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ARE THE GRANITIC ROCKS OF THE
SALINIAN BLOCK TRONDHJEMITIC?

By DONALD C. ROSS, Menlo Park, Calif.

Abstract.—Trondhjemitic rocks are relatively abundant in the granitic
terranes of the western Sierra Nevada and the Klamath Mountains but
have not been found in the granitic plutons of the Salinian block, which
lies westward, across the San Andreas fault. A ternary plot of modal
quartz : K-feldspar : plagioclase from more than 200 granitic samples
from the Salinian block has an elongate, nearly horizontal, quartz-rich
trend that appears trondhjemitic to some observers. However, petro-
graphic and chemical comparison of these rocks with trondhjemite
from the type area in Norway and with rocks called trondhjemite in the
Western United States shows that the granitic rocks of the Salinian
block are not trondhjemitic. The absence of trondhjemite in the
Salinian block further supports the contention that this terrane is not
merely a westward continuation of Sierran basement but is a displaced
basement block.

Trondhjemite has been identified from various localities in
the nearest granitic terranes east and north of the Salinian
block of the California Coast Ranges (fig. 1)—the western
Sierra Nevada (Turner, 1894; Hietanen, 1951; Larsen and
Poldervaart, 1961; Olmsted, 1971; and L. D. Clark, written
commun., 1972) and the Klamath Mountains (Davis, 1963;
Lipman, 1963; and Hotz, 1971). Trondhjemite has also been
described to the west of the Salinian block where it is
associated with gabbroic intrusions in an oceanic crust
sequence (Page, 1972). Recently, a reference has been made to
a “hornblende-biotite trondhjemite” in the Salinian block near
Point Reyes (Mattinson and others, 1971). In a rather wide-
spread study of granitic outcrops in the Salinian block I have
identified no trondhjemites. Nevertheless, a ternary plot of
modal quartz : K-feldspar : plagioclase of more than 200 sam-
‘ples from this study (fig. 2) has an elongate, nearly horizontal,
‘quartzerich trend which some colleagues suggest is trond-
hjemitic.
~In view ol the possibly erroneous conclusion that can be
drawn from the trend on the modal plot of the granitic rocks
of the Salinian block, it seems worthwhile at this time to
compare these Salinian rocks with trondhjemite as originally
defined and currently vsed. '

The term “trondhjemite™ was first applied by Goldschmidt
(1916) to quartz-rich tonalites from the Trondhjem (Trond-
‘heim) area of Norway. Johannsen (1932) translated Gold-

schmidt’s definition of trondhjemite as:

leucocratic acid plutonic rocks, whose essential constituents are soda-
rich plagioclase (oligoclase or andesine) and quartz. Potash-feldspar is
entirely wanting or is present only in subordinate amounts. Biotite is
the most important of the mafic constituents, although it is present in
small quantity. Muscovite is often present * * *

Current usage of the term “trondhjemite” seems to cor-
respond fairly well to the original definition. For example,
Williams, Turner, and Gilbert (1955) stated that trondhjemite is
“essentially an oligoclase-biotite-quartz diorite.” Five represen-
tative trondhjemite modes of Goldschmidt (1916, 1921) are
shown in figure 3; plagioclase is oligoclase in four specimens
and andesine in the fifth. These rocks have about the same
quartz content as many rocks that are now called trond-
hjemites. In contrast, rocks called trondhjemites from the
Western United States (Klamath Mountains, western Sierra
Nevada, Idaho) contain considerably more K-feldspar than
those of the type area, and some have several percent of
hornblende (fig. 3). Davis (1963, p. 343) has described some
trondhjemites whose average plagioclase is more calcic than
Anjg, for which he suggested the name “calcic trondhjemite.”
These variations notwithstanding, oligoclase-biotite quartz dio-
rite appears to describe trondhjemite generally, as commonly
used in the Western United States.

The modes of numerous granitic rocks of the Salinian block
determined by Ross (1972a) are plotted on figure 2. Modes of
rocks chemically analyzed are identified separately, and their
distribution on the diagram shows them to be representative of
the entire compositional range. Geographically, the samples
range from Bodega Head on the north to the La Panza Range
on the south.

Feldspar-quartz ternary modal plots, such as figures 2 and 3,
which indicate neither the anorthite content of the plagioclase
nor the kind and amount of dark minerals, will not by
themselves distinguish trondhjemites from quartz-rich ton-
alites. More diagnostic are chemical characteristics, such as the
ratio K, 0:Na, 0:Ca0, or the somewhat comparable ratio of
normative Or:Ab:An shown in figures 4 and 5, respectively.
On these figures, it is evident that the granitic rocks of the
Salinian block are markedly different from trondhjemites. The
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Figure 1.—Index map of Salinian block localities, California.

trondhjemite fields lie significantly closer to the Na, O and Ab
corners than the specimens from the Salinian block do.

Only one mass from the Salinian block, a gneissic quartz
diorite from the southern part of the Gabilan Range (gneissic
quartz diorite of Stonewall Canyon, Ross, 1972b), plots near

the trondhjemite field.- No chemical _analyses were available
from this mass, but chemical analyses were calculated from
seven modes and estimated compositions of constituent min-
erals. These rocks contain 35 to 60 percent plagioclase (inter-
mediate andesine), 25 to 45 percent quartz, 10 to 20 percent
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Figure 3.—Modal data on trondhjemites from California and Norway.

biotite, 0 to 11 percent K-feldspar (3 percent or less in all but
one specimen), and traces of hornblende and accessory miner-
als. Though these rocks have some of the modal character of a
trondhjemite, the plagioclase, about Angg, seems too calcic.
Also, this mass may possibly be an ultrametamorphosed
melasedimentary rock that looks similar to a normal intrusive
rock. Abundant gneiss, schist, and calc-hornfels are associated
and mixed with the more homogencous granitoid samples. The
percentage of quartz (three samples have 40, 41, and 44
percent, respectively) is also somewhat high for a “normal”
granitic rock.

Nag0 Ca0

Figure 4.—Ternary K,0 — Na,0 — CaO diagram comparing trond-
hjemites with chemically analyzed samples from the Salinian block.
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Figure 5.—Ternary diagram of normative Or—Ab—An comparing trond-
hjemites with chemically analyzed samples from the Salinian block.

One specimen from the granitic mass of Montara Mountain
also plots on the edge of the trondhjemite field. This rock is
strongly sheared and extensively saussuritized, which could
explain why it differs from the general trend of the Salinian
granitic rocks. With these exceptions, the Salinian block
granilic rocks that have been analyzed are chemically distinct
from analyzed trondhjemites.

The average of 37 trondhjemite analyses used in figures 4
and 5 is 3.2 percent Ca0, 5.0 percent Na, O, and 1.5 percent
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K;0. The comparable average for the normative feldspar
constituents is “or,” 7.5; “ab,” 43.5; and “‘an,” 15.6. The
SiO, ranges from 66 to 76 percent and averages 70.7 percent,
so that as a class, these are rather silicic rocks. In contrast, the
five specimens from the gneissic body in the southern Gabilan
Range that are closest to the trondhjemite field average 4.2
percent CaO, 3.8 percent Na, O, and 1.3 percent K, 0 and
have normative “or” = 13, “ab” = 53, and “an” = 34; they are
considerably different from trondhjemites. The saussuritized
sample from Montara Mountain has almost the same K, O,
Na, O, and CaO contents as the average for the gneissic mass
from the Gabilan Range.

In conclusion, both petrographically and chemically, the
granitic rocks of the Salinian block that I have studied are not
trondhjemitic. It is possible that some individual specimens
might qualify as “calcic trondhjemite” because they are
intermediate andesine-bearing quartz diorite with biotite as
their only dark mineral. However, these are all local variations
from “normal” hornblende-bearing quartz diorites; in other
words, none of the granitic masses in the Salinian block that
have been studied are trondhjemites. Although not all the
granitic masses in the Santa Incia Range have been studied,
where granitic rocks have been mapped by Compton (1966),
Pearson, Hayes, and Fillo (1967), and Wiebe (1970), no
trondhjemite has been noted.

The granitic terranes that are the closest to the Salinian
block on the north and east, the Klamath Mountains and the
western Sierra Nevada, contain significant amounts of trond-
hjemite. "The contrasting absence of trondhjemite in the
Salinian block seems to suggest that this block is not a
westward continuation of the Sierran basement that has
merely been differentially uplifted to expose the granitic
terrane. Ross (1972a) has already suggested that the chemical
character of the granitic rocks of the Salinian block does not
seem to be a logical projection of the east-west chemical trends
across the central Sierra Nevada, as reported by Bateman and
Dodge (1970). The absence of trondhjemite in the Salinian
block reinforces this chemical contrast and supports the
suggestion that the Salinian block has been laterally trans-
ported to its present position. :
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ZEOLITES IN THE MIOCENE BRIONES SANDSTONE
AND RELATED FORMATIONS OF THE
CENTRAL COAST RANGES, CALIFORNIA

By K. J. MURATA and KAREN R. WHITELEY,
Menlo Park, Calif.

Abstract.— Authigenic zeolites present in the generally tuffaceous
Miocene Briones Sandstone and related formations of the central Coast
Ranges of California indicate three stages of diagenetic history:
(1) Initial alteration of pyroclastic materials to clinoptilolite (and
montmorillonite) that is widely distributed in small amounts through-
out the region, (2) Subsequent crystallization of heulandite followed by
stilbite in fractures at a few places. (3) Widespread development of
laumontite in only the southern part of the region, where the sandstone
appears to have been downfolded and faulted to greater depths than
elsewhere. Laumontite occurs both as pervasive cement of sandstone
and as filling of fractures, and was produced through the reaction of
interstitial solutions with other zeolites and with such major constitu-
ents of the sandstone as plagioclase, montmorillonite, and calcite at
temperatures of 100°C or higher. Mordenite was found at only one
locality, closely associated with clinoptilolite and opal. Analcite occurs
in diverse settings, and its relation to the other zeolites is obscure.
Sparry calcite and coexisting stilbite, laumontite, or analcite in veins
seem to make up nonequilibrium assemblages. )

The widely scattered occurrences of diagenetic laumontite in
Tertiary marine sandstones of California Coast Ranges were
described recently by Madsen and Murata (1970). A subse-
quent study restricted to Miocene sandstones of the central
Coast Ranges east of San Francisco Bay has clarified some of
the factors that control the distribution of laumontite and has
led to the discovery of several other zeolites (clinoptilolite,
mordenite, heulandite, stilbite, and analcite) in these sand-
stones. Although most of them occur in small amounts, these
zeolites merit carelul -study because they can provide new
insights into the diagenetic history of the host sandstone.

Acknowledgments.—Palcontologic and geologic data on the
several ‘formations that we sampled were provided by W. O,
Addicott, E. H. Bailey, M. D. Crittenden, T.W. Dibblee, Jr.,
J. W. Miller, and Julius Schlocker. Ranchers of the region and
administrators of the San Francisco Water Department and the
Sunol Valley Regional Park kindly granted access to lands
under their control. Authenticated samples of different zeo-
lites were made available by R. C. Erd, Robert Fournier, R. A.
Gulbrandsen, W, H. Lee, and M. B. Norman II. We are also

indebted to J.D. Gleason and J.R. O’Neil for isotopic
analyses of calcites, to N, I, Prime for the photomicrographs
of tiny zeolite crystals shown in figure 4, and to Elizabeth
Murata for help with the fieldwork.

OCCURRENCE OF ZEOLITES

The stratigraphy of middle and upper Miocene rocks of the
central Coast Ranges and environs was originally defined by
Lawson (1914), and subsequently refined and extended by
Trask (1922), Taliaferro (1943), Weaver (1949), Crittenden
(1951), Page (1966), and many others. The sedimentary units
that have been mapped in different parts of the region are
listed below, in order of increasing geologic age.

Neroly Sandstone

Cierbo Sandstone
Briones Sandstone

Upper Miocene San Pablo Group

Rodeo Shale
Hambre Sandstone
Tice Shale

Oursan Sandstone
Claremont Shale
Sobrante Sandstone

Middle Miocene Monterey Group

All these formations except the Rodeo Shale were sampled by
us; by far the largest number of samples were collected from
the widely distributed upper Miocene Briones Sandstone.

The combined outcrop areas of the middle and upper
Miocene marine formations (fig. 1, table 1) delineate the
broadly folded structure of the central Coast Ranges. Pyro-
clastic material in the form of andesitic to rhyolitic debris is a
common constituent in these formations (Taliaferro, 1933;
Lerbekmo, 1957) along with occasional beds of ash or
bentonite. Clinoptilolite and laumontite are the most common
zeolites; clinoptilolite is widely distributed, whereas laumon-
tite is restricted to the southern area (south of lat 37°40" and
west of the Calaveras {ault zone). The extensive development
of laumontite in the southern area in the Briones but not in
the northern area suggests that the diagenetic history of the

255



256 ZEOLITES, CENTRAL COAST RANGES, CALIFORNIA

Oakland

45’

Livermore

EXPLANATION

Outcrop area of middle and
upper Miocene rocks

Occurrences of zeolites

Numbered localities are
- described in text
Area of
. 0. . @ . map
Clinoptilolite Heulandite
o °
Stilbite Laumontite
+ )
Analcite Mordenite
0 oM R
x L | ‘0 MILES Morgan Hill
Montmorillonite with no zeolite 0 10 KILOMETERS
—_ 1
| - | | | 37°00'
122°30 15’ 122°00' 45 121°30'

Figure 1.—Map showing outcrop areas of middle and upper Miocene formations in the central Coast Ranges east of San Francisco Bay
(based on compilations by Jennings and Burnett, 1961; Koenig, 1963; Strand and Koenig, 1965; Rogers, 1966; and Brabb and others,
1971) and localities of studied samples. Zeolites from the numbered localities are discussed in the text, and the details of these localitics
are given in table 1. Montmorillonite is ubiquitous, and the zeolite-bearing samples also contain this common alteration product ¢
volcanic ash,
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Table 1.—Data on numbered localities shown on figure 1

Locality Lat. N, long. W, Sedimentary unit

Contra Costa County

1. Santa Fe RR.,
right-of .way.

38°01', 122°14' Bentonite bed in Her-
cules Shale Member of
Briones Sandstone.

2. Briones Hills ...... 37°57',122°07 Briones Sandstone.

3. Mount Diablo. . .. .. 37°50',121°56’ ' Do.

Alameda County

4. Eden Canyon ... ... 37°43',122°00'  Briones Sandstone.
5. Patterson Pass ... .. 37°41',121°35"  Cierbo Sandstone.
6. Welch Creek ....... 37°33',121°50'  Lower part of Briones

Sandstone.
Oursan Sandstone.
Hambre Sandstone.

7. Alameda Creek .. ..
8. Morrison Canyon . ..

37°30', 121°49’
37°34',121°57'

Santa Clara County

9. Calaveras Road. .. .. 37°27',121°51’ Briones Sandstone.
10. Weller Road . ... ... 37°27°,121°50’ Do.
11. Sierra Road ....... 37°25',121°47 Do.
12. Penitencia Creek. ... 37°24’,121°47 Do.
13. Mount Hamilton 37°21',121°46’ Do.
Road.
14. Quimby Road ..... 37°21',121°43’ Do.
15. San Felipe Valley ... 37°16',121°40’ Do.

two arcas differs considerably. The hardness of noncalcareous
Briones Sandstone dilfers concomitantly in the two areas; the
sandstone is dense and hard to the south and porous and
friable to the north.

ZEOLITE ASSEMBLAGES AND DIAGENETIC STAGES

Field studics of zonation by depth of zeolites in sedimentary
sections (for example, Coombs, 1954; Hay, 1966; Castano and
Sparks, 1970; lijima and Utada, 1971) and laboratory investi-
gations of phase ielations (for example, Coombs and others,
1959; Fyfe and Mackenzie, 1969; Thompson, 1970; Liou,
1971) suggest that different assemblages of zeolites indicate
different pressure-temperature conditions of diagenesis. Pres-
sures and temperatures involved in the zeolitic stage of
diagenesis are exemplified below by data obtained from deep
drill holes by Tijima and Utada (1971). The tabulated values
pertain to conditions prevailing at the tops of several zeolite
zones in Neogene sedimentary deposits of Niigata oil*field of

Japan,

Zone Temperature (°C)  Pressure (kb) "Depth (k)
Clinoptilolite -+« ++ . ... a-49 L . 08-19
Mordenite -+« oo v et 55-59 0.4-0.7 14-24
Analcite - oot 84-91 9-1.1 29-3.5
Laumontite - -« - v v o0 ~100 ~1.0 ~3.0
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Similar zeolite relations are found at much shallower depths
in the hydrothermal hot-spring environment, according to

Steiner (1953) and Honda and Muffler (1970).

“In contrast to such a zonation that is controlled mainly by

physical parameters of temperature and pressure, other similar

byt generally shallower zonations seem to depend more on

systematic variations in the chemistry of migrating solutions.

Some chemical reactions or factors that are likely to affect the

composition of interstitial solutions are:

1. Changing chemistry of solutions involved in hydrolysis of
glassy shards (Hay, 1963, 1964; Hoover, 1968; Sheppard
and Gude, 1969; and Moiola, 1970; among others).

2. Reduction in the activity of dissolved silica induced by

sequential changes in the nature of deposited silica,

“ namely, opal-cristobalite-quartz (Coombs and others,
1959; Campbell and Fyfe, 1960).

3. The dependence of the nature of the zeolite formed on the
concentrations of the large cations, Na, K, Ca, and Mg;
for example, the localization of laumontite in the
middle part of the Briones Sandstone, where numerous
shell beds constitute a rich source of calcium (Madsen
and Murata, 1970).

Three main zeolite assemblages, Chdl‘dClLl‘lSllC of three
successive stages of diagenesis, are apparent in the Briones and
related sandstones of the Central Coast Ranges:

1. Clinoptilolite (with montmorillonite) that is pseudo-
morphous after glassy shards and widely distributed in
small amounts throughout the studied region.

2. Heulandite together with stilbite as rare fillings of frac-
tures in sandstone.

3. Laumontite, abundantly developed as pervasive cement or
as filling of joints and other fractures, and restricted to
sandstone in the southern part of the studied region.
These zeolites will be described in the following sec-
tions.

Clinoptilolite

In their pioneering study of zeolitic alteration of pyro-
clastics, Bramlctte and Posnjak (1933) identified clinoptilolite
as a widespread diagenetic mineral in marine Miocene forma-
tions of California. Sheppard (1971) compiled all known
American localities of this mineral and concluded that
“Clinoptilolite is probably the most abundant authigenic
zeolite that occurs in sedimentary rocks.” The mineral is also
common in Tertiary sedimentary formations, ol central Russia
(Senderov and Khitarov, 1970) and of Japan (Utada, 1970).

