zon-
ing in the pluton is like that found in otherwise similar
plutons in the Sierra Nevada batholith. The genetic implica-
tion of the model is that the inclusions were separated from
the magma at least in its marginal parts. In the central part
of the pluton, the inclusions were either separated to a lesser
extent than in the marginal parts, or were reincorporated
into the magma.

The structure and petrology of the Lakeview Moun-
tains pluton in the southern California batholith were
described by Morton (1969), and the chemical varia-
tions within it were described by Morton, Baird, and
Baird (1969). The pluton is steep walled, tear shaped
in plan, and is exposed in an area of 100 to 130 square
kilometres; it is composed almost entirely of coarse-
grained hornblende-biotite quartz diorite. A notable
characteristic of the pluton is the ubiquitous occurrence
of schlieren, resulting in extreme compositional varia-
bility of the rock on very small scales. Also common
throughout the pluton are inclusions of diorite and
quartz diorite that range in length from several centi-
metres to a metre; most of them are more fine grained,
darker in color, and considerably more mafic than the
enclosing rock. Like those in granitic rocks of the

Sierra Nevada batholith (Bateman and others, 1963,
p. D14), the inclusions in the Lakeview Mountains
pluton are composed of the same minerals as the en-
closing rock, although in different proportions.

An extensive sampling program was designed and
executed in order to estimate the composition of the
pluton and to assess the nature of the compositional

42° 120°

Sierra Nevada batholith

Lakeview
Mountains

0 100 200 300

400 KILOMETRES
[ | | | J

Fi6URE 1.—Index map of the Sierra Nevada batholith and the
Lakeview Mountains pluton in the southern California

batholith.
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variability within it (Morton and others, 1969). The
program followed a preliminary investigation by
Baird, McIntyre, Welday, and Morton (1967) and
was based on a 610-m grid that extended over the en-
tire pluton; at each grid intersection, nine samples
were collected on a 15-m grid and composited into a

single sample for analysis. The purpose of sampling -

on the 15-m grid at each sampling site was to minimize
the effects of the local variation in composition caused
by the schlieren because these effects could obscure any
regional variation patterns that might be present.

A detailed trend analysis of the resultant data
showed clearly that the central part of the pluton
tended to be more mafic than the marginal parts, in
contrast to other plutons, including those of the Sierra
Nevada batholith. Moreover, the central part of the
pluton contains abundant pegmatite dikes, giving
evidence that the more mafic part of the pluton was the
last part to crystallize. Assimilation of a hypersthene
gabbro was suggested as a possible mechanism for the
occurrence of the more mafic central part, but difficul-
ties with this hypothesis were also pointed out (Mor-
ton and others, 1969, p. 1562).

David and Dagbert (1975) subjected most of the
same compositional data to  correspondence analysis
and showed that the presence of the more mafic core
of the pluton could also be shown by a map of load-
ings on their first principal-components axis. They
also gave maps of loadings on two other principal-
components axes and discussed the possible petrologic
significance of four of the axes. It is one contention of
this paper that although the principal-components
reference axes can have some petrologic significance,
they are purely mathematically derived and are diffi-
cult to interpret in terms of petrogenesis. Correspond-
ence analysis used in this form, and for the type of
problem at hand, is less satisfactory than an extended
form of Q-mode factor analysis as described by Miesch
(1976a, b) and Klovan and Miesch (1976).

The extended form of @-mode factor analysis has
been used to describe the compositional variation with-
in the pluton in terms of end-member compositions
that closely approximate those of rock types actually
associated with the pluton. The resultant model has
led to a new hypothesis that the unusual zoning in the
pluton is related to the formation and redistribution
of the diorite and quartz diorite inclusions.

Acknowledgment.—We are indebted to A. K. Baird
of Pomona College for critical review of the manu-
script and for helpful suggestions.

CHEMICAL VARIABILITY, LAKEVIEW MOUNTAINS PLUTON, CALIFORNIA

COMPARISON OF CORRESPONDENCE ANALYSIS
AND CONVENTIONAL Q-MODE FACTOR ANALYSIS

Most geologic applications of both @-mode factor
analysis and correspondence analysis can be described
in terms of the following model:

W=AF, (1)
where A is a matrix of factor loadings,  is a matrix
of factor scores, and W is a matrix of estimates of
some form of the original data. The matrix Wis N
by M in size, where N is the number of rows represent-
ing observations or samples and A is the number of
columns or variables. The matrix 4 is N by m in size,
where m is the number of factors, and the matrix ¥
is m by M. Prior to the very important paper of
Klovan and Imbrie (1971), factor scores generally
were not derived for the ¢-mode model, and interpre-
tations of the factor-analysis results were based solely
on the loadings matrix, 4. Since the work of Klovan
and Imbrie, both 4 and F can be derived, and the
product gives the matrix W which can be compared
directly with the original data, W, expressed in the
same form.

The matrices A and F can be derived by factoring
the minor and major products of W. (Actually, in
practice, the formation of the major product is
avoided, using the method of Klovan and Imbrie,
1971; see also David and others, 1974a). The minor
product is here denoted by Z, where

Z=W'MW, (2)
and the major product by Z*, where
Z¥=WW’.- (3)

Matrix Z is M by M in size, and Z* is N by N. The
primary difference between correspondence analysis
and ¢-mode factor analysis, and between various
forms of factor analysis for that matter, is in the for-
mation of the matrix W.

For correspondence analysis, the original data ma-
trix, X, is first divided through by the sum of the en-
tire matrix, giving for each element

Lig
)
Z Lig
1§

where ¢ designates a matrix row and j a matrix col-
umn.  row-sums are then formed by

(4)

Vij=

sun= T o
J
and M column-sums are formed by
sum;= Z'vg. (6)
1
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Finally, the elements of W are given by

Vi — (sum,; sumy)
W04 = .

)
(sum, sumy)*%
These transformations yield a data matrix that sums,
across all rows and columns, to zero, and has a maxi-
mum rank of 3/ —1 (assuming #/=N). A primary ef-
fect of the transformations is to equalize the effects
of the variables in determination of the matrix A.

Klovan and Imbrie (1971) provided two different
initial transformations in their computer program for
@-mode factor analysis (CABFAC). Their purpose
also, was to equalize the effects of the variables.
Whether one or neither of these transformations is
used, a final transformation consists of row-normaliz-
ing the entire data matrix. The more effective initial
transformation is the scaling of each column (vari-
able) to range from zero to one. In notation, parallel
to that used for describing correspondence analysis,
each element in X is transformed by

Ly~ min,
V=

) (8)
(max;—miny)
where max; and min; are, respectively, the maximum
and minimum values in the jth column of X. If an
initial transformation is not used, then w;=a;;. The
matrix of v;’s is row-normalized to give the elements
of iW by

Viy
w“=___

(Zog)*

The maximum rank of the matrix W is M (assuming
M=N).

Regardless of how the data are transformed,
whether for ¢-mode factor analysis or correspondence
analysis, the matrix 4 can be derived as the eigen-
vectors of Z* scaled by the square roots of the eigen-
values. These are the principal-components loadings.
Klovan and Imbrie (1971) showed that the matrix 7,
containing the principal-components scores, is equal
to the eigenvectors of Z. In the correspondence anal-
ysis, for purpose of plotting, each row of the N-by-m
matrix 4 is scaled by the square root of the inverse
of the corresponding sum; (equation 5).

Whether the transformations have followed the
route of correspondence analysis or one of the -con-
ventional routes of -mode factor analysis, the prod-
uct of the matrices of 4 and F will equal the matrix
W exactly if the number of factors, m, was set equal
to the rank of W, If the number of factors is less than
the rank of W, the product of 4 and ¥ will be an ap-
proximation of W, referred to previously as w.

9)
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One exceedingly important difference between the
methods of transformation for ¢-mode factor analysis
and correspondence analysis is in the row-normaliza-
tion (equation 9), a procedure not used in correspond-
ence analysis. The effect of row-normalization is to
scale all sample vectors to unit length, and this scal-
ing permits use of a fundamentally. important meas-
ure—the communality. When the vectors are projected
into a subspace with a number of dimensions fewer
than the rank of W, by either ignoring one or more
of the principal-components axes or by rotating two
or more of these axes, the vector lengths generally are
less than unity. The square of a vector length is its
communality, 2%, and is an inverse measure of the de-
gree to which the vector deviated from the space into
which it was projected. The communality also pro-
vides an indication of the difference between the cor-
responding row in the original matrix W and the same
row in the estimated matrix W. The measure of com-
munality is widely used in almost all facets and ap-
plications of factor analysis, but one use that is espe-
cially pertinent to a comparison of factor and cor-
respondence analysis is in the interpretation of vector
diagrams. Where the diagrams are based on projected
unit vectors (for example, Miesch, 1976b, figs. 4, 6,
and 14), the proximity of only the short vectors can
be an artifact of projection. Where the diagrams are
based on vectors of variable length (for example, David
and Dagbert, 1975, fig. 7), the nature of the projection
for any vector cannot be ascertained from the length
of the vector on the diagram, and the proximity of any
two vectors could be an artifact of projection. This
difficulty was recognized by David, Campiglio, and
Darling (1974a, p. 136) and was pointed out again by

‘May (1974, p. 1495).

One purported advantage of correspondence analy-
sis 1s the facility for representing the variables in the
same vector space as the samples. However, it has been
shown (Xlovan and Imbrie, 1971; Miesch, 1976a, b)
that in @-mode factor analysis, any composition
(including, say, 100 percent SiO.) can be repre-
sented as a vector in the sample-vector space. The de-
gree to which the vector occupies the same space as
the sample vectors is indicated by the vector communal-
ity, and, therefore, by the length of the vector on the
vector diagram.

Diagrams showing projected vectors representing
both the observations and the variables are basic to
correspondence analysis, but the difficulty in inter-
preting these diagrams, caused by the failure to row-
normalize the matrix W prior to computation of Z
(and Z* if computed), renders the diagrams difficult to
interpret. Use of the absolute and relative contribu-
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tions of the observations and variables (David and
others, 1974a) for this purpose might be possible, but.
would be awkward at best and could be avoided by
row-normalization.

