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- angstrom

abs ....... ... ..., absolute
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by, «oooiiiill. billion years

°C i, degree Celsius

cal ..., calorie
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CIPW ............ Cross, Iddings, Pirsson,
and Washington

Ccm .......coeinnn centimeter

em® ..., cubic centimeter

coned ............ concentrated

D........oooial darcy

s day

DDD ............ dichloro-diphenyl-
dichloro-ethane

DDE ............ dichloro-diphenyl-
dichloro-ethylene

DDT ............ dichloro-diphenyl-
trichloro-ethane

diam ............ diameter

DSDP............ Deep Sea Drilling
Project

Eh .............. oxidation-reduction
potential

emf ............. electromotive force

emuU ........0u.n.. electromagnetic unit

ERTS............ Earth Resources Technology
Satellite

[ entropy unit

eV ...l electronvolt

FD&C. .......... Food, Drug, and Cosmetic
[dye]

1 S foot

ft2 ... «.. square foot

ft> o cubic foot

. S gram

- 2, gravitational acceleration

Vo activity coefficient

gal ... gallon

h ...l hour

ID .............. inside diameter

IDOE ............ International Decade of
Ocean Exploration

in. ..., inch

| joule

K...oooooiioo. kelvin

keV ... ...l kiloelectronvolt

kg ...l kilogram

kHz ............. kilohertz

km.............. kilometer

km? ........ ... square kilometer

km? ............. cubic kilometer

kV ...... e kilovolt

liter

Ib...........oL pound

Im .............. lumen

logarithm (natural)

log ...t logarithm (common)

M. molarity ; molar
(concentration)

m..........000.. meter

m> L. square meter

m® ... cubic meter

Mo iennannn, molality ; molal
(concentration)

MA.............. megampere

mA.............. milliampere

mg .............. milligram

Mgal ............. million gallons

mGal ............ milligal

m o.....oevevenn. mile

m?.............. square mile

mi®.............. cubic mile

min ............. minute

ml ...l milliliter

mm ............. millimeter

mmol ............ millimole

mo ......covuvvenn. month

mol ............. mole

mol.wt .......... molecular weight

mV ..., millivolt

MY, «oveininenann million years

MBE veiiieiiaan microgram

F7 4 micrometer

umho ............ micromho

N _ normality

nA ..., nanoampere

NASA............ National Aeronautics and
Space Administration

nm .............. nanometer

OD.............. outside diameter

P poise

PCB ............. polychlorinated biphenyls

PDB ............. Peedee belemnite

pH .............. measure of hydrogen
ion activity

pPpm ... part per million

%00 e part per thousand

rad ... L, radian

ms.............. root mean square

8 e second

0 ... N population standard
deviation

SMOW ........... standard mean ocean
water

2 volt

VIV e volume per volume

W watt

WIW o weight per weight

Wt oo weight

yd® .ol cubic yard

b2 S year
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MAJOR CHEMICAL CHARACTERISTICS OF MESOZOIC
COAST RANGE OPHIOLITE IN CALIFORNIA

By E. H. BAILEY and M. C. BLAKE, JR., Menlo Park, Calif.

Abstract.—Sixty-four major element analyses of rocks representative
of the Coast Range ophiolite in California were compared with analyses
of other onland ophiolite sequences and those of rocks from oceanic
ridges. The rocks can be classed in five groups—harzburgite-dunite,
clinopyroxenite-wehilite, gabbro, basalt-spilite, and keratophyre-quartz
keratophyre—which on various diagrams occupy nonoverlapping fields.
The harzburgite-dunite from onland ophiolite and ocean ridges are
comparable and very low in alkalies. Possible differentiation trends
defined on AFM diagrams by other rocks from onland ophiolites and
ocean ridges suggest two lines of descent: (1) A trend much like the
calc-alkalic trend, though shifted somewhat toward higher iron, and
(2) an iron-enrichment trend defined chiefly by the more iron-rich
gabbros and amphibolite. MgO-variation diagrams for rocks from the
Coast Range ophiolite further distinguish the iron-rich gabbros and
amphibolite from the other rock groups and indicate that the iron
enrichment, unlike that of the Skaergaard trend, is related to the
formation of amphibole. Ophiolite sequences that include the most
silicic rock types, such as quartz keratophyre, also exhibit the most
pronounced dual lines of descent, suggesting that the silicic rocks and
the amphibole-rich gabbros are somehow related. Although the major
element chemistry of the Coast Range ophiolite is clearly like that of
rocks dredged from oceanic ridges, it is not sufficiently diagnostic to
discriminate among the choices of a spreading ridge, an interarc basin,
or perhaps even the root zone of an island arc as the site of ophiolite
formation.

A succession of igneous rocks ranging upward from peri-
dotite through gabbro to mafic and keratophyric lavas directly
undetlies the late Mesozoic Great Valley sequence of marine
sedimentary rocks in western California. In an earlier paper,
we described this igneous pile as a typical ophiolite and
interpreted it as the Mesozoic oceanic crust on which the Late
Jurassic (Tithonian) sedimentary rocks were deposited (Bailey,
Blake, and Jones, 1970). Radiometric dating by Lanphere
(1971) indicated that this ophiolite was only a few million
years older than the basal Great Valley sediments, and Bezore
(1971), Page (1972), and Hopson and others (1973), following
detailed studies of individual areas, also have concluded the
ophiolite is indeed Mesozoic ocean crust.

This paper presents chemical analyses of rocks in the Coast
Range ophiolite and compares their major chemical character-
istics with those of ancient ophiolites from other areas and
with dredged rocks believed to represent today’s oceanic crust
and upper mantle. The analytical data support the contention

that the Coast Range ophiolite is a fragment of oceanic crust
and upper mantle and permit some speculations regarding the
petrogenesis of the major lithologies. The data seem inade-
quate to establish clearly whether the Coast Range ophiolite
formed at a spreading ridge, in a marginal or interarc basin, or
possibly even at the roots of a volcanic island are.

CHEMICAL ANALYSIS

Of the 64 chemical analyses of samples representative of the
various kinds of rocks in the Coast Range ophiolite listed in
tables 1-5, 43 are new and 21 are published. Collection
localities are shown in figure 1, and columnar sections
depicting the major rock types at these localities are shown in
an earlier paper (Bailey and others, 1970, fig. 2). Most of the
rocks analyzed were selected on the basis of their freshness
from among samples collected during reconnaissance investiga-
tion. As a result, even with the fairly large number of analyzed
rocks, no locality has been sampled systematically, and no
locality is represented by analyses of all the diverse lithologic
types found in the Coast Range ophiolite.

Most of 43 new analyses were done by rapid-rock analysis
method (Shapiro and Brannock, 1962) in the laboratories of
the U.S. Geological Survey. The 21 published analyses are of
rocks formerly regarded as part of the Franciscan Formation
or believed to be intruded into Franciscan rocks (Bailey and
others, 1964; Himmelberg and Coleman, 1968; Maddock,
1964; Case, 1963). Only analyses of those rocks that we are
confident are part of the ophiolite lying below the Great
Valley sedimentary sequence were selected for inclusion here.
Some other published analyses of igneous rocks from Francis-
can terrane may be fragments of the Coast Range ophiolite
that have been tectonically displaced (Blake and Jones, 1974),
but they are excluded here because the fragments are so
isolated that their origin is uncertain.

DESCRIPTION OF MAJOR ROCK TYPES

The Coast Range ophiolite can be conveniently subdivided
into the following five major rock groups:

1. Harzburgite and dunite, which are nearly everywhere at
least somewhat serpentinized.
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tables 1--5.



BAILEY AND BLAKE

2. (inopyroxene-bearing rocks, including clinopyroxenite,
wehrlite, and lherzolite(?).

3. Gabbro, including a range of varieties, some of which are
cumulates.

4. Basalt, diabase, spilite, including agglomerate and aqua-
gene tuff.

5. Keratophyre, quartz keratophyre, and coarser intrusive
equivalents.

The analyses are grouped according to these subdivisions in
tables 1—5 and designated by differentiating symbols on the
diagrams accompanying this report.

Harzburgite and related rocks

Harzburgite, with some dunite and very minor chromitite,
makes up the bulk of the ultramafic portion of the Coast
Range ophiolite. These rocks are partly to completely serpen-
tinized, and texturally they range from massive to intensely
sheared. Massive varieties and blocks in the sheared varieties
have a pronounced metamorphic fabric due to orthopyroxenes
being concentrated into layers having preferred crystal
orientation (Nicolas, 1968, 1969). Chromite grains are com-
monly arranged in linear trains, but this is generally difficult to
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detect. Typically the metamorphic fabric cannot be related to
the fabric in either underlying Franciscan metamorphic rocks
or in overlying parts of the ophiolite succession; it seems
clearly to have originated when the ultramafic rocks were in a
different environment.

The primary minerals in the harzburgites are olivine,
orthopyroxene, minor clinopyroxene, and accessory chromian
spinel. Alteration minerals in addition to serpentine include
magnetite, brucite, and tremolite. Plagioclase has not been
noted in any of these rocks. For the harzburgites of Del Puerto
yielding analysis 12 in table 1, Himmelberg and Coleman
(1968) report a modal composition of: olivine (Fogg.4), 61.4
percent; orthopyroxene (Eng g ¢), 27.2 percent; clinopyroxene
(Ca:Mg:Fe=48.4:48.6:3), 4.5 percent; chromian spinel
(Cr:Al:Fe:Mg=30:38:16:16), 1.5 percent; and serpentine (liz-
ardite and chrysotile), 5.4 percent.

The dunite is largely composed of coarse- to medium-grained
olivine but includes minor amounts of orthopyroxene, ex-
solved clinopyroxene, and chromian spinel, plus the same
alteration products as in harzburgite. Microprobe analyses of
olivine from dunite at Del Puerto showed a range of
Fogq.4—Fogo.9 (Himmelberg and Coleman, 1968), similar to
the olivine in nearby harzburgite.

Table 1.—Chemical analyses of harzburgite, dunite, and serpentinite from the ophiolite at base of Great Valley sequence

1 2 3 4 5 6 7 8 9 10 11 12
Si0, ........ 35.7 35.7 35.9 36.1 36.57  39.0  39.9 40.0 4050 4275 43.2 44.9
ALO, ....... 19 28 43 76 95 04 70 58 78 35 58 91
Fe,0, ....... 5.3 3.8 4.5 3.7 7.29 2.8 6.5 3.2 4.01 1.72 1.7 80
FeO ......... 4.9 3.2 3.7 45 0.37 5.0 2.0 4.0 2.04 7.03 5.6 7.0
MgO ........ 41.3 42.6 42.2 417 40.27 461 34.6 41.8 3743 4540 41.5 43.0
CaO......... 22 .30 .30 85 14 00 23 30 .39 037 73 15
Na,O........ .00 .00 .00 .08 31 .00 0 .00 .28 .01 .00 .02
K,0 ........ .04 .00 .05 63 01 23 .10 04 16 .00 12 .08
H,0+ ....... 11.3 12.6 11.7 10.3 12.43 56 115 9.0  10.94 1.60 5.9 1.0
H,0-........ 55 57 65 45 94 50 11 65 281 .09 16 .09
TiO, ........ .00 .00 02 .02 . 02 0 .00 .- .01 .02 .02
POy ........ 07 .06 .07 .03 .- .03 0 .06 .- .00 .06 .03
MnO ........ 18 12 14 12 10 11 .08 12 13 10 15 12
CO ... 34 24 32 .08 .- 21 23 25 .- 74 <05 <05
NiO......... 15 24 24 22 31 35 .- 32 1 .04 28 32
Cr,0, ....... 16 94 67 93 33 44 .- 60 41 28 58 47
Sum...... 100.4 1006 1009 1005  100.02 1004  99.0 1009  99.99 100.16  100.6  100.3
Density ... 2.72 2.67 2.7 2.72 .- 283 265 2.80 .- .-- 3.14 3.22

1. Serpentinized dunite (65-R-3), Del Puerto, Stanislaus County,
Calif. (Himmelberg and Coleman, 1968, p. C21).
2. Serpentinized dunite (65-R-12), Del Puerto, Stanislaus County,
Calif. (Himmelberg and Coleman, 1968, p. C21).
Serpentinized dunite (65-R-1), Del Puerto, Stanislaus County,
Calif. (Himmelberg and Coleman, 1968, p. C21).
. Serpentinized dunite (66-R-6), Del Puerto, Stanislaus County,
Calif. (Himmelberg and Coleman, 1968, p. C21).
5. Bastitic serpentine, Bagley Creck, Contra Costa County, Calif.
(Turncr, 1891, p. 406).
6. Partly scrpentinized dunite (66-R-22), Del Puerto, Stanislaus
County, Calif. (Himmelberg and Coleman, 1968, p. C21).

o

7. Serpentinized peridotite (71-EB-101), Point Sal, Santa Barbara
County, Calif. Analysis by Lowell Artis.
8. Partly serpentinized harzburgite (65-R-10), Del Puerto, Stanislaus
County, Calif. (Himmelberg and Coleman, 1968, p. 21).
9. Partly serpentinized harzburgite(?), Bagley Creek, Contra Costa
County, Calif. (Turner, 1891, p. 406).
10. Harzburgite, Del Puerto, Stanislaus County, Calif. (Bodenlos, 1950,
. 233).
11. H:?rzburgite (65-R-9), Del Puerto, Stanislaus County, Calif.
(Himmelberg and Coleman, 1968, p. C21).
12. Harzburgite (66-R-20), Del Pucrto, Stanislaus County, Calif.
(Himmelberg and Coleman, 1968, p. C21).
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Twelve analyses of dunite and harzburgite from the Coast
Range ophiolite are given in table 1. These ultramafic rocks are
characterized by very low Al, O; and CaO, each generally less
than 0.5 percent, consistent with the absence of plagioclase
and the nearly complete absence of clinopyroxene. On a
normalized water-free basis, SiO, shows a small range of 40.3
to 42.2 (avg 40.9) percent in the dunite, and 43.4 to 47.0 (avg
45.0) in the harzburgite. MgO ranges from 46.4 to 48.8 (avg
47.5) percent in the dunite, and 43.3 to 46.1 (avg 44.5) in the
harzburgite. The ratio of total iron (as FeO) to MgO ranges
only from 0.15 to 0.19, except for one value of 0.23, the
average being equivalent to a ratio of 14.5 FeO to 86.4 MgO,
slightly lower than in the principal minerals because of small
amounts of accessory clinopyroxene and spinel. All samples
are very low in alkalies; only old, possibly suspect, analyses
show more than 0.12 percent K, O. These rocks are generally
believed to represent a residium left after removal of a partial
‘melt from parent mantle material having a composition such as
pyrolite or lherzolite (Green and Ringwood, 1967; Coleman,
1971).

Clinopyroxenite and related rocks

Coarse-grained clinopyroxene-rich rocks occur in minor
amounts as crosscutting dikes, locally as massive lenses in the
harzburgite, and as cumulate layers in the gabbro. As far as we
can determine, these rocks everywhere postdate the harzburgite
and dunite.

Most of the analyzed rocks are composed entirely of
coarse-grained clinopyroxene that generally contains exsolu-
tion lamellae of orthopyroxene. Analyzed clinopyroxene from
pyroxenite in the Del Puerto area is nearly identical in
composition to that from harzburgite (Himmelberg and
Coleman, 1968). Minor brown amphibole was seen in a few
thin sections of clinopyroxenite. Serpentine minerals are
commonly found in the clinopyroxene-rich rocks as thin
veinlets, and secondary tremolite and carbonate occur locally;
however, the degree of alteration in these rocks, especially
serpentinization, is much less than in the harzburgite-dunite
group.

The other ultramafic rocks grouped here with the clino-
pyroxenite are less common; these include wehrlite, herzolite,
and amphibole peridotite, all of which generally occur as thin
veins or layers in harzburgite or dunite. Cumulate textures, in
which rounded and vermicular grains of clinopyroxene are
enclosed by serpentinized olivine, can be recognized in some
of the wehilites, but most of the rocks have a later
metamorphic fabric that makes positive identification of
cumulate textures difficult. Brownish hornblende is fairly
common, and calcic plagioclase is a rare constituent in some of
the wehrlites.

The five clinopyroxenite analyses (table 2) are all similar to
one another and to the mineral analyses presented by
Himmelberg and Coleman for clinopyroxene from the Del

CHEMICAL CHARACTERISTICS, MESOZOIC COAST RANGE OPHIOLITE, CALIFORNIA

Puerto area (1968, table 5, p. C23). As compared with the
harzburgites, CaO is much higher, and this, together with low
Al, O3, reflects the abundance of clinopyroxene. Alkalies are
very low in these rocks, and TiO, content is generally nearly
an order of magnitude greater than in the harzburgite-dunite
group. The other analyses in the group of clinopyroxene-rich
rocks are of wehrlites, amphibole peridotite, and perhaps
lherzolite. The only possible lherzolite (analysis 22) contains
enough olivine and orthopyroxene to be chemically transi-
tional between the harzburgite-dunites and the clinopyroxen-
ites.