Clinoptilolite is widespread among the Miocene formations
ol the central Coast Ranges (fig. 1), in which it is one of the
carliest products of alteration of volcanic glass. Unaltered glass
(fig. 24) is rarc in these formations,

Clinoptilolite is a common minor constituent in cores of
tuffaceous Miocene deep-sca oozes drilled off the west coast of
Mexico (Murata and Erd, 1964) and has been found in
scdiments dredged or drilled from the bottom of the Atlantic
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Figure 2.
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(Hathaway and Sachs, 1965; Peterson and others, 1970, p.
423). These occurrences suggest that clinoptilolite can be
produced diagenetically at an appreciable rate even at low
temperatures of the order of 10°C. The mineral is one of the
more siliceous of ‘the zeolites, and its Si/Al atomic ratio
generally falls between 4 and 6 (Sheppard, 1971).

A bed of volcanic ash, which occurs in the lower part of the
Briones at locality 13, was the only rock sufficiently rich in
clinoptilolite to be studied directly. The mineral occurs as
minutely fibrous replacement of glassy shards (figs. 2B,C).
Clinoptilolite, concentrated out of sandstone from other
localities (Nos. 1, 2, 4, 8,9, 12) by means of heavy liquids, has
the same fibrous replacement texture.

A heating test (400°C for 3 hours) was used to distinguish
clinoptilolite from heulandite (Mumpton, 1960) on the basis
of the absence of an X-ray reflection at 8.3 A in the heated
sample for clinoptilolite. Upon heating, clinoptilolite from
localities 1 and 4 showed very little weakening or displacement
of the principal X-ray reflection at 9.0 A (exemplified by fig.
3B), whereas that from localities 2, 8, 9, 12, and 13
manifested an appreciable weakening of the principal reflec-
tion and a displacement to 8.7 A (fig. 3C). The thermal
behavior of the latter type of clinoptilolite is somewhat like
that of the calcium clinoptilolite described by Shepard and
Starkey (1964, fig. 138.2) and by Utada (1970, fig. 10). When
treated overnight with 1M Na,SO,, the sample from locality
12 released a substantial amount of calcium to solution and
became appreciably more resistant to heating, though not

Figure 2.—~Photomicrographs of thin sections illustrating modes of

occurrence of zeolites and associated minerals.

A. Unaltered shards of rhyolitic glass (G) in lower part of Briones
Sandstone of locality 6. Plane light. Such fresh glass is rare in the
studied formations. '

B. Zeolitized shards of a tuff bed in Briones Sandstone of locality 13.
The shards may have hollow interiors (white) or centers of
unaltered or altered glass. The rim of the shards has been
converted to fibrous clinoptilolite (Cl). Plane light.

C. Section B under crossed nicols. The constant-exposure method
used to obtain the photomicrographs exaggerates the apparent
birefringence of the clinoptilolite fibers.

D. A vein of opal (O) in the tuff bed of preceding section B- C The
vein has a border zone rich in mordenite (M). Plane light.

E. Section D under crossed nicols. The opal consists mostly of specks
of cristobalite, and tiny needles of mordenite are concentrated
along the borders of the opal vein.

I, Cross section of the analcite-calcite vein shown in figure 4A4.
Analcite (A) grows on both walls of the fracture, and sparry
calcite (C) fills the remaining space. Plane light.

G. Section F under crossed nicols. The analcite is birefringent and
zoned.

H. The upper left half of this view of a vein from locality 9 is
occupicd by stilbite (S) crystals which are partly replaced by
laumontite (L), the finer grained material occupying the lower
right half. The marked rectangular arca is shown enlarged below
in photograph I. Crossed nicols.

1. An clongate scction of a crystal of stilbite (S) that is partly
replaced on all sides by laumontite (L). Crossed nicols.
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completely so. Although differing in thermal behavior, none of
the above-mentioned clinoptilolites developed a strong reflec-
tion at 8.3 A (fig. 34) that is characteristic of heulandite.
Also, the gamma refractive index of these clinoptilolites was
determined to be less than 1.488 (Mason and Sand, 1960).

Samples separated from the vein-free sandstone of locality 3
and from the bulk sandstone of locality 5 also had the
minutely fibrous habit of clinoptilolite, but many of the grains
showed a gamma refractive index between 1.488 and 1.508.
When heated, these two samples yielded X-ray patterns
indicative of both clinoptilolite and heulandite (fig. 3D). This
mixed type resembles the material from Nevada described by
Shepard (1961), and a detailed study of it may throw light on
factors that control the formation of heulandite and clinop-
tilolite. ,

Clinoptilolite, pseudomorphous after volcanic shards,
formed early in the sandstones at low temperatures and
shallow depths of burial. It is the characteristic zeolite in rocks
of the northern half of the studied region and indicates what
we shall call stage 1 of diagenesis.

Mordenite

In California, mordenite, a relatively minor zeolite most
commonly associated with clinoptilolite, has been previously
found with clinoptilolite in Miocene tuffs of the marine
Obispo Formation of Surdam and Hall (1968) and in
continental tuffaceous beds of Tertiary age in the Mojave
Desert (Sheppard and Gude, 1964, 1969).

In the central Coast Ranges, small amounts of mordenite
have been found only within the previously mentioned
clinoptilolite-rich ash bed of locality 13, where it is localized
as small stubby crystals along the borders of some opal
(cristobalite) veins (figs. 2D and 2E). The close association
with opal suggests that mordenite, whose Si/Alratio is similar
to that of clinoptilolite, formed from solutions with high silica
activity (Coombs and others, 1959). -

Heulandite ' e

Heulandite typically grows on walls of fractures ‘in sand-
stone, either as druses of minute tabular crystals (fig. 4C) or as
sheaves of thin plates, like the sheaves of stilbite shown in
figure 4E. The two -minerals look much alike, although
heulandite is* generally much finer -grained. Their X-ray
patterns (Deer and others, 1963) are sufficiently different to
distinguish ene mineral from the other, - .

Fracturé-filling heulandite has been found at localities 3, 8,
9, 10, I1, and 14, among which only locality 3 lies in the
northern ‘area ‘characterized' by the lowest stage of diagenesis.
At ‘most localities, the mineral is covered by coarse crystals of
stilbite, which has a very similar crystal structure and chemical
composition (Déer and others, 1963). With an average Si/Al
ratio of around 3.0, heulandite and stilbite are distinctly less
siliceous than clinoptilolite or mordenite (Si/Al = 5).
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Heulandite, Clinoptilolite,
ﬂ loc. 7 loc. 1
o .
b3
<
7]
]
g
Z
9
o
(@]
. 83A 89A
o N
=)
=]
<
[
<
7]
oc
2
o
I
™
[=]
w
-
<
wi
I
FI 1 1 J L 1 L J
14 12 10 8 ° 14 12 10 8
A ) B
Stilbite

Stilbite is preeminent among fracture-filling zeolites, occur-
ring exclusively in fractures as large and well-formed crystals,
The mineral has been found at localities 3, 8, 9, 10, 11, 12,
and 15, either as sheaves of glistening plates (fig. 4E) or as
coarse druses (fig. 4F), commonly grown over finely crystal-
lized heulandite. The frequent association of chemically and
structurally similar stilbite and heulandite suggests that this
pair of minerals represents a second stage of diagenesis, which
is more advanced than the stage 1 of clinoptilolite, By the time
of stage 2, the sediment probably would have been buried
deeper into a hotter zone and hardened sufficiently to fracture
under stress. g

Locality 3 (fig. 1) is mlerpreted as an unusual spot where
diagenetic stage 2 became developed locally  in a region
generally at rest in stage 1. The more numerous occurrences of
stilbite-heulandite in the southern area were apparently
formed while the rocks of the area were undergoing progres-
sively more intense alteration toward diagenetic stage 3
characterized by laumontite., In the most intensely laumon-
tized parts of the area, the stilbite-heulandite fracture fillings
are replaced by laumontite.

Laumontite

Figure 5 illustrates the way in which laumontite fills joints
and pervades the host sandstone throughout the southern part
of the studied region. Where well developed, laumontite
amounts to 5—10 percent by weight of the rock, as deter-
mined by an X-ray diffraction method that was calibrated with
known mixtures of the mineral and a sandstone blank. Such
percentages far exceed the percentage of clinoptilolite or other
zeolites in the average Briones, so they could not have been
attained solely through conversion of preexisting zcolites into
laumontite. Much of the laumontite was produced through
reaction of interstitial solutions with major constituents of
sandstone like plagioclase, montmorillonite, and calcite (Mad-
sen and Murata, 1970).

Stilbite, crystallized in "joints at localities 9 and 12, is
partially replaced by laumontite (figs. 2H, I), showing that
temperature and pressure in the host rock had gone beyond
those of stage 2 to those of stage 3. The temperature and

~ pressure attained were probably similar to those observed in

laumontite-bearing Miocene sandstones in the Tejon oil field
of California, about 100°C and 320 bars hydrostatic pressure
(Castano and Sparks, 1970). That the pressure-temperature
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D lcm E 5mm F L_2mm

Figure 4.—Photomicrographs of zeolites and associated minerals of veins in Miocene sandstones. The direction of view, except for photographs €
and D, is normal to the wall of the opened vein. Photograph C is an edgewise view of a heulandite druse; D is an edgewise view of a vein of

stilbite.

A. Clusters of analcite trapezohedra (white) surrounded and overgrown by sparry calcite (gray). Oursan Sandstone of locality 7. A thinsection

cut across this vein is shown in figure 2F'.

o®

are overgrown by coarse stilbite like that of E below.

A radiating group of unusually coarse prismatic crystals of laumontite in Briones Sandstone of locality 9.
Drusy heulandite in Briones Sandstone of locality 11. The minute crystals are tabular on (010) and elongate along the ¢ axis. Commonly, they

D. Sawed section of a fractured vein of stilbite (S) with the fractures filled by late sparry calcite (C); locality 10. Calcite is dark because it was

stained with Alizarin Red S.

ISR

conditions did not exceed those appropriate for stage-3
laumontite is suggested by the apparent absence of higher
grade minerals, such as wairakite, epidote, and lawsonite
(Thompson, 1971; Liou, 1971).

The Si/Al ratio of the zeolites that characterize the three

Stilbite consisting of radiating or irregularly stacked platy twin crystals in Briones Sandstone of locality 12.
Twin crystals of stilbite of more regular habit than those of E. Briones Sandstone of locality 8.

diagenetic stages decreases progressively as follows: clinoptilo-
lite-mordenite, about 5; heulandite-stilbite, about 3; and
laumontite, about 2. As noted by Kostov (1969), such a
compositional progression must generally be explained in
terms of an increase in temperature or a decrease in activity of
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Figure 5.—Modes of occurrence of laumontite in the Briones Sandstone.
A, white laumontite coating the walls of subparallel joints and
reflecting the sunlight. The joints are nearly perpendicular to the
bedding, which dips about 45° to the right. Laumontite is also
dispersed throughout the sandstone. Locality 9. B, Laumontite
dispersed through sandstone and also concentrated along bedding
planes. Pencil is 14 ¢m long. Locality 12.

dissolved silica. The data on the geology and geography of
zeolite occurrences in the central Coast Ranges favor the
explanation based on increasing temperature.

ZEOLITES, CENTRAL COAST RANGES, CALIFORNIA

Significance of laumontite occurrence

The Briones Sandstone is the principal host rock for
laumontite, but only in the 30-mile stretch south of lat 37°40'
and west of Calaveras fault zone (fig. 1). Elsewhere, the
sandstone and related formations generally have clinoptilolite
as a characteristic diagenetic mineral. The strikingly restricted
distribution of laumontite suggests that the Briones either
differs compositionally or has undergone different pressure-
temperature conditions of diagenesis in its northern and
southern parts. Materials such as plagioclase, volcanic debris,
montmorillonite, and calcite previously noted to be involved
in the formation of laumontite (Madsen and Murata, 1970)
are all present in the Briones Sandstone throughout the entire
region. The widespread shell beds in the generally clean sands
of the middle Briones point to shallow waters of open bays as
the probable depositional environment. There are no indica-
tions of heterogeneities in the depositional environment which
might have led to regional differences in salinity or composi-
tion of interstitial waters or in porosity of the sands. The
localization of laumontite (fig. 1) thus cannot be explained in
terms of the intrinsic properties of the Briones.

From the standpoint of depth metamorphism, the localiza-
tion of laumontite could be understood if the Briones
Sandstone of the southern area had been buried under a
greater thickness of younger sedimentary deposits than else-
where. But according to Crittenden (1951), the cover there
(excluding localized Pleistocene deposits) is at most only
about 2,000 feet thick stratigraphically, and to the north,
others (Ham, 1952; Robinson, 1956; Hall, 1958) have found
maximum thickness of cover 3,000-12,000 feet, just the
opposite of what would be expected. Although these data are
somewhat uncertain because the amount of post-Briones
sediments that might have been eroded away is unknown, they
suggest that laumontite of the southern area did not result
from burial of the Briones under a thicker cover of sediments.

T. W. Dibblee, Jr., who recently remapped a large part of the
region shown in figure 1, has stressed to us (oral commun.,
1972) that the Briones and related formations are more
strongly deformed in the southern than in the northern area.
The tightly folded, overturned, and faulted Tularcitos syncline
(fig. 1) 1s a dominant structural feature of the southern area
(Crittenden, 1951), and it stands in sharp contrast to the
generally more open folds to the north. It seems highly
probable that the Briones of only the southern area was
downfolded and faulted to depths where temperature and
pressure were appropriate for laumontite generation. This
interesting relation between intensity of tectonism and meta-
morphic grade has been noted elsewhere (Haller, 1962; Rast,
1962).

Analcite

The few places where we found analcite have not yielded
enough information to put the mineral definitely within the
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three-stage scheme of diagenesis. Analcite occurs with clinop-
tilolite as minor cement of clasts in middle Miocene Hambre
Sandstone at locality 8, and as well-formed trapezohedra (figs.
2F, 2G, and 4A) in fractures in the middle Miocene Oursan
Sandstone of locality 7, where it is associated with no other
zeolite. A third locality is in the continental Pliocene
Mulholland Formation of Ham (1952) of Cull Canyon in the
region of locality 4, where analcite forms tiny spherical
aggregates in a thin bed of bentonite. This occurrence in
bentonite seems comparable to those in the lacustrine tuffs of
the Green River Formation of Wyoming (Bradley, 1928).

The refractive index of analcite from locality 7 and from
Cull Canyon falls in the range 1.484—1.486, which indicates a
rather siliccous composition (Saha, 1959). X-ray determina-
tions by the mcthod of Saha (1961) on crystals from two
different places in locality 7 uniformly gave a Si/Al ratio of
2.36, compared with the 2,00 of the conventional formula
NaAlSi; Og-H,0. .

Chemical, more so than physical, factors seem to have been
important in the genesis of analcite. Very likely, high-sodium
alkaline and saline solutions (VanHouten, 1962; Hay, 1966;
Baldar and Whittig, 1968; Boles, 1971), generated by processes
unrelated to the main chemistry of regional diagenesis, were
involved in .forming analcite in diverse scttings.

ISOTOPIC COMPOSITION OF CALCITE ASSOCIATED
WITH ZEOLITES IN FRACTURES

Sparry calcite commonly occurs with zeolites in both sedi-
mentary and altered igneous rocks, and Thompson (1971) has
recently discussed the significance of this association. Among
our samples, an obviously late calcite fills and transects a vein
of stilbite (fig. 4D), and calcite also fills voids in analcite-lined
fractures (figs. 2F, 2C, 4 A). Similar laumontite-calcite veins
have also been collected. The possibility that calcite can
coexist with zeolite, on the basis of an equilibrium reaction of
the type calcite + kaolinite + 2 quartz + 2H, O = laumontite +
CO,, was considered by Thompson, who concluded that most
associations of calcite with zeolite are nonequilibrium assem-
blages.

With the hope of shedding light on the origin of calcite that
coexists with zeolite, samples from four veins were submitted
for isotopic analysis; the results are given in table 2.

As the last three lines of table 2 show, the ranges of carbon
and oxygen isotopic compositions in calcite formed in the
hydrothermal environment (exemplified by lead-zine deposits)
and those in calcite deposited from cool fresh water coincide,
except that carbon can be much lighter in some fresh-water
calcites. The isotopic compositions of samples 1, 2, and 4 fall
in the coincident ranges, so whether these associates of zeolites
were formed at low or high temperatures is unknown. The
excessively light carbon (-23.9 per mil) of sample 3, however,
strongly suggests very late deposition from ground water
containing more than usual amounts of bicarbonate derived
from soil humus,
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Table 2.—Isoto
the central

ic analyses of sparry calcite associated with zeolite in
oast Ranges and of comparative calcites from other

localities
) 801 8 6Cl 3
Locality Sal\rﬂ’ ple Asnsl?r(i::‘:-h(l:d (per mil (per mil Ar:jflclmtgr
) SMOW)! PDB)? e
11. 1...: : Stilbite +15.5 -7.5 J.D. Gluson
9. 2.... Laumontite  +12.0 - -6.6
12. 3.... ... o... +23.5 -23.9 J. R. O’Nell
7. 4. .. Analeite +22.5 +.6 J. D. Gleason.
Mexico ......... Pb-Znores +111o+20 -8to -1 Rye (1966).
Kansas ......... ... do... +15to+23 -7to-1  Hall and
’ Fricdman
(1969).
Worldwide ..... Fresh-water  +9 to +24  -18to -3  Clayton and
calcite Degens (1959);
Graf (1960);
O’Neil and
Barnes (1971).

' SMOW, standard mean occan waler.
2PDB, Pec Dec Belemnite standard.

A similar late origin for the other samples of calcite is not
excluded by the isotopic data. Elementary considerations,
such as the median position of calcite in the veins (fig. 2F), the
cutting of some zeolite veins by calcite (fig. 4D), and the
occurrence of zeolites in some veins devoid of calcite, also
suggest that zeolite and calcite formed successively, not
simultaneously, and were not in equilibrium with each other.
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THE CHEMISTRY OF FIVE ACCESSORY ROCK-FORMING APATITES

By DONALD E. LEE, ELAINE L. MUNSON BRANDT,
RICHARD E. VAN LOENEN; and HARRY J. ROSE, JR,,
Denver, Colo.; Washington, D.C.

Abstract.—Chemical and physical data are given for five samples of
rock-forming apatite from diverse geologic environments in Nevada and
Colorado. Four of these apatites contain rare-earth assemblages in
which the cerium group is well represented but the yttrium group
predominates. The fifth apatite contains a highly fractionated assem-
blage of the lighter (cerium group) rare earths similar to the assemblage
typical of alkalic rocks.