EXTENDED @Q-MODE FACTOR ANALYSIS

The factor model given in equation 1, used in both
conventional @-mode factor analysis and correspond-
ence analysis, has some serious shortcomings for use in
petrology. The first problem with the model of equa-
tion 1 is that the factor loadings in the 4 matrix have
arbitrary signs, do not sum to unity for each sample,
and, therefore, cannot be correctly interpreted as mix-
ing proportions. A second problem is that the factor
scores in the # matrix are dimensionless numbers and
in no way resemble the compositions of end members
that might have been mixed to form the individual
samples. These two problems either prohibit attempts
to interpret the factor model in petrologic terms, or at
least make it unnecessarily difficult. A third problem
is that the product of the A and F matrices (that is,
the end-member “compositions” mixed in the “propor-
tions” indicated by the loadings) yields not the original
data in units of weight percent but the transformed
data (matrix W), which have little meaning to the
petrologist.

Another general problem with both conventional
factor analysis and correspondence analysis is that the
reference vectors, and consequently the factor scores,
are purely mathematically derived, and it is only by
coincidence that the scores can represent the composi-
tions of geologic materials that were added to or sub-
tracted from a system to cause compositional variation
within it. Even if the scores did represent the compo-
sitions of geologic materials, the fact would not be
easily recognizable because of the dimensionless num-
bers in which the scores are expressed.

These difficulties can be overcome by use of an ex-
tended form of @-mode factor analysis described in
references already cited. The only requirement of the
method is that each row of the data matrix, X, sums
to a value that is constant across all rows. This is gen-
erally no obstacle in petrologic investigations where
the data consist of major compositional constituents,
such as major oxides or major elements that can legi-
timately be expressed as oxides. The techniques of ex-
tended ¢-mode factor analysis rely on the presence of
the constant sum which provides a basis for scaling the
4 and F matrices so that the rows of A will sum to
unity, the rows of ¥ will be in the metric of the orig-
inal data (usually weight percent) and will sum to
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the same constant, and the product of 4 and ¥ will be
an unbiased approximation of the original data matrix,
X, usually as weight percent. The extended @-mode
factor model is:

X = AF (10)
where, in this case, 4 is a matrix of composition load-
ings (or mixing proportions), /' is a matrix of compo-
sition scores (or end-member compositions), and X is
an estimate of the original data. As with conventional
factor analysis and correspondence analysis (equation
1), the term on the left side of the equation is exact,
rather than an estimation, if the number of factors,
m, 18 equal to the rank of W.

Unlike the factor loadings and scores in the 4 and F
matrices of equation 1, the signs of the composition
loadings and scores are fixed rather than arbitrary.
Negative signs on a set of composition scores, there-
fore, can serve to show that the corresponding refer-
ence vector is entirely unrealistic in attempts to derive
a petrogenetic model. This normally happens when the
reference vector is far removed from the sample vec-
tors, and is almost always the situation for all but the
first of the principal-components reference axes and at
least some varimax axes.

The ability to reproduce the data in its original
forms, as weight percent, is not only reassuring to the
petrologist, but also allows direct comparison of the
data reproduced from the model with the original
data so that a factor-variance diagram can be con-
structed. The diagram shows the proportion of the
total variance in each variable that can be explained

by models containing -any number of factors and has

considerable advantages over eigenvalues commonly
used to select m. The cumulative sum of the eigen-
values, in factor analysis, merely gives the average
row-sum-of-squares in W, or the average communal-
ity of the sample vectors: In neither factor analysis
nor correspondence analysis do the eigenvalues give
any information about either the individual variables
or the degree to which the data matrix, in the original
metric, can be accounted for by any factor model hav-
ing m less than the rank of W.

A final advantage of the extended Q-mode factor
method is that reference vectors might be found hav-
ing composition scores that either approximate or
equal the compositions of geologic materials (minerals,
rocks, or magmas) that, on the basis of geologic and
petrographic evidence, are thought to have been in-
volved in the petrologic-mixing process. Thus, the
petrologist might describe the compositional variation
in terms of the compositions of real materials, rather
than in terms of reference axes that represent either
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unlikely compositions or compositions that are impos-
sible as indicated by negative compositional values.

CHEMICAL DATA ON THE LAKEVIEW MOUNTAINS
PLUTON

Execution of the sampling plan of Morton, Baird,
and Baird (1969), referred to previously, led to 162
composite samples from a sampling grid that covered
the entire exposed part of the pluton. The samples
were analyzed by X-ray fluorescence spectrography for
seven elements—silicon, alumnium, iron, magnesium,
calcium, sodium, and potassium—and the specific
gravity of each sample was measured. The entire data
set is available as a photocopy of “Appendix B” of
Morton, Baird, and Baird (1969). (See Morton and
others, 1969, p. 1557, for ordering instructions.) The
entire data set contains analyses of 22 samples of in-
clusions, 4 samples of melanocratic schlieren, and 4
samples of leucocratic schlieren, as well as those of the
162 samples of quartz diorite.

David and Dagbert (1975, p. 170) eliminated 15 of
the 162 analyses from their correspondence analysis
because they believed them to contain “aberrant”
values. They used the original spectrographic data ex-
pressed as percentages of elements and the measures
of specific gravity.

In the extended ¢-mode factor analysis described
here, the data on all 162 quartz diorite samples were
used, and the elemental values were converted to oxides
(Si0:, Al O;, FeO, Mg0O, Ca0, Na,0, and K;0) and
adjusted so that the oxides for each sample summed
to 100 percent. The specific-gravity data were not used.

CORRESPONDENCE-ANALYSIS RESULTS OF DAVID
AND DAGBERT (1975)

Starting with the original data matrix of size 147
by 8, as described in the preceding section, David and
Dagbert (1975) applied the transformations as given
in equations 4 through 7 of this paper and performed
a principal-components analysis of the resultant matrix
W. Only four of the principal-components axes were
inferred to have possible petrologic significance, but
the significances of the third and fourth axes were
acknowledged to be questionable (David and Dagbert,
1975, p. 178). Their interpretations of only the first
three principal-components axes will be discussed
here :

1. The loadings of the variables on factor 1 indicate
that this factor shows the antipathetic relation-
ship of calcium, magnesium, and iron to silicon
and potassium. A map of the sample loadings on
factor 1 clearly shows a zoning of the pluton
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from the core outward to the margins, and the
factor loadings for the variables (David and
Dagbert, 1975, table IT) indicate that the core
is more mafic than the marginal parts, in accord
with the findings of Morton, Baird, and Baird
(1969). The suggestion was made that this factor
“distinguishes biotite- and quartz-rich areas from
the hornblende-rich areas,” but there is no evi-
dence from field investigations or in the modal
data (Morton, 1969, p. 1543) that biotite and
hornblende are distributed antipathetically. It
was also suggested that the factor reflects a pro-
cess of magmatic differentiation, but the nature
of the process was not specified. The composition
represented by factor 1, as well as the other fac-
tors, is unknown. One can only get an inkling of
its general nature by inspection of the loadings
of the variables on it.

2. Factor 2 was reported to separate aluminum-rich
samples from those rich in iron, magnesium, and
potassium, and it was suggested that the factor
might represent the internal variation in the
composition of biotite. The uncertainty in the in-
terpretation of what factor 2 represents is under-
standable inasmuch as the composition represent-
ed by factor 2 is unknown. Factor 2 might just as
well represent the occurrence of biotite, horn-
blende, or some other constituent. A map of the
loadings of the sample vectors on factor 2 shows
no strong regional trend.

3. The interpretation of factor 3, although a,dmiti:edly
questionable, was that it separates iron- and
aluminum-rich samples from those rich in mag-
nesium and calcium and that it might represent
variations in hornblende composition. However,
there is no evidence that the composition of horn-
blende varies within the pluton. A map of the
sample vector loadings on factor 3 shows local
variations in the marginal parts of the pluton.
Again, the composition represented by this third
reference axis is unknown, and so interpretation
of its possible petrologic significance is difficult.

The basic problem with David and Dagbert’s corre-
spondence-analysis model is that the reference axes
were selected on the basis of mathematical criteria
alone, without attempt to use reference axes that rep-
resent compositions of geologic materials that actually
may have been involved in the genesis of the pluton.

Moreover, the precise compositions represented by the

selected reference axes are not even known. In fact, it

is not even known that the compositions represented by
these axes are nonnegative.
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Mathematically selected reference axes, even those
that represent partly negative compositions, can be
satisfactory where the only purpose of the exercise is
to summarize the compositional variation in terms of a
few components, and may even be useful as a basis for
speculation on rock genesis. However, it is far more
satisfactory to select reference axes on the basis of

both mathematical and geologic criteria, thereby ar- -

riving at end members for the model that represent
rock or mineral phases actually associated with the
pluton.

EXTENDED Q-MODE FACTOR-ANALYSIS RESULTS

Principal components and varimax reference axes

Starting with the original data matrix of size 162
by 7, as described previously, the transformations
given in equations 8 and 9 were applied, and the
principal-components loadings and scores were derived
using the CABFAC program of Klovan and Imbrie
(1971). The loadings and scores were then scaled to
composition Joadings and scores using the method de-
seribed by Miesch (1976a, b) and Klovan and Miesch
(1976) to give six principal-components models, con-
taining two to seven factors, that could be used to
produce six estimates, X, of the original data matrix,
X, using equation 10. The six estimated data matrices
were compared with the original data matrix by means
of coefficients of determination, 72, leading to the fac-
tor-variance diagram, figure 2. The diagram indicates
that models having three factors (end members) can
explain 78 to 93 percent of the variance in each original
oxide variable. * The addition of a fourth factor would
serve to improve this situation by about 18 percent for
Na,O and ALO; (and by only 0.3 to 4 percent for the
other oxides), but these gains do not seem to justify
the increased complexity in the model. Consequently, a
three-factor (or three-end-member) model seems ap-
propriate. The absolute variances that can and cannot
be accounted for by three-factor models are given in
table 1, along with the estimated mean and total vari-
ance for each oxide.