Gabbro

Gabbros in the Coast Range ophiolite have a wide range of
occurrences, doubtless a variety of origins, and a correspond-
ingly large range in chemical composition. Gabbro occurs as
dikes cutting harzburgite and dunite, as complex lenticular
masses lying above the ultramafic rocks, and as small irregular
pegmatitic masses. The gabbros are much less abundant than
the ultramafic rocks but are present at most ophiolite
localities. The largest masses are only about 600 m (2,000 ft)
thick, and although one mass has an exposed length of 8 km
(5 mi), most are much less extensive.

The relations of gabbros to ultramafic rocks are still poorly
understood. So far as is known, the gabbros, in contrast to the
harzburgites, génerally do not possess the tectonite fabrics that
are unrelated to their surroundings. Gabbro dikes cutting
serpentinized harzburgite, however, have been stretched,
pulled apart, and locally converted to isolated tectonic blocks
by shearing parallel to the borders of the harzburgite bodies.
Gabbroic cumulates locally show some planar deformation
parallel to compositional layering, which initially was defined
by rounded crystals of olivine or clinopyroxene enveloped in
calcic plagioclase. In addition, these layered cumulates com-
monly have mineral graded bedding similar to that described
for the Papuan ophiolite (Davies, 1971, pl. 7, fig. 2 and pl. 8,
fig. 1).

Primary minerals in the gabbros are olivine, clinopyroxene,
calcic plagioclase, green or brown hornblende, and opaque
minerals; the more common secondary minerals are serpentine,
hydrogrossular, prehnite, epidote, and calcite. The mineral
composition of gabbros in dikes and layered masses at Del
Puerto is olivine (Fo,5.2—Fo79.5) and plagioclase (Ang;)
with some clinopyroxene and minor secondary amphibole
(Himmelberg and Coleman, 1968). Mineralogically and textur-
ally, some gabbros of the Coast Range ophiolite resemble the
gabbroic and anorthositic rocks adjacent to the San Andreas
fault as carefully described by Ross (1970). Pegmatitic
gabbros, in contrast to the layered gabbros, are nonfoliated
and commonly contain large randomly oriented crystals of
hornblende and a little quartz.

Where hornblende is dominant over clinopyroxene, the
gabbros grade into amphibolite (analysis 23), but in the rocks
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Table 2.—Chemical analyses of clinopyroxenite and related rocks from the ophiolite at base of Great Valley sequence

13 14 15 16 17 18 19 20 21 22

Si0, ........ 53.25 52.5 51.5 50.8 49.4 49.1 48.4 46.5 44.6 41.3
ALO, ....... 2.80 1.2 2.2 2.4 2.1 5.8 3.3 7.0 2.0 3.4
Fe, Oy ....... .69 70 1.2 1.2 2.2 1.4 1.3 2.6 3.7 5.9
FeO ......... 5.93 5.0 3.7 45 4.2 44 3.9 6.5 3.6 5.7
MgO......... 19.91 20.6 17.0 20.7 21.6 15.7 23.7 21.6 27.5 28.9
Ca0......... 16.22 18.8 20.9 18.7 16.9 19.7 15.4 11.0 11.5 6.4
Na,0........ 19 .00 15 .06 16 .06 12 43 12 13
K,O......... .01 24 .08 05 .02 07 0 14 .08 .01
H,0+........ 24 47 1.1 11 39 21 4.0 2.7 5.6 78
H,0- ........ .05 11 26 10 : 27 .26 16 36 ‘
TiO, ..vn.... .- .00 18 10 15 21 .20 25 04 .08
PO, ........ .- .06 .02 .04 04 04 0 .06 0 .05
MnO ........ .09 18 14 15 14 19 12 18 .09 19
(ol T .05 58 11 0 01 04 13
NiO......... 07 .02 --
Cr,05 «on.... 54 17

Sum...... 99.99 100.1 99.01 99.90 100.2 99.04 100.71 99.12 99.23 100.0

Density ... --- 3.25 312 3.24 313 3.15 3.20 3.16 2.96 2.91

13. “Pyroxenite with some olivine,” Bagley Creek, Contra Costa
County, Calif. (Turner, 1891, p. 406).

14. Clinopyroxenite cumulate (65-R-7), Del Puerto, Stanislaus County,
Calif. (Himmelberg and Coleman. 1968, p. C21).

15. Clinopyroxcnite (69-EB-50), Elder Creek, Tehama County, Calif.
Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H.
Smith.

16. Clinopyroxenite (70-CLE-34), Del Puerto, Stanislaus County, Calif.
Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H.
Smith.

17. Clinopyroxenite cumulate (59-349), Skaggs Springs quadrangle,
Sonoma County, Calif. (Bailey and others, 1964, p. 84).

with abundant hornblende it is not clear if the amphibole is
primary, replaces pyroxene as suggested by Thayer (1967,
1972) and Southwick (1970), or is metasomatic (Knipper,
1970). Most of the hornblende gabbro appears to be of
igneous origin, based on intrusive contacts and lack of
replacement textures. At one locality, along the South Fork of
Elder Creek (fig. 1), we noted very coarse grained amphibole
gabbro enclosed in clinopyroxenite with very fuzzy contacts
separating the two, suggesting metasomatic replacement of the
clinopyroxenite.

Chemical analyses of eleven gabbros are given in table 3.
Si0; ranges from 39.4 to 48.7 percent. Total iron as FeO
ranges from less than 4 percent to nearly 20 percent, the high
iron values reflecting abundant amphibole and iron enrich-
ment, as discussed in the section on differentiation trends.
Na, O is low in these rocks, averaging about 1.0 percent, and
KO is less than 0.3 percent except in gabbros that appear to
have been altered extensively after solidification. TiO, shows a
wide range, 0.08 to 2 percent, probably reflecting the diverse
origins of the different rock types included.

Basalt, diabase, and spilite

Basalt occurs chiefly as pillow lava, agglomerate, and breccia
in a sequence generally between 300 and 1,500 m

18. Clinopyroxenite (69-EB-51), Elder Creek, Tehama County, Calif.
Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H.
Smith.

Wehrlite cumulate (69-B-33a), Elder Creek, Tehama County, Calif.
Analysis by Sam Botts.

Amphibole peridotite (70-CLE-35), Del Puerto, Stanislaus County,
Calif. Analysis by 1. H. Barlow, S. D. Botts, Gillison Chloe, P. D.
L. Elmore.

Wehrlite cumulate (71-EB-103), Point Sal, Santa Barbara County,
Calif. Analysis by Lowell Artis.

Lherzolite(?) (59-347), Skaggs Springs quadrangle, Sonoma
County, Calif. (Bailey and others, 1964, p. 84).

19.
20.

21.

22,

(1,000—5,000 ft) thick overlying gabbro or ultramafic rock.
Basaltic tuff is a rare component of the ophiolite, but diabase
is commonly found as dikes and minor intrusive bodies.
Locally, as along Stony Creek in the Stonyford quadrangle
(fig. 1), both diabase and pillow basalt are remarkably fresh
and consist of calcic plagioclase, pinkish (probably titanifer-
ous) augite, and opaque minerals with only minor secondary
celadonite and carbonate. In many places, however, the basalt
or diabase has undergone spilitic alteration to albite, pum-
pellyite, chlorite, epidote, calcite, and minor amounts of other
secondary minerals. Olivine is an uncommon constituent of
most of these rocks, even where fresh, and where once present,
it is generally serpentinized. Many of the basalts had a glassy
groundmass that is typically altered to chlorite.

Chemical analyses of 21 basalts and related rocks from 11
widely separated localities are given in table 4. On a
normalized calcite- and water-free basis, SiO, ranges from 49
to 58 percent, and less than one-third of the analyses show
normative olivine. Al; O3 ranges from 11.9 to 16.6 percent, as
compared to the range of 12 to 18 percent for ocean-ridge
basalts reported by Kay, Hubbard, and Gast (1970). CaO is
unusually low and has a wide range of about 5 to 11 percent,
as compared with average contents of 10 to 13 percent in
ocean-ridge basalts. Na; O and K, O are generally higher than
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Table 3.—Chemical analyses of gabbro from the ophiolite at the base of Great Valley sequence
[N.d., not determined ]

23 24 25 26 27 28 29 30 31 32 33
Si0, i 39.4 42.0 4375 451 45.7 46.01 469 47.7 47.91  48.0 487
ALO, ........ 14.9 11.0 1971  16.9 17.5 1541 206 18.9 17.99 193 15.0
Fe,0, ........ 6.2 21 7.08 4.4 2 2.30 40 30 2.70 81 1.0
FeO .......... 13.8 7.6 6.20 8.9 3.3 5.77 41 1.9 4.88 6.9 3.8
MgO.......... 2.9 19.3 5.79 9.3 11.4 13.09 9.0 7.2 10.21 9.8 10.8
Ca0 .......... 15.8 12.0 1356 126 15.7 1573 14.2 19.4 1433 13.3 15.7
Na,0......... 1.1 71 1.69 45 .80 79 14 1.0 82 55 1.7
X 22 07 13 30 96 01 14 .20 .03 .08 12
H,0+ . ....... 1.8 3.3 1.30 79 a4 86 1.6 3.5 85 88 25
H,0- ......... 16 32 32 12 : 23 13 26 19 12 19
TiO, ........ 2.0 82 65 54 .08 .22 .06 .03 13 .08 29
PO, ......... 68 04 06 06 .02 08 .- .- 09 02 02
MnO ......... 15 16 12 18 .08 11 04 61 11 03 .09
CO, e .- 16 .- .- .06 N.d. 04 02 N.d. .- <.05
NiO .., - 11 .- .02
(o3 T - 25 - .- 24
Sum....... 99.1 99.9 100.36 996 1000 100.61  98.6 100.4 100.24  99.87  100.2
Density .... 3.16 3.00 2.96 2.84 3.03 3.00 3.04

23. Amphibolite (70-CLE-6), Quinto Creek, Stanislaus County, Calif.
Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H.
Smith.

24. Olivine gabbro (66-R-5), Del Puerto, Stanislaus County, Calif.
(Himmelberg and Coleman, 1968, p. C21).

25. Hornblende clinopyroxene gabbro (R-501-10), San Leandro
quadrangle, Alameda County, Calif. Analysis by M. Chiba.

26. Norite (MB-1A), Del Puerto, Stanislaus County, Calif. Analysis by
G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H. Smith.

27. Gabbro cumulate (59-348), Skaggs Springs quadrangle, Sonoma
County, Calif. (Bailey and others, 1964, p. 84).

28. Olivine clinopyroxene gabbro (R-501-54), San Leandro quadrangle,
Alameda County, Calif. Analysis by M. Chiba.

in the ocean-ridge basalts; this, along with the low CaO, may
be a result of spilitization.

On an alkali-silica plot (fig. 2), most of the analyses fall in
the tholeiite field of Macdonald and Katsura (1964) and Irvine
and Baragar (1971). Using the curves of Kuno (1968),
however, only one of the analyses is of tholeiite and the others
are about equally divided between high-alumina basalt and
alkali basalt.

On the basis of TiO, content, the basalt and diabase analyses
can be divided into two groups. The high-titanium group
includes all samples that plot less than 53.3 percent Si0, in
figure 2, and it also is characterized by higher iron and
calcium. Most of these high-titanium basalts and diabases are
from the Stonyford area and are the freshest of the samples
studied. On a TiO,:P, 05 plot, the high-titanium basalts Lie
within the oceanic island basalt field, whereas those with low
TiO, plot well within the ficld of ocean-ridge basalts.

Keratophyre and related rocks

In the upper part of the ophiolite in several areas in the
Coast Ranges are light-colored, silica-rich extrusive and
intrusive rocks which have generally been called keratophyre,
quartz keratophyre, albite granite, or trondhjemite. The finer

29.
30.
31.
32.

33.

K,0+Na,0

Olivine clinopyroxene gabbro (71-EB-104), Point Sal, Santa
Barbara County, Calif. Analysis by Lowell Artis.
Olivine clinopyroxene gabbro (69-B-31), Elder Creek, Tehama
County, Calif. Analysis by Lowell Artis.
Hornblende clinopyroxene gabbro (R-501-55), San Leandro

quadrangle, Alameda County, Calif. Analysis by M. Chiba.

Hornblende gabbro (70-CLE-31), Del Puerto, Stanislaus County,
Calif. Analysis by G. Chloe, P. Elmore, J. Glenn, ]. Kelsey, and
H. Smith.

Hornblende clinopyroxene gabbro (66-R-10), Del Puerto,
Stanislaus County, Calif. (Himmelberg and Coleman, 1968, p.
C21).
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Figure 2.—Total alkali-silica plot of basalts and related rocks from
the Coast Range ophiolite. (Based on analyses recalculated to 100
percent after deducting water and CaCO,.)
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Table 4.—Chemical analyses of basalt, diabase, and spilite from ophiolite at base of Creat Valley sequence

34 35 36 37 38 39 40 41 42 43

Si0, ............ 46.2 46.5 46.60 475 48.2 49.0 49.2 49.5 49.7 50.2

ALO; ........... 16.6 14.6 15.28 13.5 13.2 14.8 13.0 13.0 14.3 14.0

Fe,0 covvvnnnn.. 6.3 5.0 3.98 3.3 3.4 3.4 4.6 4.7 5.1 23

FeO............. 4.2 6.4 8.17 7.3 8.4 6.1 8.1 8.6 1.3 94

MgO ............ 5.2 6.8 5.4 4.0 5.5 7.2 5.2 5.7 8.4 6.4

CaO............. 8.5 7.9 10.68 11.0 9.7 79 9.3 8.3 6.4 7.7

Na,O............ 4.2 2.2 2.26 33 3.4 4.2 2.8 4.3 2.4 4.3
K,O ............ .82 2.3 .85 .54 32 .78 .24 .53 .27 .15

H,0+ ........... .- 4.2 3.63 2.3 .- .- 2.0 - 3.7 33
H,0-............ 4.8 --- .24 .67 3.9 4.1 .73 2.40 7.3 .43

TiOg «ovoiveean.. 2.3 2.5 2.87 2.5 2.3 1.9, 3.0 23 .57 1.8
POy .ot 44 .34 .36 31 .26 .32 11 .27 .10 .05
MnO ............ .20 .38 .08 .25 .18 .19 .22 .27 .04 .37
100 .34 .70 .06 3.8 15 .27 .25 14 .- .01

Sum.......... 100.1 99.8 100.46 100.3 98.9 100.2 98.7 100.0 99.6 100.4
Density ....... 2.73 2.76 3.00 2.84 2.86 3.00 2.94 2.38 3.00

34. Spilite (BSO-108), Dry Creek, Glenn County, Calif. Analysis by .~ 39. Spilite (BS0-94), Stony Creek, Colusa County, Calif. Analysis by 1.

Barlow, S. Botts, G. Chloe, and P. Elmore.

Barlow, S. Botts, G. Chloe, and P. Elmore.