Before the advent of modern techniques of mineral purifica-
tion many minerals being considered for analysis were selected
on the basis of their easy availablity, and thus many of the
early analyses were performed on minerals from pegmatites,
tactites, or drusy cavities, from which large crystals could be
handpicked with minimal effort. Fewer analyses were per-
formed on minerals from some of the more common igneous
and metamorphic rocks, especially rather fine-grained rocks.
During the past 20 years or so, many analyses of the more
common rock-forming minerals have been published. However,
for some of the accessory (as opposed to essential) minerals—
including apatite—there still is a dearth of chemical data on
samples recovered from some of the more common rock types.
This paper presents chemical data for four samples of
accessory apatite and one sample of placer apatite.

The apatites described here were purified by the same
methods used on accessory apatites from the southern Snake
Range, Nev. (Lee and others, 1973). Indices of refraction were
determined by the immersion method, using a spindle stage
(Wilcox, 1959) and focal masking technique (Wilcox, 1962).
Cell parameters were-obtained by least-squares refinement of
powder diffractometer data, using an internal standard of
CaF, and a self-indexing computer program developed by

* Evans, Appleman, and Handwerker (1963).

Semiquantitative spectrographic results 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 one bracket at 68-percent
confidence, or two brackets at 95-percent confidence.

FIELD SETTING OF APATITES

Apatite 244-MW-60 was recovered from a muscovite-rich
granitoid rock collected at lat 39°35'55" N.;long 114°7'55" W.,
in the Kern Mountains of White Pine County, Nev.
This granitoid rock is almost identical with the (southern
Snake Range) Pole Canyon—Can Young Canyon intrusive type
described in detail by Lee and Van Loenen (1971, p. 5, 38,
39), who ascribed its distinctive nature to assimilation of
argillite. According to R. K. Hose and M. C. Blake, Jr. (oral
commun., 1971), who prepared the geologic map of White
Pine County, the distinctive nature of the granitoid rock from
which apatite 244-MW-60 was recovered might also result from
assimilation of argillite. Whatever the origin, the great similar-
ity of these two granitoid rocks extends to the peculiar
apatite-zircon relation described by Lee and Van Loenen
(1971, p. 5, 39) and illustrated by Lee and others (1973, fig.
2). In each rock almost all the zircon is present as tiny,
acicular inclusions in large, equant, rather poorly formed, and
sparsely distributed apatite crystals.

Apatite 300-D1.-64 was recovered from a placer concentrate
collected at the mouth of Hampton Creek at lat 39°14'45" N.;
long 114°3'50” W., in White Pine County, Nev. Except for
some Middle Cambrian limestones resting above a thrust
surface, all the Hampton Creek drainage is underlain by
Lower Cambrian metaquartzites and metashales, as shown on
the geologic map of White Pine County, Nev. (Hose and Blake,
1970). The ultimate environment(s) in which the crystals of
apatite 300-DL-64 may have formed is problematical. How-
ever, the sample analyzed appeared to be homogeneous, for it
gave an X-ray diffraction pattern with sharp peaks which in
turn gave a good refinement of the unit cell parameters (table
1). Moreover, the Lower Cambrian metasedimentary rocks
were the source of most or perhaps almost all of this placer
apatite. In connection with potassium-argon age studies in the
area (Lee and others, 1970; and unpub. data), we have done
mineral separation work on several samples of these meta-
sedimentary rocks. Minor amounts of apatite were commonly
recovered, and petrographic study shows the apatite to be
present as well-formed crystals that appear to be part of the
metamorphic assemblage.
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CHEMISTRY OF FIVE ACCESSORY ROCK-FORMING APATITES

Table 1.—Analytical data for five apatites

[Descriptions of sample localities, methods of determination of physical properties, and general limitations of the semiquantitative method
are given in text. Chemical analyses by E. L. Munson Brandt; semiquantitative analyses by L. D. Forshey]

Area of collection . ......... White Pine County, Nev. Elko County Gilpin County,
Nev. Colo.
SampleNo. ............... 244-MW-60 300-DL-64 301-DL-65 363-DL-66 1-CC
Physical properties
Indices of refraction:
€ (£0.001) « oo, 1630 ... 1.630 1.634 1.630
W (£0.001) .. ..o 1632 ... 1.632 1.640 1.632
W€ eeermneenneneaanenns 002 Lol 002 .006 .002
Specific gravity:
Observed .. ............... 3.20+.01 3.20+.01 - - 3.20+.01 13.226+.005 3.20£.01
Calculated................ 3.21 3.22 3.22 3.227 L.
Unit cell parameters:
a(x0.001A).............. 9.367 9.373 9.366 9.407 9.376
c(£0.001 A).............. 6.880 6.875 6.880 6.876 6.877
cla....... e 734 733 734 731 733
Cell volume:
Measured (0.2 A®) ........ 522.9 523.1 522.6 527.0 523.6
Calculated . . .............. 523.7 525.6 525.6 527.2 ...,
Chemical analyses (weight-percent)
T 0.06 0.04 0.24. 0.55 0.11
ALO; o .07 06 . - .09 04 oL
N .06 .02 .05 14 .05
FeO . ovoi i .03 12 .04 24 .04
MgO.....ooiiiiiiions 1
Cal .o oei e 54.54 54.97 54.21 53.91 55.09
P J 07 05 0
O . 01 o o
HyO+ oo 00 e s
HyO—ooii s 00 L e e
O 42.22 42.21 41.78 4113 L.
MnO............c.civi... 11 .08 . e .15 08 L
Clooe e 02 L. a0 L
F o 3.64 2.98 o 3.49 293 2.92
D o 41 29 . 88 1.69 139
Insoluble residues®. . ......... .59 22 .o .36 13 .07
Subtotal ................ 101.81 101.06 ‘ 101.29 1066 ...,
LessO=CLF............ 1.53 1.25 1.47 123 ...
Total ............... 100.28 99.81 99.82 10043 ...
Ions on basis of-26(0,0H,F,Cl)
P 6.024 6.048 7. .- . 5.996} 5.930 } .....
St .010} 6.034 .007} 6.055 041 J 037 004 f 6024 T
Al .014) .012)) 018 ) 0087 - ...
Fe e .008 .003 .006 0 [ . L
Fe?* ... . i .004 017 .006 034 L.
Mg e e e oy .. L ..... L .....
Mn...........0eiene. .016  9.940 .012 ~ 10.061 .022 - 9.954 ©.012 +10.048  .....
Ca ..ot 9.848 9.968 9.847 983 | = .....
Na ... .023 o6y L. 033 |- L.
Ko .002 002y L. 002 - L
e 025 ) 018 J 055 ) 10s5) .
Foo 1.940 1.595 1.871 1.578 Y 1 mog  ce--
Qoo 1.940 .006}' 1601 } 1.871 205 } vres
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Table 1.—Analytical data for five apatites—Continued

[Descriptions of sample localities, methods of determination of physical properties, and general limitations of the semiquantitative method
are given in text. Chemical analyses by E. L. Munson Brandt; semiquantitative analyses by L. D. Forshey ]

Area of collection . ......... White Pine County, Nev. Elko County Gilpin County,
Nev. Colo.
Sample No. ............... 244-MW-60 300-DL-64 301-DL-65 363-DL-66 1-CC
Semiquantitative spectrographic analyses (weight percent)
Ba ... 0.0002 0.0002 0.0003 0.0005 0.0002
Cu..ooviiiiinini i, .0005 .0003 .0005 .005 .0007
Pb .. .001 .0015 .0015 .0015 .001
St .05 .05 .03 15 .03
Tl .005 .007 .01 .0002 .002
Vo 0 0 .0015 .007 .0007
4 15 .01 .005 0 .003

' Specific gravity of sample 363-DL-66 was determined with greater precision than others.

2 Rare-earth oxide precipitates. See table 2 for analyses.

3Insoluble in 1:1 HCI at 100°C. Results of X-ray diffraction work on these insoluble residues are given in text.
*Each rare-earth oxide precipitate calculated as Ce, 0, for sake of simplicity.

Apatite 301-DL-65 was recovered from a xenolith (of shaly
quartzite?) collected at lat 38°56'49" N ; long 114°16'26" W.,
within the area of a detailed field and laboratory study by Lee
and Van Loenen (1971).

Apatite 363-DL-66 was recovered from a granitoid rock
collected at lat 40°20'55" N.; long 114°34’ W., in the upper
drainage of Cougar Canyon of the Dolly Varden Mountains,
Elko County, Nev. This rock is the “augite monzonite” of
Snow (1964, p. 69, 78), who described the various igneous
rock types exposed in the area. On the basis of our mineral
separation work we estimate that this apatite makes up more
than 1 percent of the rock from which it was recovered.

Apatite 1-CC was recovered from a Precambrian metamor-
phic rock collected at lat 39°47°49" N.; long 105°30'25" W.,
about 1 mile south-southeast of Central City in Gilpin County,
Colo. The rock is a fine-grained biotite-rich schist that occurs
as a layer about 3 inches thick within a migmatitic biotite
gneiss.

APATITE ANALYSES

Chemical analyses of the apatites (table 1) are calculated on
the basis of 26(0,0H,F,Cl) to the apatite formula Cas (PO4);
(F,CLLOH), using the computer program described by
Jackson, Stevens, and Bowen (1967).

Each analysis includes the weight percent of material
insoluble in 1:1 HCI at 100°C., giving a good indication of the
degree of purity of the apatites analyzed. Amount of impurity
(insoluble material) ranges from 0.07 weight percent of apatite
1-CC to 0.54 weight percent in apatite 244-MW-60, and in
cach apatite probably all the insoluble material was present as
inclusions in the apatite grains.

Each analysis also includes weight percent of the rare-earth
oxide precipitate recovered. X-ray spectrographic analyses of
these precipitates are calculated to atomic percent of total rare
earths in each of the apatites (table 2) and discussed in some
detail later in this paper.

The compositions (table 1) range from about 7Y to 92 mole
percent end-member fluorapatite. Sample 363-DL-66 is about
10 mole percent chlorapatite; the other four minerals are for
the most part hydroxyfluorapatites, as indicated by the indices
of refraction and unit cell parameters listed in table 1 (Sce
Deer, Howie, and Zussman, 1962, p. 324, 331). There was
enough material for determination of H, O(+) in only sample
300-DL-64. Each apatite in table 1 completely lacked efferves-
cence when immersed in 1:1 HCl at 100°C., indicating absence
of the carbonate ion.

Aside from rare earths, only minor amounts of other cations
proxy for Ca®* in the structural formulas (table 1). There is
very nearly a straight-line relation between amounts of Si and
rare earths present in the structural formulas, owing probably
to the coupled Si** RE3*** = P5*Ca?* substitution.

The insoluble residues (table 1) were identified by means of
X-ray diffraction study as follows: 244-MW-60, predominantly
zircon; 300-DL-64, subequal amounts of quartz and zircon;
and the other three, predominantly quartz. We attribute the
zirconium values (table 1) to zircon inclusions in the apatite
(0.02 weight percent zircon about equivalent to 100 ppm
zirconium). The tiny amounts of the other minor elements
listed most probably are present in the crystal structures of the
apatites.

There are several methods of assessing the degree of
fractionation of rare earths included in the structures of
minerals from various geologic environments, a subject of
considerable interest. Murata, Rose, and Carron (1953) pro-
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Table 2.—Analyses of rare-earth precipitates and calculation of
Z(La+Ce+Pr) for apatites in table 1

SUMPIC 244.MW.60 300.DL64 301.DL65  363DL-66 1-CC
Weight percent of rare-earth precipitate’
Y,0,...... 36.7 28.9 40.5 2.95 34.7
La, 0, ..... 3.11 1.85 2.53 21.3 1.76
CeO,....... 11.0 6.71 9.16 41.6 7.06
Pr,0,...... 1.98 1.34 1.93 5.11 1.71
Nd,0,..... 10.5 7.73 10.4 14.3 9.47
Sm,0,..... 5.65 4.40 5.54 3.80 5.00
Eu,0, ..... 1.13 1.85 1.20 1.69 1.47
Gd,0,..... 5.31 4.86 5.04, 1.52 4.53
Tb,0, ..... 1.69 1.62 1.45 42 1.47
Dy,0,..... 6.79 7.27 6.39 .51 747
Ho, O, ..... 2.26 2.18 2.17 .0 1.88
Er,0, ..... 2.88 2.31 2.84 21 3.00
Tm,0,..... .62 .60 77 .08 .71
Yb,0,..... 1.75 1.53 2.34 .0 2.76
Lu,0,..... .90 .83 1.01 .0 .94
Total. ... 92.27 73.98 93.27 93.40  83.88
Atomic percent of total rare earths in apatite
Y......... 50.81 50.25 54.43 4.65 52.63
La ........ 2.98 2.23 2.36 23.31 1.85
Ce ........ 10.00 7.65 8.40 43.11 7.03
Pro........ 1.88 1.60 1.77 5.53 1.78 -
Nd........ 9.75 9.02 9.38 15.16 9.64
Sm........ 5.06 4.95 4.85 3.89 491
Eu........ 1.01 2.06 1.04 1.71 1.43
Gd........ 4.57 5.27 4.22 1.50 4.28
Th........ 1.44 1.74 1°20 .40 1.38
Dy ........ 5.68 7.64 5.20 A48 6.86
Ho........ 1.87 2.27 1.73 .0 1.70
Er......... 2.36 2.37 2.25 19 - 2.68
Tm........ .50 .61 .60 07 .63
Yb........ 1.39 1.52 1.80 0 2.39
Lu........ .70 .82 7 .0 81
Total. .. 100.00 100.00 100.00 100.00 100.00
(La+Ce+Pr) 14.86 11.48 12.53 69.95 10.66

! X-ray spectrographic analysis by Frank Cuttitta, Ralph Christian, and
Harry J. Rose, Jr. Sc, 0, not detected. Low totals probably due to
presence of filter-paper ash in precipitate.

posed the quantity X(La+Ce+Pr) in atomic percent of total
rare-earth elements as a numerical index of the composition
and stage of fractionation attained by the rare-earth elements.
Thus higher values of Z(La+Ce+Pr) represent greater enrich-
ment of the lighter, more basic rare-earth elements. Apatite
363-DL-66 has a sigma value of about 70, representing a much
lighter assemblage of rare earths than any of the other four
(with sigmas of 10.7—14.9, table 2).

Fleischer and Altschuler (1969, p. 729) based their discus-
sion of the fractionation of lanthanides (excluding yttrium) on
a triangular diagram with corners featuring (in atomic percent)

the groups La—Nd, Sm—Ho, and Er—Lu. If the results in table
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Figure 1.—Range of distribution of rare earths shown by three apatites,
with £(La+Ce+Pr) value for each. Data for apatite 40A-MW-60 from
Lee, Van Loenen, and .Mays (1973); data for other two from table 2,
this report. The relationship of yttritum (Y) to the other rare earths is
indicated. Odd-even pairs of elements are arranged, left to right, in
order of increasing atomic number.
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2 are plotted on such a diagram, they include nearly the whole
range of lanthanide compositions published for apatites from
various environments, excluding a few apatites from pegma-
tites that show an extreme concentration of the heavier rare
earths.

Adams (1969) summarized the several mechanisms (ionic
radii differences, basicity, and accommodation in crystal
lattices) that may contribute to fractionation of the lanthanide
group of elements in rare-earth-bearing minerals. He illustrated
lanthanide assemblages found in various minerals by means of
graphs plotted in the form suggested by Semenov and Barinskii
(1958), in which odd-even pairs of elements are arranged in
order of increasing atomic number along the abscissa, and
abundance in atomic percent along the ordinate.

The rare-earth assemblages of apatites 363-DL-66 and 1-CC
are plotted in this way (fig. 1). Graphs for the other three
apatites (table 2) are very similar to the one for 1-CC. A plot
of ‘the rare-earth assemblage present in apatite 40A-MW-60,
from a hybrid granitoid rock (Lee and others, 1973), is
included in figure 1. Fractionation of lanthanides in apatite

“363-DL-66 is similar to that found in allanite, or even in
bastnaesite (Adams, 1969, figs. 4C and 1C, respectively), while
the assemblage in apatite 1-CC is similar to that found in
gadolinite (Adams, 1969, fig. 1E). The plot for 40A-MW-60
does not resemble very closely any of the plots for various
minerals featured by Adams (1969). As Fleischer and Alt-
schuler (1969, p. 729) stated, “* * * the lanthanides in apatite
¥ ¥ % yary greatly in composition.” Adams (1969, p. C43) also
mentioned apatite as a mineral with a tolerance for all the rare
carths, and a mineral which may therefore be a valuable guide
“to changes in rare-earth composition that have taken place
during the development of the rocks in which they are found.”

The changes in rare-carth composition that took place
during the development of the rock from which apatite
363-D1.-66 was recovered may be similar to processes that lead
to the formation of alkalic rocks and carbonatites. Gold-
schmidt, Hauptmann, and Peters (1933) and Goldschmidt
(1937) first recognized the unusual abundance of rare-earth
clements and the predominance of the most basic (lightest) of
these elements in alkalic rocks, and Murata, Ross, Carron, and
Glass (1957) emphasized the fact that cerium-earth minerals
from alkalic rocks and carbonatites are rich in the most basic
rare carths. Moreover, apatite is commonly well developed in
alkalic rocks and carbonatites (see for example Deer, Howie,
and Zussman, 1962, p. 333), and apatite 363-DL-66 makes up
more than I percent of the host rock, as well as being
unusually rich in total rare carths (table 1). Finally, the highest
barium and strontium values were found in apatite 363-DL-66
(table 1), and these two elements are commonly enriched in
alkalic rocks and carbonatites (Pecora, 1956).

Although it would be unwise to overinterpret data for a
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single mineral, we note finally that the granitoid rock
containing apatite 363-DL-66 is exposed in contact with thinly
interbedded limestones and sandstones (the Permian Pequop
Formation of Steele, 1959; Snow, 1964, pl. 1). In a study of
hybrid granitoid rocks from the southern Snake Range, Nev.,
Lee and Bastron (1967) found accessory allanite to contain a
more basic assemblage of rare earths where the granitoid rock
is in contact with limestone; and the rare-earth assemblages in
accessory apatites from the same rocks show the same trend
(Lee and others, 1973).
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PETROGRAPHY AND STRUCTURAL RELATIONS OF GRANITIC
BASEMENT ROCKS IN THE MONTEREY BAY AREA, CALIFORNIA

By DONALD C. ROSS and EARL E. BRABB, Menlo Park, Calif.