The composition scores represented by the seven
principal-components axes are given in part A of table
2. These are the compositions represented by the princi-
pal-components axes. The first of these axes is in the
midst of the sample vectors and the composition it rep-
resents is close to the mean composition for all samples
(table 1). It will be seen, however, that the composi-
tions of all other principal-components axes contain

17The eigenvalues of the Z matrix were found to be 147.90, 9.59,
2.46, 1.16, 0.41, 0.35, and 0.12, indicating that a three-factor solu-

tion would account for 98.7 percent of the total sum of squares in
W—not the variance in X
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Fi1GurE 2.—Factor-variance diagram for the Lakeview
Mountains pluton, southern California batholith.

TABLE 1.—Mcan composition, in wcight percent, and absolute
variances accounted for and not accounted for by three-end-
member model for the Lakeview Mountains pluton

Variance

Not
Constituent Mean Acctf)g;xted accot?nted Total

for
Si0y oo~ 60.12 2.4590 0.2064 2.6654
AlOs o ____ 18.37 4409 A177 5586
FeO ____ ___________ 6.69 . .3457 .0762 4219
MgO o _._ 3.60 .1604 0272 1876
Ca0 _ o ______ 7.06 3975 .0292 4267
NaO 2.67 0111 .0032 .0143

KO o~ 1.49 1295 .0117 1412

il R e E—
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TABLE 2.—Composition scorcs, in weight percent, for the principal-components and varimaz reference axes

A. Principal-components axes

B. Varimax axes

Constituent I II III v v VI VII I 11 III
Si0e o 60.21 82.85 23.37 96.11 90.21 68.07 70.14 53.25 64.84 41.53
ALOs . 18.35 10.20 —1880 —15.57 7.34 16.97 19.71 21.42 16.90 41
FeO . 6.66 1.36 48.54 10.86 —31.10 8.97 2.68 7.92 5.43 27.31
MgO 3.58 —-.21 31.70 45 9.24 —1.06 - 11.02 4.50 R.71 17.45
CaO ______ 7.03 —2.43 16.74 2.92 25.80 5.99 —3.63 10.00 5.12 12.05
Na.O ______ . __ 2.66 1.26 —2.19 7.61 98 1.99 2.33 3.18 241 .33
KO 1.51 —2.37 —2.48 —.92 —2.26 —.26 2.59 92

6.97 .62

negative values. The reason for this is that the princi-
pal-components axes are far removed from the sample
vectors, and progressive changes across the sample
vectors, representing the compositional series, move
into the negative regime as these axes are approached.

Because of the differences in methods used to form
the W matrix, it is not expected that the principal-
components axes from David and Dagbert’s (1975)
correspondence analysis represent precisely any of the
corresponding compositions given in part A, table 2.
However, a map of the composition loadings on the
second principal-components axis (fig. 3) is very sim-
ilar to David and Dagbert’s map of loadings on their
factor 1. (Recall that the maximum rank of a data
matrix transformed for correspondence analysis is one
less than that of a matrix transformed for @-mode
factor analysis.) The pattern of the map on figure 2
is antipathetic to David and Dagbert’s map, but still
shows that the core of the pluton is more mafic than
its marginal parts. (Compare the pattern of composi-
tion loadings from figure 3 with the composition scores
for principal-components axis IT on table 2.) Also, a
map of composition lomdings on the third principal-
components axis (fig. 4) is similar to David and Dag-
bert’s map of ]O‘Ldan'S on their factor 2.

These map 51mlla,11t1es apparently are not unusual.

David, Campiglio, and Darling (1974b) observed that
the similarities are commonly seen when comparing
results from conventional principal-components and
correspondence analysis.

A map of the composition loadings on the fourth
principal-components axis (fig. 5) is totally different
from David and Dagbert’s map of loadings on their
factor 3. This dissimilarity suggests that we have
reached the point where the nature of the transforma-
tion used to arrive at the matrix W makes a difference
in determining the positions of the principal-compon-
ents axes. It also seems to be a good place to cease
attempts to interpret the petrologic significance of the
axes.

The first three principal-components axes were ro-
tated into the varimax positions and the composition
scores—the compositions represented by the axes in

their new positions—were determined. These are given
in part B of table 2. Except for the score value for
K.O on varimax axis I, the scores are entirely positive,
but the axes were selected on mathematical criteria
alone and there is no good reason to believe that they
correspond to the compositions of any geologic ma-
terials within or associated with the Lakeview Moun-
tains pluton.

The configuration of the three-dimensional varimax
vector system is shown in figure 6 as a stereogram.
Each of the vectors was restored to unit length after
varimax projection so that they could be represented as
points on an upper hemisphere. The points were then
projected onto the stereogram in a vertical direction.
Real or hypothetical vectors that plot within the area
enclosed by the dotted line represent compositions that
are entirely nonnegative. The entire vector system, in-
cluding the principal-components and varimax axes,
has been rotated 45° to the left about varimax axis ITI
for the purposes of display on the diagram.

Oblique reference axes representing rock types in the
pluton

A search for possible realistic end members was made
by representing compositions of quartz, feldspars, bio-
tite, hornblende, and other common igneous minerals
as vectors in the seven-dimensional factor space and
projecting them (Miesch, 1976a) into the vector sys-
tem of figure 6. Vectors representing these composi-
tions, however, occurred some distance from the three-
dimensional varimax system and had low communali-
ties after projection into it. The highest communalities
after projection were for vectors representing the com-
positions of inclusions in the pluton and of melano-
cratic and leucocratic schlieren (Morton and others,
1969, app. B). Communalities for vectors representing
22 inclusions ranged from 0.8223 to 0.9870; those for
four vectors representing melanocratic schlieren ranged
from 0.8107 to 0.9462, and those for four vectors
representing leucocratic schlieren ranged from 0.7098
to 0.9943. The highest communality for the inclusions
was for sample RG2 (Morton and others, 1969, app.
B). The highest communality for the melanocratic
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2 KILOMETRES

EXPLANATION
Alluvium
— Metamorphic country rock
Exposed part of pluton
Contact between alluvium and country rock

Composition loadings (mixing proportions)

>0.07

-0.07-0.07

<-0.07
D Not sampled

F1eure 3.—Composition loadings on the second prinecipal-com-
ponents axis, Lakeview. Mountains pluton, southern Cali-
fornia. Table 2 shows composition scores on this axis. Geo-
logy from Morton (1969); grid points sampled by Morton,
Baird, and Baird (1969) are at the centers of cell squares
of this map.

schlieren was for sample BG4, and the highest for the
leucocratic schlieren was for sample BGT (Morton and
others, 1969). Because the communalities of these vec-
tors were not precisely unity, the vectors represent
compositions close to but different from the original
compositions of the corresponding samples. The orig-
inal compositions and the compositions recomputed
after projection are given in table 3. The projected vec-
tors are represented in figure 6 (labeled MS, LS, and
INC).

2 KILOMETRES

EXPLANATION
Alluvium
Metamorphic country rock

Exposed part of pluton

RORE

Contact between alluvium and country rock

Composition loadings (mixing proportions)

>0.01

-0.01-0.01

<-0.01
D Not sampled

FIGURE 4.—Composition loadings on the third principal-com-
ponents axis, Lakeview Mountains pluton, southern Cali-
fornia. Table 2 shows composition scores on this axis. Geology
from Morton (1969) ; grid points sampled by Morton, Baird,
and Baird (1969) are at the centers of cell squares of this
map.

Using the method of oblique projection originally
given by Imbrie (1963), the loadings of the sample
vectors on vectors MS, LS, and INC were determined.
These initial loadings were then transformed to com-
position loadings (see Miesch, 1976a, b) which can be
interpreted as proportions of the three end members
in each sample. The mixtures for each 20th sample of
Morton, Baird, and Baird (1969, app. B) are given in
table 4 where they are compared with the original
sample compositions.
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2 KILOMETRES

EXPLANATION
Alluvium
Metamorphic country rock
Exposed part of pluton
Contact between alluvium and country rock

Composition loadings {mixing proportions)

>0.01

-0.01-0.01

<-0.01
D Not sampled

F16URE 5.—Composition loadings on the fourth principal-com-
ponents axis, Lakeview Mountains pluton, southern Cali-
fornia. Table 2 shows composition scores on this axis.
|Geology from Morton (1969); grid points sampled by Mor-
ton, Baird, and Baird (1969) are at the centers of cell
squares of this map. '

A statistical summary of the composition loadings
(mixing proportions) for all 162 samples, on end-
members MS, LS, and INC, is given in table 5. It
shows that the average sample from the pluton is close
in composition to a mixture of equal parts of melano-
cratic schlieren and leucocratic schlieren from which
0.355 part of a material compositionally similar to the
inclusions has been separated.
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F16URE 6.—Stereogram showing the three-dimensional vector
system for the Lakeview Mountains pluton, southern Cali-
fornia. Vectors have been restored to unit length after
varimax projection. Average sample vector communality be-
fore restoration was 0.9874, Dots represent 162 sample vec-
tors. Vectors I, II, and III are the varimax reference axes.
Vectors MS’ and LS’ represent some alternative end mem-
components reference axes. Vectors MS, LS, and INC rep-
resent, respectively, the approximate compositions of mel-
anocratic schlieren, leucocratic schlieren, and inclusions.
Vectors MS’ and LS’ represent some alternative end mem-
bers. Vectors that plot within the area enclosed by the
dotted line represent compositions that are entirely non-
negative. Compositions represented by the labeled vectors
are in tables 2, 8, and 6.

PETROGENETIC IMPLICATIONS

The extended @-mode factor model employing, as
reference axes, vectors representing the compositions
of the two types of schlieren (MS and LS) and the
inclusions (INC) may be viewed as a descriptive one
that merely expresses most of the chemical variation
in the pluton in terms of these three components. The
fact that the compositional variation, in large part, can
be accounted for in this manner could be ascribed to
chance, to indirect reasons, or directly to the process
by which the pluton formed.