35. Diabase (BS0-91), Stony Creek, Colusa County, Calif. Analysis by ~ 40. Diabase (SF-70-2), Stony Creek, Colusa County, Calif. Analysis by
I. Barlow, S. Botts, G. Chloe, and P. Elmore. Sam Botts.
36. Basalt, Sebastopol quadrangle, Sonoma County, Calif. (Switzer, 41. Spilite (BSO-90), Stony Creek, Colusa County, Calif. Analysis by L.
1945, p. 7). Barlow, S. Botts, G. Chloe, and P. Elmore.
37. Basalt (SF-70-1), Stony Creek, Colusa County, Calif. Analysisby S. ~ 42. Zeolitized basaltic tuff (B69-4), 2 mi (3 km) SE. of Bradford
Botts. Mountain, Sonoma County, Calif. Analysis by L. Artis, G. Chloe,
38. Basalt (BSO-107), Stony Creek, Colusa County, Calif. Analysis by P. Elmore, J. Glenn, ]. Kelsey, and H. Smith.
L. Barlow, S. Botts, G. Chloe, and P. Elmore. 43. Spilite (70-B-102), Pope Creck, Napa County, Calif. Analysis by
Sam Botts.
Table 4.—Chemical analyses of basalt, diabase, and spilite from ophiolite at base of Great Valley sequence—Continued
44 45 46 47 48 49 50 51 52 53 54
Si0, ... 50.5 50.7 51.0 51.7 51.8 52.0 52.1 52.5 53.8 54.7 55.5
AlLOg ........... 15.8 14.8 16.3 15.7 15.0 13.5 14.8 14.0 15.0 15.2 15.1
Fe,04 ... ... 4.5 3.9 3.9 1.4 2.8 1.7 1.5 2.6 3.0 3.5 1.2
FeO ............ 2.7 7.5 6.1 5.7 7.1 6.8 6.3 4.6 7.2 4.8 6.1
MgO ............ 7.1 5.3 6.1 7.1 4.9 9.8 7.0 6.4 5.8 5.5 6.4
CaO ............ 8.2 6.4 7.7 5.5 6.7 7.3 6.1 10.1 5.1 4.9 6.4
Na,O ........... 4.6 4.7 3.6 4.0 4.7 3.7 4.4 2.8 5.1 4.6 4.0
K,O..oiiiiial, 47 10 .39 1.2 .66 .54 .80 .40 .50 .19 .34
H,0+ ........... 2.8 2.2 3.7 4.0 3.0 3.2 3.9 3.5 1.9 3.8 2.4
H,0-............ .79 .76 .32 .57 .45 .63 .60 .50 49 .37 .51
TiOg «ovvvvvnnn.. .86 1.8 .10 .48 .86 .50 .72 .62 .53 .80 .55
P,O; ........... A2 .01 .01 .05 .10 .- .08 .08 .05 a1 .05
MnO ............ 1 17 17 .14 .19 .14 13 .10 .14 A1 A1
COo, ............ .61 .27 .02 1.7 1.1 .02 2.7 2.8 .30 .06 .08
Sum ......... 99.2 98.6 99.4 99.2 99.4 99.8 101.1 101.0 98.9 98.6 98.7
Density ....... .-- 2.84 3.00 2.76 2.78 2.92 2.76 2.76 2.81 2.76 2.82
44. Spilite (CP-1B), Quinto Creck, Stanislaus County, Calif. Analysis ~ 49. Basalt (70-B-100), Pope Creek, Napa County, Calif. Analysis by
by G. Chloe, P. Elmore, ]. Glenn, J. Kelsey, and H. Smith. Sam Botts.
45. Spilite (70-EB-301), “Cuesta diabase,” 172 mi NW. of Cerro Alto,  50. Spilite (69-B-38), Elder Creck, Tehama County, Calif. Analysis by
San Luis Obispo County, Calif. Analysis by Lowell Artis. Lowell Artis.
46. Coarsc diabase agglomerate (69-B-34), Elder Creek, Tehama  51. Diabase agglomerate (69-B-37), Elder Creek, Tehama County,
County, Calif. Analysis by S. Botts. Calif. Analysis by Lowell Artis.
47. Spilite (72-B-44), 1 mi E. of Eagle Peak, Paskenta quadrangle,  52. Spilitized diabasc (69-B-15), Fall Creck, Hcaldsburg quadrangle,
Tchama County, Calif. Analysis by Lowell Artis. Sonoma County, Calif. Analysis by Lowell Artis.
48. Spilite (B69-14), Fall Creck, Healdsburg quadrangle, Sonoma  53. Spilite agglomerate (69-B-35), Elder Creek, Tehama County, Calif.
County, Calif. Analysis by L. Artis, G. Chloe, P. Elmore, J. Analysis by Lowell Artis.
Glenn, J. Kelsey, and H. Smith. 54. Spilite (70-B-302), Point Sal, Santa Barbara County, Calif. Analysis

by Lowell Artis.
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grained varieties may petrographically resemble andesite,
dacite, or rhyolite but are richer in Na, O and poorer in K, 0
and CaO. The keratophyric rocks occur as pillow lavas in the
Quinto Creek area and as massive flows(?) or local tuff-
breccias in other areas. Coarser varieties seem to be dikes or
sills that generally occur in the same areas as the finer
keratophyre. These siliceous rocks lie above the gabbros, and
in the Del Puerto, Quinto Creek, and Bradford Mountain areas
they are apparently more common than basaltic rocks that
normally occur at this level in the ophiolite. Their occurrence
in the Coast Ranges is virtually confined to localities in an
ophiolite sequence, and their field relations make it clear that
they should be regarded as an integral part of this sequence.
These rocks in hand specimen generally show conspicuous
euhedral phenocrysts of quartz and feldspar. In thin section,
the extrusive varieties are characterized by glomeroporphyritic
textures defined by clots of euhedral plagioclase (Ansg-—62),
generally with pronounced zoning, in a fine-grained recrystal-
lized matrix of quartz and albite. Quartz phenocrysts have the
high-temperature 8 form and are typically much corroded. The
keratophyre represented by analysis 61 (table 5) contains
phenocrysts of sanidine. Primary mafic minerals have not been
recognized in the more siliceous varieties, but secondary
minerals such as epidote, Fe-rich pumpellyite, and chlorite
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appear to pseudomorph original biotite or hornblende. At
several localities veins of deep-green to gray volcanic glass cut
by veinlets of heulandite have been noted.

The intrusive types range from quartz porphyry, consisting
of phenocrysts of quartz and albitized plagioclase in a much
altered fine-grained matrix, to coarse-grained granular granitic
rocks (hornblende quartz diorite?) that locally are interlayered
or show complex intrusive relations with gabbro and amphib-
olite. The freshest samples contain relatively abundant horn-
blende and minor biotite, largely replaced by chlorite,
prehnite, and epidote.

Chemical analyses of 10 keratophyres and related rocks from
4 localities are listed in table 5. We have somewhat arbitrarily
designated as keratophyre all rocks with SiO; between 56 and
65 percent and used quartz keratophyre for those with
Si0, >65 percent. Most of these rocks are characterized by a
higher ratio of Na, 0:K, O than found in normal calc-alkaline
igneous rocks. Their chemical relation to calc-alkaline rhyolite,
dacite, and other silicic extrusive rocks based on normative
feldspar plots (O’Connor, 1965) is shown in figure 3. These
chemical data plus the petrographic descriptions suggest that
the keratophyre and quartz keratophyre may represent albi-
tized andesite, dacite, and rhyolite, and their intrusive equival-
ents.

Table 5.—Chemical analyses of keratophyre and quartz keratophyre from ophiolite at base of Great Valley sequence

55 56 57 58 59 60 61 62 63 64

Si0, ..ovivie. 57.5 58.2 65.4 68.04 70.0 72.5 72.6 72.9 74.1 77.08
ALO, ........... 14.5 16.4 14.3 12.09 13.6 14.0 14.4 12.5 12.0 12.43
FepOp ovvvnnnn. 1.7 3.7 2.9 3.81 2.6 a1 1.5 2.0 1.8 1.48
FeO ............ 5.3 4.8 3.6 3.21 2.4 3.3 .60 2.6 1.4 .35
MgO ............ 3.3 3.2 1.2 1.97 .73 1.0 40 .35 1.61 .23
CaO ............ 5.5 6.8 3.3 3.41 2.7 2.5 1.2 2.4 1.5 .88
Na,O0 ........... 5.2 3.3 5.4 5.04 5.2 3.7 5.2 4.7 3.7 6.13
KO ..ot .20 .54 .52 --- .35 .33 1.1 .20 1.3 .15
H,O+ ....oolt 2.6 1.1 2.1 1.89 93 1.5 1.4 .86 1.7 .92
H,O0-............ .28 .24 .39 .54 37 .08 46 .24 45 31
TiOy ..ot .61 77 .65 .46 62 21 .20 .30 37 .22
[ R .06 12 12 05 18 .06 03 .08 08 02
MnO ............ .08 16 07 .10 05 .06 --- .04 05 .07
CO, .....ovnnnt 3.5 --- .- .02 05 -- ---

Sum ......... 100.3 99.3 99.9 100.61 99.7 100.0 99.1 99.2 100.0 100.47

Density ....... 2.70 2.70 2.60 2.66

55. Keratophyre (71-EB-105), Point Sal, Santa Barbara County, Calif.
. Analysis by L. Artis. )

56. Hornblende keratophyre (MB-1B), Del Puerto, Stanislaus County,
Calif. Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and
H. Smith.

57. Quartz keratophyre (B69-8), 1 mi NE. of Bradford Mountain,
Healdsburg quadrangle, Sonoma County, Calif. Analysis by L.
Artis, G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H. Smith.

58. Quartz keratophyre (DP-2), Del Puerto, Stanislaus County, Calif.
(Bailey and others, 1964, p. 55 from Maddock, 1955).

59. Quartz keratophyre (B69-7), 1%2 mi ESE. of Bradford Mountain,
Healdsburg quadrangle, Sonoma County, Calif. Analysis by L.
Artis, G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H. Smith.

60. Quartz keratophyre (CP-6), Quinto Creek, Stanislaus County, Calif.
Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H.
Smith.

61. Quartz keratophyre (70-B-4), Quinto Creck, Stanislaus County,
Calif. Analysis by L. Artis.

62. Quartz keratophyre (B69-16), Fall Creek, Healdshurg quadrangle,
Sonoma County, Calif. Analysis by L. Artis, G. Chloe, P. Elmore,
J. Glenn, J. Kelsey, and H. Smith.

63. Quartz keratophyre (CP-5), Quinto Creek, Stanislaus County, Calif.
Analysis by G. Chloe, P. Elmore, J. Glenn, J. Kelsey, and H.
Smith.

64. Quartz keratophyre (DP-1), Del Puerto, Stanislaus County, Calif.
(Bailey and others, 1964, p. 55 from Maddock, 1955).
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Figure 3.—Normative feldspar ratio plot of keratophyres and related
’ rocks from the Coast Range ophiolite.

RELATIONS AMONG MAJOR ROCK TYPES

The chemical relations among the major kinds of rocks
making up the Coast Range ophiolite can be visualized by the
use of several of the more commonly used ternary diagrams.

AFM diagram

Figure 44 shows the adjusted analyses plotted on an AFM
diagram, which is often used to display pictorially differentia-
tion trends in a suite of rocks (Wager and Deer, 1939; Hess,
1960). In this plot A=K, O+Na, O, F=total iron calculated as
FeO, and M=MgO. The most striking feature of the analyses
when plotted on this diagram is the virtually complete
separation of the five major rock groups.

The field of harzburgite and related rocks shows very little
overlap with the field of clinopyroxene-bearing rocks. Both
groups are nearly lacking in alkalies, but the fields are
separated because of the greater Fe:Mg ratio in the clinopyrox-
ene-bearing rocks.

Especially noteworthy is the separation of basaltic and
related rocks from gabbros despite the wide range in composi-
tion of both lithologic types. The main difference here is a
result of calcic plagioclase in gabbro and sodic plagioclase in
basalt. The greater total alkalies in the basaltic group might be
attributed entirely to alkali enrichment through seawater
reaction (Hart, 1970). However, the alkali enrichment shown
by the basalt analyses is largely a result of increased Na,O,
whereas the most striking chemical change in the rinds of
pillow basalts is almost everywhere an enrichment in K, O. The
presence of secondary minerals such as albite, pumpellyite,
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chlorite, epidote, prehnite, and calcite suggests that the
primary chemistry may have been altered by soda metasomat-
ism during low-grade metamorphism.

The keratophyric rocks, with their very high total alkali
content, oceupy a field distinct from that of basalt and spilite.
Although MgO and total iron are unusually low in these rocks,
the Fe:Mg ratio for most is somewhat greater than in the
basalts.

Or-Ab-An diagram

Figure 4B, based on normative orthoclase, albite, and
anorthite, shows the same separation of the keratophyre,
basalt, and gabbro fields seen in the AFM diagram. The
ultramafic rocks are not plotted because their alkali content is
so low that analytical error becomes significant. If they were
shown, however, most of the pyroxene-rich rocks would plot
within the gabbro field. For all the plotted rocks, the very low
normative orthoclase, reflecting low K, O, is striking and is an
earmark of the ophiolitic suite.

QFM diagram

Figure 4C shows the analyses plotted on a QFM diagram,
which is based on essentially normative values of quartz (Q),
alkalies plus CaO in feldspar (F), and the ferromagnesian
components of mafic minerals (M). In this plot the ultramafic
rocks lie close to the Q—M side of the triangle, with
clinopyroxene-bearing varieties separated from the low-silica
harzburgite-dunite group. The gabbro, basalt, and keratophyre
groups all lie in a narrow band extending from the F-M base to
near the Q apex, suggesting their kinship and indicating little
difference in alkalies plus CaO (F) throughout a compositional
range from very mafic to very silicic lithologies. In this plot,
contrary to figures 44 and 4B, there is considerable overlap of
the fields of basalt and gabbro.

ACF diagram

Figure 4D, the analytical data plotted on an ACF diagram,
compares excess Al,05 over that used for feldspar plus ferric
iron (A), CaO (C), and the ferromagnesian oxides (F). Here, as
in figure 4C, the gabbro and basalt occupy nearly the same
field, which is slightly overlapped by the more mafic kera-
tophyres. The gabbro, basalt, keratophyre, and clino-
pyroxenite fields are approximately centered on a line
extending from a point on the C-F base near !/3 Cand 2/3 F
to the A apex, indicating a nearly constant ratio of lime to
ferromagnesian oxides through rocks having a range in
normative feldspar content from 0 to more than 50 percent.
The harzburgite-dunite rocks cluster in the F apex and are
clearly separated from the clinopyroxenites, reflecting the near
absence of lime in the orthopyroxene-olivine rocks. A similar
relation was shown in a Ca0O-Al, O3 plot by Coleman (1971,
fig. 3, p. 1216), who suggested that partial melting of
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Figure 4.—Temary diagrams of analyzed rocks from the Coast Range ophiolite. A, AFM diagram with A=Na, 0+K, 0O, F=total iron as FeO, and
M=MgO. B, Or-Ab-An diagram based on normative feldspars. C, QFM diagram based on calculated SiO, in quartz, cations in feldspar, and
ferromagnesian oxides in mafic minerals. D, ACF diagram based on calculated Al,O, not in feldspar plus ferric iron indicated by A, CaO

indicated by C, and ferromagnesian oxides indicated by F.

lherzolite might produce a harzburgite-dunite component plus
basaltic liquid, which with differentiation and crystal settling
could yield both keratophyre and gabbro.

MgO variation diagram

MgO variation diagrams of the Coast Range ophiolite are
shown in figure 5. This kind of diagram has been used
elsewhere in determining the petrologic process responsible for

chemical variations in a suite of igneous rocks. For examplé,
Wright (1971) demonstrated that for some basalt suites in
Hawaii chemical variation can be explained simply by the
addition or subtraction of olivine phenocrysts, while in others
a more complicated process involving olivine, hypersthene,
augite, and plagioclase seems to be required. Similarly, for
some differentiated lavas from Kilauea Volcano, mixing of
magmas has been shown to be the most reasonable process
(Wright and Fiske, 1971).
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Figure 5.—MgO variation diagrams for rocks from the Coast Range ophiolite. ‘FeQ’ is total iron expressed as sum of FeO and 0.9 Fe,0
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For figure 5, analyses were normalized to 100 percent dry the chemical variation have been plotted. These are from
weight, and ‘Fe(’ is total iron expressed as the sum of FeO Himmelberg and Coleman (1968) and include olivines from

harzburgite-dunite (maximum range), clinopyroxene, and
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mafic gabbro; orthopyroxenes from harzburgite (maximum
range); and clinopyroxene from clinopyroxenite and harzburg-
ite.

The plotting of trend lines using the fivefold grouping of the
rocks proved to be difficult owing to the scatter of points, and
at first it seemed necessary to omit from the variation
diagrams analyses that were felt to represent either altered
rock or atypical samples. However, after subdividing the
gabbro group into two subgroups based on amount of total
iron and separating the basalts into high and low titania
subgroups, a second computer run yielded the more meaning-
ful results shown in figure 5.

Within the ultramafic groups, chemical variation yields
approximately linear plots, but for many oxides the harzburg-
ite-dunite and clinopyroxene-wehrlite trends are unconnected
but roughly parallel. In both groups, the variation is largely
olivine controlled, because the trend lines for each group
roughly project through the field of the analyzed olivines. The
composition of the olivine involved, however, is markedly
different for each ultramafic group.

In the gabbro group the much greater scatter of points is
undoubtedly due to the diverse origins of the different rock
types included. The iron-rich gabbros (analyses 25, 26) and the
one amphibolite (analysis 23) behave differently from the
others, showing reversed FeO:MgO and SiO, :MgO trends, as
well as anomalously high values of several other oxides. The
most mafic gabbro (analysis 24) also is somewhat different
from the others; however, we have included it because its high
Cr, 03 and NiO content (Himmelberg and Coleman, 1968)
suggest that it is possibly a bridge between the ultramafic and
mafic rocks. The trend lines suggest that differences between
the more magnesian gabbros are olivine controlled, but by an
olivine considerably lower in forsterite than in the ultramafic
groups. Trend lines drawn through the three iron-rich gabbros
indicate that relative to increasing MgO, the FeO, CaO, and
TiO, all decrease while SiO; increases. These trends are clearly
not related to any of the plotted control minerals and suggest
some other process. Two possible mechanisms to explain the
high-iron rocks are magmatic iron enrichment, such as that
described for the Skaergaard Intrusive Complex, and late
magmatic or postmagmatic metasomatism, ascribed by Thayer
(1972) to hornblende gabbros (epidiorites) from other ophiol-
ite complexes. Because the Coast Range gabbros do not appear
to contain either Fe-rich pyroxene or olivine but do grade to
amphibolite, we assume that the process leading to the
enrichment in iron was not similar to that of the Skaergaard.