Abstract.—In the past, the granitic basement of the Coast Ranges has
been thought to be dominantly quartz diorite and low in K-feldspar.
However, a study of outcrops around Monterey Bay, basement well
samples, and dredge samples from Monterey Bay shows that the granitic
basement averages about 15 to 20 percent K-feldspar. Therefore, as a
sedimentary provenance, the basement around Monterey Bay could
have contributed abundant K-feldspar to the Cenozoic sedimentary
deposits of the region; that is, in the Monterey Bay area the local
basement is an adequate source for the abundant K-feldspar in the
sedimentary units. The distribution of basement rocks and mapped
faults, coupled with gravity-geophysical data, suggests that the area
between the San Andreas and Sur-Nacimiento fault zones (the Salinian
block) near Monterey Bay is broken into several discrete structural
blocks. Some of these blocks juxtapose not only different basement
rocks, but also different contour patterns on the buried basement
surface. These features suggest large strike-slip movements along some
faults within the Salinian block in the Monterey Bay area.

The Monterey Bay area (fig. 1) appears to be underlain by a
dominantly granitic basement of Mesozoic age containing
inclusions and roof pendants of older marble, schist, quartzite,
and other metamorphic types (fig. 2). The granitic rocks range
in composition from very felsic alaskites to dark gabbros. but
the bulk of the outcrops is intermediate between these end
types. Outcrops are mainly in the Ben Lomond area on the
north, the Gabilan Range on the cast, and the Monterey
Peninsula and adjacent Monterey Bay on the south; farther
south, the Santa Lucia Range is underlain by a mixture of
metamorphic and granitic types.

This summary report provides a general picture of the
composition and areal distribution of the granitic basement
rocks in the Monterey Bay area. From this it may be possible
to determine the provenance of Late Cretaceous and Tertiary
sedimentary rocks in this area. Although in the past the
granitic rocks of the Coast Ranges have been considered to be
dominantly quartz diorite and low in K-feldspar, some of the
Tertiary sedimentary units in this area contain abundant
K-feldspar, which raises the question of whether or not there
are suitable K-feldspar-rich rocks in this area to supply this
Tertiary debris. Also, discontinuities in the present distribu-
tion and structural trends of the various basement types may

reveal the presence of possible large faults.
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Survey, furnished dredge samples from Monterey Bay. We also
wish to thank D.L. Durham and T.W. Dibblee for their
helpful reviews.

BEN LOMOND MOUNTAIN AREA

About 40 sq mi (104 km?) of basement rocks is exposed in
the Ben Lomond Mountain area. The dominant rock type, the
hornblende-biotite quartz diorite of Ben Lomond Mountain,
engulfs and intrudes a pendant composed of mica schist,
marble, and quartzite several square miles in area. The alaskite
of Smith Grade and several smaller alaskitic masses also cover a
few square miles (fig. 2). The modal and petrographic data on
the Ben Lomond rocks are taken in part from Leo (1967) and
are supplemented by additional data from Ross (1972a).

Figure 3 shows the general modal distribution of the two
main granitic masses. The alaskite of Smith Grade is a medium-
to coarse-grained rock composed of nearly equal amounts of
sodic plagioclase, K-feldspar, and quartz, together with a
couple percent of biotite and trace amounts of garnet. There is
some controversy about the relative age of this unit. Compton
(1966, p. 285) thinks that it predates the main Ben Lomond
mass, and Ross (1972) thinks it is a late plug related to
garnet-bearing dikes that cut the Ben Lomond mass. Nonethe-
less, the largest body of alaskite is almost completely
surrounded by the quartz diorite of Ben Lomond (fig. 2) and
probably extends for no more than twice its exposed size
under the overlying sediments to the south. Judging from the
exposed basement sample of the Ben Lomond area, which
contains only a few small alaskite plugs and dikes, we do not
think that there are any very large alaskite masses in the buried
basement nearby.

The more important basement unit, and the one that is more
likely to have substantial subsurface extent, is the quartz
diorite of Ben Lomond. This rock consists of about one-half
andesine, one-quarter quartz, and one-quarter biotite and
hornblende. K-feldspar normally is only a few percent, but
Leo (1967) reported as much as 12 percent locally. The
ternary plot of feldspar and quartz (fig. 3) shows that most
specimens from the main mass fall in the quartz diorite field,
but that isolated masses to the east stretch the composition
well over into the quartz monzonite. field. East of the main
mass, the K-feldspar content of the granitic rocks is consider-
ably higher over a rather large area. Leo (1967, p; 37)
described the granodiorite of Wilder Creek at the south end of
the main mass and suggested that this rather felsic biotite-
bearing rock may be a gradational phase of the Ben Lomond
mass. It is interesting to note that the modes of the Wilder
Creek rocks recorded by Leo (fig. 3) are in the same general
range as those of the isolated masses east of the main Ben
Lomond body. J. C. Clarke, who was able to study several well
cores, in addition to outcrops, in the area of Wilder Creek,
reported gradations of rock types from quartz diorite to
quartz monzonite (oral commun., 1970). It appears that both
to the south and east the Ben Lomond basement becomes
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considerably richer in K-feldspar. A “contact” on figure 2
emphasizes this relation; however, limited examination of
some of the small, isolated bodies east of Ben Lomond
suggests that these are variations of the quartz diorite, rather
than a separate intrusive mass.

GABILAN RANGE

The Gabilan Range is a dominantly granitic massif covering
more than 300 sq mi. At the northern end of the range, which
is of most interest in this report, the main rock types are the
quartz diorite of Vergeles, the granodiorite of Natividad, and
the quartz monzonite of Fremont Peak (fig. 2). The meta-
morphic rocks in the northern part of the range are domi-
nantly marble and mica schist, with lesser calc-hornfels and
tactite, and rare quartzite. Additional petrographic and modal
data on these rocks are given by Ross (1972a).

The quartz diorite of Vergeles ranges to granodiorite (fig. 3),
and the modal average is probably close to the boundary
between these two types. The Vergeles mass is a normal
granitic-looking rock composed of about 50 percent plagio-
clase, 20 to 30 percent quartz, about 20 percent biotite and
hornblende, and as much as 15 percent K-feldspar. The
Vergeles mass seems to be abruptly cut off to the northeast by
the Vergeles fault. Ross (1972a, p. 33) has suggested that this
mass may be correlative with the quartz diorite of Ben
Lomond.

The granodiorite of Natividad is finer grained and physically
distinguishable from the Vergeles unit, but the two rocks have
somewhat similar modal compositions. Some question exists as
to whether these are two separate intrusives or two facies of
one mass, but nevertheless both units could contribute about
the same sort of debris to sedimentary deposits.

The quartz monzonite of Fremont Peak is coarse-grained
felsic granitic rock composed of about equal amounts of sodic
plagioclase, K-feldspar, and quartz, and a few percent of
biotite. This mass, which intrudes the Vergeles and Natividad
units, underlies two large areas in the northern part of the
range.

North of the Gabilan Range (fig. 2) is a thin sliver of
basement rocks along the San Andreas fault. These rocks,
quartz gabbro and anorthositic gabbro, are quite distinct from
any of the granitic basement units in this region (Ross, 1970).
They are composed of calcic plagioclase, hornblende,
pyroxene, and less quartz and are virtually devoid of K-
feldspar, except for some minor pegmatitic dikes.

MONTEREY PENINSULA AND BAY

The Monterey Peninsula and the Point Lobos areas to the
south are both underlain by coarse-grained porphyritic gran-
odiorite. Present outcrops span some 20 sq mi, and these rocks
almost certainly extend some as yet unkown distance to the
south and east. For example, nearly 20 miles to the southeast
in the Santa Lucia Mountains, similar granitic rocks are
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exposed (Alf Piwinskii, oral commun., 1969). The detailed
granitic geology has not yet been worked out for the area of
figure 2 labeled “granitic rocks, undivided.” However, from

the work of Compton (1966) and Wiebe (1970), we know that .

the granitic basement of the Santa Lucia Range encompasses a
wide range of compositions and includes abundant quartz
monzonite and granodiorite.

According to the few samples analyzed, the Monterey. mass-

is a granodiorite having a modal composition of about 50
percent sodic plagioclase, 30 percent quartz, 15 to 20 percent
K-feldspar, and 5 to 10 percent biotite. Primary muscovite is

also present in this body. K-feldspar phenocrysts as large as 30 -
mm in longest dimension are distinctive in this rock. Rocks as -

coarsely porphyritic as the Monterey mass do not- lend

many outcrops.

The extension of this mass offshore from the Monterey-

Peninsula has been confirmed by dredging. Martin and Emery
(1969, p. 2288) briefly described dredged specimens in which
they noted that, though mineral percentages varied, a typical
sample was 35 percent quartz, 30 percent K-feldspar, 20
percent oligoclase, 10 percent biotite, and 5 percent chlorite.
Further dredging in 1971 and 1972 by H. G. Greene extended
the area of known granitic outcrop in the bay both north and
south of the area of Martin’s and Emery’s work. The present
known extent of offshore granitic outcrops is shown by the
dashed line on figure 2. Greene kindly furnished us with
specimens from these dredge hauls; the dominant material was
found to be porphyritic granodiorite that was similar to the
exposures on Monterey Peninsula. Associated with the porphy-
ritic rocks were finer grained rocks, rich in K-feldspar, that
may be from satellitic bodies or dikes. Thus it seems highly
likely that an offshore area of more than 100 sq mi is
underlain by rocks rich in K-feldspar and generally similar to
the rocks on the Monterey Peninsula. These rocks almost
surely also extend some distance farther north under the
sediments of the bay. They do not appear to extend very far
south, however, at least along the coast. One of the samples
from the southernmost dredge line is a quartz diorite

containing pseudomorphs of hornblende as well as abundant ...

biotite; quartz diorite containing abundant hornblende -and
biotite is also found along State Highway 1 about 4 miles
south of Point Lobos.

DATA ON SUBSURFACE GRANITIC BASEMENT ROCKS
The outcrop data have been supplemented by the acquisi-

tion of basement samples from cores of six wells drilled for oil
between Ben Lomond Mountain and Gabilan Range and

another sample core west of Ben Lomond. The locations of

these wells are plotted on figure 2. These widely isolated core
samples are particularly valuable to help determine the types

of basement rock between the exposures of Ben Lomond and -
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the Gabilan Range and therefore deserve individual descrip-
tion. The limitation on drawing conclusions from these
scattered cores is, we trust, readily obvious to readers.

Union Hihn Well 2.—From this well we have four samples
from 3,436 feet, where basement was first found, to 3,507
feet, and a fifth sample from the interval 3,565 to 3,569 feet,
the total depth of the well. An additional sample of arkosic
sand, rich in K-feldspar, from the interval 3,413 to 3,436 feet

-appears to overlie the basement immediately. All the quartz-

rich, felsic granitic samples are very similar. They are quartz
monzonite with an average mode of 35 percent andesine, 26
percent K-feldspar, 36 percent quartz, and 3 percent medium-
brown biotite. Zircon is present in all samples; metallic opaque

- grains are extremely rare, and at least some of them are pyrite.
themselves to accurate modal analysis, but the overall abun--
dance of K-feldspar in this mass is nevertheless indisputable, .
judging from the abundance of K-feldspar phenocrysts-in-

Modally, these rocks resemble some of those exposed east of

.the main Ben Lomond basement outcrops. Texturally, they
--are somewhat finer grained, aplitic in part, and contain lacy,
irregular growths of K-feldspar; but they bear textural resem-
-.blance to some of the finer grained and less felsic rocks east of

Ben Lomond. These rocks are very tenuously considered to be
a continuation of the quartz diorite of Ben Lomond; but even
if the correlation is erronecous, they still provide another
sample point of granitic basement relatively rich in K-feldspar.

The plotted position of Union Hihn well 2 is about 1,000
feet east of the mapped trace of the Zayante fault; yet the
granitic material at the bottom of the hole seems to be related
to the basement rocks west of the fault in the Ben Lomond-
Gabilan block, which crop out only 3 miles to the ncrthwest.
A short distance northeast of the Hihn well 2, Union Hihn 1
went down 7,747 feet and was still in Miocene rocks, which
suggests that there is a basement break (the Zayante fault)
between the bottoms of Hihn wells 1 and 2. A dip of 70° or
less to the east on the Zayante fault would permit the Union
Hihn 2 to bottom on the west side of the fault; a southwest-
ward deflection of the well would also produce the same
effect. With the present limited data, it seems most logical to
speculate that the Hihn 2 basement rocks belong to the Ben
Lomond-Gabilan block.

Texaco Light (791).—Two samples are available from this
well. One from 3,240 feet is a “granitic breccia™ that could
represent either fragmental material near the contact with the
basement rocks or tectonic breccia; it is probably the former.
The other sample from 3,620 feet is extensively weathered but
appears to be quartz diorite containing abundant black biotite.
Both specimens contain little K-feldspar. It is impossible to
relate these samples adequately to any granitic basement of
the region. General composition and appearance make correla-
tion with the Ben Lomond rocks permissible; little more can
be said.

Texaco Pierce (792).—Three samples from intervals 2,633 to
2,637,-2,637 to 2,642, and 2,642 to 2,655 feet are light-gray

-aplitic rocks that are liberally sprinkled with small flakes of

yellowish-orange biotite, .grains of sphene, and as much as 2
percent small pyrite crystals. Thin-section appearance defi-

.nitely suggests that these rocks are aplite, but it is possible that
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they are fine-grained hornfelses.

Texaco Carpenter (781).—Samples from 3,050 and 3,096
feet are both dark-gray medium- to fine-grained quartz-bearing
diorite containing small plagioclase phenocrysts as long as 3
mm. In general appearance the specimens resemble inclusion
material that is common in granitic rocks, but the fact that
the hole passed through at least 46 feet of this material and
that no other basement rock type was recovered suggests that
a diorite body was penetrated. The mode of this rock is 41
percent intermediate andesine, 5 percent quartz, 43 percent
pale-greenish-yellow to pale-olive hornblende, and 11 percent
yellowish-orange to moderate-reddish-brown biotite. Acces-
sory apatite, zircon, and magnetite are also présent.

Texaco Blake (783).—Samples were obtained from the
basement rocks at 2,426, 2,458, and 2,462 feet. The upper
and lower samples are light-gray aplites that are somewhat
banded by variation in grain size and K-feldspar content and
somewhat streaked with yellowish-orange to brown biotite.
These samples look much like those from the Texaco Pierce
(792) hole. The sample from 2,458 feet, however, is a
medium- to coarse-grained, weakly' porphyritic granitic rock. It
is composed -of 40 percent zoned sodic to intermediate
andesine, 20 percent K-feldspar, 24 'percent moderately
strained quartz, and 16 percent brown biotite. Trace amounts
of grayish-green hornblende are present, as are sphene, allanite,
epidote, apatite, and zircon. No metallic opaque grains were
seen in the specimen studied. This biotite granodiorite bears a
striking resemblance to much of the rock in the isolated
outcrops east of the main Ben Lomond mass and is considered
here to be correlative of those rocks. The aplites are
presumably dikes or small masses, which are also present in the
Ben Lomond area. '

Texaco Davies -(784).—One basement sample from 2,194
feet is a relatively fresh, medium-light-gray granitic rock
containing abundant dark minerals in fairly large crystals. This
rock is a granodiorite that is hypautomorphic granular and is
composed of 51 percent sodic andesine, 10 percent K-feldspar,
21 percent quartz, 11 percent dark-y‘ello.wish-brown biotite,
and 7 percent grayish- to medium-green hornblende. Some of
the dark mineral plates are as much as 5 mm across. Sphene
crystals as large as 3 mm across are most abundant as an
accessory mineral; minor apatite, zircon, allanite, and the
merest traces of metallic opaque minerals are also seen. The
K-feldspar tends to occur in large, lacy, interstitial masses
rather than in discrete crystals. '

The " general - appearance ‘of ‘this rock as well as its modal
composition suggest that it is a correlative of the Vergeles mass
of the Gabilan Range. Rocks with abundant, large, discrete
dark-mineral plates like those in this specimen are not only
characteristic of the Vergeles mass but also are present in the
Ben Lomond mass, as well as in other Coast Ranges granitic
outcrops farther north. This recurring, rather distinctive
texture has led Ross (1972a) to suggest that the Vergeles mass
and the rest of the granitic basement north to Bodega Head are
a comagmatic, closely related granodiorite-quartz diorite
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terrane, or possibly even ‘one large pluton, into which
numerous, younger, more felsic masses have been intruded. -
Texacb Poletti 1.—In this well near the coast' west of Ben
Lomond, basement was hit at about 9,000 feet, and three
samples weré examined from 9,163, 9,191, and 9,193 feet.
Another basement sample is available from an unknown depth
below 9,000 feet, and still another éample was examined
briefly and subsequently lost. The sample from an unknown
depth is a massive medium-grained biotite quartz monzonite to
granodiorite with schistose to gneissose layers. Some concen-
trations of pinkish K-feldspar are present but not quite
discrete enought to be phenocrysts; K-feldspar crystals about
55 mm long were observed in the core that was lost. The
schistose-gneissose layers are composed of quartz, sodic
plagioclase, and olive-browr biotite, as well as abundant
secondary calcite. The layered part of the specimen appears to
lack K-feldspar, in sharp contrast to its abundance in the
adjoining granitic rock. This rock somewhat resembles the
porphyritic granodiorite of Monterey and, probably more
importantly, does not seem to resemble the nearby surface
outcrops of the Ben Lomond mass. ‘
The three basement samples from ‘near the top of the
basement in this well are all brecciated to some extent - with
anastomosing shear zones rich in chloritic material. There is no
mylonite, but crushing and shearing are suggested from the
specimens. The original rock in all three samples was a
relatively quartz-rich biotite granodiorite. None of these
samples resemble the nearby Ben Lomond basement rocks.

REGIONAL CONSIDERATIONS

The new well-core data allow us to-extend the Ben Lomond
granitic basement tentatively some-12. miles farther southeast.
But more significantly they allow us to enlarge the area of
granitic rocks relatively rich in K-feldspar east and south of the
Ben Lomond mass. Well 784 permits us to extend the Vergeles
mass of the Gabilan Range some 7 miles farther west. Even
with these new data, however, there is ‘still a 10-mile gap
between the Gabilan outcrops and the nearest well with
granitic rock like that in the Ben Lomond area.