A map of the composition loadings (mixing propor-
tions) for the sample vectors on the inclusion end
member (INC) is given in figure 7 and shows essential-
ly the same pattern as the loadings on David and Dag-
bert’s (1975) factor 1. The pattern is also essentially
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the same as that on the map of composition loadings on
- the second principal-components axis, figure 3. (Al-
though the values represented in figures 3 and 7 are
antipathetic to each other, comparison of the composi-
tion scores for the respective end members, given in

tables 2 and 3, shows that the patterns reflect the same .
type of compositional variability.) The similarities
among all three maps suggest that the principal-com- -
ponents axes, derived through both correspondence . -

analysis and extended @-mode factor analysis, reflect

the effects of the inclusions, but this was not recognized” =~

until a reference axis representing the composition of

the inclusions was deliberately employed in the model. -

Two striking features of the map are shown in figure
7. One of these is the concentration of highly negative
(<—0.7) loadings in the southwest part of the pluton,
and the other is the concentration of positive loadings
near the pluton’s inferred center. The area in the south-
west coincides with the area considered to be the site

of very early magma emplacement (Morton, 1966, p. .

119-121; Morton, 1969, p. 1548). The area near the
center of the pluton is where most of the pegmatites
occur (Morton, 1969, pl. 1) and is regarded as the part
of the pluton that was last to crystallize (Morton,
1969, p. 1550). The composition loadings on vector
INC (fig. 7), together with the composition scores for
this vector (table 3), indicate that the early formed
part of the pluton in the southwest is the most felsic
and that the late-formed part near the center is the
most mafic.

TABLE 3.—Original compositions of selected samples of melano-
cratic schlieren, leucocractic schlieren, and inclusions and of
recomputed (end-member) compositions represented by vec-
tors projected into three-dimensional vector system

A. Original compositions, in weight percent

Sample Number? ___ BG4 BG7
Melanocractic  Leucocratic RG2
Constituent ________ schlieren schlieren Inclusion
Si0e o 55.66 60.21 51.90
AlLOs ______ ____ 11.27 25.63 20.40
FeO ____________ 14.45 .86 9.11
MgO _ . __ 8.66 .65 5.57
Ca0 . ___ 5.82 8.48 9.77
Na.Q0 ____________ 1.96 3.79 291
KO . 217 37 35
B. Recomputed compositions, in weight percent

Vector ____________ MS 2 LS 3 INC+
Si0y 57.01 60.05 54.05
ALOs . ___ 11.79 25.59 19.51
FeO _____________ 12.49 1.96 8.80
MgO ____________ 7.47 .48 5.07
CaQ . _____ 7.50 7.90 9.48
Na.O ____________ 1.77. 3.69 2.90
KO o ___ 1.96 .33 .19

1 Sample numbers from Morton and others (1969, app. B). Data
converted to oxides and adjusted to sum to 100.

2 Position of vector shown in figure 6. Communality =0.9462.

3 Position of vector shown in figure 6. Communality =—0.9943.

4 Position of vector shown in figure 6. Communality =—0.9870.
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Ficure 7.—Composition loadings on vector INC (fig. 6) rep-
resenting the composition of inclusions (table 3) in the
Lakeview Mountains pluton, southern California. The other
two end members are represented by vectors MS and LS
(fig. 6 and table 3). Geology from Morton (1969) ; grid points
sampled by Morton, Baird, and Baird (1969) are at the
centers of cell squares of this map..

The composition loadings on the inclusion end mem-
ber (vector INC) range from —1.353 to 0.600 (table
5), implying that the inclusions have been both sub-
tracted from and added to the other end members dur-
ing the pluton’s formation. Nearly all the positive
loadings (indicating addition) are for samples from
near the center of the pluton (fig. 7) where most of
the pegmatites occur. The presence of pegmatites
implies that volatiles were concentrated in this part
of the magma, and these might have promoted partial
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TABLE 4.—Mizing proportions, original data, and corresponding data recomputed from the model for selected samples

[Original data given as percentage of elements, from Morton and others (1969, app. B), were converted to oxides and adjusted to sum to 100;
all oxide data are given in weight percent]

S . Mixing proportions? Si02 Al203 FeO MgO CaO Naz0 K20
ample Re- - N N . o - N
MS LS INC Orig- com- Orig- c}o{;h Orig- c%fn- Orig- c%xe}x- Orlg-’ ClO(IeIl- Orig- ctélen- Orig- cl(i:r
inal puted inal® puted inal puted inal puted 1inal puted inal puted inal ' puted-
LV20 _____ 0.6185 0.5957 —0.2141 59.95 5946 1829 1836 6.75 7.01 3.68 382 745 7.31 262 267 126 137
LV4) _____ 7550 .TTTT —.56328 60.30 60.95 18.66 1841 648 627 335 331 6714 6.76 268 266 1.79 1.64
LV60 ___.__ 4067 4814 1119 5810 5814 19.23 19.307 7.13 7.01 370 384 800.791 283 282 100 .98
LV80 _____ .5638 .5536 —.1175 5944 59.04 '18.36 1852.:7.06 7.09 3.73 3.88 752 749 269 270 120 127
LV100 __._. .6821 .6181 —.3002 59.42 59.78 1839 1800 7.15 7.09 3.83 387 7.15 T.15 256 262 150 148
LV120 _.__ 8158 .8011 —.6169 60.52 61.27 18.44 1808 674 633 319 335 B61 660 260 261 1.90 1.75
LV140 .___ 8983 8244 —7226- 61.38 61.66° 17.81 17.59 6.52 648 3.53 344 6.31- 640 252 254 193 1.90
LV160 _.__ 3488  .3975 2537 56.61 5747 19.82 1923 657 7.37 474 408 850 816 2.78 282 97 .86

1 See table 3B for compositions of end-members MS, LS, and INC.

melting of the inclusions or reaction with the silicate
liquid phase, resulting in redistribution of their mineral
constitutents in this part of the magma. Elsewhere in

the magma, constituents of the inclusions might have

been subtracted from the magma by fractional crystal-
lization.

TABLE 5.—Summary statistics for mizing proportions

End member ______________________ MS LS INC

Mean __________________________ 0.679 0.676 —0.355
Standard deviation _____________ 193 172 .358
Maximum __.________________.__ 1.198 1.188 .600
Minimum ______________________ 131 .085 —1.353

The composition loadings (mixing proportions) of
the samples on the axes representing the melanocratic
and leucocratic schlieren (table 5) merely describe the
compositional variations in the magma brought about
by processes unrelated to the inclusions. A map of the
ratios of the two (fig. 8) shows that, with the effect of
the inclusions removed, the pluton tends to be more
leucocratic near its center, as is commonly the situation
for granitic plutons in the Sierra Nevada batholith
(Bateman and others, 1963, p. 30-32; Moore, 1963, p.
115-116). The map also shows that, with the effect of
the inclusions removed, the area in the southwest part
of the pluton, considered to be the earliest-formed part,
is more mafic than the late-formed central part. These
observations provide strong support for the interpre-
tation that the reversed type of zoning in the Lakeview
Mountains pluton is related to the presence and origin
of the inclusions.

The model was used to recompute an estimate of the
entire data matrix (given partly in table 4) and the
estimated matrix was then subtracted from the original
data matrix to give the model residuals. The residuals
for some of the oxide constituents show weak east-west
trends across the pluton but most appear to be random-

ly distributed. The residuals for MgO (fig. 9), however,
tend to be positive near the marginal parts of the
pluton, indicating that the pluton, in these parts,-con- -
‘tains more MgO than called for by the model. The posi-
tive MgO residuals indicate that MgO is more highly
concentrated near the pluton’s margins than can be ac-
counted for by either the effects of the inclusions or the
relative proportions of melanocratic and leucocratic
schlieren.

Although the process of reincorporation of the in-
clusions into the magma in and near its central part
would account for the positive signs on some of the
composition loadings on the inclusion end member, any
hypothesis stating that this actually occurred rests on
the assumption that the composition of the magma, be-
fore separation of the inclusions, was either inter-
mediate to the compositions of the two types of schli-
eren or not a great deal more mafic. On the other
hand, if the composition of the magma, before the
separation of the inclusions, was intermediate between
the compositions represented by vectors MS’ and LS’
in figure 6 (table 6), the reincorporation of the inclu-
sions is not required in order to explain the pluton’s
mafic core. This is shown by derivation of the compo-
sition loadings with respect to end-member vectors
MS’, LS’, and INC (fig. 6) ; a statistical summary of
these loadings is given in table 7. The summary shows
that all loadings on end-member INC are negative,
indicating that if the parent-magma composition was
intermediate to the compositions represented by vec-
tors MS’ and LS’ (table 6), the inclusions must have
been subtracted from the magma in order to account
for each of the sample compositions. The composition
loadings for this alternative model are linearly related,
in a positive way, to those derived using end-members
MS, LS, and INC. Hence, the patterns of the maps
(figs. 7 and 8) constructed from the loadings for the
two models are precisely the same, even though the
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>1.04
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Fiaure 8.—Ratios of the composition loading on vector MS
to the composition loading on vector LS (fig. 6), Lakeview
Mountains pluton, southern California. Table 3 shows com-
position scores on these vectors. Geology from Morton
(1969) ; grid points sampled by Morton, Baird, and Baird
(1969) are at the centers of cell squares of this map.

absolute values indicated by the symbols differ.? The
alternative model leads to precisely the same repro-
duced data as represented in table 4; consequently, the
map of MgO residuals (fig. 9) is unchanged.
According to either model, the major part of the
compositional variation within the pluton is explained
as having resulted from the formation of an early
2The map symbols in figure 7 define ranges of values bounded by
the limits —0.7 and 0.0. For the alternative model, these limits are
—3.7 and —1.8, respectively. The map symbols in figure 8 define

ranges bounded by the limits 0.96 and 1.04. For the alternative model,
these limits are 0.88 and 0.96, respectively.
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F1eurE 9.—MgO residuals from the factor models for the Lake-
view Mountains pluton, southern California. Geology from
Morton (1969) ; grid points sampled by Morton, Baird, and
Baird (1969) are at the centers of cell squares of this map.

cumulant phase which separated from the magma and
subsequently formed the widespread inclusions. Both
models also show the marginal parts of the pluton as
having been more greatly modified by the separation
of the cumulant phase than was the central part (fig.
7). The required amounts of cumulant phase separated
depend on the composition assumed for the parent
magma. If this assumed composition is intermediate to
the compositions represented by vectors MS’ and LS’
in figure 6, each of the 162 sample compositions is ap-
proximated by subtraction of the inclusions (table 7).
However, if the composition assumed for the parent
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magma is intermediate between the compositions rep-
resented by vectors MS and LS in figure 6, the compo-
sitions of most samples from the central part of the
pluton can be approximated only by addition of the
inclusions.