For the basalt-diabase-spilite group the nongradational na-
ture of the high- and low-titanium basalts is clearly shown by
the TiO,:MgO diagram. The trends of both groups are
distinctly different from those of the ultramafic rocks and the
gabbros. This can be seen clearly in the greater slope of all the
trend lines, and in particular in the reversed trend of
FeO:MgO, which is very similar to ocean-ridge basalts (Kay
and others, 1970, fig. 4, p. 1596). The steepness of trend lines
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for alkalies, CaO, and especially SiO, suggests the effect of
some process such as spilitization.

Trend lines in the keratophyres and quartz keratophyres also
appear to be similar to those seen in residual glasses left over
from crystallization of basaltic magma. Here again, however,
the steepness of the slopes for Na; 0:MgO and SiO, :MgO may
indicate that these rocks have been altered by albitization.

In conclusion, the MgO variation diagrams in general show a
good separation of all five major rock groups similar to that
seen on the AFM diagram. The two ultramafic groups, while
clearly separate in detail, could have formed largely as a result
of differential removal of forsteritic olivine from some less
primitive magma composition. The gabbros show two very
different trends, one suggesting removal of olivine and the
other a secondary, probably metasomatic, iron enrichment.
The basalt-spilites are clearly separated into high-titanium and
low-titanium varieties and other oxides are correspondingly
different. Finally, the keratophyre-quartz keratophyre group is
distinctly different from the basalts.

COMPARISON WITH OTHER OPHIOLITES

In order to compare the suite of rocks making up the Coast
Range ophiolite with other similar sequences, we have pre-
pared several AFM diagrams using chemical analyses reported
from other well-known ophiolite localities (fig. 6). These
include the Troodos massif, Cyprus; Vourinos, Greece; Bay of
Islands and Lush’s Bight Complexes, Newfoundland; Hatay,
Turkey; Macquarie Island; Papua; and the Baltimore complex,
Maryland.

The Troodos massif on Cyprus, with its outstanding develop-
ment of parallel dikes forming the Sheeted Intrusive unit, is
perhaps the best known example of ophiolite that can be
directly compared with current concepts of ocean-ridge crust
and upper mantle. We have used in our plot (fig. 64) 55
analyses as given by Bear (1960), Wilson and Ingham (1959),
Gass and Masson-Smith (1963), and Moores and Vine (1971).
These analyses are from a wide spectrum of rock types ranging
from dunite to “quartz-albite microporphyry’ (keratophyre?)
and trondhjemite. Included are intermediate rock types
termed “micro-diorite,” “quartz gabbro,” “trachybasalt,” and
“andesite” not distinguished in most ophiolites, including the
Coast Range ophiolite. Some rocks referred to as epidosite
obviously have greatly altered chemistry and have been
omitted from the plot.

The Vourinos ophiolite complex of northern Greece has a
range of rock types from dunite through gabbro, norite, basalt,
quartz diorite, and soda pegmatite. Both gabbro and basalt are
unusually low in alkalies, and spilites are absent. We have
included in our plot (fig. 6B)24 analyses as given by Brunn
(1956) and Moores (1969).

Ophiolites from Newfoundland are represented by a plot
(fig. 6C) that is a composite of gabbro and peridotite from the
Bay of Islands Complex (Irvine and Findlay, 1972), gabbro
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and mafic pillow lava and breccia from the same complex
(Williams and Malpas, 1972), mafic volcanic rocks from Lush’s
Bight (Papezik and Fleming, 1967; Smitheringale, 1972, and
written commun., 1973) plus three analyses of soda granites
from Bay of Islands and Notre Dame Bay (Harold Williams,
unpub. data, 1973). Some unspecified rock types from the
Lush’s Bight Complex are shown only by “X” on the AFM
diagram, and others designated by symbol as keratophyre
might be classed as meta-andesite, according to W. G.
Smitheringale.

The Hatay ophiolite belt of southeastern Turkey and
northwestern Syria is represented by 28 analyses given by
Dubertret (1955) and Majer (1960); most are in the composi-
tional range from dunite to basalt (fig. 6D). Majer (1960, p.
18) also lists two analyses of “quartz-diorite-aplite” which he
regards as a differentiate from the magma that was the source
of the predominantly mafic and ultramafic rocks of this
ophiolite suite. The aplites are very minor in volume, and
rocks of composition intermediate between basalt and aplite
are notably absent.

The ophiolite of Macquarie Island, 200 km (700 mi) south
of New Zealand on the Macquarie Ridge, is spatially more
closely related to an oceanic spreading axis than most on-land
ophiolites (Varne and others, 1969). It also contains a
well-developed swarm of parallel dikes, similar to the Troodos
Sheeted Intrusive. On our plot (fig. 6E), the Macquarie Island
ophiolite is represented by 21 analyses ranging in composition
from harzburgite to basalt and soda-gabbro. Most of the
analyses are of rocks from the island itself (Mawson, 1943),
but some are from dredge hauls on the nearby oceanic ridge
(Watkins and Gunn, 1970). As in most oceanic-ridge areas, this
ophiolite does not contain more differentiated silicic or
iron-rich rock types. :

The ophiolite of eastern Papua, made famous by studies of
Davies (1971), is the classic example of an obduction zone
where oceanic crust is thrust over continental crust. Using
Davies’ data, we show a plot (fig. 6F) of 31 analyses of rocks
ranging in composition from harzburgite to tonalite and
dacite. On the AFM diagram, the wide separation of basalts
from gabbros, chiefly reflecting a difference in Fe:Mg ratio, is
an unusual feature of this ophiolite, perhaps accentuated by
an inadequate number of analyses.

The Baltimore complex, supposed by some to be an
ophiolite, is represented by a plot (fig. 6G) of 23 analyses
from Herz (1951), Hopson (1964) and Southwick (1970).
Included are serpentinites that were possibly derived from
harzburgite, pyroxenites, many gabbros, quartz diorite, and
one analysis of the Relay “quartz-diorite” (trondhjemite).
Some of the gabbroic rocks unusually high in iron were termed
bojite by Herz (1951) and possibly represent iron enrichment
related to magmatic processes. Southwick (1970), however,
has pointed out that many of these iron-rich gabbros are
strongly uralitized and that one has to be very cautious in
relating this enrichment to magmatism. No basalts have been
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identified, and only one siliceous differentiate possibly related
to this extensively metamorphosed and dismembered ophiolite
was analyzed.

COMPARISON WITH OCEANIC-RIDGE ROCKS

Onland ophiolites have been compared with oceanic crust
and upper mantle because they are similar in lithology and
sequential order, and the major units are roughly comparable
in thicknesses (Bailey and others, 1970; Coleman, 1971;
Moores and Vine, 1971; Peyve, 1969; Knipper, 1970; Sabdy-
ushev and Usmanov, 1971). In order to compare gross
chemical relations between the Coast Range ophiolite and
rocks representative of oceanic crust and upper mantle, we
have plotted AFM diagrams from analyses of rocks dredged
from the mid-Atlantic Ridge (Aumento, 1969, 1972; Engel
and Engel, 1964a; Engel and others, 1965; Melson and others,
1968; Miyashiro, 1970; Miyashiro and others, 1969; Nicholls
and others, 1964); the East Pacific Rise (Engel and Engel,
1964b; Engel and others, 1965; Engel and Fisher, 1969);
Galapagos Rift (K. Nishimori, written commun., 1973); and
Indian Ocean Rise (Engel and Fisher, 1969; Vinogradov and
others, 1969). A summary AFM diagram showing the fields
occupied by the major rock types from the three oceanic
ridges (fig. 7) reveals some differences between comparable
rock types, especially gabbro, but we believe that additional
sampling would eliminate most, if not all, of these differences.

The oceanic rocks chemically show both similarities to, and
differences from, the Coast Range ophiolite, as well as other
onland ophiolites. The harzburgite-dunite-serpentine rocks
from different oceans are all essentially identical in AFM plots,
having almost no alkalies, and MgO:FeO ratios of 80—88.
Harzburgites and dunites from the Coast Range ophiolite plot
almost identically (MgO:FeO=82—88), and only those in the
ophiolites of the Troodos massif (MgO:FeO=76—87) and the
Baltimore complex (MgO:FeO=70-86) lie a little outside the
range of oceanic ultramafic rocks.

The AFM plots of oceanic gabbros show less spread than
plots of gabbros in the Coast Range ophiolite (fig. 84). Many
of the Coast Range gabbros are less alkalic than their oceanic
counterparts. Gabbros from other onland ophiolites show
similar relations to the oceanic gabbros, and like the Coast
Range gabbros, generally include some rocks poorer in alkalies
and richer in magnesium than any yet dredged from the ocean
floor. One might speculate that the dredged oceanic gabbros
have been skimmed from only the upper parts of thick bodies,
whereas the samples from land include cumulates from the
lower parts of such bodies.

The basaltic rocks of the oceanic crust plot on an AFM
diagram (fig. 8B) in a small elliptical field, whereas basaltic
rocks from onland ophiolites exhibit a greater spread. A
medial point for the ophiolitic basalts selected visually has the
same Fe:Mg ratio as the mean oceanic basalt but lies about 4
percent closer to the alkali apex, perhaps reflecting postdeposi-
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Figure 6.—AFM diagrams of ophiolite suites exposed in A, Troodos,
Cyprus; B, Vourinos, Greece; C, Bay of Islands, Newfoundland; D,
Hatay, Turkey; E, Macquarie Island; F, Papua; and G, The
Baltimore complex.

tional alteration. The crescentic field of the Coast Range
basaltic rocks half encircles the elliptical plot of the oceanic
basalts with almost no overlap, suggesting either more ad-
vanced differentiation or greater postcooling alteration. Anal-
yses of basalts from Troodos, Macquairie Island, and New-
foundland (mostly Lush’s Bight) show a similar shift toward
the alkaline apex; basalts from Hatay are more magnesian than
many of the other ophiolitic or oceanic basalts.

Rocks more silicic than basalt are so rarely recovered from
ocean ridges that there are few analyses with which the silicic
rocks of onland ophiolites can be compared. Aumento (1969)
gives analyses of two “diorites” from the mid-Atlantic Ridge,
which he compares with quartz-diorites and trondhjemites of
the Alpine or Ophiolite Complex, and in a later paper (1972)
he lists a composite of analyses of five similar rocks. An
analysis of an aplite from the mid-Atlantic Ridge is given by
Miyashiro, Shido, and Ewing (1969). These few analyses of
oceanic silicic rocks suggest that locally magmatic differentia-
tion has advanced far enough to produce rocks comparable to
keratophyres and related rocks of onland ophiolites. Such
rocks, however, seem to be much less abundant along oceanic
ridges than in such ophiolites as the Coast Range, Troodos,
and Vourinos.
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In a summary of AFM plots (figure 9), we have shown the
fields of the five major lithologic groups in each of the better
studied ophiolite areas, and we have added lines to show
possible differentiation trends. The rocks of the Coast Range
ophiolite apparently show a dual line of descent; one trend is
somewhat comparable to the normal calc-alkaline trend,
whereas the other, defined by some gabbros, is comparable to
the iron-enrichment part of the Skaergaard trend. Other
ophiolite suites having silicic rocks, such as Troodos and
Vourinos, show this dual trend, suggesting derivation of the
keratophyres and gabbros by fractionation of a
normal tholeiitic basalt magma, although metasomatic altera-
tion has undoubtedly accentuated the separation of the
basalt-gabbro stem. Where silicic rocks are not present, as in
Hatay or Macquarie Island, the gabbros do not show iron
enrichment, and their fields are similar to those of the basalts.

Rocks from the ocean ridges also show the dual line of
descent, though not as markedly as some of the onland
ophiolites. On these diagrams at least, the trend lines of the
onland ophiolites are comparable to those of the oceanic
ridges, supporting the belief that ophiolites are truly onland

iron-rich

oceanic crust.

CONCLUSIONS

The 64 rock analyses included here are believed to provide a
representative sample of the California Coast Range ophiolite.
The rocks are divisible into five major groups: harzburgite-
dunite, clinopyroxenite-wehrlite, gabbro, basalt-spilite, and
keratophyre-quartz keratophyre. On an AFM diagram the five
groups occupy virtually nonoverlapping fields; on an Or-
Ab-An diagram, they are nonoverlapping except for gabbro
and pyroxenite. Most varieties of rocks from the Coast Range
ophiolite are chemically similar to rocks from other onland
ophiolites and to rocks recovered from the oceanic ridges,
although the basalts tend to be richer in Na, O and K, O,
possibly as a result of postdepositional alteration.

Possible differentiation trends for the ophiolitic rocks,
defined by AFM plots, suggest two lines of descent with a
bifurcation point equivalent to a high-magnesia olivine basalt.
One trend from olivine basalt to quartz keratophyre is much
like the typical calc-alkaline trend; the other represented by
the iron-rich and amphibole-bearing gabbros is an iron-
enrichment trend. Ophiolite suites containing the most silice-
ous rocks also show the greatest iron enrichment in associated
gabbros. Oceanic-ridge rocks also define the same double line
of descent, although only a few rocks more silicic than basalt
have been analyzed.

MgO variation diagrams for the Coast Range ophiolite have
more complicated trend lines than the AFM plots. Rather than
a relatively smooth line extending from the depleted rocks
through the gabbro, each of these groups had a unique trend
line which is subparallel to the others and suggests a strong
olivine control during crystallization. The iron-rich gabbro and
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Figure 7.— AFM diagrams from ocean ridge areas showing fields of rock types. 4, Mid-Atlantic Ridge. B, East Pacific Rise and Galapagos Rise and
Rift Zone, C, Indian Ocean Rise. D, Composite showing field of rock types.

amphibolite trend lines are divergent indicating that their
generation is not olivine-controlled but rather the result of
increasing crystallization of hornblende, as shown by a
decrease in SiO, with increasing FeO:MgO. The basalts also
contain two distinctive subtrends defined by high- and low-
titanium varieties.

The Coast Range ophiolite, like other ophiolites, resembles
oceanic crust and upper mantle in rock types and sequential
order, though the basaltic and gabbroic layers seem nearly
everywhere to be thinner than in oceanic areas (Coleman,

1971). Various models suggested for the buildup of oceanic
crust at spreading axes postulate: (1) removal of basaltic
magma from lherzolite or related mantle material to yield a
residual, harzburgitic upper mantle, (2) coeval extrusion of the
basaltic magma to form an overlying cover of pillow basalt,
into which a related swarm of parallel dikes is intruded, and
(3) intrusion of mafic magma at or near the base of the basalt
layer to fill chambers in which the magma differentiates by
crystal settling to yield layered cumulates of gabbroic to
anorthositic rocks and a small amount of silicic magma that
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Figure 8.—- AFM diagram showing fields occupied by gabbros (A),
basalts (B) from oceanic ridges (shaded areas) and onland ophiolites.

may be extruded to form keratophyre or consolidate in situ as
trondhjemite. It has been suggested that similar sequences of
rocks can be developed in interarc basins (Karig, 1972; Sclater
and others, 1972) or even at the roots of island arcs built on
oceanic crust (Ewart and Bryan, 1972). As the resulting rock
sequence would be much the same in all these environments,
the major element content of the Coast Range ophiolite,
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though clearly suggesting direct comparison with oceanic crust
and upper mantle, does not provide clues for distinguishing
between a spreading ridge, an interarc basin, or perhaps even
the root zone of an island arc as the site of formation of this
ophiolite.
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ULTRAMAFIC ROCKS OF THE EAGLE QUADRANGLE,
.EAST-CENTRAL ALASKA

By HELEN L. FOSTER and TERRY E.C. KEITH,
Menlo Park, Calif.