Figure 4 is a highly speculative interpretation of the
configuration of granitic' basement rocks beneath the cover of
Mesozoic and Cenozoic sedimentary and volcanic rocks and
sediments. It was constructed partly from oil test-well data,
partly from gravity data or profiles by Clark (1970), H. C.
Sieck (unpub. data), and J. W. Fairborn (unpub. data), and
partly from an analysis of geologic maps by Clark (1970),
Bowen (1965), and Brabb (1970). Even though the data points
are few and scattered, the abrupt change in depth to granitic
basement rocks across inferred faults is well established. Some
of the irregularities in the surface of these granitic basement
rocks, such as the reentrant in the Moss Landing area, could be
due to erosion by fluvial process prior to submergence, as
suggested by Starke and Howard (1968), but other irregulari-

ties seem related to folding or warping of the basement rocks.
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Figurc 4.—Map showing depth to granitic basement rocks and major fault systems in the Montcrey Bay arca, California. The map is highly

speculative and is-based on relatively few data points.
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Such deformation was postulated many years ago, mainly:on: .-

geomorphic evidence; by -Rode (1930), and more recently by
Cummings, Touring, and Brabb (1962, p. 214) and Gribi
(1957, fig. 6). Termination of the folded surfaces at faults and
the abrupt change in strike of these surfaces across faults
suggest that the deformation was not related to simple
up-and-down movement of the faults or simple compression of
the blocks, but rather that it was complex and associated with
extensive strike-slip movement. In support of this argument,

Bowen (1965; p-66) has postulated at least some right-lateral. .-

movement on the Tularcitos and Chupines faults, largely on

the basis of offset of a middle Miocene formation. If so, then’
the granitic rocks in the Monterey area may be juxtaposed-.

from terranes that were once widely separated.

Two new faults are proposed to explain abrupt changes in

depth to basement rocks reached by oil test wells. Neither
fault has any known surface expression, and both seem to be
older than late Miocene. The Santa Cruz fault seems to extend:
northeastward from Santa Cruz at least to the Zayante fault. A

slight deflection in the San Andreas fault along the extension -

of the Santa Cruz fault may or may not be coincidental. The

King City fault, as mapped originally by Clark (1929) and later -

by Bowen (1965) in the Salinas River area, is extended across
Monterey Bay and northwestward from Santa Cruz at least to
the San Gregorio fault. The extension of the King City fault
was also recognized but not mapped or named by Starke and
Howard (1968, p. 822-823) on the basis of the same oil
test-well data. Directly on strike to the south of the King City
fault is the Reliz-Espinosa-San Marcos-Rinconada fault zone, a
regionally significant feature that is probably continuous with
the King City fault in the Monterey Bay area. Dibblee (1972,
p. 145-146) has noted that drag folding associated with this
fault zone indicates right-lateral movement. He postulates that
strata of Late Cretaceous to early Tertiary age have been offset
in a right-lateral sense nearly 40 miles along this zone.

On the basis of the distribution of basement rock types, we
can speculate that the striking contrasts in basement rocks
across both the Zayante-Vergeles and King City faults (fig. 4)
require some lateral movement, whereas the distribution of
basement across the Santa Cruz fault requires only moderate
dip-slip movement. At both the north and south ends of the
Zayante-Vergeles fault zone, petrographically similar granitic
rocks abut the west side of the fault. In between those larger
outcrop areas, isolated granitic outcrops and well and gravity

data suggest a relatively shallow movement along the west side - -

of the fault. East of the fault there are no exposures of
Salinian block-type granitic rocks. The only basement ex-
posed is the unusual gabbro of Logan, which Ross (1970) has
suggested may be exotic and unrelated to the granitic rocks of
the Salinian block to the west. The contrast in basement
contours across the fault (fig. 4) could possibly result solely
from vertical fault movement, but the markedly different
basements across the fault suggest that lateral movement has
juxtaposed these different rocks. From the present data, we
must also entertain the possibility that the Zayante-Vergeles

GRANITIC BASEMENT ROCKS; MONTEREYBAY AREA, CALIFORNIA

block~ is ~underlain by Franciscan basement, rather than
Salinian granitic basement.

The Santa Cruz fault, in contrast, has similar, possibly
correlative granitic basement rocks on both sides. Basement
evidence suggests that this may be a dip-slip fault of moderate
displacement that has had little effect on distribution of the
basement rocks.

The King City fault, however, appears to have had signifi-
cant effect on the distribution of the basement rocks. The core
matertal-from the Texaco Poletti well 1 has some resemblance
to the basement of Monterey Peninsula, but none to the
nearby exposures of granitic rocks of the Ben Lomond area.
Also, Ross (1972a) has suggested that the basement of the
Gabilan Range is different from the basement of the Santa

- Lucia Range of the Monterey block west of the King City
--fault. Preliminary study suggests that the dominantly granitic

Gabilan basement has little in common with the largely

~metamorphic Santa Lucia basement, although many areas in

the Santa Lucia Range have not yet been examined in detail.
The contrast in basement rocks across the proposed King City
fault seems to require more than dip-slip fault movement. It
seéms more probable that strike-slip movement on the King

“City fault has juxtaposed these contrasting basement terranes.

From the surface and subsurface data around and under
Monterey Bay, we can make some generalizations about the
overall composition of the basement rocks. More specifically,
for the purposes of this report, we can generalize about the
K-feldspar content of the basement rocks in this area. From
the preceding discussion of modal composition and structural
blocks in this region, a generalized basement map can be
constructed (fig. 5). Within the outlined semicircular area, an
average K-feldspar content can be estimated for each postu-
lated basement block. Weighting each area according to size,
an average K-feldspar content of 15 percent is obtained for the
approximately 1,000-sq-mi area. It is also possible to estimate
an average granitic composition for this area by assuming that
the Monterey Bay area is representative of the granitic
basement of the entire Coast Ranges. For the 450 sq mi of
granitic rocks exposed in the Coast Ranges (excluding the
Santa Lucia Range), Ross (1972a) has estimated that they
consist of 40 percent quartz monzonite, 36 percent granodio-
rite, 23 percent quartz diorite, and 1 percent diorite and
gabbro. It should be remembered, however, that the Monterey
Bay area is between the central Coast Ranges with a generally
higher - proportion of quartz diorite and the southern Coast
Ranges (Gabilan Range and to the south) where granodiorite
and quartz monzonite greatly predominate. Nevertheless, if we
use these average amounts, we could postulate about 20 to 25
percent K-feldspar as a general amount for the Monterey Bay
area. However, considering all the uncertainties that result
from both these methods based on limited data, 15 to 20
percent of K-feldspar is probably a fair estimate of overall
content in the granitic rocks of the Monterey Bay area. The
composite plot of all the modal data from the Monterey Bay
area (fig. 3) shows that there is a wide range of composition
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and relatively abundant  source material for significant
amounts of K-feldspar in the sedimentary section derived from
this basement, even though the plot is somewhat weighted in
favor of the K-feldspar-rich rocks, which were more densely
sampled in the Ben Lomond area.

Generally, the Monterey Bay area rocks have 20 to 30
percent quartz and from 10 to 25 percent dark minerals, so we

s (see fig. 2).

can predict an overall range of plagioclase from 25 to 50
percent. Thus sedimentary units that received granitic debris
might be expected to receive about twice as much plagioclase
as K-feldspar. However, a relative enrichment of K-feldspar
over plagioclase may take place during the weathering process
because much of the plagioclase in the granitic rocks is to
some extent altered, whereas K-feldspar is generally much
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fresher. The plagioclase of these granitic rocks is much more
likely to break down during mechanical weathering than is the
K-feldspar because much of it is already partly saturated with
micaceous and clayey alteration material. Also these somewhat
altered plagioclase crystals should be much more receptive to
additional chemical alteration during the weathering process.

Some of the Tertiary sedimentary rocks that could have
been derived from granitic basement rocks surrounding Mon-
terey Bay have been described by Cummings, Touring, and
Brabb (1962). These sedimentary rocks occur in the La Honda
basin, north of Ben Lomond Mountain (fig. 2). Cummings and
his colleagues found that sandstones of Eocene and Oligocene
age have about 30 percent K-feldspar and 10 percent plagio-
clase, whereas sandstones of Miocene age, according to Brabb
(1960, p. 72), contain as much as 92 percent plagioclase and
only 5 percent K-feldspar. The change in ratio of feldspar is
attributed to a significant change in source areas during early
or Middle Miocene time. The source for the Eocene and
Oligocene sediments was thought by these authors to be south
and west of the present outcrops of predominantly quartz
diorite on Ben Lomond Mountain, in what is now the Pacific
Ocean, whereas the Miocene sediments were thought to come
directly from the Ben Lomond Mountain area. Corroboration
for at least the southern source during the Eocene has been
provided by Nilsen (1971).

These data provide additional clues to understanding the
structural framework of granitic basement rocks in the
Monterey Bay area. If major strike-slip dislocations have
occurred, then movement of the Monterey block away from
the La Honda basin probably occurred in early or middle
Miocene time.
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A PHOTOGEOLOGIC METHOD FOR DETERMINING THE '
DIRECTION OF HORIZONTAL DILATION FROM
PATTERNS OF EN ECHELON FRACTURING |

By WENDELL A. DUFFIELD and KAZUAKI NAKAMURA!,
Menlo Park, Calif., Tokyo, Japan . .

Abstract.~The direction of horizontal dilation in areas characterized
by tensional tectonics can be determined from a statistical study of en

echelon patterns of fracturing observed on aerial photographs. Relative,

to a north-south dilation, nearly all directions of zones of dextral
(right-lateral) en echelon fractures lie in the northeast quadrant, while
those of sinistral (left-lateral) en echelon fractures concentrate in the
northwest quadrant, Statistically, directions of the two types of zones
define unimodal frequency curves that intersect at about 90 degrees to,
and thus define the direction of, applied dilation. The method has been
ficld tested twice and is believed to be suitable for any area
characterized by (1) generally unidirectional horizontal strain and (2)
an adequate population of geologically contemporaneous fissures,
including roughly equal development of sinistral and dextral en echelon

arrays. Where exposures and aerial photograph coverage are adequate, .

the direction can be determined quickly to within about 10 degrees
accuracy without fieldwork. The method should be useful for prelimi-
nary structural studics, especially in inaccessible areas.

A recently developed photogeologic method for determining
the azimuth of horizontal extension for areas characterized by
tensional tectonics has been tested in the median zone of
southwest Iceland (Nakamura, 1970) and in the Koae fault
system of Kilauea Volcano, Hawaii. The method predicts the
direction of horizontal extension from the interrelations of the
azimuthal frequencies of zones of en echelon fractures and
non-e¢n-cchelon or neutral fractures.

For both the lcelandic and Hawaiian examples, this pre-
dicted direction was initially determined by a quantitative
study of the azimuthal frequency of zones of fissures on
vertical aerial photographs. Subsequently, a brief field check in
Iceland substantiated the predicted results there, and abundant
measurements made directly on open cracks and normal faults
proved those of the Hawaiian study to be nearly correct within
the errors of the ficld measurements. Thus the photogeologic
procedure may have general applicability in all areas that are
characterized by (1) gencerally unidirectional extensional hori-
zontal strain and (2) an adequate population of geologically
contemporaneous fissures—neutral and about equally devel-
oped sinistral and dextral en echelon arrays. Accordingly, the

' Earthquake Rescarch Institute.

method should be useful for preliminary structural studies of
areds that lie astride loci of spreading in the' upper mantle,
zoiles such as the Koae fault system in Hawaii that are being
forcibly torn apart by localized volcanic processes, areas where
gravity sliding is ¢common, and similar areas where ’generally
unidirectional extensional tectonics prevail.
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'EXPERIMENTAL BASIS OF METHOD

The primary experimental basis for the new method of
study is that a homogeneous brittle material tends to fail by
fracturing perpendicular to the direction of pull under an
applied tension (for example, see Billings, 1954, p. 94). There
are, of course, many combinations of physical-chemical
environments and materials under which simple right-angle
brittle fractures would not form from such an applied tension,
but in general, rocks at and near the surface of the earth will
fail in this manner; it is to this environment that the proposed
method is applied.

The reasons that tensional fractures often form en echiclon
patterns are not well understood, but apparently such an
arrangement can result from several markedly different states
of stress. Nakamura (1970) reported that en echelon arrange-
ment of fractures is common when the trend of the zone of
such fractures is oblique to the direction of dilation; Riedel
shears are the extreme example in which the zone of fractures
parallels dilation. Patterns of en echelon fractures may result
from mechanical inhomogenieties in the failing material and
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also may result in surface rocks from a nonperpendicular
arrangement between tension and a master fracture at some
relatively shallow depth. The effectiveness of such master
faults in producing en echelon patterns of fractures in
overlying material has been demonstrated by. Fiske and Cloos
(see Fiske and. Kinoshita, 1969) and by Fiske and Duffield
(unpub. data) in experlments involving the fracturing of clay
cakes. . -

En echelon fracturing resulting from underlying or related
strike-slip movement on a master fault is either sinistral or
dextral, depending upon the sense of strike-slip offset.
However, in general, for areas under active unidirectional
horizontal tension, both contemporaneous dextral and sinistral
arrays can be expected,. and such arrays are -evidence of
non-strike-slip origin. This criterion together with other types
of evidence (for example, the presence of graben-horst
topography and the absence of strike-slip offset and structures
ccaused by compression) 1nd1cates areas to which the new
method may be applied,

r .

CLASSIFICATION OF ZONES OF FRACTURES;

Although the arrangement of individual fractures into en
echelon arrays may be simple (fig. 1B), natural examples-are
rarely, if ever, so clearly indicated, and their recognition
normally requires judgment by the observer. If three or more
parallel or semiparallel, generally partly overlapping fractures
define a zone that is oblique to the trend of the fractures, we
classify them as en echelon. If the zone and the individual
fractures parallel one another, we classify the fractures as
neutral.

These are simple and standard definitions, but natural sets of
fractures may be confusing when studied at different scales. In
general, fractures of both en echelon and neutral arrangement
form zones of some finite width, and within each type of
zone, the length of all fractures is not the same. Thus at one
scale a group of fractures may be classified as a single zone of

DETERMINING HORIZONTAL DILATION FROM FRACTURE PATTERNS -

neutral type, but more detailed examination might well
indicate the presence of many zones of both neutral and en
echelon types.

In practice, the degree of detail of analysis is limited by the
scale of available aerial photographs, and we have found that
the classification of zones of fractures from photographs
agrees very well with classification based on direct field
observations, although a greater number of all types of zones is
recognized from field study. Presumably, the results should be
roughly the same at any scale of examination, but we suggest
using a single scale which is most convenient for a given

photogeologic study.
IDEAL MODEL AND PROCEDURE

Suppose that an area is characterized by fissures that formed
in response to horizontal north-south tension. Experimental
studies predict that such breaks will dip steeply and trend
east-west. If zones of en echelon fractures are present, those
zones which trend between north and east will show a
right-lateral or dextral arrangement of fractures, and those
between north and west a left-lateral or sinistral arrangement
of fractures. Figure 1 is a sketch of a clay cake experiment by
R. S. Fiske and Duffield which demonstrates this pattern.

The direction of horizontal extension for such a pattern of
fracturing may be determined from the azimuthal frequencies
of zones of en echelon fractures (fig. 2). Two smooth
unimodal frequency curves, dextral arrays in the northeast
quadrant and sinistral arrays in the northwest quadrant,
intersect at an azimuth that is approximately perpendicular to
the direction of tension. The frequency curve for zones of
neutral fractures is centered in this same direction. The relative
abundance of any single type of zone is a function of the
shape of the underlying template and its relation to the actual
direction of pull.

In practice the azimuth and length of the three types of
fracture zones are measured and plotted separately, using

B

Figure 1,—Simplified sketch showing the pattern of fractures resulting from the unidirectional horizontal dilation of a tabular clay model.
A.  The dilation is transmitted to the clay by an.underlying template which is pulled in the direction indicated.
B.  With continued pull, the clay fractures as indicated. The dotted lines show the average directions of zones of dextral (D) and sinistral (S)
en echelon fractures; these directions fall in the northeast and northwest quadrants, respectively, relative to a north-directed pull on

the template.
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length as a measure of frequency. Measurement can be made
most accurately from constant-scale aerial photographs
(orthophotographs) but can also be made adequately by less
direct methods.
HAWAIIAN STUDY 50 60 70 8 90 100
0..
The Hawaiian example provided a rigorous test of the new
method because a detailed field study was completed subse- 1
. . . - . — Neutral fissures
quent to the preliminary determination of horizontal exten- E 2
sion. This procedure permitted a check not only on the W~
validity of the method, but also on the judgment of the G ;|
photoinvestigator in deciding which fractures are indeed X
arranged en echelon. 4
The studied area is the Koae fault system, on the south flank
5.—.

of Kilauea Volcano, Hawaii. This system is about 2 km wide
and 12 km long and is characterized by steeply dipping open
cracks and normal faults. The fractures occur on a well-
exposed part of the volcano and are well preserved since they
are relatively young; the fault system itself is still active.

For the preliminary study, both uncorrected and constant-
scale vertical aerial photographs were available. Most measure-
ments of azimuth and length were made on zones of normal
faulting since they were easiest to interpret; patterns “of
fracturing for small open cracks were often ambiguous at the
scale of available photographs. The measurements were tabu-
lated (table 1) and subsequently compiled as histograms (fig.
3). The histograms compare favorably with the ideal case
illustrated in figure 2 and suggest that the direction of
horizontal extension across the Koae fault system is about N.
30° W., S. 30° E. Neutral fissures favor a N. 65°—70° E. strike,
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Figure 3.—Histograms showing the azimuthal frequency of zones of
fractures for the Koae fault system as determined from aerial
photographs, The data from which the histograms were con-
structed are listed in table 1. Note the similarity between this
diagram and figure 2, ’
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approximately at right angles to this indicated opening and
parallel to the trend of the entire Koae fault system itself..

Field data used for comparison with these results are part of
a detailed (1:4,800 scale) structural. mapping project in the
Koae fault system. During mapping, individual fissures were
routinely measured for trend, and where possible, the azimuth
of horizontal opening was also determined. Since most fissures
have serrate edges that can mentally be fitted together like
pieces of a jigsaw puzzle, nearly all'measurements are paired,
that is, the trend of fissure and azimuth of opening.
Measurements generally are distributed evenly throughout the
fault system with regard to approximate total surface length of
fracturing per unit area, and fractures of both neutral and en
echelon zones are mcluded .