TABLE 6.—Composition, in weight percent, represented by vec-
tors MS’ and LS’ in figure 6

Constituent MS’ LS’
SiOe - 55.16 56.12
ALOs e 16.63 21.60
FeO . _______ T 10.18 644
MgO e 5.97 3.49
Ca0 e 8.74 8.94
N8O . Tt 248 317
K.0 e .85 24

TABLE 7.—Summary statistics for mizing proportions of the
alternative model

End member _._________________ MS’ LS’ INC

Mean —_________ . __ 1.817 1.965 —2.782
Standard deviation ___________ 519 501 1.000
Maximum ___________________ 3.204 3.452 —.133
Minimum ____________________ 351 246 —5.567

Field evidence for the disintegration of the inclu-
sions and the redistribution of their constituents in
the magma is lacking; therefore the model employing
vectors MS and LS as end members cannot be sup-
ported by existing data. There are, however, some
arguments for its plausibility. Theoretical considera-
tions by Bowen (1928, p. 197-198) led him to suggest
that inclusions more mafic than the enclosing melt may
be disintegrated and dispersed by reaction with the
silicate liquid. Also, because of the presence of pegma-
tites in the central part of the pluton, the role of water
and other volatiles in lowering the temperature of
melting (Tuttle and Bowen, 1958, p. 121-122) should
be considered. Bateman and others (1963, p. D42)
suggested that in the Sierra Nevada batholith, volatiles
were responsible for contamination of granitic magmas
by mafic inclusions.

The alternative model, employing vectors MS’, LS’,
and INC as end members, calls for separation of the
cumulant phase from all parts of the magma repre-
sented by the samples, but for the separation of lesser
amounts from the central part than from those parts
near the margins. This is in accord with a temperature
gradient decreasing outward from the center of the
magma toward its contacts with the wallrocks.

CONCLUSIONS

In petrologic applications of conventional (-mode
factor analysis, one may use the principal-components,
varimax, or other mathematically determined refer-
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ence axes and obtain a good notion of the compositions
they represent by scanning the compositions repre-
sented by sample vectors that load high on them. Al-
ternatively, one may use the oblique projection method
of Imbrie (1963), which uses vectors representing
selected samples of known composition as the refer-
ence axes. Also, both factor analysis and correspond-
ence analysis can be used to derive the loadings of the
variables on the reference axes. The method of ex-
tended @-mode factor analysis, however, can be used
where the original data on each observation sum to a
constant, and the compositions represented by the refer-
ence axes are determined directly. The method shows
that many of the mathematically derived reference
axes determined for compositional data represent com-
positions that are partly negative. This is especially
true of all but the first principal-components axis de-
rived in the conventional -mode analysis, and prob-
ably true of all the principal-components axes from
correspondence analysis. Partly negative compositions
may be ‘entirely satisfactory where the only purpose
of the model is to provide a parsimonious description
of the compositional variability, but not where it is to
be used as a basis for a petrogenetic model.

The extended §-mode method has the additional
advantage of allowing one to test specific compositions
for their suitabilities as end-member compositions in
the m-dimensional compositional system. This is done
by representing the composition as a vector in the
M-dimensional space and then projecting it into the
m-dimensional vector system. If the projected vector
communality is large, the composition is compatible
with the compositional series formed by the samples,
and the composition represented by the projected vec-
tor will be close to that of the original composition
tested. In this situation, the projected vector may
serve as a reference axis( and the composition may be
an end-member composition) for the extended ¢-mode
model.

It was possible to describe a major part of the com-
positional variability in the Lakeview Mountains
pluton in terms of three selected compositions: (1)
melanocratic schlieren, (2) leucocratic schlieren, and
(3) 1inclusions, all of which are widespread through-
out the pluton. The model may be viewed as merely
descriptive, but it appears to have genetic implications.
If the effect of the inclusions is removed, the composi-
tional zoning in the pluton conforms to the zoning
that is expected on the basis of what has been found
in otherwise similar plutons of the Sierra Nevada.

Both models developed from the extended @-mode
technique explain the marginal parts of the pluton as
having resulted from the separation of a cumulant



|
l
!
f
b
v
i

3
i
3

116 CHEMICAL VARIABILITY, LAKEVIEW MOUNTAINS PLUTON, CALIFORNIA

phase, having a composition like that of the inclusions,
from a parent magma. According to one model, disin-
tegration and dispersion of the inclusions caused the
center of the pluton to be more mafic than the margin-
al parts. The disintegration of the inclusions may
have been brought about by the concentration of vola-
tiles, as evidenced by the presence of pegmatites. The
alternative model explains the more mafic center of the
pluton as the result of less extensive separation of the
cumulant phase.
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SURFACE DEFORMATION IN PART OF THE SAN JACINTO VALLEY,
SOUTHERN CALIFORNIA

By DOUGLAS M. MORTON, Menlo Park, Calif.

Abstract.—Ground fissuring and subsidence occur in a deep
alluvium-filled graben between the Casa Loma and San Jacinto
faults, San Jacinto Valley, southern California. These processes
are attributed chiefly to compaction due to withdrawal of
ground water. Subsidence due to compaction is estimated to be
a maximum of 3.5 centimetres per year; tectonic subsidence
of the graben is estimated to be from 0.3 to 0.6 cm per year.
Ground fissuring occurs primarily on the west side of a closed
depression in the graben. The area of ground fissures has ex-
panded from 1 square kilometre in 1953 to 12 km? in 1974
and could grow even more. Individual fissures have attained
lengths of 850 metres.

Subsidence and associated surface deformation have
been documented for parts of the San Jacinto Valley
by Iett, Hamilton, and Fleming (1967}, Morton
(1972), Lofgren and Rubin (1975), and Lofgren
(1976). The most spectacular surface features are wide-
spread ground fissures which presently occur over an
area of 12 square kilometres in the northern part of the
valley. This report. summarizes, through the use of
aerial photographs, the areal development of the
ground fissures between 1953 and 1974.

Acknowledgments—R. A. Nelson, Riverside County
Flood Control District and Water Conservation Dis-
trict, kindly provided data on the high-water marks of
the 1938 and 1965 lake level. W. H. Young, of the same
organization, made available the 1962 and 1966 aerial
photographs. R. K. Morton, Eastern Municipal Water
District, provided wood sample d, dated by Teledyne
Isotopes.

GEOLOGIC SETTING

The San Jacinto Valley, part of the northern Penin-
sular Ranges province of southern California, is lo-
cated over a deep alluvium-filled graben within the San
Jacinto fault zone (fig. 1). The graben ranges in width
from 3 to 4 kilometres and is bounded on the west by
the Casa Loma fault and on the east by the San Jacinto
fault (for example, Rogers, 1965; fig. 1). Seismic and
gravity surveys indicate that 2,000 to 2,400 metres of
sediment overlie the basement floor of the graben
(Fett, 1968). East of the graben the basement surface
occurs at variable depths beneath the sediment cover
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FiGuRE 1.—General setting of the northern part of the San
Jacinto Valley area (modified from Rogers, 1965).

at the northern part of the valley and rises to 1,200 m
above the valley to the south. West of the graben the
basement is located generally at depths of 100 to 200 m
(Woodford and others, 1971). Alluvium in the upper
100 m is composed chiefly of sand and sandy silt and
less commonly of silt and clayey silt. Surface and near-
surface alluvinum locally is of low density and subject
to hydrocompaction (Fett, 1968). Fine-grained alluvi-
um predominates in the area of ground fissures, where-
as coarser grained alluvium constitutes an alluvial fan
deposit to the east. Beds rich in organic material and
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YEARS BEFORE PRESENT
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F1eure 2.—Subsidence rates for the San Jacinto Valley. Samples a, b, and ¢ are from Lofgren and Rubin (1975); sample d,
dated by Teledyne Isotopes.

occasional logs are commonly found during drilling of
water wells. ‘

The San Jacinto fault consists of multiple south-
facing scarps over a width up to 1.5 km (Sharp, 1972) ;
individual fault segments dip northeastward at mod-
erate-to-steep angles (Morton, 1972; Henderson, 1939).

Through much of its length within the valley, the
Casa Loma fault is well marked by a sinuous north-
facing scarp (Sharp, 1972; Morton, unpub. data,
1976). Where observed in trenches, the fault dips 60°
to 70° to the northeast (Proctor, 1962; Morton, unpub.
data, 1976).

TECTONIC SUBSIDENCE

Carbon-14 ages of wood samples recovered from
depths of 88 to 150 m in drill holes indicate that tec-
tonic subsidence of the northern part of the graben
with respect to the area west of the graben occurred at
an apparent rate of between 3 and 5.6 millimetres per
year for the past 15,000 to 40,000 years (fig. 2). Assum-

ing this rate to have been uniform, extrapolation for
the total column of sediment gives an age of 400,000 to
700,000 years B.P. (before present) for the inception
of sedimentation in the graben.

Measurements made on a deformed aqueduct pipe
that crosses the Casa Loma fault suggest a right-lateral
displacement rate of 0.23 centimetre per year from
1958 to 1973. This figure is the same as that obtained by
repeated surveys across the fault reported by Proctor
(1974).

The northern part of the San Jacinto Valley con-
tains an elongate closed depression that periodically
fills and forms a shallow lake. This ephemeral lake ex-
isted before 1895, prior to extensive water-well develop-
ment; the closed depression is thus basically of tec-
tonic origin. The apparent high-water marks identified
with the 1938 and 1965 floods were determined by the
Riverside County Flood Control District from aerial
photographs taken after the respective floods. A com-
parison between the size of the lake formed during
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Qutline of artesian basin in 1915 and —-—-——- Apporent highwater level of loke
approximate outline of area of tec— formed in 1965
tonic depression

—--—--—--Apparent highwater level of lake s s Searp or scarplike  feature; hachures
formed in 1938 on down-dropped side

FI1Gure 3.—Outline of former artesian ba_sin and major physiographic features in the northern part of the San Jacinto Valley.
Base from U.S. Geological Survey, 1:24,000 topographic quadrangle maps, El Casco and Lakeview, 1967.
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FIGURE 5.—Ground fissures in northwest part of San Jacinto at bottom. O, Collapse hole along a newly formed fissure. D,
Valley. A, Collapse hole along a partly developed fissure. Newly formed fissure. H, Slightly modified fissure of several
Note the bridging alluvium (arrow) on left side of the hole. vears age. F, Highly modified older fissure.