Abstract.—More than 97 separate occurrences of ultramafic rocks,
some of which are included in a northwest-trending zone of alpine-type
ultramafic rocks, have been mapped in the Eagle quadrangle, east-
central Alaska. They are divided into three groups primarily on the
basis of degree of serpentinization. Group I consists of lens-shaped
bodies of serpentinite 1 m? (10 ft?) to several 100 m? (1,000 ft?) in
area. Relict textures and presence of bastite indicate that the original
rock was harzburgite and dunite. Group II consists of bodies composed
of partially serpentinized harzburgite and dunite and includes the large
Mount Sorenson and American Creek bodies. Group III is dominantly
hornblendite and pyroxenite, probably intrusive and not genctically
related to groups I and II. The authors believe that the ultramafic
bodies of groups I and II are alpine-type peridotites and may include
dismembered ophiolite. The Tintina fault system could have provided a
zone of weakness along which mantle material was tectonically
emplaced or it may have been a plate boundary in late Paleozoic time.
If it represents a plate boundary, the metamorphic terrane which lies
between the Tintina and Denali fault systems would have to be
allochthonous, perhaps originating as a northward-moving slice of
continental crustal material. During the course of the movement as the
two continental masses approached and perhaps collided, mantle
peridotite and oceanic crustal material were squeezed up along the
continental margin onto the continental slice.

More than 97 separate occurrences of ultramafic rock were
found south of the Yukon River in the Eagle quadrangle,
east-central Alaska, during the course of reconnaissance
geologic mapping (figs. 1, 2, 3). The size of outcrops of
ultramafic rock ranges from 1 m* (10 ft*) to 41 km? (16
mi?), but most outcrops are small. Although these rocks have
not yet been studied in detail, it seems appropriate to record
the known data as a background for future studies and for
comparison with ultramafic rocks elsewhere.

GEOLOGIC SETTING

" The Eagle quadrangle (USGS map, 1:250,000) is in the
northeastern part of the Yukon-Tanana Upland, a maturely
dissected mountainous terrain lying between the Yukon and
Tanana Rivers (fig. 1). The highest elevations are about 1,900
m (6,200 ft) and relief is commonly 500 m (1,640 ft) or more.
The Seventymile, Fortymile, and Charley River systems,
tributarics to the Yukon River (fig. 2), drain most of the area.

The Tintina fault (or trench) (Roddick, 1967, p. 23) is a
major northwest-trending structure that crosses the northeast
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Figure 1.—Index map of Alaska showing location of the Yukon-
Tanana Upland.

corner of the quadrangle, separating unmetamorphosed
Precambrian, Paleozoic, and Mesozoic sedimentary rocks on
the northeast from metamorphic rocks on the southwest
(Foster, 1972). Throughout much of its length, it is not a
single fault but a complex zone of faults. The metamorphic
terrane extends southward across the Yukon-Tanana Upland,
beneath the Tanana River valley, and into the Alaska Range as
far as the Denali fault (fig. 2) (Foster, 1970). The Denali fault
separates these metamorphic rocks on the northeast from late
Paleozoic volcanic rocks and Mesozoic sedimentary rocks on
the southwest (Richter, 1973).

The metamorphic rocks range in grade from the prehnite-
pumpellyite to the amphibolite facies and many are poly-
metamorphic. Some facies changes are gradational; others are
sharp as a result of faulting. The metamorphic rocks are
mostly of sedimentary origin but locally include rocks of
igneous origin. The sediments were -probably deposited in
Paleozoic time (Foster, 1972). Granitic plutons (fig. 3) were
intruded in Mesozoic and Tertiary time, and Cenozoic(?)
volcanic rocks and Cretaceous(?) and Tertiary sedimentary
rocks crop out locally (Foster, 1972).

657



658

144°

ULTRAMAFIC ROCKS, EAGLE QUADRANGLE, ALASKA

132°

66° %60
|
=1 EXPLANATION
=
CHARLEY RIVER & F‘z’ >
QUADRANGLE v
wl|> RGN
3,0 T et
Bl .
=1 Ultramafic rocks
% In Alaska, only alpine-type ultra-
_.'\’ S Seventymile River mafic rocks are shown. Most
@, g | occurrences shown in Canada are
é . 2\ probably alpine type
S .
O ] ) (m]
' EAGLE - nEph Small outerop of eclogite,
OUADRANGLE ; approximately located
¢ PaN
Blue amphibole in quartzite,
Ay > approximately located
& .
B
£
)
TANACROSS o
QUADRANGLE g
>
" S
» 4
(/( »
River,
N
S =
R
y SN
NABESNA Qr d ,&I) . Y\ 4
QUADRANGLE
! ZE ROSS RIVER
62° - 62°
Tage o 132°
' 0 50 - 100 < .. +150 MILES .
L | |
| I ] I |
o} 50 100 150 200 KILOMETERS

Figure 2.—Distribution of ultramafic rocks south of the Tintina fault. Data from Bostock (1964), Douglas (1968), Foster (1972),
Geological Survey of Canada (1957), Green (1972), and Tempelman-Kluit (1970, 1972b).

Several faults, probably splays of the Tintina, are south of
the main fault zone; the principal fault is shown on the map
(fig. 3) as the Seventymile fault and herein referred to by that
name. There are several prominent northeast-trending faults. A
zone of serpentinized ultramafic masses trends northwestward
more or less parallel to the Tintina fault. This zone of
ultramafic rocks continues southeastward into the Yukon
Territory, Canada, and northwestward into the Charley River
quadrangle. The total length of the ultramafic zone, as
included in this discussion, is about 550 km (340 mi) (fig. 2).
Ultramafic bodies in line with the northwest and southeast
extension of this zone may be a part of it but are not
considered in this report.

Ultramafic bodies are found throughout the Eagle quad-
rangle. The Tanacross quadrangle to the south contains a few
small ultramafic bodies, mostly not serpentinized. Ultramafic
bodies, including several large serpentinized ones, are known
to the west in the Big Delta quadrangle (Mertie, 1937, pl. 1).
None are mapped north of the Tintina fault zone in the
Charley River quadrangle (Brabb and Churkin, 1969).

On the basis of field observations and aeromagnetic data
(Veach, 1972) flown with a %-mi spacing of flightpaths, most
of the ultramafic bodies are believed to be separate masses or
lenses that are not connected beneath the surface. The size of
the outcrop is probably indicative of the relative size of the

body.

DESCRIPTION OF THE ULTRAMAFIC ROCKS

The ultramafic rocks of the Eagle quadrangle are here
divided into three groups for description and discussion: group
I, those that are completely serpentinized or altered to talc,
magnesite, and, rarely, dolomite; group II, those that are
partially serpentinized; and group III, several types of horn-
blendites and pyroxenites.

The rocks of groups I and Il are related in origin and differ
only in their degree of serpentinization. In group I, the rocks,
though thoroughly serpentinized, have relict textures in-
dicating that they were originally harzburgite and dunite. The
original modal composition of the rocks in group II can be
fairly well estimated; these rocks also were mostly harzburgite
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Figure 3.—Ultramafic rocks in the Eagle quadrangle.

and dunite. The rocks of group III probably are not genectically
related to those of groups I and II. Some ultramafic bodies in
the quadrangle have not yet been mapped owing to the
reconnaissance nature of the fieldwork.

The mineralogy and textures of the ultramafic rocks have
been determined by field examination and by preliminary
study of more than 150 thin sections and more than 130 X-ray
diffraction traces. Not all exposures have been studied and
some have been examined in considerably more detail than

others. Rocks from approximately 62 percent of the outcrops
were X-rayed, sectioned, or both. Semiquantitative spec-
trographic analyses were made of more than 96 specimens, and
fire assay and spectrographic analyses for the platinum group
elements were made of 73 specimens (Kcith and Foster,
1973). Detailed notes on the mineralogy of the three groups of
ultramafic rocks and complete semiquantitative spectrographic
analyses are available in a U.S. Geological Survey open-file
report (Keith and Foster, 1973).
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The ultramafic rocks of group I, serpentinite, or, in a few
places, talc derived from serpentine, occur as small (1 to
several 100 m? or 10 to several 1,000 ft?) lenslike bodies. The
bodies are scattered through the quadrangle (fig. 3), but there
is a concentration in a zone about 12 km (7.5 mi)wide southof
the Seventymile fault and another concentration in a zone
about 27 km (17 mi) wide that extends southeastward from 6
km (3.7 mi) south of the Tintina fault for a distance of about
44 km (27 mi). In the zone south of the Seventymile fault,
seven of the bodies occur along the fault itself or immediately
southof it. The country rock in the zone south of the
Seventymile fault is only slightly metamorphosed, mostly
quartzite, argillite, and marble. Most of the ultramafic bodies
farther south from the Seventymile fault are in greenschist-
facies terrane; a few are in epidote-amphibolite- or
amphibolite-facies terrane.

Most contacts of the group I ultramafic bodies are obscured
by vegetation, colluvium, or, less commonly, rubble, but in
places fibrous actinolite and slip-fiber serpentine are found at
the boundary, indicating local shearing.

The ultramafic rocks of group I are mostly massive, green to
black serpentinite. In the northern part of the area (loc. 1,
7-17, 19-25, fig. 3), the serpentinites consist of a fine-
grained mixture of lizardite and clinochrysotile that have a
crude mesh texture after olivine and serpentine pseudomorphs
after orthopyroxene (bastite). Antigorite has been identified at
locality 14 (fig. 3). Brucite, magnetite, and, at a few places,
magnesite and chromite occur sporadically in amounts
generally less than 1 percent. Bastite and mesh textures
produced by the serpentinization of olivine indicate that these
rocks were originally harzburgite or dunite with orthopy-
roxene constituting 0 to 15 percent or more of the rock.

The small serpentine bodies in the eastern part of the area
consist of antigorite with minor amounts, commonly less than
1 percent, of magnetite, magnesite, and, in places, actinolite
and talc. In most of these bodies, original textures have been
completely obliterated and there are no late veinlets of
serpentine. The antigorite forms a dense, finely crystalline
mass; anhedral fine-grained aggregates of magnetite and of
magnesite are scattered irregularly throughout the antigorite as
closely associated clots. A few small bodies containing bastite
indicate that these rocks also were originally harzburgite and
dunite.

Veinlets of serpentine crosscut some of the small bodies of
group I in a random fashion. The veinlets are very thin,
generally 1 mm (0.04 in.) or less, and rarely have cross-fiber
development. At least some of these late veinlets are
chrysotile, although the massive serpentine may be antigorite.
Magnetite grains, and in places associated brucite, are found
alined along but not within the veinlets.

One isolated body (loc. 55, fig. 3) in the Eagle C-2
quadrangle, about 9,000 m? (97,000 ft?) in area, contains
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veinlets 3 to 25 mm (0.125-1 in.) thick of well-developed
cross-fiber asbestos of commercial quality (Foster, 1969a).
The massive serpentine cut by the ashestos veinlets is
antigorite, but it has some bastite, indicating that the original
rock may have been harzburgite. A layer of magnetite grains 1
to 2 mm (0.04—0.08 in.) thick occurs at the contact of the
veinlet with massive antigorite.

Good quality cross fiber in closely spaced veinlets has not
been found in other bodies, although narrow veinlets of cross
fiber have been observed in a few places. Slip fiber is locally
found in many bodies along joints and small faults.

Fine-grained antigorite in a few of the bodies of group I in
the eastern part of the quadrangle (locs. 49, 56, 58, and 68,
fig. 3) is associated with significant amounts of talc, actinolite,
chlorite, magnesite, and less commonly, dolomite. Field and
petrographic observations indicate that these minerals formed
from antigorite during low-grade metamorphism or hydro-
thermal activity.

Massive white quartz-carbonate veins have been found in
association with serpentinite bodies of several localities (Nos.
12, 41, and near 62, fig. 3) in group I and in the Mount
Sorenson body of group II (No. 3, fig. 3). The carbonate is
dominantly magnesite with or without minor dolomite.
Bright-green mica and green stain color the surface of some of
these rocks.

The largest body in group I, about 0.25 km? (2,700 ft*) or
more in area, is on Flume Creek (loc. 12, fig. 3) just south of
the Seventymile fault. The outcrops at locality 13 (fig. 3) may
be part of this body. Flume Creek cuts through the body,
exposing serpentinite, a 12-m(40-ft)-wide quartz-carbonate
zone and altered diorite that may be a tectonic inclusion.
Rodingite occurs as a very fine-grained, light-colored rock; its
contacts are concealed. It is a fine-grained mixture consisting
predominantly of hydrogrossularite with subordinate clinopy-
roxene (diopside), chlorite, and prehnite. The texture of the
sample suggests that it may originally have been an aphanitic
volcanic rock.

The Flume Creek serpentinite is massive, fine-grained
lizardite and clinochrysotile. Less than 1 percent each of
primary chromite and secondary magnesite is present in some
specimens. Large grains of bastite are evident in hand
specimen, indicating that the original rock was harzburgite.

Flume Creek has been mined for placer gold near its mouth,
and lode gold has been found in shear zones near the
downstream contact with the serpentinized body (Saunders,
1956). Clark and Foster (1971, p. 6—10) suggest that the lode
gold exists in small amounts in quartz veins -and silica-
carbonate rock associated with the serpentinized rock.

Semiquantitative spectrographic analyses of several samples
showed silver in amounts as much as 1.5 ppm; analysis by
atomic absorption indicated as much as 11 ppm gold in the
silica-carbonate rock. This is the only ultramafic body in the
Eagle quadrangle with which both gold and silver are known to
be associated, although silver was detected in the small masses
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of serpentine at localities 22 and 23 (fig. 3). Several small
outcrops of much altered basalt are found between Flume and
Alder Creeks. Chert is known along the Seventymile River a
few kilometers to the northwest and near localities 9 and 10

(fig. 3).
Group Il

The ultramafic rocks of group II are partially serpentinized
harzburgite and dunite. Eight of the group II ultramafic
occurrences, including the large Mount Sorenson (loc. 3, fig. 3)
and American Creek (loc. 26, fig. 3) bodies are in the
northwest-trending zone of ultramafic bodies south of the
Tintina fault. The others are scattered throughout the Eagle
quadrangle.

Olivine (Fo gs—gs) is the dominant primary mineral in the
rocks of group II; orthopyroxene (enstatite) makes up 0 to 50
percent of the rocks; and clinopyroxene occurs locally.
Accessory amounts of chromite (less than 1 percent) are found
in the Mount Sorenson and American Creek bodies.

Most of the rocks in group II have been at least 50 percent
serpentinized; lizardite and clinochrysotile mixtures are the
most common serpentines. Serpentine from localities 2, 3, 79,
84, and 86 (fig. 3) was positively identified as a mixture of
lizardite and clinochrysotile. Antigorite was positively
identified by X-ray diffraction traces at localities 26, 57, and
73 (two large bodies and one small one, all in the eastern part
of the quadrangle) and at locality 97 in the southwestern part
of the quadrangle. Some crosscutting veinlets of chrysotile are
found in nearly all of the group Il bodies. The veinlets, fairly
abundant to scarce in different exposures, arc commonly 1
mm (0.04 in.) or less wide and locally show some cross-fiber
development. Secondary minerals associated with the serpen-
tine are actinolite, penninite, green chlorite, talc, magnetite,
and brucite.

Mount Sorenson body

The Mount Sorenson body (loc. 3, fig. 3) is the largest in the
Eagle quadrangle, about 41 km? (16 mi?), but it is remote and
access has been limited. It consists of northern and southern
east-west-trending arms, connected at their western end.

The body appears to be massive, partially serpentinized
peridotite with some variation in orthopyroxene content
relative to olivine content. The eastern part is mostly highly
serpentinized dunite with about 5 percent orthopyroxene (or
bastite). The western part is partially serpentinized harzburgite
containing as much as 35 percent orthopyroxene.

Olivine throughout the body is forsteritic (Fo go—g5) as
determined optically. The grains are fractured and serpen-
tinized to different degrees and kink banding is common.
Relatively fresh olivine grains (less than 20 percent serpen-
tinized) from the western part of the southern limb are
granulated.
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The orthopyroxene is enstatite. In the northwestern part of
the body, the orthopyroxene grains are in small clusters. In the
eastern part, the orthopyroxene, completely replaced by
serpentine (bastite), occurs as separate grains 3 to 4 mm
(0.12-0.16 in.) long. Schiller texture formed by exsolving
reddish-brown blades of an unidentified mineral is fairly
common. No distortion of orthopyroxene grains was found.

Clinopyroxene occurs in a few samples from the western
part of the northern arm. One sample appears to be from a
nearly monomineralic pyroxenite lens. Chromite in amounts
less than 1 percent is associated with the least serpentinized
rock as small anhedral grains and as large poikilitic or embayed
grains, as much as 1.5 mm (0.14 in.) long.

Serpentine is by far the most abundant secondary mineral,
but actinolite, penninite, talc, magnetite, and brucite are
found. On fresh surfaces the serpentine, a mixture of lizardite
and clinochrysotile, is dark green to black and massive and is
commonly cut by tiny veinlets of fibrous clinochrysotile about
1 mm (0.04 in.) thick. No antigorite has been identified in this
body. Most of the serpentine has been derived from olivine
and has crudely developed to well-developed mesh texture.
Serpentine has replaced orthopyroxene beginning along
cleavages and grain boundaries. Serpentine slip fiber is found
on massive blocks.