Most measurements were made on open cracks showmg little
or mo vertical offset. Almost invariably, ° ‘these  could - be
mentally reconstructed easily and unamblguously to yleld
paired measurements. Normal faults with more than about 1 m
of vertical-offset were often impossible to reconstruct because
of slumping along the plane of the fissure. Thus, the
population sampled for the photostudy differed from that of
the field study in terms of vertical offset, but the two are
believed to be completely comparable in terms of horizontal
offset. _ '

All field measurements are subject to some error, mostly
.caused by slight nonlinearity of individual fissures and by
minor difficulties in establishing the precise sense of opening
on gaping cracks. The estimated average error for these
uncertainties is 5 degrees. This quantity permits the limits of
error to be applied to derived results and also makes it possible
to smooth out histograms by redistributing data points within
any 10-degree interval. Such smoothing has not been done in
this study, but the reader should bear. its potential effect in
mind. '
One hundred and fifty-three paired measurements (trend of
fracture and trend of horizontal opening) are summarized in
figure 4. Histograms of the trend of individual fissures and the

trend of horizontal dilation, which are shown on the same

figure, define maxima at azimuths of about 75 degrees (N. 75°
E.) and 345 degrees (N. 15° W.), respectively. Thus, within the
errors of the method, this azimuth of horizontal dilation as
determined from -the field measurements differs from that
determined from aeral photographs by about 10 degrees.
Unrecognized sources of field error may account for this
discrepancy. The favored trend of all fractures is essentially
the same as that of the neutral fissures of figure 3, indicating
that the individual fissures that form en echelon patterns are
parallel to each other, to the neutral fissures, and to the entire
fault system itself. The slightly elongated pattern of data
points in figure 4 reflects a tendency for any individual fissure
to open at about right angles to its trend, even though
statistically, the two directions favor the above mentloned
orientations,

A comparison of zones of fractures categorized from aerial
photographs (table 1) with actual mapped patterns indicates

DETERMINING HORIZONTAL DILATION . FROM FRACTURE PATTERNS

20

340

AZIMUTH OF OPENING

320

50 70 90
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Figure 4,—Graph of paired measurements, trend of crack and
trend of horizontal opening, for 153 open cracks of the
Koae fault system, Histograms show maxima at about
345-degree azimuth for trend of opening and 75-degree
azimuth for trend of crack.

that these predicted classifications are about 90 percent
correct. Such “reading error” depends primarily on the degree
of preservation and exposure of fissures, the quality of
available aerial photographs, and the ability of the photo-
investigator to analyze materials correctly. In the Hawaiian
study, these sources of error were so small that essentially
corréct results were obtained; under other similar conditions,
sound results can also be expected.

The general validity of the method is confirmed also by the
formation of contemporaneous arrays of sinistral and dextral
en echelon fractures at Kilauea Volcano in recent years.
During the 1955 eruption on the east rift zone of Kilauea, for
example, eruptive fissures formed an en echelon array of each
sense (Macdonald and Eaton, 1964); direct examination of the
fissures and comparison of preeruption and posteruption
triangulation surveys indicate that all individual fractures are
roughly parallel to one another and that the horizontal
opening on them was at right angles to this direction. The
azimuth and sense of en echelon arrays relative to this
direction were the same as shown in figure 2, the ideal case.
Even more recently (September 24—29, 1971), ground crack-
ing associated with an eruption on the southwest rift zone of
Kilauea formed similar patterns of fractures with the same
interrelations of the various elements (W. A. Duffield, unpub.
data).
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CONCLUDING REMARKS

Perhaps the most useful aspect of the new method is that
sound results can be obtained after only a brief photostudy
rather than after lengthy fieldwork. Whenever possible, we
recommend that the results of any photostudy be briefly field
checked. However, there are circumstances where ficldwork is
impractical or impossible, and to these situations the new
method has especially valuable applications. Furthermore, for
many areas, direct field measurements of horizontal dilation
on individual fissures may be impossible; slumping, erosion,
and similar destructive processes may quickly destroy the
evidence for reconstructing open fissures. Under such condi-
tions, the most detailed of field studies can test only how
accurately the arrangement of fissures into en echelon zones
was initially determined from aerial photographs.

The type of tectonics (formed by unidirectional tension) to
which the method may be applied is restricted, but as more
attempts are made to relate structural data to the extensional
motions of global plate tectonics, especially on continental
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regions, this method may become widely applied. The Ice-
landic study (Nakamura, 1970) provides one example of such
an application, and analogous areas, such as the Ethiopian rift
system of East Africa, might benefit from a similar analysis.
The new method can provide a test for any area which is
thought to owe its pattern of fracturing to the transmitted
tensional stress of an underlying zone of spreading,
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RADIOELEMENT AND RADIOGENIC HEAT DISTRIBUTION IN
DRILL HOLE UCe-1, BELMONT STOCK, CENTRAL NEVADA

By C. M. BUNKER and C. A. BUSH, Denver, Colo.

Abstract.—Uranium, thorium, and potassium concentrations were
measured in 60 samples collected from an exploratory hole drilled in
the Belmont stock about 40 miles north-northeast of Tonopah, Nev.
The results indicate that, at lcast within 2,000 feet of the surface, the
granitic pluton contains radioelement concentrations similar to those in
average granodiorites and that local variations in concentrations may
reflect the effects of argillic alteration.

An exploratory drill hole, UCe-1, was drilled to provide
geologic and geophysical data for evaluating a supplementary
nuclear test site. The hole was drilled 2,000 feet into the
Belmont stock, a granitic pluton, at approximate Nevada State
coordinates N. 1,395,000; E. 429,400 (lat 38°36" N.; long
116°55" W.) at an elevation of 7,050+50 feet above
mean sea level, about 40 miles north-northeast of Tonopah,
Nev. (fig. 1).

In the 340- to 2,000-foot-depth interval the hole penetrated
very light gray, medium-grained hypidiomorphic granular
granite of Mesozoic age. The granite is well jointed and
contains many zones of argillic alteration which are generally
joint controlled. The argillized zones are not mineralized and
are probably caused by percolating water rather than by
hydrothermal solutions (D.C. Hedlund and G.S. Corchary,
written commun., 1967). Zones that are moderately or
strongly argillized are at the following depths, in feet:
460—-468; 1,404-1,407; 1,438-1,444; 1,648-1,650;
1,694-1,694.7; 1,895-1,915;1,959-1,961;and 1,963—1,966
(D. L. Hoover, written commun., 1967).

Radioelement concentrations were measured in 60 samples
selected at intervals of 20 to 50 fect from depths between 365
and 1,997 feet (table 1). These data were obtained initially to
determine the radiogenic heat contribution to inhole tempera-
ture and heat flow being investigated by A. H. Lachenbruch
and John Sass, U.S. Geological Survey. The average values of
the data reported here have been compared with averages from
other drill holes in a report by Lachenbruch and Bunker
(1971). The present report describes the vertical distribution
of the radioelements and radiogenic heat in the granite stock.

ANALYTICAL METHOD

The concentrations of the radioclements in the samples were
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measured by gamma-ray spectrometry. The basic operational
procedures and calibration techniques have bheen described
previously (Bunker and Bush, 1966, 1967). The spectra were
interpreted with the aid of a linear least-squares computer
method which matches the spectrum from a sample to a
library of radioelement standards and calculates the con-
centrations of ,the radioclements in the sample. The computer
method is a modification of a program written by Schonfeld
(19606).
Uranium  concentrations  are  determined  indirectly by
measuring the radium daughters to. obtain radium equivalent
uranium ('RacU) values. Radium equivalent uranium is the
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Table 1.—Summary of radioelement and radiogenic heat analyses, drill
hole UCe-1 .
[RaeU, radium equivalent uranium]

Sample K Heat

depth RaeU Th (per-  (Mcal/ Th RaeU Th
(feet) (ppm) (ppm) cent) gyr) RaeU KX10* KX10*
365 ... 291 1283 3.83 5.72 441 0.76 3.35
391 ... 296 1500 3.67 6.15 5.07 .81 4.09
426 ... 2,70 11.29 3.58 520 4.8 75 3.15
465 ... 10.71 12.23 3.72 11.27 1.14 2.88 3.29
501 ... 2.85 11.01 3.65 5.27 3.86 .78 3.02
550 ... 295 11.75 3.76 552 3.98 .78 3.12
573 ... 3.15 1145 3.79 5.61 3.63 .83 3.02
644 ... 2,56 1093 3.66 5.04 4.27 .70 2.99
672 ... 244 1185 3.67 514 4.86 .66 3.23
713 ... 2.86 11.60 3.78 543 4.06 .76 3.07
738 ... 340 11.63 3.82 5.84 3.42 .89 3.04
763 ... 4.83 10.72 4.68 6.93 2.22 1.03 2.29
795.5.. 2,50 1190 3.81 523 4.76 .66 3.12
824 ... 2.83 1141 3.78 537 4.03 75 3.02
851 ... 270 11.52 3.65 5.26 4.27 .74 3.16
883 ... 296 1205 3.76 5.59 4.07 .79 3.20
906 ... 286 11.82 362 543 4.13 .79 3.27
933 ... 362 1193 3.63 6.01 3.30 1.00 3.29
956 ... 291 1196 3.64 550 4.11 .80 3.29
984 ... 363 1135 3.76 594 3.13 .97 3.02
1,013 ... 1.77 1086 3.79 449 6.14 A7 2.87
1,027 ... 278 11.52 3.22 5.20 4.14 .86 3.58
1,055 ... 287 1222 3.59 5.51 4.26 .80 3.40
1,080 ... 235 1099 3.76. 4.93 4.68 .62 2.92
1,107 ... 6.65 14.47 3.65 8.73 218 1.82 3.96
1,129 ... 3.05 11.00 3.64 541 3.61 .84 3.02
1,159 ... 264 11.81 3.53 5.24 447 75 3.35
1,183. ... 2.33 10.31 3.55 4.72 442 .66 2.90
1,206 ... 260 11.34 3.55 512 4.36 .73 3.19
1,232 ... 249 1274 3.59 533 5.2 .69 3.55
1,252 ... 233 1024 347 469 4.39 .67 295
1,280 ... 2.80 9.60 347 490 3.43 .81 2.77
1,308 ... 1.92 1279 3.67 4.95 6.66 .52 3.49
1,339 ... 1.81 8.91 3.64 4.09 4.92 .50 2,45
1,374 ... 1.99 9.90 3.50 4.38 4.97 .57 2.83
1,399 ... 1.90 8.78 3.52 4.09 4.62 .54 2.49
1,427 ... 2.18 10.88 3.50 4.71 499 .62 3.11
1,454 ... 237 11.07 3.69 4.94 4.67 .64 3.00
1,481 ... 295 1047 3.53 5.20 3.55 .84 2.97
1,501 ... 2.22  10.70 3.75 477 4.82 .59 2.85
1,526 ... 3.61 1085 3.46 574 3.01 1.04 3.14
1,552 ... 3.31 991 4.08 5.50 2.99 .81 2.43
1,587 ... 229 1023 3.62 4.70 4.47 .63 2.83
1,604 ... 2.35 9.86 3.58 4.65 4.20 .66 2.75
1,633 ... 2.54 9.77  3.75 4.82 3.85 .68 2,61
1,657 ... 243 11.24 3.39 4.94 4.63 72 3.32
1,681 ... 2.22 9.76  3.38 4.49 4.40 .66 2.89
1,706 ... 3.42 8.56 3.40 513 2.50 1.01 2.52
1,731 ... 2.16 846 347 4.21 392 .62 2.44
1,762 ... 246 11.80 3.57 512 4.80 .69 3.31
1,778 ... 219 1482 3.52 551 6.77 62 4.21
1,809 ... 255 12.65 3.78 541 4.96 .67 3.35
1,833 ... 294 11.26 3.39 531 3.83 .87 3.32
1,859 ... 3.84 11.77 3.58 612 3.07 1.07 3.29
1,884 ... 4,50 11.11 3.52 6.46 2.47 1.28 3.16
1,912 ... 3.95 1231 4.37 6.53 3.12 .90 2.82
1,931 ... 287 1017 3.51 5.08 3.54 .82 2.90
1950 ... 243 984 357 4.71  4.05 .68 2.76
1,979 ... 3.41 13.66 3.33 612 4.01 1.02 4.10
1,997 ... 3.03 9.76 5.04 2.99

3.26 3.22 93

amount of uranium, under the assumption of radioactive
equilibrium, required to support the amount of daughter
products that emit the radioactivity measured in a sample.
Throughout the report where “U” and “uranium” are used
“radium equivalent uranium” is implicit. Although thorium is
also measured from daughter products, disequilibrium is
improbable because of short half-lives; therefore, the con-
centrations are considered to be a direct measurement of
parent thorium. Potassium is determined from its K*°
constituent which is proportional to the total potassium. The

RADIOELEMENT AND RADIOGENIC HEAT DISTRIBUTION, STOCK IN NEVADA

coefficients of variation for the accuracy of the data included
in this report (table 1) are about 5 percent for uranium and
thorium and 1 percent for potassium when compared to
standards analyzed by isotope dilution methods.

RESULTS

The vertical distributions of the radioelements (fig. 2)
indicate a fairly homogeneous rock intersected by zones
containing greater concentrations of the radioelements. The
character of the distribution is compatible with the available
geologic data: variations in concentrations can be expected in
well-jointed and altered rock. The data appear to indicate a
change in the rock at a depth of about 1,150 feet, below
which the radioelement concentrations decrease, although the
lower part of the section contains some zones of relatively
high concentrations. The apparent differences in the rock
above and below 1,150 feet which are observable on the
vertical distribution plots are also indicated in histograms of

* the data (fig. 3). The apparent differences are conlirmed by

the averages and standard deviations for both potassium and
radiogenic heat. However, statistically, uranium and thorium
in the upper and lower levels are not significantly different at
the 95-percent confidence level. Thus, the apparent differences
in uranium and thorium shown on the vertical distribution
plots and histograms are really a reflection of the greater
variability in concentrations below that depth. The generally
higher concentrations in the upper part of the section might be
caused by either deep alteration resulting from water moving
through the
intrusion; the available lithologic data do not suggest an

numerous joints or differentiation during

explanation. The upper and lower zones are too thin to
determine whether systematic changes in concentrations exist
that are related to depth (Lachenbruch and Bunker, 1971).

The averages and standard deviations of the radioelements,
their ratios, and radiogenic heat are shown in table 2 for the
samples above and below 1,150 feet. Values which differed
from the mean by more than 3 standard deviations were

Table 2.—Comparison of radioelement data in drill hole UCe-1 and
average concentrations in similar rocks

Concentrations in drill Average

hole UCe-1! concentrations (Clark
(average * standard and others, 1966)
deviation) Diorite, Silicic
Above Below quartz Grano- igneous
1,150 ft 1,150 ft diorite diorite rocks
U(ppm) ......... 2.8510.41  2.60%0.64 2 26 4.7
Th (ppm)......... 11.58% .51 11.24%1.5 85 93 200
K (percent) ....... 3.71+ .08  3.53% .12 110 255 3.9
[U. . g 4.06+ .45 4.21t 98 4.3 3.6 4.0
UKX10 "o ... 77+ 11 .74% 18 1.8 1 1.3
Th/KX10™ ....... 3.13+ 14 3.06% .42 7.7 3.6 5.0
Heat? (ucal/g-yr)... 5.40% .35 5.02% .55 35 44 8.5

! Average concentrations calculated after excluding values which differ
,from mean by more than 3 standard deviations.
Heat = 0.73 U + 0.20 Th + 0.27 K.
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Figure 3.—Frequency distribution of radioclement coneentrations and
ratios and radiogenic heat. Shaded bars are from interval 365-1,129
feet (26 samples); others are from 1,159-1,997 fect (34 samples).

that the rock either contains excess potassium or is deficient in
uranium. Th/KX10™* ratios, which range from 2.8 to 3.3, are
slightly lower than the average for granodiorite. The radiogenic
heat, calculated from the radioelement concentrations, ranges
mostly from 4.4 to 5.8 ucal/g-yr, which is slightly higher than
that calculated for the average granodiorite.
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The radioelement data indicate that the Belmont stock is
not a typical granite in the upper 2,000 feet penetrated by
drill hole UCe-1. The uranium and thorium concentrations
indicate a rock in the intermediate class, similar to a
granodiorite. The potassium concentrations are greater than
the average for granodiorite and slightly less than the average
for more silicic igneous rocks. Local variations from average
concentrations may be caused by the effects of the numerous
zones of argillic alteration.
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GEOLOGY OF A SYSTEM OF SUBMARINE
CANYONS SOUTH OF PUERTO RICO

By JAMES V. A. TRUMBULL and LOUIS E. GARRISON,
Corpus Christi, Tex.

Work done in cooperation with the Puerto Rico Economic Development Administration

Abstract.—A strongly dendritic submarine canyon system with four
major canyons occupies a 30-km indentation in the insular shelf off the
south coast of Puerto Rico between Gudnica and Ponce. Each canyon
has several headward branches at depths of 100 to 1,100 m. Each of the
five major rivers that reach the coast between Gudnica and Ponce is
opposite a canyon head, and off each of the rivers a channel 20 to 30 m
deep is incised into the insular shelf. The entire canyon system is 40 km
long and terminates at a depth of about 3.3 km; no fan or other
constructional feature appears to have been formed. A 410-km
continuous seismic profiling survey shows that three unconformable
stratigraphic units underlie the canyon area. One sample of indurated
clay of probable Miocene age was dredged from a canyon-wall outcrop
of the middle stratigraphic unit. The three stratigraphic units may be
roughly correlative with (in ascending order) the Juana Diaz Formation,
the Ponce Limestone, and an unnamed upper section found in a nearby
drill hole ashore. Canyon-axis sediment at depths of 700 to 2,200 m is
entirely of pelagic origin, indicating that sediment is not now being
transported down the canyons.

During the conduct of marine geophysical work by the U.S.
Geological Survey off the south coast of Puerto Rico in
January 1968, bathymetric records indicated the presence of a
small submarine canyon trending south-southwest off Punta
Cuchara. Through the cooperation of the National Ocean
Survey (then the U.S. Coast and Geodetic Survey), detailed
soundings wer¢ made in the area of the suspected canyon in
1969, and the preliminary data were released to the Geological
Survey. From those uncorrected soundings, a bathymetric map
(fig. 1) was made that revealed the presence of a major
submarine canyon system on the insular slope between
Guanica and Ponce. This canyon system is here referred to as
the Guayanilla Canyon system; its four feeder canyons are
here called, from west to east, Guanica Canyon, Guayanilla
Canyon, Cuchara Canyon, and Muertos Canyon. The existence
of all four canyons was pointed out by Athearn (1971), but
his bathymetric map did not extend far enough seaward to
show that the four canyons form one dendritic system.

During a cruise to the area in 1970, the bathymetric map was
ficld checked, more than 410 km of continuous seismic
reflection profiles were made, and samples were gathered from

the walirock and from the unconsolidated sediment along the
canyon axes. Preliminary results of that work are presented
here.