B, Newly formed fissure showing collapsed surface alluvium
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1965 and that formed during 1938 suggests a consider-
able increase in the size of the closed depression during
the 27-year period. Although the enlargement of the
topographic basin is coincident with ground-water de-
velopment in the San Jacinto Valley, few producing
water wells exist near the depression, which suggests
that the apparent growth of this feature has been in
large part tectonic or that a considerable volume of
ground water has moved laterally from the vicinity of
the depression to allow for the growth.

INDUCED SUBSIDENCE

Much of the graben area contained water under an
artesian head of about 3 m at the time of settlement.
Figure 3 gives the general outline of the northern part
of the artesian basin in 1915 as shown by Waring
(1919). By the early 1970’s ground-water withdrawal
had reduced the level to between 24 and 30 m below
the ground surface.

Considerable subsidence due to sediment compaction
apparently accompanied the lowering of the water
table and appears to be greatest near the west side of
the graben (Lofgren, 1976, p. 13). Releveling between
1939 and 1959 suggests an average maximum annual
rate of subsidence of about 3.6 em (Proctor, 1962). At
the Casa Loma fault, an aqueduct pipe was vertically
deformed at a rate of about 4 cm per year between its
placement in 1958 and its repair in 1973 (D. M. Mor-
ton, unpub. data, 1976).

Assuming the tectonic subsidence of the graben to
be between 0.3 and 0.6 em per year on the basis of the
dated wood samples, the subsidence resulting from
compaction due to ground-water withdrawal currently
is about a maximum of 3.5 cm per year. For a further
treatment of the subsidence, see Lofgren (1976).

GROUND FISSURING

Ground fissuring, generally in marginal parts of the
San Jacinto Valley adjacent to the San Jacinto and
(Casa Loma faults, has been attributed to subsidence
(Fett and others, 1967). The most spectacular ground
fissures are located in the northwestern part of the
valley adjacent to and immediately west of the Casa
Loma fault, 1.5 to 5 km north and northwest of Lake-
view (figs. 1, 3). Most fissures are linear and oriented
parallel or subparallel to the Casa Loma fault (fig. 4).
However, the fissures near hill 1981 are arcuate, and
those nearest to the hill conform to the contact between
alluvium and basement around the hill.

Fissures of considerable length (700 m) apparently
F1GURE 5.—Continued open to the surface very rapidly. The precursor to the
surface opening of a fissure is usually a slight, elongate
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depression and (or) a series of small (30-60 cm in di-
ameter) holes that merge at depth into a continuous
covered fissure. These covered fissures commonly open
to the surface after rains, perhaps in response to tho
added weight on the bridging alluvium, piping, solu-
tion, and (or) to the lubricating effects of the water
(fig. 5). Downdropped bridging alluvium may rest 0.3
to 1 m below the valley (fig. 5B, €'). Newly opened fis-
sures are as much as 700 m long and 3 m wide (fig. 5C,
D). Over a period of years, some of the larger ones
have progressively lengthened (fig. 4). Most of the
fissures have been modified through time by partial in-
filling by alluvium and windblown vegetation (fig. 52,
F). Vegetation tends to grow more densely in the fis-
sures than in adjacent areas because more water is
available in the fissures. After partial infilling, fissures
commonly reopen. Repeated plowing in farmed areas
obliterates the narrower fissures but accommodates the
wider ones (fig. 5F).

No fissure examined showed any evidence of lateral
displacement. Most of the fissures with apparent verti-
cal displacements of the walls are near or coincident
with the Casa Loma fault; these fissures consistently
have their east-facing side down.

Several southwest-facing scarps and one northeast-
facing scarp occur along the San Jacinto fault on the
east side of the valley (fig. 3). To what extent these
scarps owe their origin to tectonic displacement is not
known.

A series of aerial photographs taken between 1953
and 1974 documents the areal development of the
ground fissures through time. Photographs taken in
1953 show the fissures to be limited to an area 2 km
east of hill 1981 and an area immediately east and
south of hill 1981 (fig. 44) ; the total area of ground
fissuring is only about 1 km?. By 1962 the fissures ex-
tended over an area of 9 km? (fig. 48), and both the
number and the length of individual fissures had in-
creased dramatically. Some of the longer ones had
passed under the levees of the San Jacinto River. By
1966 the fissures covered an area of 11 km?* and were as
much as 850 m long (fig. 4C). Since 1966 the area sub-
ject to fissuring has continued to grow, reaching 12 km?

SURFACE DEFORMATION, SAN JACINTO VALLEY, SOUTHERN CALIFORNIA

by 1974 (fig. 4D). Also by this time the first fissures
had developed on the east side of this part of the val-
ley. The ultimate extent of the area subject to ground
fissuring cannot be predicted.
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RADIATE SHELL STRUCTURES IN PALEOZOIC MYODOCOPID AND
PALAEOCOPID OSTRACODES ARE EPIGENETIC

By I. G. SOHN, Washington, D.C.

Abstract.—The radiate structures in the shell of Paleozoic
ostracodes are interpreted to be epigenetic in origin. On the
basis of this interpretation, the genus Radiicypridina Bless,
1973, is a junior synonym of Eocypridine Kesling and Ploch,
1960. The type-series of Eocypridine radiata (Jones, Kirkby,
and Brady, 1874), from .the Coal Measures of Scotland, is
illustrated, and a lectotype is designated. Focypridine aci-
culate (Scott and Summerson, 1943) is a valid species, but the
more elongated specimens they identified as Cypridine radiate
Jones, Kirkby, and Brady, 1874, from the same collection, be-
long in E. aciculate. The variation in lateral outline of speci-
mens in the Hance Formation of Kentucky is due to the orien-
tation of the valves in the rock.

Radiate structures on fossil ostracodes have been
used in their classification; it is, therefore, important
to determine whether or not these structures were
formed by the animals. This paper discusses and illus-
trates the evidence for an epigenetic origin of radiate
structures.

On July 7, 1967, I examined collections of fossil
myodocopids in the British Museum of Natural His-
tory B. M., London, and found only one specimen, the
holotype of Philomedes elongatus Jones, Kirkby, and
Brady, 1884, from the base of the Middle Coal Mea-
sures, Derbyshire, that has radiating structures (B. M.
I-758). Dr. M. A. Calver, Institute of Geological
Sciences at Leeds, showed me a specimen of Cypridina
phillipsiana Jones, 1870, from the Mansfield Marine
Band at 515.5 feet (157 metres) in the Shilling Hill
borehole, 1 mile (1.6 kilometres) south of the Ferry-
bridge Station, Yorkshire, that has radiate structures.

Dr. C. E. Palmar, Curator, Department of Natural
History, Glasgow Museums and Art Galleries, Scot-
land, loaned me and permitted me to photograph (let-
ter of Sept. 21, 1967) slide 01-53 mnt, representing the
type-series of Cypridina radiata Jones, Kirkby, and
Brady, 1874. The slide contains seven pieces of shale
on two pieces of cardboard (fig. 2¢, f); it is labeled
“Airdrie Blackband coll. J. T. Tullis Young 1868”
and includes the specimens illustrated by Jones, Kirk-
by, and Brady (1874, pl. 5, figs. 6a-f). Some of these

specimens show the radiate markings discussed in this
paper.

In September 1967, T collected with Prof. C. H.
Summerson, Ohio State University, specimens of myo-
docopid ostracodes that have radiate markings from
the Hance Formation (Lower and Middle Pennsylvan-
ian) at Scott and Summerson’s type-locality in Ken-
tucky (USGS colin. 12902-PC). We also collected
from a second locality (USGS collns. 12889-PC, 12-
903-PC, and 12904-PC), the location of which I ob-
tained from Dr. R. N. C. Eagar, Keeper of Geology,
Manchester Museum. Bless (1973) described the
ostracodes previously collected by Dr. Eagar. Prelim-
inary study indicated that the radiate markings are
not diagnostic and should not be used in classification
(Sohn, 1968). The present paper is the result of a
detailed study of these collections.

Acknowledgments—I wish to thank all the individ-
uals mentioned in the text for their contributions; Dr.
L. S. Kornicker, National Museum of Natural His-
tory, for profitable discussions; Dr. G. A. Cooper, Na-
tional Museum of Natural History, for making the
photographs for figures 14 and 1e of a specimen loaned
by R. H. Bate, British Museum of Natural History;
and M. J. Mann and Donna Peace, National Museum
of Natural History, for making the scanning electron
micrographs.

PREVIOUS WORK

Jones, Kirkby, and Brady (1874, p. 14, pl. 5, figs.
6a~f) discussed and illustrated radiate structures on
the shells of the Carboniferous myodocopid species
Cypridina radiate Jones, Kirkby, and Brady, 1874.
They (1874, p. 14) diagnosed C. radiata as having
“* * % peculiar star-like vascular patches * * *.”
This species was later identified and illustrated by.- .
Pruvost (1911, p. 73, pl. 2, figs. 15a, b; 1919, p. 46, pl.
24, figs. 14-19) in France, and by Scott and Summer-
son (1943, p. 673, pl. 2, fig. 2) from the Hance Forma:
tion (Lower and Middle Pennsylvanian) of Kentucky.
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Scott and Summerson (1943, p. 674, pl. 2, figs. 1, 3)
based, in part, their new species (. aciculata, which
they found associated with C. radiata, on the ovate to
subcircular lateral outline, and “* * * a complex set
of acicular radii* * *” on the inner surface of the
shell.