Actinolite (tremolite) is a fairly common secondary mineral
present in amounts as much as 20 percent. It is colorless in
thin section and consists of relatively coarse to fine radiate
groups of needles. In places fine-grained talc is associated with
actinolite in amounts as high as 8 percent. Penninite is also
found in the actinolite-bearing rocks, probably more widely
distributed but less abundant than talc. Brucite, which is
minor in amount, is not closely associated with actinolite, talc,
and penninite but rather occurs with the serpentine and
magnetite, having formed from replacement of olivine and
orthopyroxene. Tiny disseminated grains of magnetite are
derived from the serpentinization of olivine and orthopy-
roxene and are commonly concentrated along microfractures
where serpentinization has taken place.

A vertical quartz-carbonate (magnesite) vein with small
patches of bright green stain cuts through massive peridotite in
the north-central part of the mass. It is about 1.1 m (3.3 ft)
wide, 3 m (10 ft) long, and trends N. 80° W.

Diabase, probably as tectonic inclusions incorporated into
the peridotite during emplacement through the crust, is found
in many places throughout the peridotite body. The outcrop
pattern is irregular and each outcrop is small, 3 to 20 m
(10—65 ft) in longest dimension. No contact effects were
noted, but the diabase is considerably altered, especially in the
eastern part of the body, and shape and size of the inclusions
suggest that they could have been dikes. The alteration may be
from metasomatism during serpentinization. Diabase in the
eastern part of each limb has microveinlets of prehnite with
associated actinolite and light-green chlorite. Tectonic in-
clusions in a similar serpentinite environment are described by
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Foster (1967, p. D120—D122) in the northwestern part of the
Yukon-Tanana Upland.

Nonfoliated hornblendites of unknown extent are found at
the extreme northwestern and southwestern margins of the
peridotite body where it is in contact with low-grade
metamorphic rocks. Patches of gabbros and basalts, altered in
different degrees, are in contact with the Mount Sorenson
peridotite (Foster, 1972), but these rocks have not been
studied for this report. Argillite, metagraywacke, metatuff,
and other low-grade metasedimentary rocks border the body
on both the north and south and have the same general
northwesterly trend as the outcrop of the ultramafic body.

American Creek body

The American Creek ultramafic body, about 31 km? (12
mi?) in area, is the second largest serpentinized peridotite
body (loc. 26, fig. 3) in the Eagle quadrangle. The body .is a
massive peridotite, black on fresh surfaces and dark reddish
brown on weathered surfaces, which are rough from resistant
orthopyroxene. No lineation of orthopyroxene grains was
observed.

There is little variation in primary mineralogy throughout
the body. The rock is harzburgite with minor dunite. Olivine is
the dominant mineral and orthopyroxene constitutes 5 to 35
percent of the rock. Clinopyroxene and chromite constitute
less than 5 percent and less than 1 percent, respectively, of the
rock. Composition of olivine has been determined optically as
80 to 90 percent forsterite. Kink banding is common. The
olivine is commonly granulated at grain boundaries and within
the grains. In a few places unaltered olivine fragments are
included in small serpentine-filled veinlets. The orthopyroxene
is enstatite (En g95,_95). The orthopyroxene grains are
commonly 2 to 4 mm (0.07-0.16 in.) long; in some places
they are concentrated in small clusters of 10 to 15 large grains.
Deformation of orthopyroxene grains is common and ranges
from slight bends to tight folds. Clinopyroxene has been found
only near the southern border of the body, where it is
associated with groups of orthopyroxene grains. Sporadically
distributed anhedral grains of chromite are as much as 1 mm
(0.04 in.) across and locally are extensively embayed.

All the peridotite body is serpentinized to some extent, from
5 to 100 percent. In thin section the serpentine, antigorite, is
seen to generally consist of fairly coarse radiating blades and
fibrous bundles. Veinlets less than 1 mm (0.04 in.) wide of
clinochrysotile crosscut the peridotite. In some places traces of
cross-fiber development can be seen in the veinlets, and near
the southern boundary along the road, there are local thin
veinlets of well-developed cross fiber.

Fine-grained acicular actinolite forms alteration rims on
pyroxene in places. Talc and chlorite are found locally with
actinolite in amounts generally less than 1 percent. The
chlorite is commonly pale green to colorless in thin section.
Some penninite is present. Brucite, in amounts less than 1
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percent, is found with secondary magnetite. Magnetite is
commonly disseminated as tiny grains concentrated along
microfractures or in pockets; it also occurs sporadically as
large anhedral grains. Total magnetite may in places be as high
as 3 percent.

Large massive inclusions of country rock, metasedimentary
rocks, are found along the southern boundary of the American
Creek body. Some inclusions are intensely deformed and
sheared. At the northern boundary of the peridotite along the
east side of the road is a white and gray-green, fine-grained
laminated rock which becomes blotchy in color and increases
in grain size away from the peridotite. The gray-green laminae
are almost entirely actinolite with minor penninite, and the
white bands are a cloudy fine-grained aggregate of several
minerals, among which plagioclase and zoisite have been
identified by an X-ray diffraction trace. Outward from the
peridotite the laminae are increasingly distorted, broken, and
twisted, resulting in the blotchy color. Texture and mineral
assemblage indicate that the rock may have been a large slab of
sedimentary rock that was metasomatically altered by pro-
cesses similar to those described by Coleman (1967, p. 40)
during emplacement and serpentinization of the peridotite. A
small, extensively altered granitic inclusion within the
peridotite near the northern boundary is coarse grained and
consists almost entirely of altered plagioclase and muscovite
with minor intergranular carbonate.

The metamorphic grade of the rocks surrounding the
American Creek peridotite is greenschist facies, probably
upper greenschist facies. The American Creek peridotite is very
similar to the Mount Sorenson peridotite, except that the
dominant serpentine is antigorite in the American Creek and
lizardite and clinochrysotile in the Mount Sorenson. Defor-
mation of olivine is similar in both, but orthopyroxene in the
American Creek body is highly deformed whereas that in the
Mount Sorenson body is not. These differences may relate to
the metamorphic history of the areas during or after the
emplacement of the ultramafic bodies, the Sorenson area
undergoing a less intense degree of metamorphism than the
American Creek area.

Boundary body

The third large ultramafic body is located ncar Boundary
(loc. 73, fig. 3) and is south of the main concentration of
ultramafic bodies. There are no significant outcrops of
ultramafic rock to the south of it in the Tanacross quadrangle
(Foster, 1970). The Boundary body has an approximate area
of 8 km? (3 mi?) but contacts are not exposed. Metamorphic
rocks surrounding it are of upper greenschist to amphibolite
facies (Foster, 1969b). The serpentine, antigorite, has been so
sheared, squeezed, and altered to talc, chlorite, magnesite, and
actinolite that original textures and mineralogy have been
obliterated in all but a few places. Poorly developed bastite
indicates that the body may have originally been a harzburgite
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with a low percentage of orthopyroxene. Slip fiber and long  The easternmost occurrences of group IIIA are two ultra-

stiff fibers (picrolite) of serpentine are found locally.

Group 1

The ultramafic rocks of group III crop out here and there in
the southern two-thirds of the Eagle quadrangle. Rock types
are predominantly hornblendite and pyroxene hornblendite to
hornblende pyroxenite and pyroxenite. Biotite is locally
abundant. Gabbroic dikes are not included with the ultramafic
rocks. For discussion, group III, which includes rocks of
several types, modes of occurrence, and probably of diverse
ages and origins, is subdivided into two groups: group ITIA
includes the largest bodies, which are generally fairly coarse
grained and probably intrusive; group IIIB consists of small,
fairly fine grained bodies believed to be mostly dikes or small
intrusive bodies.

Group A

Group IIA comprises six different occurrences of coarse-
grained, probably intrusive ultramafic rocks (figs. 3, 4). They
are predominantly hornblende but locally clinopyroxene or
biotite is abundant. Apatite is a common accessory mineral, and
secondary minerals include actinolite and chlorite (from
hornblende and clinopyroxene), albite, epidote-group
minerals, sphene, antigorite, magnetite, and rarely garnet. At
least some of these ultramafic rocks have been metamorphosed
along with surrounding country rocks, although no foliation
has developed.

Biotite
#95
Ultramafic rocks from
Eagle quadrangle
Number refers to

locality in figure 8
Biotite Biotite
hornblende pyroxene

pyroxenite hornblendite

54,65, & Pyroxene hornblendite / ,

53 Hornblendite

\ \ Hornblende pyroxenite

. 93
Clinopyroxenite

Clinopyroxene Hornblende

Figure 4.—Ternary diagram showing the dominant primary mineralogy
for the group IIIB ultramafic bodies, Eagle quadrangle, Alaska.
Primary silicate minerals not included are olivine at localities 65 and
75 (both less than 10 percent), and orthopyroxene at locality 67 (less
than 1 percent). The group IIIA ultramafic bodies cover nearly the
entire range shown by the diagram, including segregations of pure end
members. Two separate rock types are plotted for locality 53.

mafic masses north of the Fortymile River, localities 70 and
71 (fig. 3). Locality 70 is predominantly biotite pyroxenite
and pyroxene hornblendite. Diopsidic augite makes up 5 to 80
percent of the body, hornblende 0 to 20 percent, biotite 0 to
12 percent, and olivine 0 to 2 percent. Secondary minerals
include actinolite (mostly from clinopyroxene), green chlorite
(mostly after biotite), chlorite (penninite), antigorite, sphene,
calcite, magnetite, hematite, and local concentrations of
epidote. Some serpentinization was observed near the margin
of the mass. Veinlets of pegmatite and granitic rock cut the
mass. A small hornblendite body included in group IIIB (loc.
69, fig. 3) occurs a few 100 m to the northwest.

Rock of locality 71 (fig. 3), exposed in cliffs on the north
side of the Fortymile River, is primarily biotite hornblendite
with minor hornblende pyroxenite. Exceptionally large
crystals of biotite and dark-green hornblende, 50 to 75 mm
(2-3 in.) in length, compose much of the body. Locally, more
than 80 percent of the rock consists of clinopyroxene.
Euhedral crystals of apatite as much as 3 mm (0.12 in.) long
make up nearly 2 percent of a few rocks.

The rocks at locality 80 (fig. 3), south of Montana Creek in
the south-central part of the Eagle quadrangle, are primarily
hornblende pyroxenite with minor biotite hornblendite. They
intrude coarse-grained marble and can be seen to be infolded
and metamorphosed with the marble. Epidote, garnet, and
albite in the ultramafic rock are indicative of metamorphism.
Sills of ultramafic rock emanate from the main mass and
penetrate between the layers of marble.

The country rock is probably Paleozoic for some of the
marble contains crinoid columnals, but the time of the
metamorphism is unknown. The ultramafic body could there-
fore be either Paleozoic or Mesozoic in age. The small nearby
body, locality 78 (fig. 3), may be a part of it.

The body of locality 89 (fig. 3), composed primarily of
clinopyroxene hornblendite, hornblendite, and clinopy-
roxenite, is unique in that a sample from the north-central part
of the body consists dominantly of green amphibole grains,
many of which have rims of blue amphibole. The development
of blue amphibole rims is local and may be a metasomatic
effect of fluids from a nearby granitic intrusion.

The body at locality 90 (fig. 3), one of the largest in group
III, about 0.4 km? (0.15 mi?), consists primarily of horn-
blendite, homblende pyroxenite, biotite hornblendite, and
biotite pyroxenite. The rock is mostly coarse grained with
hornblende and biotite grains more than 40 mm (1.6 in.) in
diameter. Biotite grains are unusually large in biotite horn-
blendite, and hornblende is exceptionally large in other rock
types. An age determination by the K*®/Ar*® method on the
hornblende from this locality (by Donald Turner at the
Potassium Argon Lab., Alaska Univ.) gave 170.7 m.y. on
hornblende and 180.9 m.y. on biotite (Donald Turner, oral
commun., 1973). This is close to the age of 1775 m.y. on
hornblende from hornblende syenite near Mount Veta, 24 km
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to the southeast. (Potassium argon age report No. 54, Menlo
Park, 1969. Potassium analysis by Lois Schlocker and argon
analysis and age calculation by J. Von Essen.) Intrusive rocks
containing abundant homnblende crop out from south of
Mount Veta northward through the Joseph Creek area to the
vicinity of the hornblendite at locality 54 (fig. 3).

Group 11IB

Group IIIB consists of 19 small ultramafic bodies that crop
out in the southern half of the Eagle quadrangle. Rock types
include pyroxenite, biotite pyroxenite, olivine pyroxenite,
hornblende pyroxenite, hornblendite, and biotite hornblendite
(fig. 4). Secondary minerals that are generally minor in
amount include actinolite, chlorite, albite, hornblende, and
magnetite. Minor serpentine was found at two localities (Nos.
64 and 67, fig. 3). More detailed information on the
mineralogy of the individual bodies is given in an open-file
report (Keith and Foster, 1973).

Most of these bodies are probably dikes or small intrusive
bodies that are somewhat metamorphosed. Their age is not
known but probably ranges from Paleozoic through Mesozoic.

Geochemical Data

Semiquantitative spectrographic analyses for 36 elements
and gold analyses by atomic absorption were made for 29
randomly selected samples of group I rocks, 16 of group II
rocks, and 35 of group III rocks (Keith and Foster, 1973). No
consistent pattern was detected for any element or group of
elements or for ultramafic bodies in any given area. Nickel
ranged from 5 ppm to more than 5,000 ppm in groups I and
II, but was 1,000 to 5,000 ppm in most specimens. Vanadium
commonly has an inverse relation to nickel, generally being
higher in specimens comparatively low in nickel. Nickel was
generally low in rocks of group III, being less than 300 ppm in
all but two localities.

Platinum group minerals were analyzed by fire assay and
spectrographic methods for 24 group I specimens, 23 group II
specimens, and 26 group III specimens. Platinum was detected
in only 9 specimens from groups I and II, and 0.010 ppm was
the highest amount contained. In group III, however, 7
specimens contained platinum and one specimen (loc. 52, fig.
3) contained 0.300 ppm platinum and 0.200 ppm palladium.
The complete analyses for all elements analyzed are given in a
U.S. Geological Survey open-file report (Keith and Foster,
1973).

DISCUSSION AND CONCLUSIONS

Petrologic Relations

We have shown that Groups I and II are serpentinized
harzburgite and dunite or massive serpentinite for which the
original mineralogy cannot be determined. We believe that
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these rocks have a different origin from those of group III.
They exhibit many of the features of alpine-type ultramafic
complexes as described by Jackson and Thayer (1972, p. 290).
The mineralogy of the original rock types, shown in figure 5,
closely corresponds to Jackson and Thayer’s harzburgite
subtype (1972, p. 290, 291, 294) and also falls, for the most
part, into the common alpine-type grouping of Coleman
(1971a, p. 906). The two plots of the Mount Sorenson body
(No. 3, fig. 5), which are outside the normal alpine-type range,
are local concentrations of clinopyroxene-rich rocks within the
body.

The ultramafic rocks of the Eagle quandrangle have other
features of alpine-type rocks. Foliation can be recognized in
several exposures. Layering such as that described by Taylor
and Noble (1960, p. 176; Noble and Taylor, 1960, p. 188) has

not been found, although there are clinopyroxene segregations

Orthopyroxene
A Orthopyroxenite

Lherzolite

Webhrlite 3 0
Dunitd 156.79.88

Olivine

3

1

A
Clinopyroxenite

Clinopyroxene
EXPLANATION

Common range of alpine-type ultramafic
rocks (after Coleman, 1971, p. 906)
Range of samples from Mount Sorenson
body (loc. 3, fig.3) and American Creek
body (loc. 26, fig. 3)
«12 Sample from small body (see fig.3)
x3 Sample from Mount Sorenson body (loc.3,
fig. 3) that plots outside the normal
range of 95 percent olivine-5 percent
orthopyroxene to 65 percent olivine-35
percent orthopyroxene
026 Sample from American Creek body (loc. 26
fig. 3) which plots outside the normal
range of 95 percent olivine-5 percent
orthopyroxene to 65 percent olivine-35
percent orthopyroxene

Figure 5.—Ternary diagram showing estimated modes of the original
mineralogy of the partially serpentinized alpine-type ultramafic rocks
of the Eagle quadrangle, Alaska, relative to the modal range of the
most common alpine-type worldwide occurrences. .
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or lenses\in the Mount Sorenson body. There is no evidence of
cumulus textures. Orthopyroxene grains are deformed in the
American Creek body. Olivine grains are kink banded and
granulated in both the American Creek and Mount Sorenson
bodies. Contact metamorphic effects are not evident in the
country rock adjacent to the ultramafic bodies and most of
the boundaries that can be observed are fault contacts. Hard
green fibrous actinolite or serpentine is found along some
boundaries. The bodies are irregular in shape and some of the
smaller bodies are lenticular.