The continuous seismic reflection profiler used in this study
discharged 9,000 joules of stored electrical energy at intervals
of 4 seconds. For simplicity, reflection traveltimes have been
converted to depth, with an assumed sound velocity in
sediment of 2 km/sec. Selection of this figure is based on the
presumed carbonate lithology inferred from onshore mapping
(Briggs and Akers, 1965) and on results of seismic refraction’
work on the south coastal plain of Puerto Rico (Denning,
1955). '
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TOPOGRAPHY

The bathymetry of the Guayanilla Canyon system and
adjacent insular- shelf is shown in figure 1, and the salient
characteristics of the canyons are listed and compared with the
characteristics of other known submarine canyons of the
world in tablé 1.~

The four canyons form a well-developed tributary system.
Each of them has at least three headward branches. Muertos
Canyon joins Cuchara Canyon at a depth of about 1,550 m,
and Cuchara Canyon joins Guayanilla Canyon at about 1,900

*m. Guanica Canyon loses its V-shaped cross section at a closed

topographic depression at a depth of about 1,700 m, and it
loses its identification as a canyon a few kilometers further
downslope. It too is clearly confluent with Guayanilla Canyon
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Table 1.—Comparison of four Puerto Rico submarine canyons with
other known submarine canyons of the world

[Data on averages for other canyons are from Shepard and Dill (1966)]

Canyon characteristic Four Puerto Average of all
Rico canyons other canyons
Length,........... km.... 40 55
Depth athead ... .. m ... 100400 107
Depth at outer km 3 2.1
termination.
Coast embayed or Embayed. Equal numbers
straight. of each type.
Distance of head km 2-5 Majority are
from land. close.
Relation to land Strongly related. 80 percent
valleys. related.
Shelf channels , .. .. ... .. Small, well developed. Rare.
Land sediment now No 57 percent no.
entering.
Gradient, ... .. ... m/km . 63 58
Profile .. ................ Relatively even Most concave

below steeper head.  upward.

Maximum wall height.. m.... 500-1,000 915

Axial trend ... ... ... ... .. Gently curving. Sinuous to
gently
curving.

Tributaries below All have tributaries. 87 percent have

heads. tributaries.

Transverse profile . . .. ...... Mostly V-shaped. 80 percent V-
shaped.

Wall material .............. Sedimentary rock. Virtually all
rock, 55 per-
cent sedi-
mentary.

as a hanging valley. Thus Guayanilla Canyon is the master

canyon of the system.

On the evidence of available soundings, Guayanilla Canyon
loses its valley characteristics at about lat 17°35" N., the lower
border of figure 1. Farther south is Muertos Trough, whose
cast-trending axis, with greatest depths near 5,050 m, is at
about lat 17°20" N. Small inflections in bathymetric contours
as deep as 4,300 m indicate that Guayanilla Canyon may
continue in some form to that depth. No depositional fan or
other constructional feature formed of material excavated
from or carried through the canyon appears to be present.

Five samples of unconsolidated sediment from the axes of
Guayanilla and Cuchara Canyons at depths ranging from 700
to 2,200 m are composed entirely of the remains of pelagic
organisms, indicating that little or no land-derived sediment is
now being transported down those canyons.

The most striking characteristic of the four submarine
canyons is their close relationship to the width of the insular
shelf, to the nearby river systems, and to' channels in the
insular shelf. :

The upper reaches of the four canyons occupy an indenta-
tion in the insular shelf that extends about 35 km from
Guanica to Playa de Ponce (fig. 1). The shelf is only 1 to 5 km
wide in the area occupiced by the canyons, but itis 9 to 10 km
wide west of the canyon system, and 15 to 18 km wide to the
cast. Figure 1 also shows that in this pari of Puerto Rico, the
larger rivers are opposite the canyon area and that the rivers
cast and west of the canyon arca are discontinuous.
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The geology of the land area opposite the canyon system
and the narrow part of the shelf is also distinctive. As pointed
out by our colleague John Aaron, that area is the only part of
the south coastal plain where middle Tertiary rocks are
extensive. East of Juana Diaz and west of Guanica they occur
only as very isolated and very small patches. All else is
alluvium or voleanic complex. This might mean that canyon
formation could have been promoted by, among other factors,
the relatively incompetent nature of these rocks.

The heads of the submarine canyons are directly opposite
the mouths of major rivers, excepting only the head of
Cuchara Canyon, discussed in the next paragraph. As figure 1
shows, the head of Guanica Canyon is opposite the Bahia de
Guanica, into which the Rio Loco flows. The three major
headward branches of Guayanilla Canyon are directly in line
with Rios Guayanilla and Tallaboa and the previous trend of
the Rio Yauco (see below). The head of Muertos Canyon is
opposite the Bahia de Ponce, into which the Rio Canas flows.
Furthermore, each of the canyons except Cuchara is linked to
its river by a channel cut into the shelf. The shelf channels are
well developed, although not of impressive dimensions: the 20-
and 30-m depth contours extend 2 to 32 km across the insular
shelf (fig. 1).

Cuchara Canyon alone is not associated with a shelf channel.
Clearly Muertos Canyon connects with the Rio Canas system
through the shelf channel southwest of Playa de Ponce.
Because Cuchara Canyon and Muertos Canyon both are cast of
the divide separating the Rio Tallaboa system from the Rio
Canas system, and because this divide continues seaward to the
confluence of those two canyons with the main Guayanilla
Canyon, it seems likely that both canyons are related to the
Rio Canas. Cuchara Canyon may therefore be an older
extension of the Rio Canas system that was closed off, perhaps
by uplift or upbuilding of the present shelf, Muertos Canyon
being formed later.

The relation between the Rio Yauco and the shelf channel
south of Punta Verraco is not immediately clear from the map
(fig. 1), for the Rio Yauco does not now discharge near the
shelf channel. It previously did, however, as is shown in a
report on ‘the Gudnica-Guayanilla Bay area by Grossman

(1963, p. B116), who stated:

That the Rio Yauco formerly followed a more direct course to the
Caribbean is indicated by the broad valley that extends from the
present valley of the river southeastward * * * to the Caribbean Sea
# %% [west of Punta Verraco] ** *. This “abandoned” valley is
drained by an undersized ephemeral stream that flows southeastward to
the blocked exit to the sea and then doubles back [northeastward ] and
empties into Guayanilla Bay.

STRATIGRAPHY

Interpretation of the seismic profiler records (fig. 2) shows
that three bedded rock units are present throughout most of
the upper canyon area.
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The upper unit averages about 150 m in thickness on the
topographically high areas between canyons, becomes progres-
sively thinner down the canyon flanks, and is absent below
depths ranging from 700 m in the upper reaches of Cuchara
and Muertos Canyons to 1,000 m in the middle reaches of
Guayanilla Canyon (fig. 3). The upper unit is characterized by

strong, closely spaced internal reflectors, especially on the

profiles near land. These ‘internal reflecting horizons are
generally parallel both to the present topographic surface and
to the eroded surface of the underlying middle unit. The
progressive thinning and pinchout of the upper unit on the
canyon flanks is therefore predominantly a result of non-
deposition rather than of erosion, though some erosion on the

canyon flanks is evident. The surface on which the upper unit
was deposited had the general topographic form of the present
surface, so that sediment deposited on the intercanyon areas
and not in the canyons acted to preserve and accentuate the
preexisting topography. Age of the upper unit is not directly
known, but it lics unconformably on beds of probable
Miocene age.

The middle stratigraphic unit lacks prominent continuous
reflecting horizons. Bedding is generally even, though slight
internal unconformities are not uncommon. The middle unit
was. deposited throughout the area covered by seismic profiles.
In general, it is 400 to 500 m thick -in the area of upper
Guayanilla Canyon in the north-central part of the area, and
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250 to 300 m thick in the upper reaches of Cuchara and
Muertos Canyons. Thickness variations of the middle unit are
not correlative with the location of canyon axes or the
intercanyon topographic highs.

[t appears that at least the tributary canyons Cuchara and
Mucrtos were cut into the middle unit, as shown by the
truncation of middle unit reflectors in profiles R—S and QP
(fig. 2). In Guayanilla Canyon, downcutting into the middle
unit is indicated by an apparent truncation of reflectors in
profiles B—A and C-Dj; thinning of this unit beneath the
canyon is apparent in many of the profiles.

In most places the middle unit lies conformably on the
lower unit, but unconformity exists, indicating at least a slight
crosional cycle between deposition of the lower and middle
units.

The top of the lower unit is characterized by a prominent
reflector, but the reflector and hence the unit could be
identified on less than half the total length of profiles. The
character of seismic returns from within the lower unit shows
that, like the middle unit, it is rather even bedded and contains
minor internal unconformitics. Maximum scismic penetration
into the lower unit was 450 m. No base could be defined, and
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no change in character with depth was noted. Erosion of the
top of the lower unit is evident in only a few places. Within
the area surveyed, the lower unit crops out only in the east
bank of Cuchara Canyon on line N-0, in the upthrown block
of a fault.

On most profiles where it could be identified, the top of the
lower unit is subparallel to the topography of the sea floor.
Much of this is caused by the effect of topography on the
attitude of subbottom reflectors as shown in the profiles. As
illustrated by the continuous line profiles below each seismic
profile in figure 2, the effect of topography in other than level
areas is to rotate all reflectors toward parallelism with the
bottom. Thus a truly horizontal reflector would appear to dip
toward a canyon axis.

Only one sample of what appears to be canyon wallrock has
been obtained to date. Dredging at a depth of 1,030—1,170 m
on the west side of Cuchara Canyon (fig. 1) produced pieces of
moderately well indurated, light-olive-gray clay from what is
thought to be the middle unit (fig. 2, profile J-K). Four
species of Foraminifera from this sample indicate a probable
Miocene age (Ruth Todd, written commun., 1970). Rounded
limestone fragments found in the same dredge haul are
tentatively dated as no younger than Oligocene on the basis of
one species of Foraminifera. Presumably they were eroded
from farther up the canyon, where they may have been
derived from the lower unit.

According to Ruth Todd (written commun., 1970), the
units sampled and the Holocene ooze with which the samples
are mixed were probably deposited at generally similar depths.

The stratigraphic relations and terminology of the Tertiary
rocks of the land bordering the canyon area are complex
(Zapp and others, 1948; Seiglie and Bermudez, 1969; Moussa
and Seiglie, 1970), but as a simplification we can say that the
Juana Diaz Formation is of Oligocene and early Miocene age
and is composed of shale, sandy limestone, and conglomerate.
It is as much as 655 m thick. The Ponce Limestone is of
Miocene age and is principally limestone with lenses of clay. It
is as much as 1,300 m thick.

In an exploratory well drilled near the coast southeast of
Ponce, about 9 km from the nearest seismic profile of this
study, the Juana Diaz Formation was found to be about 335
m thick, and the Ponce Limestone to be about 366 m thick
(Glover, 1971, fig. 30). Overlying the Ponce Limestone is an
unnamed sequence of sand, gravel, and limestone beds about
150 m thick.

On the basis of geologic age and thickness, the lower
stratigraphic unit in the seismic profiles may correlate with the
Juana Diaz Formation, the middle stratigraphic unit with the
Ponce Limestone, and the upper stratigraphic unit with the
unnamed upper section of the exploratory well.

STRUCTURE

The well-developed dendritic pattern of the Guayanilla
Canyon system would seem to preclude any extensive struc-
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tural control of canyon location. Furthermore the primarily
north-south orientation of the canyons is not in accord with
the main nearby structural trends. In the exposed coastal plain
to the north, the principal alinement of faulting and folding is
east and northwest, in accordance with the older structural
trends of that part of the island (Zapp and others, 1948; Briggs
and Akers, 1965). To the east on the submerged Muertos shelf,
faulting of the rocks along northeasterly trends has been
described (Garrison, 1969).

Some faulting in the eastern part of the canyon system is
seen in the seismic profiles, however, and the upper part of
Cuchara Canyon may be fault controlled. The fault shown
near the east end of profile N-O (fig. 2) has an estimated
vertical displacement of slightly less than 500 m on the basis
of the offset of the middle stratigraphic unit. The upthrown
block of the fault forms the east wall of Cuchara Canyon. This
fault can also be tentatively identified beneath Cuchara
Canyon in profiles R—S, C—D, and B—A, but it is not evident
on profiles crossing Cuchara Canyon south of profile N-0.

A second fault is seen on profile L—K, where the estimated
vertical displacement is 250—400 m. This fault is not
discernible on any of the adjacent profiles; whether this is
because it dies out or because of poor records is not known.

DISCUSSION

The close correspondence between river-cut land valleys and
the heads of submarine canyons surely shows a genetic
relationship. The canyons have cut into the middle strati-
graphic unit, which is of probable Miocene age, and the
youngest rocks eroded by the rivers are in the Ponce
Limestone, also of Miocene age (Briggs and Akers, 1965). Thus
the land and the submarine valleys may have started forming
at the same time.

The excellent correspondence of land and sea valleys across
the insular shelf could be taken as an indication of subaerial
canyon origin, as could the dendritic tributary pattern of the
canyons on the insular slope. These characteristics are shared
by most of the submarine canyons throughout the world,
however (table 1), and the hypothesis of worldwide subaerial
canyon erosion requires an episode of worldwide sea-level
lowering on the order of several kilometers. The absence of

evidence for this makes it difficult to invoke a subaerial origin

for other than perhaps the shallow part of the Guayanilla
Canyon system.

The insular shelf forms a prominent nickpoint in the overall
longitudinal profile of the Guayanilla river-canyon system
shown in figure 4. In a detailed study of a land valley—sea
valley system of similar longitudinal profile, Woodford (1951)
concluded that a prominent nickpoint eliminated submergence
of a river valley as a possible mode of canyon origin. In
observing that Woodford’s conclusion was justified, Shepard
and Dill (1966, p. 319) went on to say that:

It seems apparent that the typical concave profile of submarine
canyons, with its steepest element in shallow water near the canyon
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head, is an indication that the profile is adjusted to the present sea
level, or at least a sea level close to that of the present day. This does
not disprove an original subaerial cutting of the submarine canyons, but
it does show that some form of submarine erosion must have greatly
reshaped these valleys.
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Figure 4.—Longitudinal profile of Rio Guayanilla and Guayanilla
. Canyon.

The prism of sediments beneath the insular shelf forms the
nickpoint in figure 4. If that prism was cut through early in
the erosion cycle and later filled, or if it was formed after the
main erosion cycle, the river-canyon system could well have
had a continuous gradient. This would accord with the
hypothesis of subaerial canyon erosion. We have as yet no
information whether such extensive cutting and filling took
place in the heads of the Guayanilla Canyon system. As to the
possibility of upbuilding of the insular shelf as a whole since
canyon formation, profiles B—A and R-S of figure 2 show
that the middle stratigraphic unit forms a significant part of
the prism of shelf sediments. The canyon has eroded the
middle unit and therefore postdates it. Presumably then the
insular shelf was present in some form when the canyon was
eroded.

The extensive headward branching of all four canyonsshown
in figure 3 appears to be a response to the steep gradient of the
outer edge of the prism of sediment that forms the insular
shelf. Thus at least some canyon erosion at depths generally
between 100 and 1,100 m has occurred since formation of the
shelf.

The small channels cut into the surface of the outer shelf
between river mouths and canyon heads are at the most only
slightly more than 30 m deep. They were probably formed
subaerially during Pleistocene glacial-stage withdrawals of sea
level.
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A SPECTROCHEMICAL METHOD FOR DETERMINING
THE COMPOSITION OF NATIVE GOLD

By A. L.SUTTON, R. G. HAVENS, and
C. L. SAINSBURY, Denver, Colo.

Abstract.—The spectrochemical method described herein for deter-
mining trace, minor, and major element distribution in native gold is
applicable over a wide range of particle sizes and over a very large
concentration range. The matrices of samples and standards are very
closely matched. The method was tested on 100 nuggets from a gold
sample collected in Alaska. The data show that the method is adequate
for 30 of the 31 elements checked; only the mercury values are not
acceptable. The data also show that more than one sample is necessary
for a complete evaluation of all clements in one geologic location.

The following spectrochemical method was developed to
satisfy requests by U.S. Geological Survey geologists for the
determination of trace and minor elemental composition of
native gold. A d-c arc technique was used because low
detection limits were of interest. Warren and Thompson
(1944) used a d-c arc excitation to determine minor element
composition of gold. They reported the elements as either
faint (<0.1 percent), medium (0.1-0.5 percent), or strong
(>0.5 percent). For this study we believed that a six-step
semiquantitative method was adequate. The procedure had to
apply to samples with large variations in both weight and
particle size.

Later, requests for more quantitative results for copper and
silver were received. The small size of most of the samples
¢liminated the possibility of an additional method for these
two elements. The heterogeneity of the samples also made the
use of two separate methods for each element undesirable if
relationships between elements were to be determined. The
basic method was changed slightly at this time in an attempt
to improve the copper and silver results. Owing to the limited
number of analytical lines available for both elements, only
silver showed any improvement.

Also included in this report is the analysis of 100 randomly
selected nuggets from a small locality in Alaska to illustrate
the variation in their composition. Additional information on
variation is included in a paper by Antweiler and Sutton
(1970). Desborough (1970), Deshorough, Raymond, and
lagmin (1970), and Desborough, Raymond, and Soule (1970)
have investigated major and minor element distributions

within grains using the clectron microprobe. The spectro-

chemical method described in this paper cannot show distribu-
tion within a single grain, but it does furnish data on many
trace elements as well as major and minor elements for a whole

grain.

Prior to the analysis of the 100 nuggets, the question of
sample preparation arose. Most samples. have a coating of
oxides that contain trace elements. This was also noted by
Crook (1939). Samples were analyzed both with. and without
cleaning, and the results are given in the present paper.

REAGENTS AND EQUIPMENT

Hydrofluoric acid: Reagent grade.

Hydrochloric acid: Triple distilled, constant boiling.

Nitric acid: Triple distilled.

HAuCl, +3H, O: B&A purificd grade.

Gold solution: Dissolve 10 g HAuCl, -3H, O in 20 ml of constant-boiling
hydrochloric acid and dilute to 25 ml.

Gold control sample 1: To approximate the composition of the
samples, melt quantitics of Johnson and Matthey gold, silver, and
copper in a graphite electrode using an acetylene flame.

Gold control sample 2: Weigh 10 mg of any good silicate reference
sample (such as W-1, G-1, Glass reference standards) into a_plastic test
tube. (See below.) Add 50 ul of gold solution, ¥ ml of concentrated
hydrofluoric acid, and evaporate to dryness on-a steam bath.

Sealing solution: Dissoive 100 ml of Fletchdac. glue” in 100 ml of
acetone. Fletch-ac is available from R. A. Bohning Adhesives Co.