Leperditia radiata Ulrich, 1879, from the Utica
Shale (Ordovician) of Ohio, was described as having
a radiate surface. These structures (fig. 2a) were later
llustrated by Ruedemann (1926, p. 144, pl. 23, fig. 16)
on a specimen of Kipe radiata (Ulrich), from the Deer
River Shale (Middle Ordovician), New York. The
type-series labeled “Cotypes” consists of four shale
fragments (USNM 41711) on which the valves have
radiate markings (fig. 2¢). In addition, a specimen
labeled “Zipe radiata (Ulrich), Cincinnatian (Eden),
Covington, Ky.” (USNM 41715) is a partly exfoliated
valve on shale that has faint and rather unconvincing

F1oure 1.—Vargule, Eocypridine, and Beyrichiona.
a. Vargule hilgendorfii (Miiller, 1890).

Right side of carapace, SEM (scanning electron
micrograph) approximately X 33. Figured speci-
men USNM (Crustacea) 152734. Collected alive,
September 1954 at Zushi Beach, Kanagawa,
Japan, by Dr. Y. Haneda, Yokosuka City Mu-
seum. Illustrated to show similarity of incisure
to that of Focypridne shown in figures 1la, 1g,
and 2m.

b,c, 9, h. Eocypridine aciculata
1943).

b, c. Cast of right valve, SEM enlargement (b)
dorsanterior approximately X 18; arrows show
outer layer continuing into matrix. Partly ex-
posed valve (c) approximately X 5. Figured
specimen USNM 168202. Pennsylvanian. Hance
Formation (Westphalian A), Balkan quadrangle,
Bell County, Ky. USGS loc. 12889-PC.

g, h. Mold and cast of parts left valve approxi-
mately X 25. Arrow in lower right of figure 1h
points to radiate needles used in X-ray deter-
mination. Figured specimen USNM 168188. Same
collection as above.

Beyrichiana gigantea (Jones, Kirkby, and Brady,

1874).

d. Open carapace, lateral view, anterior towards
left, approximately X 6.

e. Enlargement of right valve, arrows show radi-
ate structures on valve below outer layer, and
also one extending into matrix. Figured speci-
men B.M. I-6219. Lower Carboniferous shale
from Eskdale, Dumfriesshire, Scotland.

1. Beyrichiana sp.

Ventral view of a silicified right valve, approxi-
mately X 100. Figured specimen USNM 168187.
Permian, southeastern side of Idhra, just off the
Argolian coast of Greece. USNM loc. 9260, col-
lected July 4, 1974, by R. E. Grant and R. A.
Doescher, Smithsonian Institution.

(Scott. and Summerson,

d,e.
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radiating structures on the inside of the valve. A third
collection of “Elpe radiata” (USNM 41712) consists
of three pieces of shale with paper labels glued to each.
Two of the pieces are marked “Elpe radiata Ulrich,
Utica Shale, Georgian Bay, Canada, Coll. by A. W.
Vogdes, September 1889,” and each has two poorly
preserved and partly exfoliated valves that have ra-
diate markings. The third piece of shale has a pencil-
led note attached that rveads “Elpe radiata Ulrich,
460A Southgate Member, Eden, Swatara Gap, Pa.”
This specimen has two valves that have beautifully de-
veloped radiate markings (fig. 26).

A restudy of “Elpe radiata” is beyond the scope of
this paper, but a statement as to the nomenclature is
pertinent. According to P. C. Sylvester-Bradley (in
Moore, 1961, p. Q396) Elpc Barrande, 1872, non Ro-
bineau-Desvoidy, 1863, was renamed Flpozoe Pribyl,
1950. The genus is classified in the Entomoconchacea,
a superfamily in the Myodocopida that has a strati-
graphic range of Devonian-Carboniferous. The type-
series of the Middle Ordovician Leperitia radiata (fig.
2a), though poorly preserved, does not have myodoco-
pid characters. The specimen in USNM colln. 41712
from Swatara Gap, Pa. (fig. 20) may have had a dor-
sal sulcus similar to ‘the Devonian Cyprosina whid-
bornei Jones, 1881, as illustrated by Kornicker and
Sohn (1976, text fig. 98), and is not conspecific with
the types of Elpozoe radiata (Ulrich, 1879). Cyprosina
Jones, 1881, may be a myodocopid.

PRESENT STUDY

Jones, Kirkby, and Brady (1884, p. 88) stated that
radiate structures are present on Beyrichia gigantea
Jones, Kirkby, and Brady, 1874 (= Beyrichiana XKel-
let, 1933), from black Lower Carboniferous shale at
Eskdale, Dumfriesshire, and cited Leperditia radiata
Ulrich, 1879, as an example of similar radiate struc-
tures. I borrowed a specimen of Beyrichia gigantea
(=Beyrichiana) from the British Museum which I
am illustrating (fig. 1d, ¢). This is a palacocopid os-
tracode carapace with open valves joined along the
lliI{ge. The photograph shows a clump of radiate crys-
tals on the inner layer of the shell (arrow a in fig. 1e)
below the broken part of the shell, and one clump that
extends into the matrix (arrow b in fig. 1¢). In order
to explain this specimen, I am including an illustra-
tion (fig. 1) of an as yet undescribed species of Bey-
richiane from the Permian of Greece that was dis-
solved from limestone by means of hydrochloric acid.
Because of incomplete replacement, only parts of the
outer layer and of the inner layer were silicified; con-
sequently, the carbonate filling between these two
layers was removed by acid. It is the space between
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the outer and inner layer of the shell in which the
radiate structures developed in B. gigantea. The fact
that the one clump appears to extend into the matrix
indicates that the radiate structures in this specimen
are a postmortem development, and not anatomical in
origin.

C. primaeva (McCoy, 1844) is a Carboniferous
species recorded from Great Britain. A collection
(USNM 157829) labeled “Cypridina primaeva (Mc-
Coy) sp., T. Rupert Jones, Beals’ Col., Sedgley, Eng-
land,” consists of two split concretions with many
valves and fragments of myodocopid ostracodes that
have radiate structures. A few of these colorless ra-
diating crystals were identified by M. E. Mrose as
siderite (FeCOQ;), plus a trace of kaolinite (Branch
of Experimental Geochemistry and Mineralogy re-
port WX-3069, film 20305, Dec. 19, 1966).

Post-mortem recrystallization is not unusual in
mineralized arthropodan cuticle. Sohn and Kornicker
(1969) produced in the laboratory variously shaped
artifacts in the calcareous layer by soaking in water
the valves of Vargula hilgendorfi (Miller, 1890) col-
lected alive at Zushi Beach, Kanagawa, Japan, and
then macerating them in Clorox. They cited published
records of similar artifacts. Those artifacts are not
similar to .the radiating crystals in C. radiate and
other fossil specimens. The radiate structures on the
fossils could not be of anatomical origin because some
of the crystals interfere with the growth of the neigh-
boring crystals as shown by the arrows on figure 1A.
The center and radiating needles to the left of the
bottom right arrow were later removed for CuK o« X-
radiation analysis after photography of the specimen.
Mr. P. J. Dunn, Department of Mineral Sciences,
Smithsonian Institution, using a Gandolfi powder
camera, determined on Aug. 8, 1974, that the crystals
are an unidentifiable micaceous mineral. A similar
determination by Mr. Dunn on Apr. 14, 1975, of
crystals from a specimen (USNM 168190) from
USGS loc. 12889-PC, indicated gypsum.

Oppenlander (1968, figs. 2, 6) illustrated artificial
spherulites in crystalline polymers, and Digby (1967a,
1967b, 1968) illustrated calcifications produced in the
cuticle of the shore crab Carcinus maenas (Linné,
1758) that resemble the radiate structures in the fos-
sils. Bless (1973, p. 249) reported that the size of the
radiate structures varies from 0.1 mm to more than 3
mm in diameter, and that some specimens have both
large and small rosettes, whereas other specimens have
only large or only small rosettes. I have not been able
to ascertain any regular pattern in the distribution of
the nodules in the valves of living and radiate struc-
tures in fossil specimens of myodocopids. In a biolo-
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gical system, the size and location of each rosette
would be expected to be genetically fixed within the
shell wall.

EVIDENCE FOR EPIGENETIC ORIGIN OF
RADIATE STRUCTURES

Nodules of monohydrocalcite (CaCO,;.H,O) and
calcite were formed in the laboratory in the calcareous
layer of valves of the living myodocopid Vargula hil-
gendorfic (Miller, 1890) by Sohn and Kornicker
(1969), and siderite (FeCO,) was determined by
X-ray analysis of needles from radiating structures on
a myodocopid specimen of “Cypridina primaeva Mc-
Coy, 1844.” Epigenetic radiating structures between
the outer and inner walls of the palaeocopid Beyri-
chiana gigantea (Jones, Kirkby, and Brady, 1874) are
illustrated (fig. 1d, ¢). The radiate structures on speci-
mens from the Hance Formation, Kentucky (fig. 1g,
h; fig. 2¢, d, g-r) are gypsum or an unidentifiable
micaceous mineral, and they do not have a pattern of
distribution compatible with-a physiological process.

In view of the above evidence, I suggest the follow-
ing interpretation of the origin of radiate structures
in fossil ostracodes. When geochemical conditions
were suitable, the carbonate in the calcareous layer of
the ostracode was rearranged post mortem into acicu-
lar crystals. In certain instances, the radiate structures
were replaced by gypsum, siderite, and possibly other
minerals to form pseudomorphs. Occasionally, the geo-
chemical regime was favorable to the formation of
similar crystals in the matrix near the ostracode (ar-
row in fig. 1d and arrows a and b in fig. 1e).

The evidence against a physiological origin of the
radiate structures warrants the revision of the classi-
fication of the Paleozoic Cypridininae.

COLLECTION LOCALITIES

Field Description of locality, stratigraphic posi-

No. tion, collector, and date

12889-PC 9/12/3/67 Bell County, Ky., Balkan quadrangle,
0.75 mile (1.2 km) N. of Cardinal,
600 yards (549 m) NNW of bench
mark 1099, in cut to straighten U.S.
Route 119. Hance Formation (West-
phalian A), about 8 feet (2.4 m) be-
low sand, about 1 foot (0.30 m) com-
posite sample of brown-stained gray
mudstone and gypsum. Collected by
I. G. Sobhn and C. H. Summerson,
Sept. 12, 1967. Equivalent to Bless
(1973) locality, about 130 feet (39.6
m) above the Naese Sandstone Mem-
ber of the Lee Formation.