The characteristics of the Mount Sorenson ultramafic mass
and other bodies in the northwest-trending zone suggest that
they might also be considered as part of an ophiolite, probably
a dismembered ophiolite. According to the criteria established
by the Penrose Ophiolite Conference (Coleman, 1973, p. 4),
the Mount Sorenson ultramafic mass has the following
characteristics of an ophiolite:

1. Rock type is predominantly serpentinized harzburgite and
dunite.

2. Slightly metamorphosed gabbroic rocks are in close
proximity to the Mount Sorenson mass.

3. Small amounts of much altered basalt crop out nearby.
Massive greenstone that may have been derived from
basaltic rock is adjacent to and near the ultramafic rocks.
Pillow structures have not been observed in the green-
stonc near Mount Sorenson but possible pillows have
been recognized in it near localities 56 and 59 (fig. 3).

4. Green and gray banded chert, argillite, and some marble
crop out in minor amounts in the vicinity of Mount
Sorenson.

5. Fault contacts are common.

6. Diabase is present as tectonic inclusions.

The ultramafic rocks in Yukon Territory, Canada, which
appear to be the southeastward extension of the zone of
ultramafic rocks in the Eagle quadrangle, are alpine type and
probably include dismembered ophiolite. Green (1972, p. 119)
describes the ultramafic rocks southwest of the Tintina in the
Dawson map area as small highly sheared serpentinite
(principally antigorite) bodies, some of which are associated
with greenstone and basic igneous rock.

Still farther southeast along this trend in the vicinity of Ross
River is serpentinite and peridotite described by Tempelman-
Kluit (1972b, p. 17, 18, 19) as a narrow continuous belt along
the Vangorda fault (part of the Tintina fault zone, fig. 2). The
dominant rock type is serpentinite, mostly antigorite
pscudomorphous after olivine and orthopyroxene. Locally,
where the rocks are not completely serpentinized, it is clear
that the original rock was harzburgite. The ultramafic bodies
arec bounded by faults and are closely associated with basaltic
rocks, including pillow lavas, Cherty rocks and recrystallized
limestone are mapped in the same unit as the basalt.

A single small outcrop of eclogite is known in the area north
of the Vangorda fault in terrane considered to be Precambrain
in age (fig. 2). About 40 km (25 mi) southeast of the eclogite
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outcrop along the same fault, blue amphibole has been
reported in quartzite (Tempelman-Kluit, 1970, p. 19-22)
(fig- 2). So little is known of these small, single occurrences of
eclogite and blue amphibole that it cannot be determined at
present whether or not they are related to the origin of the
ultramafic rocks.

Alpine-type ultramafic rocks are now most commonly con-
sidered to be of mantle origin; ophiolites are regarded by many
as slabs of occanic crust and mantle tectonically emplaced at
continental margins (Bailey and others, 1970, p. C77; Dewey
and Bird, 1971, p. 3179; Coleman, 1971b, p. 1212). Although
the ultramafic bodies described in this report have been
studied only in reconnaissance fashion, the number of char-
acteristics in common with many well-known alpine-type
bodies and ophiolite complexes is sufficient to consider that
their origins may be similar.

Structural Relations

To aid the discussion of the origin of these rocks, certain
aspects of their tectonic setting are summarized.

The Tintina fault, also known as the Tintina trench
(Roddick, 1967, p. 23) is an exceptionally long (more than
950 km or 590 mi) straight feature that may be linked with
structures along the northern Rocky Mountain trench
(Tempelman-Kluit, 1972a, p. 39; Roddick, 1967, p. 23). The
rocks on the northeast side of the Tintina have been part of a
relatively stable continental cratonic terrane since Precambrian
time. The rocks in the metamorphic terrane southwest of the
Tintina differ from those on the northeast primarily by their
greater degree of recrystallization and their maximum age, in
most of the areca probably no greater than early or middle
Paleozoic. They seem to typify a continental rather than an
island arc or oceanic crustal assemblage; andesite has not been
found, and the metamorphic rocks are predominantly of
sedimentary origin. We cannot rule out that some may be the
metamorphosed equivalents of those on the northeast side of
the fault. Large Mesozoic granitic intrusions are numerous.

Richter and Jones (1973, p. 408) have referred to this
metamorphic terrane bounded on the north by the Tintina
fault system and on the south by the Denali fault system as
part of “an old dissected craton***” They believe that the
Denali fault system came into existence in Miocene and
Pliocene time at the margin of this craton as a ridge-arc dextral
transform fault along a suture that originally marked the site
of an ancient subduction zone. An island arc system lay to
seaward, resting on the margin of an oceanic plate.

Manner of Emplacement

Assuming that the alpine-type ultramafic rocks of the Eagle
quadrangle are of mantle origin, there seem to be two principal
situations in which they might have originated. One assumes
that alpine-type ultramafic rocks are emplaced tectonically at
or near plate margins, the other that such mantle material may
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be emplaced within a crustal plate and not necessarily at its
margins.

The great length of the Tintina fault system and the fact that
it juxtaposes two different terranes throughout much of its
length suggests to us the possibility that it is a geosuture that
originated as a plate boundary. Following the time relations
suggested by Richter and Jones (1973), the rocks composing
the terrane between the Tintina and Denali fault systems must
have been deposited or accreted to the continental margin by
about Permian time.

The source of this terrane is enigmatic. It could be an
allochthonous slice or wedge of continental crust rifted or
otherwide detached from the North American plate (Monger
and Ross, 1971, p. 273). Such a slice could have originated to
the south or southeast and moved northward in late Paleozoic
time (Jones and others, 1972, p. B214). As the slice neared or
pushed along the continental plate margin, trapped oceanic
crustal and mantle material might have been shoved onto the
slice or pushed up along marginal fractures. The process
involved a continent-continent collision similar to that of the
concept described by Dewey and Bird (1970, p. 2641-2643).
In Alaska the collision was between the North American
continental plate and a smaller continental mass along what is
now the site of the Tintina fault zone. The alpine-type
ultramafic rocks of the Eagle quadrangle could have been
derived from overridden and plowed up ocean-mantle material
caught up in a narrowing suture at the leading edge of the
continental slice (fig. 6).

Ultramafic rocks in Vermont and southern Quebec are in
some respectssimilar to those of the Eagle quadrangle and are
examples of alpine-type ultramafic rocks that seem to occur
within continental crust and may not necessarily be associated
with a plate margin. In the Roxbury district, Vermont, Jahns
(1967) has described alpine-type ultramafic rocks in a folded
and metamorphosed Paleozoic terrane. The elongate ultra-
mafic sheets and tabular form of some of the bodies resemble
the form of those in the Ross River area, Yukon Territory.
The sequence of events, including later partial steatization and
formation of quartz-carbonate rock, are characteristic of the
Eagle quadrangle ultramafic rocks. Jahns (1967, p. 156) states
that the Roxbury ultramafic rocks “seem best explained as
tectonically emplaced masses of crystalline serpentinite,
perhaps derived from olivinerich rock during upward
movement of the crust.” The Roxbury district ultramafic
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rocks are not known to be directly associated with any large
ancient or modern fault system.

In southern Quebec, the dominant ultramafic rock type is
serpentinized harzburgite associated with some dunite,
pyroxenite, and gabbro (Riordon and Laliberté, 1972, p. 1).
Asbestos has formed locally in commercial amounts, and later
alteration includes the formation of talc-carbonate rocks. The
country rock consists of folded, faulted, and metamorphosed
Paleozoic eugeosynclinal rocks. It is suggested that the
ultramafic rocks were intruded in Late Ordovician time along a
zone of weakness (Riordon and Laliberté, 1972, p. 3) or
extruded on a eugeosynclinal ocean floor through a major
zone of distensional fractures (Lamarche, 1972, p. 65). In
Vermont and Quebec, of course, it is possible that plate margins
as old as Paleozoic have not and perhaps cannot be recognized.

If, however, the Tintina fault system is not a plate boundary,
the Eagle quadrangle ultramafic rocks may have aspects of
origin in common with rocks of Vermont and Quebec. Perhaps
the FEagle quadrangle ‘ultramafic bodies were somehow
tectonically derived from depth along a zone of weakness
(Tintina fault system) in the continental crust, possibly
involving “deep seated” faulting. Study and mapping of the
serpentinized ultramafic bodies in the Big Delta quadrangle
(directly west of the Eagle quadrangle) may aid in the
interpretation of the Eagle quadrangle ultramafic rocks. It has
been suggested that the Big Delta ultramafic rocks are at the
margin of a major but ancient (Paleozoic) thrust fault (F.R.
Weber, oral commun., 1973).

Serpentinization

Whatever the tectonic setting for emplacement of the
ultramafic rocks, we suggest that peridotite derived from the
mantle was moved upward as elongate blocks or sheets in the
vicinity of the present Tintina fault zone. The process of
serpentinization of the peridotite (Coleman and Keith, 1971,
p- 323) began as the rising peridotite came into contact with
water contained within sedimentary rocks in the crust (Cole-
man, 1971a) and continued throughout final emplacement in
the upper crust.

The peridotite, upon reaching the upper crust, probably
consisted of several large serpentinized masses, such as the
Mount Sorenson and American Creek bodies and other highly
serpentinized bodies. Most of the serpentinization was

TINTINA FAULT

Continental crust

Mantle Mantie

Figure 6.—Schematic cross section showing postulated relations across the Denali and Tintina faults in late Paleozoic time and possible situation
for emplacement of the alpine-type peridotites. Parts of diagram modified from Richter and Jones (1973, p. 418).
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probably complete by this time, but metamorphism and
deformation continued and the more highly serpentinized
parts of the peridotitc were stretched out to form lenses.

The serpentine group minerals that are present in most
places in the Eagle quadrangle, correlate with the metamorphic
grade of the adjacent country rock; that is, lizardite and
clinochrysotile-bearing bodies are generally surrounded by
country rock that is slightly metamorphosed, whereas the
antigorite-bearing bodies are generally enclosed in country
rock of a higher metamorphic grade; that is, upper greenschist
or amphibolite facies. In a few places where poly-
metamorphism and (or) other factors have complicated the
mineralogy, this relation may not exist.

Chernosky (1971) has determined experimentally that
antigorite does not form directly from other serpentine;
however, this does not definitely preclude the possibility of
its doing so in nature. The formation of antigorite requires
higher temperature-pressure conditions than does the form-
ation of lizardite and chrysotile (Deer and others, 1962, p.
186; Wenner and Taylor, 1970; Coleman, 1971a, p. 907). The
antigorite could have formed cither directly from the mantle
peridotite as it entered the upper crust or by the
recrystallization of lizardite and clinochrysotile to antigorite
during greenschist- or amphibolite-facies metamorphism after
emplacement (Coleman, 1971a, p. 901). Evidence of both
proccsses are seen in thin section. The thin veinlets of
chrysotile formed after emplacement of the serpentinized
bodics and may be now forming as a result of the activity of
groundwater (Barnes and others, 1967; Barnes and O’Neil,
1969).

The serpentine in some ultramafic bodies in the Eagle
quadrangle has been replaced to different degrees by talc and
magnesite. The formation of such talerich . rocks with
associated magnesite is discussed by Deer, Howie, and
Zussman (1962, p. 127-128) as steatization due to
hydrothermal alteration of ultramafic rocks (including
serpentinite). Jahns (1967, p. 157—158) in his study of the
serpentinite of the Roxbury district, Vermont, indicates that
replacement of serpentinite by talc-carbonate rock could have
been accomplished relatively simply through introduction of
CO, and loss of H, 0. It has been shown by Deer, Howie, and
Zussman (1962, p. 127) that in some areas steatization has
taken place subsequent to serpentinization during a period of
greenschist metamorphism.

In the Eagle quadrangle, the serpentine that is partially
replaced by talc and magnesite is fine grained and massive and
the magnesite veinlets cut the serpentine, indicating that the
stcatization is definitely a late alteration of serpentine. It
could have resulted from regional greenschist metamorphism
or hydrothermal solutions.

Silica-carbonate veins are associated with a few of the
ultramafic bodies as late alteration products. The silica phase is
well crystallized quartz; the carbonate is magnesite associated
at a few places with dolomite. Deer, Howie, and Zussman
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(1962, p. 128) describe the progressive alteration of serpentine
to a talc and magnesite assemblage and then to a magnesite
and quartz assemblage as the CO, in the rock increases and
H,0 decreases.

Barnes, O’Neil, Rapp, and White (1973) describe in detail
the conditions for formation of silica-carbonate veins from
serpentine in the presence of CO,-rich waters at surface
conditions. They conclude that this process is not limited to
surface conditions. The presence of quartz as the silica phase
in the rocks of the Eagle quadrangle rather than chalcedony or
opal indicates that the alteration here took place at a
temperature and pressure higher than those of surface
conditions. The quartz-carbonate veins could be a product of
late low-grade metamorphism (Mount Sorenson body) or
greenschist metamorphism (loc. 41, fig. 3) in the presence of
excess CO,.

Age Relations

Little data is available for determining the time of
emplacement of the peridotite in the Eagle quadrangle, but the
relation of the peridotite bodies to the Paleozoic metasedimen-
tary rocks and to the Mesozoic intrusive rocks, their
deformation and tectonic setting, and their involvement in
regional metamorphism suggest a late Paleozoic or early
Mesozoic age. Ultramafic rocks near Ross River are considered
to have been emplaced in Triassic time (Tempelman-Kluit,
1972b, p. 19). All the alpine-type ultramafic rocks along the
Tintina fault may not have been emplaced at the same time,
and the Eagle rocks are not necessarily the same age as those
near Ross River.

Although several metamorphic events affected the Eagle
area, the times of metamorphism are unknown. Metamorphism
may have begun in late Paleozoic time in connection with
orogenic activity resulting from the collision of the continental
slice and continental plate and may have continued into early
Mesozoic time. Radiometric age determinations on the
metamorphic rocks of the Eagle quadrangle yield dates within
the Mesozoic (Wasserburg, Eberlein, and Lanphere, 1963, p.
258-259; Donald Turner, oral commun., 1973) and probably
reflect primarily thermal events related to the intrusion of
granitic plutons. The rocks of the granitic plutons are not
metamorphosed.

Although the suture, the position of which is now marked
by the Tintina fault or trench, probably came into existence in
Paleozoic time, right-lateral transcurrent movement is
postulated along the Tintina fault in the Cretaceous (Roddick,
1967, p. 30), and there may have been vertical movement.
Minor vertical movement, with perhaps limited strike-slip
movement, took place during the Tertiary in the Yukon
Territory (Tempelman-Kluit, 1972a, p. 39), and in the Eagle
quadrangle movement was sufficient to form thick breccia and
gouge zones.
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Summary

Although we can identify many of the ultramafic rocks of
the Eagle quadrangle as alpinetype, thereis no clear indication
of how they were transported from the mantle. The Tintina
fault system could have provided a zone of weakness along
which mantle material was tectonically emplaced or it may
represent a plate boundary in late Paleozoic time. If it does
represent a plate boundary, the metamorphic terrane that lies
between the Tintina and Denali faults would have to be
allochtonous, perhaps originating as a northward-moving slice
of continental material. During the course of the movement as
the two continental masses approached and perhaps collided,
mantle peridotite and oceanic crustal material were squeezed
up along the continental margin onto the continental slice.

During the upward rise of mantle peridotite, serpentinization
took place and the process was probably mostly complete
when the peridotite reached its surface or near-surface crustal
position. During later regional deformation, some of the
serpentinized peridotite was fragmented and pieces of it were
incorporated as pods into the metasedimentary sequence.
Minor serpentinization and local alteration continued as a
result of contact metamorphism and hydrothermal activity.
Groundwater may still be an active agent of local minor
serpentinization.
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BARIUM IN HYBRID GRANITOID ROCKS OF THE
SOUTHERN SNAKE RANGE, NEVADA

By DONALD E. LEE and WILLIS P. DOERING, Denver, Colo.

Abstract.—In a magmatic environment, barium usually substitutes for
potassium in the crystallizing silicates, and the two increase together in
rocks late in the differentiation sequence. Results of this study show
the opposite trend in an equivalent of a large part (63—76 percent
Si0,) of the classic differentiation sequence that resulted mainly from
assimilation of chemically distinct host rocks. The barium content of
the hybrid granitoid rock appears to be controlled mainly by the
barium contents of the various sedimentary rock types assimilated.

In a magmatic environment, most of the trace elements are
taken up by the crystallizing silicates, substituting for the
major elements largely on the basis of ionic size. The
substitution of barium for potassium has been cited as a
particularly good example of this principle, with the two
increasing together in rocks late in the differentiation sequence
(Krauskopf, 1967, p. 587—589). Moreover, eight studies cited
by Puchelt (1972, p.56—E-7) found that barium
concentrations increase during progressing differentiation. The
present paper (1) describes the opposite trend in an equivalent
of a large part (63—76 percent SiO,) of the classic
differentiation sequence that resulted mainly from assimilation
of chemically distinct host rocks, and (2) presents data on the
barium content of an unusual muscovite-rich hybrid rock that
formed through assimilation of argillite.

The Jurassic granitoid rocks studied crop out a few miles
north of the Mount Wheeler mine in the southern part of the
Snake Range, about 50 mi (80 km) southeast of Ely, Nev.
These same rocks are the subject of a comprehensive field and
laboratory study (Lee and Van Loenen, 1971) that includes
both a geologic map that shows sample localities and tables of
complete chemical data for all the specimens discussed in the
present report. The sample numbers used here are the same as
in the comprehensive study, where rocks are numbered in
order of increasing CaO content; that is, from most felsic to
most mafic. The field numbers used in earlier papers cited in
this report are keyed to these sample numbers by Lee and Van
Loenen (1971, p. 11).

The samples were analyzed by X-ray fluorescence using a
General Electric XRD-6' spectrograph. A chromium X-ray
tube produced the radiation, and a LiF analyzing crystal
having a 2-d spacing of 2.848 A was used. The barium Lg, line
was selected to measure the amount of barium in the samples
because it gave a low background count and the least
interference with adjacent lines. The net counts of the
unknown samples were compared to those of the U.S.
Geological Survey standard rocks to obtain the concentrations
in parts per million. The values used for these standards are
those recommended by Dc Laeter, Abercrombie, and Date
(1969), who determined the concentrations by the stable
isotope dilution method. These standard samples were
alternated with the unknown ones about 30 times. The
uncertainty of X-ray determinations compared to the isotope
dilution values is 2.5 percent, at the I-o confidence level.?

Results of semiquantitative spectrographic analyses are based
on their identity with geometric brackets whose boundaries
are 1.2, 0.83, 0.56, 0.38, 0.26, 0.18, 0.12, and so forth, and
are reported arbitrarily as midpoints of these brackets: 1, 0.7,
0.5, 0.3, 0.2, 0.15, and 0.1, respectively. The precision of a
reported value is approximately plus or minus one bracket at
68-percent confidence, or two brackets at 95-percent
confidence.

SNAKE CREEK—WILLIAMS CANYON AREA

The influence of host rock on the chemistry and mineralogy
of intrusive rocks of the southern Snake Range is most clearly
shown in the Snake Creek—Williams Canyon area. There the
intrusive is undeformed, probably has not been eroded to a
depth of much more than 1,000 ft (300 m), and is well
exposed in contact with quartzite, shale, and limestone. Within
a horizontal distance of 3 mi (5 km) the intrusive grades from
a quartz monzonite (76 percent Si0,, 0.5 percent CaO) where
the host rock is quartzite to a granodiorite (63 percent SiO,,

' Use of trade name in this paper is for descriptive purposes only and
docs not constitute an endorsement of the product by the U.S.
Geological Survey.

210 = confidence level of 67-percent uncertainty.
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4.5 percent CaQ) where the host rock is limestone. Other
major elements vary as one would expect in a normal
differentiation sequence. Most minor elements show a similar
variation, the notable exceptions being the rare earths (Lee
and Bastron, 1967; Lee and Van Loenen, 1971, p. 25, 44) and

barium.

Quantitative barium analyses of the rocks are listed in table
1. In figure 1, barium is plotted against CaO and the equivalent
Table 1.—Quantitative barium analyses, in parts per million, of

granitoid rocks from the Snake Creek—Williams Canyon area
[W. P. Doering, analyst. Method of analysis explained in text. Complete

analyses of rocks listed by Lee an(f’ Van ELoenen (1971, table 5).

Samples 71, 72, 77, 81, and 85 are xenoliths]

Sample Ba Sample Ba Sample Ba

1...... 353 30...... 1,528 59 ...... 1,136 -

2...... 260 31 ...... 1,482 60 ...... 1,115
3. 309 32...... 1,501 6L ... ... 1,034
4...... 328 33...... 1,466 62...... 1,683
S.... .. 336 34 ..., .. 1,625 63 ...... 1,186
6...... 498 35...... 1,624 64 ... ... 1,016
T....0.. 334 36 .. ..., 1,481 65 ...... 1,070
8...... 301 37 ... .. 1,676 66 .. .... 1,017
9 ... ... 815 38 ...... 1,617 67 ...... 1,159
10...... 467 39 ..., 1,505 68 ...... 1,221
1nm...... 437 40 ... ... 1,633 69 ...... 1,255
12...... 825 41 ... ... 1,679 70...... 1,144
13...... 655 42 ... ... 1,102 [0 N 1,191
14 ... ... 933 43 ... ... 1,670 72...... 697
15 ...... 1,086 4 ... ... 1,413 3. 1,239
16 ...... 1,124 45 . .. ... 1,563 4., 1,168
17 ....... 1,094 46 ... ... 1,725 ... 1,178
18...... 1,122 47 ... ... 2,382 % ..., .. 1,310
19...... 1,157 48 . .. ... 1,698 7. 1,019
20 . ... .. 1,126 49 ... ... 1,586 78 ... ... 1,353
21 ... .. 1,182 50...... 1,670 79 ...... 1,255
22...... 1,016 51 ...... 1,533 80 ...... 1,016
23 ... ... 1,110 52 . ..., 1,675 81 ...... 1,630
24 ... .. 1,036 53 ... ... 1,547 82 . ... 1,120
25 .. .. .. 1,307 54 ...... 1,543 83 ...... 1,018
26 ...... 1,408 55 ... ... 1,532 84 ...... 1,132
27 .. ... 915 56 . ... .. 1,712 8 ...... 581
28 ..., .. 989 ST ... ... 1,726 86 ...... 1,073
29 . ... .. 1,492 58 ...... 1,670

ranges of K, 0 and SiO, are indicated. It is apparent in figure
1 that the most felsic part of the Snake Creek—Williams
Canyon exposure contains the least barium, less than
400 ppm. The trend rises sharply to a maximum barium
content of more than 1,600 ppm where the rock contains
2.0-2.5 percent CaO (3.8—3.0 percent K;0). A secondary
trend, also indicated in figure 1, branches from the main trend
where the rock contains 2,0—-2.5 percent CaO.

It is probably significant that the maximum barium contents
are found where the rock contains 2.0—2.5 percent CaO. Lee
and Van Loenen (1971, p. 20) stated:

We cannot be sure where to project the western edge (Pioche Shale)
of the main syncline across the igneous outcrop; but were it not for the
intrusive, the Pioche Shale probably would crop out on the present

erosion surface somewhere between or near the 2.0- and
2.5-percent-Ca0 contours on plate 1. This deduction is based partly on
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Figure 1.—Relation between CaO and Ba contents in granitoid rocks of
the Snake Creek—Williams Canyon area. Equivalent ranges of con-
tents of Si0, and K, O, in weight percent, are indicated. Average Ba
contents of sedimentary rocks indicated on parts of diagram
representing assimilation of those rocks. Based on tables 1 and 2 and
data listed by Lee and Van Loenen (1971, tables 5, 9). *, main
intrusive; x, xenolith. See text for discussion.
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the fact that Pioche Shale abuts the intrusive in this position and partly
on the fact that the intrusive is almost devoid of (Pioche Shale)
xenoliths west of the 2.0-percent-Ca0O contour, whereas these xenoliths
are common to abundant east of this contour. Whatever the structural
interpretation, it is clear that lower CaQ contents in the granitoid rock
are near the quartzite country rock, and higher CaO contents are near
the shale and limestone.

Complete analyses of 34 samples of the sedimentary rocks
that are in contact with (and were assimilated by) these hybrid
granitoid rocks were listed by Lee and Van Loenen (1971, p.8,
9). For the present study, splits of the quartzites and shales
were analyzed for barium. The quantitative results are listed in
table 2, and the averages are indicated on those parts of figure

1 that presumably represent assimilation of the respective
rocks. The average for the Pole Canyon Limestone (fig. 1) is
based on semiquantitative data for nine samples (Lee and Van
Loenen, 1971, p. 36). In a general way, average barium
contents of the quartzite, shale and limestone assimilated
appear to relate to the trends indicated for the mass of
granitoid rock (fig. 1), but they do not account for the
concentrations of points above 1,400 ppm barium.

The distribution of potassium in these hybrid rocks is
apparent from the opposite trends for biotite and microcline
summarized in figure 2 and described in detail by Lee and Van
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Table 2.—Quantitative barium analyses, in parts per million, of Prospect
Mountain Quartzite and Pioche Shale

[W. P. Doering, analyst. Method of analysis explained in text. Complete
analyses of rocks listed by Lee and Van Loenen (1971, table 1)]

Sample Ba Sample Ba
Prospect Mountain Quartzite Pioche Shale—Continued
Ql ............. 1300 S3 .. 508
2 465 4 514
3o 421 5 e 921
4 .. 133 6 ....... ... .. 1,078
—_— T e 1,336
Average . ... .... 330 8 ... 1,403
9 240
Pioche Shale _—
Average . ... .... 756
SL ... 527
2 274

100 T T T T T T T T
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Figure 2.—General relations between CaO content and mineralogy, for
granitoid rocks of the Snake Creek—Williams Canyon area. (From Lee
and Van Loenen, 1971, fig. 11.)

Loenen (1970, p. D198; 1971, p. 27). On the basis of data in
table 3, the distribution of barium is approximated in figure 3;
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Figure 3.—Distribution of Ba among minerals in granitoid rocks of the
Snake Creek—Williams Canyon area, based on data in table 3. See text
for discussion.
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this figure does not consider the very minor amounts of
bartum present in the constituent sphene (Lee and others,
1969), epidote (Lee and others, 1971), and apatite (Lee and
others, 1973).

The mineral totals in table 3 are generally less than the
barium value obtained directly by rock analysis. The
discrepancies may be due to one or more of the following
factors, listed in order of decreasing probability:

1. The semiquantitative determination of barium in
microcline and (or) plagioclase may be low.

2. Minor amounts (as much as 0.50 percent) of muscovite
were detected during mineral separation work on these
rocks. The muscovite recovered from sample 79 contains
6,322 ppm barium.

3. During systematic mineral separation work on 30 of these
rocks, a few grains of a mineral identified optically as
barite fractionated with the zircon from sample 78. This
is the only sample in which barite was detected, and it
probably makes up much less than 0.01 percent of the
rock (0.01 percent barite would be equivalent to about
66 ppm barium in the rock).

POLE CANYON—-CAN YOUNG CANYON AREA

"In the Pole Canyon—Can Young Canyon. area of the
southern Snake Range there is an exposure of an unusual
hybrid rock that has developed through assimilation of
argillite. This rock is distinguished in part by large phenocrysts
of muscovite, many of which contain euhedral crystals of
biotite. The rock is described in detail by Lee and Van Loenen
(1971, p. 5, 38—39). Chemical differences in the rock from
place to place are relatively small, with no systematic spatial
distribution of values for either major or minor elements. The
distribution of barium in three samples of this rock is
summarized in table 3.

Chemical analyses of six samples (AR 1—6) of the argillite
assimilated by this hybrid rock are listed by Lee and Van
Loenen (1971, p. 8). For the present study, splits of these
same samples were analyzed for barium, and quantitative results
were 884, 140, 1,482, 1,019, 474, and 630 ppm, respectively.
The average of these determinations is 771 ppm, perhaps
fortuitously close to the values obtained for the granitoid rock
itself (table 3).

DISCUSSION

The hybrid granitoid rocks of the southern Snake Range are
of petrologic interest for two main reasons:

1. In the Snake Creek—Williams Canyon area, the equivalent
of a large part of the classic differentiation sequence has
developed mainly from assimilation of chemically distinct
host rocks.

2. The Pole Canyon—Can Young Canyon area intrusive body
is an unusual muscovite-bearing hybrid rock that has
developed through assimilation of argillite. The distinct-
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Table 3.—Distribution of barium among minerals in granitoid rocks of the Snake Creek—Williams Canyon area and the Pole Canyon—Can Young Canyon area

[Quantitative Ba analyses (biotite, muscovite, and rock) by W. P. Doering. Semiquantitative analyses (microcline and plagioclase) by R. E. Mays. Values for plagioclase bascd on analysis
of 1:1 mixture of quartz and plagioclase; values listed are twice those determined on the mixture, assuming no Ba present in the quartz. Methods of analysis explained in text]

Mineral in rock Ba in pure mineral

Contribution to Ba content of the rock Total Ba in rock

Samnol C:(gli(n (wt percent) (wt percent) (wt percent) (wt percent)
ample (wt . ) - - - " " - - . - X
N Biotite Micro- Musco- Plagio- Biotite Micro- Musco- Plagio- Biotite Micro- Musco- Plagio- Biotite Micro- Musco- Plagio-
percent) cline vite clase cline vite clase cline vite cl:;gse Total' cline vite clase Total
Snake Creek—Williams Canyon area
15 ..... 1.5 10 18 -----. 38 0.1703 0.3 0.0170 0.054 0.0852(0.1086) 199 634 --...- 16.7  100.0
22 ..., 1.8 7 17 -e---- 40 .3566 .5 L0250 .085 1220( .1016) 205 69.7 --...- 9.8 100.0
39 ..... 2.3 8 14 ---.-- 43 2314 5 0185 .07 .1014( .1505) 183 69.0 --.--- 12.7  100.0
55 ..... 2.5 11 16 -..--- 41 2903 5 0320 .08 1243 .1532; 25.7 644 ------ 9.9 100.0
66 ..... 3.1 10 10 ------ 45 3609 5 0361 .05 .0996( .1017) 363 502 --.... 13.5 100.0
rC: I 3.9 19 2 .- 49 3513 5 0668 .01 .0915( .1353) 731 109 -...-. 16.0 100.0
86 ..... 4.5 26 | B 48 3081 5 .0801 .005 .0995( .1073) 80.5 44 -o-... 15.1 100.0
Pole Canyon—Can Young Canyon area

89 ... .. 19 6 35 00633 03 0.0399 0.014 0.0038 0.057 0.0024 0.0048 0.0648(0.0760) 5.6 83.8 35 71 100.0
90 .. ... 5 17 9 36 .0871 .3 0491 014 .0044 051 .0044 .005 .06485 .0741; 68 787 68 7.7 100.0
93 ... .. 19 5 40 .0590 3 .0485 .014 .0024 .057 .0024 .0056 .0674( .0689 3.6 845 36 83 100.0

! Totals in parentheses are by rock analysis.

ive nature of this exposure is especially striking inasmuch
as it is separated from the Snake Creek—Williams Canyon
area intrusive by a septum of sedimentary rocks a mile

long and only about 1,000 ft (300 m) wide.

These features of the granitoid rocks of the southern Snake
Range are evident not only from the chemistry and mineral
content of the rocks, but also from systematic laboratory
study of the constituent minerals themselves, as described in
the papers already cited.

Data for barium also reflect the different magmatic affinities
of these two discrete, but closely adjacent outcrops of
granitoid rock. In rocks of the Pole Canyon—Can Young
Canyon area, more of the barium is in microcline and
muscovite and less is in biotite and plagioclase.

In considering the data for granitoid rocks of the Snake
Creek—Williams Canyon and the Pole Canyon—Can Young
Canyon areas (fig. 1), recall that we are dealing with a
crystallized magma, the results of liquid 2 crystal equilibria,
regardless of whether our “original, uncontaminated” magma
was formed by palingenesis of sediments or by differentiation
from some more basic magma at depth. This conclusion is
based on the fact that analyses of rocks concentrate in and
near Bowen’s (1937) thermal valley on the liquidus surface in
the system NaAlSi; 05-KAlSi;04-SiO, (Lee and Van Loenen,
1971, fig. 15, p. 33). As emphasized by Tuttle and Bowen
(1958), such a concentration is readily explained if the
chemical compositions are controlled by liquid & crystal
equilibria but would be a remarkably fortuitous result of any
mechanism not involving a magma. Except for barium, the
major- and minor-element concentration gradients in the
contaminated rocks of the Snake Creek—Williams Canyon area

are regular and well defined. In an extended discussion, Lee
and Van Loenen (1971, p. 37) concluded that these gradients
were effected by a combination of diffusion and mechanical
mixing in the magmatic environment. The data for barium
(table 1, fig. 1) are difficult to explain, not only bec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>