Harlan County, Ky., Wallins Creek
quadrangle, north side U.S. Route 119,
west bend of road, about 0.55 mile
(0.89 km) by road west of county

USGS loc.
No.

12902-PC  9/12/5/67
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US(J}VS loc. Field Description of locality, stratigraphic posi-
0.

No. tion, collector, and date

line, about 330 yards (302 m) N.
10° W. of Molus. Hance Formation
(Westphalian A), brown-stained gray
mudstone and gypsum, 18 feet (5.5
m) below sandstone. Collected by I.
G. Sohn and C. H. Summerson, Sept.
12, 1967. Equivalent to loe. 7 of Scott
and Summerson (1943, p. 662) which
is about 125 feet (38 m) above the
Naese Sandstone Member of the Lee
Formation.

12903-PC 9/12/1/67 Same locality and lithology as loc.
12889-PC. Composite sample of about
1 foot (0.30 m), collected about 2 feet
(0.6 m) below sand, and about 6 feet
(1.8 m) above Field No. 9/12/3/67.
Collected by I. G. Sohn and C. H.
Summerson, Sept. 12, 1967.

12004-PC 9/12/4/67 Same locality and lithology as loc.
12889-PC. Composite sample about 1
foot (0.30 m), collected 1 foot (0.30
m) below loc. 12889-PC. Collected by
I. G. Sohn and C. H. Summerson,
Sept. 12, 1967.

CLASSIFICATION

Class OSTRACODA, Latriel, 1802 [1804]
Superorder MYODOCOPA Sars, 1866

A phylogenetic scheme for the Myodocopa is pro-
posed by Kornicker and Sohn (1976, fig. 2).

Order MYODOCOPIDA Sars, 1866
Suborder MYODOCOPINA Sars, 1866
Superfamily CYPIRDINACEA Baird, 1850
Family CYPRIDINIDAE Baird, 1850
At present, the family contains the following sub-
families: Cypridininae Baird, 1850, Azygocypridini-
nae Kornicker, 1970.

Subfamily CYPRIDINIAE Baird, 1850

Hartmann and Puri (1974, p. 11) relegated the
Azygocypridinina Kornicker, 1970, to tribe Azygo-
cypridini in the Cypridininae together with the tribes
Gigantocypridini Hartmann “(in press)” and Cypri-
dinini Baird, 1850. They listed the following living
genera and subgenera in the Cypridinini: Amphisip-
honostra Paulsen, 1962; Bathyvargula Poulsen, 1962;
Codonocera Brady, 1902; Cypridina Milne-Edwards,
1840; Doloria Skogsberg, 1920; Hadacypridina Poul-
sen, 1962 ; Heterodesmus Brady, 1865 ; Macrocypridina
Skogsberg, 1920; Melavargula Poulsen, 1962; Meta-
vargula Kornicker, 1970; Monopia Claus, 1878 (with
Monopia and Cypridinodes Brady, 1902) ; Paracypri-
dina Poulsen, 1962; Paradoloria Poulsen, 1962; Para-
vargula Poulsen, 1962; Pterocypridina Poulsen, 1962;
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Sheina Harding, 1966 ; Siphonostra Skogsberg, 1920;
Skogsbergia Poulsen, 1962; Vargula Skogsberg, 1920,
and the fossil genus Cyprosis Jones, 1881.

Future study will determine whether this classifica-
tion is valid. However, the fossil genera Eocypridina
Kesling and Ploch, 1960 and Radiicypridina Bless,
1973, were described in the Cypridininae. The simi-
larity of the fossils in lateral outline and in type of
incisure (fig. 1g) to Vargula Skogsberg, 1920 (fig. 1a)
indicate that the subfamily began in the Devonian.

Genus EOCYPRIDINA Kesling and Ploch, 1960
Type-species (original designation)—LEocypridina
campbelli Kesling and Ploch., 1960, Michigan Univ.,
Mus. Paleontology, Contr., v. 15, no. 12, p. 284. Upper
Devonian, Indiana.

Eocypridine Kesling and Ploch, 1960, Michigan Univ., Contr.
Mus. Paleontology, v. 15, no. 12, p. 283; Samoylova, 1967,
Paleont. Zhur., no. 1, p. 145; Buschmina, 1970, Akad.
Nauk SSSR, Sibirsk. Otdeleniye., Inst. Geologii i Geofiziki
Trudy, vyp. 71, p. 76.

Radiicypridina Bless, 1973, Rev. Espaifiola Micropaleontologia,
v. 5, no. 2, p. 248.

Cypridine Milne-Edwards, 1840 (part) authors of Paleozoic
species.

Discussions.—Eocypridina was adequately described
and illustrated by Kesling and Ploch (1960, p. 284)
as follows:

Carapace large, ovate, nearly equivalved. Rostrum of each
valve sharply acuminate and hooklike (as in Cypridina H.
Milne-Edwards, 1840, p. 409), not bluntly truncate (as in
Philomedes Lilljeborg, 1853, p. 175). Upper border of rostral
notch not folded over lower (as in Cylindroleberis Brady, 1868,
p. 127). No posteroventral siphon (as in Gigantocypris Miiller,
1895, p. 164). Adductor-muscle scars arranged in an oval, con-
sisting of a posterior area with nearly horizontal, slightly
curved bars, an anterodorsal area with radiating bars, and an
anteroventral area with peripheral spots.

Bless diagnosed Radiicypridina
as follows [italics added] :

(1973, p. 248)

Carapace subovate to subcircular in lateral view. Valves
evenly convex. Rostrum hook-like, downcurved and over-
hanging anterior incisure. Carapace three-layered. Inner and
outer layer may appear smooth or with blebby reticulations.
They are occasionally preserved, and were presumably not
calcified. The calcareous layer is thick and consists of several
to numerous rosettes of acicular radi. The size of these roseties
may vary, even in one individual. The muscle scar pattern
is complex and consists of an oval cluster of adductor muscle
scars and several additional scars posteroventrally and pos-
terodorsally of the adductor scars.

Because “rosettes of acicular radii” are not of anato-
mical origin, and are present also in palaeocopid fos-
sils, this character is not a valid generic criterion.
The difference between Kocypridina and Radiicypri-
dina depends on the adductor attachment muscle-scar
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Fiaure 2—“Elpe” and Eocypridina.
a,b. ‘“Elpe radieta” (Ulrich, 1879).

a. Two valves showing radiate structures approxi-
mately X 12. Cotypes, USNM 41711. Eden For-
mation, Fulton Shale, First Ward, Cincinnati,
Ohio.

b. Lateral view of left valve approximately X 12.
Figured specimen USNM 41712, Southgate
Member of Eden Formation, Swatara Gap, Pa.

¢, d. Eocypridine aciculate (Scott and Summerson, 1943).
Casts of left and right valves, juveniles, approxi-
mately X 5. Figured specimens USNM 168191,
168192. Pennsylvanian Hance Formation (=West-
phalian A), Balkan quadrangle, Bell County, Ky.
USGS locs. 12904—PC and 12889-PC, respectively.

e, f. Eocypridine radiata (Jones, Kirkby, and Brady, 1874).
Type series, approximately X 214, on slide 01-53mt,
Glasgow Museums and Art Galleries, Scotland.
“Upper Coal-measures” Airdrie Blackbank Iron-
stone, Glasgow district, Scotland.

g-r. Eocypridina aciculate (Scott and Summerson, 1943).

g, h. Cast and mold of the anterior part of a right
valve approximately X 5. Figured specimen
USNM 168193. Pennsylvanian, Hance Forma-
tion (=Westphalian A), Wallis Creek quad-
rangle, Harlan County, Ky. USGS loc. 12902-
PC.

i~k. Casts of left, right, and juvenile left valves
approximately X 5. Note variation in dorsal
margin. Figured specimens USNM 168194-
168196. Pennsylvanian, Hance Formation
(=Westphalian A), Balkan quadrangle, Bell
County, Ky. USGS loc. 12903-PC.

1, m. Casts of right and left valves approximately
X 5, showing rim on incisure and false lat-
eral outline. Figured specimens TUSNM
168199, 168200. Pennsylvanian. Hance For-
mation (=Westphalian A), Balkan quad-
rangle, Bell County, Ky. USGS loc. 12904-
PC.

n. Cast of right valve approximately X 5. Fig-
ured specimen USNM 168198. Pennsylvanian,
Hance Formation (=Westphalian A), Wal-
lis Creek quadrangle, Harlan County, Ky.
USGS loc. 12902-PC.

0—q. Cast and mold of right valve and cast of right
valve approximately X 5. Note the thickness
of outer shell layer along dorsal margin (fig.
2p) where it is broken, and note the same
thickness on dorsoposterior (fig. 20). Fig-
ured specimens USNM 168200, 168201. Penn-
sylvanian, Hance Formation (=Westphalian
A), Balkan quadrangle, Bell County, Ky.
USGS loc. 12889-PC.

r. Cast of left valve, approximately X 5. Fig-
ured specimen USNM 128197, Pennsylvanian,
Hance Formation (=Westphalian A), Bal-
kan quadrangle, Ky. USGS loc. 12903-PC.

8-u. FHocypridine rediate (Jones, Kirkby, and Brady, 1874).

8. Left valve approximately X 15. Lectotype,
same specimen as second from left in fig-
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ure e. Illustrated by Jones, Kirkby, and
Brady (1874, pl. 5, figs. 6a—c).

t. Right valve approximately X 15. Paralecto-
type, same specimen as on left in figure 1.
Illustrated by Jones, Kirkby, and Brady
(1874, pl. 5, figs. 6e, f, areéa of fig. 6¢ shown
by arrow).

«. Cast approximately X 15. Same specimen as
as upper right in figure f. Illustrated by
Jones, Kirkby, and Brady (1874, pl. 5, fig.
6d, area of 6d shown by arrow).

pattern. My colleague and frequent collaborator, Dr.
L. S. Kornicker, Smithsonian Institution, informed
me that the adductor attachment muscle scar is var-
iable within genera in the cypridinids. The differences
between the scars in Kocypridina as illustrated by Kes-
ling and Ploch (1960, fig. 1, pls. 2, 3) and those of
Ra