Standard stock solutions: Three stock solutions for silver are made to
contain 10, 4.64, and 2.15 mg in 100 ul of-2 N nitric acid. Each
solution is diluted by factors of 10 to give a complctc range of 10 to
0.00001 mg of silver per 100 pl of solution. .

Silicate standards: Silicate standards are prcparcdf-as: described by
Myers, Havens, and Dunton (1961).

Test tubes: 12 by 75 mm poly propylene. ;

Pipets: 5% inches by 7.0 mm.OD disposable. caplllary plpct (heavy wall
glass).

Ultrasonic cleaner: Any small ultrasonic cleaner with an output of at
lcast 23 watts.

Hotplate: A block of aluminum with holes to accommodate 12
electrodes is placed on a hotplate and the temperature controlled with
a Variac. The holes are 1 inch deep. In one corner of the block a
thermometer is suspended in a well filled with mineral oil.

Spectrograph: A Wadsworth-mounted grating spectrograph, equipped
with a 600-grooves-per-mm grating and having a reciprocal linear
dispersion of 5.24 A per mm in the first order. * . =

301



302

Electrodes: Lower electrode, 0.242-inch diameter, with a thin wall
cavity. Ultra Carbon Corp. type, performed electrode No. 3170.
Upper electrode, 0.125-inch diameter by 1.5 inches long, cut from
graphite rods obtained from Union Carbide Corp.

Graphite powder: Ultra Carbon Corp., type UCP-2 nonpelletizing
graphite powder.

Photographic plates: Eastman Kodak type III-O X-thin plates, devel-
oped at 20°C in D-19 developer for 4 minutes with intermittent
nitrogen agitation.

Microdensitometer: Direct reading projection microdensitometer fitted
with a line-width measuring device described by Barnett (1967).

SAMPLE PREPARATION PROCEDURE

[Note.—This sample preparation procedure is not used when a
submitter requests that the sample be analyzed “as re-
ceived.” ]

1. Weigh half of the sample (not to exceed 500 mg) into a
plastic tube. Add 1 ml of concentrated hydrofluoric acid
and leach for 16 hours on a steam bath.

2. Transfer the test tube to the ultrasonic cleaner for 10
minutes.

3. Decant off the hydrofluoric acid solution and reserve it for
analysis.

4. Add I ml of distilled water to the test tube and place it in
the ultrasonic cleaner for 10 minutes. Discard this wash.

5. Examine each sample under a binocular microscope for
any remaining coatings, foreign material, and inclusions.

6. Flatten the larger nuggets, using the base of an agate
mortar as an anvil and the pestle as a hammer. Place a
foam pad under the mortar to absorb part of the shock.
Light taps are sufficient to flatten the gold.

7. With a pair of small scissors, cut the sample into small
squares weighing 5—10 mg and containing no visible
inclusions.

ANALYTICAL PROCEDURE

A. Preparation of standard plates (quantitative method).—
Add 100 ul of each stock silver solution and 100 ul

of distilled water as a blank to plastic tubes. Treal each '

solution as follows:

1. Add 50 ul of gold solution.

2. Heat on a steam bath until about two drops of solution
remain in each test tube.

3. While the samples are on the steam bath, seal a quantity
of electrodes by adding six drops of sealing solution to
each electrode. Allow the solvent to evaporate at
room temperature and repeat this step.

4. Transfer the contents with a disposable pipet to a sealed
electrode, preheated to 75°—85°C.

5. Add 15 mg of graphite powder.

6. Add two drops of acetone to settle graphite powder, and
dry at room témperafurc. '

.Each standard plate should contain 16 concentrations of the
silver standard, one blank solution, three pegmatite bases

SPECTROCHEMICAL DETERMINATION OF COMPOSITION OF NATIVE GOLD

containing 1 percent Fe, O3 for emulsion calibration, and

three No. 1 gold control samples.

B. Preparation of standard plates (semiquantitative method).—

Weigh 10 mg of each silicate standard into plastic test

tubes. The elements in each standard are grouped

according to table 1. Treat each standard as follows:

Add 50 ul of gold solution.

Add 0.5 ml of hydrofluoric acid to remove silica.

Heat to dryness on a steam bath.

Add three drops of nitric acid and six drops of
hydrochloric acid and evaporate to about two drops.

5. Transfer the contents to a sealed, preheated electrode
and evaporate to dryness.’

Add 15 mg of graphite powder.

7. Add two drops of acetone and dry at room temperatnre.

B W=

e

Table 1.-'—Sltandards for part B of procedure

Elements Concentration range

Standard

(percent) .

1........ Ag 0.0001-100
Cu : .0001-1
2.0, Fe .001-1
3., Ti, Mn, Co, Ni, Zr .0001—-1
4........ Ba, La, Ga - .0001-1
5........ Be, V, Cr, Mo, Sn .0001-1
6........ Zn, Cd, Bi, Te .001-1
7.0, Pb, Sc¢, B .0001-1

8........ Nb .0001-1 -
9........ Pd, Pt, Rh .0001—-.1
10........ Ir, Os, Ru .0001-.1

C. Preparation of sample plates.—

1. Weigh a sample of as much as 10 mg into a plastic test
tube. _

2. Add six drops of hydrochloric acid and two drops of
nitric acid to each test tube.

3. Heat on a steam bath until the reaction of aqua regia on
the gold stops. Samples with a silver content between
about 20 and 70 percent will not completely go into
solution. Place the test tubes in.the ultrasonic cleaner
to assist digestion. .

4. When about two drops of sample remain in the test
tubes, transfer both solid and liquid to a scaled,
preheated electrode. Wash the test tubes twice with
two-drop portions of concentrated hydrochloric acid.
Repeat steps 6 and 7 of the previous section.

Each plate of samples should also contain wash solutions from
the sample preparation procedure, three No. 2 gold control
samples, and three pegmatite bases containing approximately 1
percent Fe, O3 for emulsion calibration.

D. Spectrographic procedure.—

1. Arc the samples and standards in a 5-amp d-c arc for 20
seconds and then 13 amps for an additional 80
seconds. ‘

2. Measure the silver lines on a microdensitometer. Line
width measurements are used when the transmission
falls below 10 percent.
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Table 2.—Analytical lines and their analytical ranges
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- ! Wavelength  Analytical range Wavelength  Analytical range i Wavelength  Analytical range
Element (angstroms)  (micrograms) Element (angstroms) (micrograms) Element (angstroms)  (micrograms)
Ag........ 3280.68 100-0.01 Ga........ 2943.64 100-0.1 Ru........ 3436.74 10-0.5

3382.89 100—-.01. Ir ... 3220.78 10-.5 SCoviaiinn 4246.83 100-.1
2721.77  10,000-100 La........ 4333.73 100-.5 Sn........ 2839.99 100-.3
B ........ 2496.78 100-.7 Mn........ 2933.06 100-.5 3175.05 100-.3
2497.73 100—-.5 2939.30 100-.5 Te........ 2385.76 100-20
Ba........ 4554.03 100--.1 2801.06 S5-1 2383.25 100-20
Be........ 2348.61 100-.05 Mo ....... 3170.35 100—-.05 Ti ..o 3088.02 10-.1
Bi ........ 3067.72 100-.5 3193.97 100-.05 3152.25 100-10
Cd........ 3261.06 100-1 Nb........ 3163.40 100-.2 Voo 4379.24 10-.1
Co........ 3453.50 100-.1 Ni.ooooo... 3414.76 100-.1 3183.98 100—-.1
Cr........ 4254.35 100-.1 Os........ 3301.56 10-.5 Y ..ol 3242.28 100-.1
Cu........ 3273.96 '10-.05 Ph........ 2833.07 20-.5 Yb........ 3289.37 100-.1
3247.54 '10-.05 2663.17 100-20 In........ 3345.02 100-5
2824.37 100-.5 Pd........ 3404.58 10-.05 3345.57 100-5
Fe........ 3020.64 10-.5 Pt ........ 2659.45 10-.2 3302.59 100-2
3021.07 10—-.5 Rh........ 3396.85 10-.05 Y/ S 3273.05 100-2
3222.07 100—.5 3279.26 100-.1
3225.79 100-.5
3217.38 100-10

' Lower limit due to a reagent blank.

3. Prepare analytical curves and report silver as a quantita-
tive value.
4. All other elements are compared visually and reported as
six-step semiquantitative values.
5. Wash solutions from the sample preparation procedure
are compared visually and reported qualitatively.
The lines and analytical ranges for the elements are reported in
table 2. The methods of emulsion calibration and determina-
tion of exposure conditions are described by Bastron, Barnett,

and Murata (1960).
VARIABILITY STUDIES

The analyses of 100 nuggets split from a sample collected at
a single placer on the Seward Peninsula, Alaska, are reported in
this paper. The sample came from a placer being mined by Mr.
Bon Davis and Mr. W. Dickman on the south headwater of
Gold Run (lat 65°4'25" N.; long 166°25'30" W.). Because of
the limited area, it was assumed that this sample was derived
from a single mineralized source, and that the 100 nuggets
would provide a statistically reliable answer on the variation in
trace elements in placer gold from a single source.

Many of the nuggets in this sample were coated with iron
oxides; others had distinct inclusions of silicates and (or)
sulfides. Two grams of this sample was split into four parts and
cleancd in hydrofluoric acid for 16 hours. Two splits were
recombined and 100 random nuggets from these splits were
selected for emission spectrographic analysis, and 10 random
nuggets from a third split were submitted for atomic absorp-
tion analysis. The fourth split was heated to its melting point
and  homogenized for 5
flattened and cul into pieces weighing 5—10 mg. Of these
picees, 10 were submitted for emission spectrographic analysis
and 10 for atomic absorption analysis. The difference between
the distribution of copper and silver in the melted and

minutes. The melted bead was

unmelted samples was used to estimate the precision and
accuracy for the analytical methods used. For comparison
with the analyzed nuggets, an additional 188 nuggets from the
original sample were mounted in cold-setting plastic, polished,
and examined with the reflecting microscope for inclusions
and zoning.

RESULTS AND DISCUSSION
Sample preparation

Table 3 shows the analytical data for four nuggets of gold,
selected at random from the original 100 nuggets, of which
two were cleaned and two were not cleaned. This is just one of
several such sets of data—all showing a similar pattern.

The concentration of the various elements in the wash
solution was calculated on the basis of parts per million from
the original 2-g sample. These values plus the values deter-
mined from the cleaned nuggets should equal the values from
the uncleaned nuggets. The checks are well within the error of
the procedure for Al, Co, Cr, Mg, Mn, Ni, Ti, and V. The iron
values are disappointing because iron determinations are
usually better than this. No explanation other than a random
sampling error is available. The poor checks on the results of
the elements calcium, boron, and sodium are due to contami-
nation by the hydrofluoric acid. Because of a lack of interest
in these three elements, no attempt was made Lo purily the
hydrofiuoric acid.

We believe that these results explain why some reports show
a larger number of trace elements in gold than we are finding.
Nevertheless, we realize that this cleaning process will not
remove all of the sulfides nor all of the heavy minerals.

On the basis of the very small amount of silver, gold, and
copper detected in the wash solution—less than | percent of
the total if they all came from the gold—we belicve that we are
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Table 3.—Comparison of values (in parts per million) in two cleaned
nuggets and two uncleaned nuggets of gold

SPECTROCHEMICAL DETERMINATION OF COMPOSITION OF NATIVE GOLD

Table 4.—Control sample data

Cleaned nuggets
Element Values in Values in Uncleartled
cleaned wash Total nuggets
nuggets solution'!

Ag..... >100,000 0.2 >100,000 >100,000
Au..... >100,000 10 >100,000 >100,000
B ..... <50; <50 3 <50 10; 200
Ba..... 10;10 20 30 50; 300
Be..... <5;<5 .02 <5 <5;<5
Bi..... <50; <50 <.1 <50 <50;<50
Cd..... <100; <100 <.5 <100 <100;<100
Co..... <10;<10 2 2 <10;<10
Cr..... 3;3 3 6 55
Cu..... 700; 1,000 7 700; 1,000 1,000; 1,000
Fe..... 10;10 150 160  2,000; 2,000
Ga..... <10;<10 .3 <10 <10;<10
Mn..... <5;<5 5 5 5,7
Mo..... <5;<5 <.03 <5 <5;<5
Nb..... <20;<20 5 <20 <20;<20
Ni..... <10;<20 10 <20 10;10
Pb..... <50; <50 10 <60 <50;<50
Pd..... <2;<2 <.02 <2 <2;<2
Pt ..... <20;<20 <.5 <20 <20;<20
Sc..... <10; <10 7 <10 <10;<10
Sn..... <30; <50 <.1 <30 <30;<30
Ti..... 10510 100 110 500; 500
vV ... <10;<10 7 7 7
Y ..... <10;<10 3 <10 <10;<10
Yb..... <10;<10 ..., <10 <10;<10
Zn..... <200; <200 <2 <200 <200;<200
Zr ..... <10 <10 2 2 10510
Al ..... <10; <10 200 200 100; 100
Ca..... <50 <50 100 100 <50;1,500
Na..... <500; <500 300 <800 <500;1,500
Hg? 1,500;10,000 ..... ........ 2,000; 2,000

! Calculated for a 10-mg sample. Detection limits are lower because

the starting sample weight was 2 g.
?Not normally looked for.

not significantly changing the original composition of the gold
by our washing technique. Extremely small particles of gold
and the presence of mercury could present a problem,
-however. One sample containing gold tellurides did show
-significant amounts of tellurium in the wash solution and only
- minor concentrations of tellurium in the washed gold.

The washing time of 16 hours seems long, but several shorter

. ‘'washes did not completely remove the coatings. After the

original washing and splitting of the 2-g sample there was an
“insufficient number of nuggets for the emission spectrographic
analysis, so a few additional nuggets were taken and washed
for only 8 hours. The effects of this shorter washing time are
demonstrated by the fact that most of the samples (table 5)
that contained titanium (18 of 22 samples) and most of those
that contained iron (seven of 12 samples) were washed only 8
hours.

Analytical procedure
Table 4 gives the trace element content of the control

samples used to evaluate this method. Over a period of 3 years
~ 93 control samples were analyzed; the results should give a

Best known  Geometric Geometric
Element value mean  deviation' Results
Gold alloys (values in percent)
Ag ....... 9.41 8.17 1.14 6.43-9.43
33.10 30.3 1.19 24.8—-34
36.00 349 1.13 32.0-38
Cu ....... .056 0644 130 .05-.1
2 20+.03 1931 1.44 .15-.3
2.53+.10 5107 1.44 37
3001 ........ . .0002
Gold control samples prepared from silicate reference
samples (values in ppm in the rock)
Fe ....... 48,000 ........ e >10,000
Ag ....... 36 50 1.55 20-70
B ....... 55 45 3.12 20-100
Ba® ....... 85 116 1.23 100-147
Be ....... 50 17 1.62 7-20
Bi ....... 40 55 1.22 50-70
Cd ....... 30 ... ce <30
Co ....... 30 74 1.29 50--100
Cr ....... 50 44 1.35 30-50
Cu ....... 55 88 1.21 70-100
Ga ....... 5 541 52.00 <5-7
r ....... 30 ... e <50
La ....... 55 68 1.59 30-100
Mn ....... 250 171 1.51 100-300
Mo ....... 45 26 1.52 15-50
Nb ....... 42 20 1.00 20-20
Ni ....... 55 88 1.21 70-100
Os o e e e <50
Pb ....... 70 31 1.25 20-50
Pd ....... 45 39 1.22 30-50
Pt ....... <500 L. .. <50
Rh ....... 18 16 1.35 10-20
Ru ....... <10 L. R <50
Se ....... <5 L. <10
Sn ....... 45 Lo e <30-70
Ti ....... 45 82 1.23 30-100
vV oo 45 51 1.51 30--100
Y ... 50 62 1.38 50-100
Yb ....... <1 ... I <1
In ....... 50 ... e <200
Y/ S 40 44 1.34 30-70

' Geometric deviation or antilog of the log standard deviation.

2 Electron microprobe analysis by George Desborough.

3Sigmund Cohn Corp. 5-9/s gold wire (10 determinations).

4Several obvious contaminations not included in this calculation.

5 A value one order of magnitude below the “less-than value” is used
for the calculation of the geometric mean and deviation.

realistic measure of accuracy and precision for one operator
and one laboratory.

Quantitative silver values are biased low, but the precision is
good. Copper values are well within the six-step semiquantita-
tive precision and accuracy limits. Low-level copper values,
although more precise than the higher level copper values, tend
to be biased about one step high. Niobium is very precise, but
is low compared to the known values. Molybdenum and lead
are low, probably owing to the presence of volatile chlorides
and fluorides. Beryllium is also low, but the reason for the low
value is not known.

The extremely volatile SnCly is lost completely in some
samples in which tin is neai the detection limit; in samples of
high tin concentrations some tin remains but results are low.
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Table 5.—Atomic absorption (AA) and emission spectrographic (ES)
data for the 100-nugget study

Georr(letric G E{ang(e of Numlier of

mean (ppm, eometric  values (ppm samples in

Element Method except deviation except which

as noted) as noted) detected

Ag.... AA! 28.02 1.26 26.10-12.8 *10
Ag.... ES 27.04 1.30 23.7-18 100
Cu.... ES 660 2.52 70-5,000 100
Pb* ... ES 2.92 4.10 <15-150 20
Co*... ES 1.11 1.75 <7-70 4
Cr.... ES  ...... <3-5 2
Ni.... ES ..., <2-7 2
Ti.... ES ... <10-200 22
Fe.... ES  ...... <7-70 12

! Atomic absorption analyses by Claude Huffman, Jr.

2 Values in percent.

3Only 10 samples were run by atomic absorption.

4A value one order of magnitude below the lowest value reported is
substituted for N (not detected).

(Somewhere in the procedure there is an erratic source of
barium contamination which we have tried several times to
locate but without success.) The remaining elements exhibit
rcasonable accuracy and precision for a semiquantitative
method. Platinum, palladium, and rhodium give good analyti-
cal curves and could be done quantitatively.

The principal advantage of the procedure described in this
paper is the ability to make standards that very closely
approximate the samples. It is extremely difficult and imprac-
tical to make alloys that contain 1—100 ppm of many
elements, but in solution these elements can be added easily.
Failure to use standards closely approximating the sample can
cause errors of orders of magnitude for some elements.

Contamination from solutions and the necessity of handling
the samples several times are the primary disadvantages of this
procedure. Fortunately the elements that contaminate most
often (Ba, Cu, Mg) either are high enough that a small blank
does not cause an appreciable error or they are of little
interest. Owing to the gold matrix, detection limits are two to
three steps higher on some elements than they are in a silicate
matrix.

Additional information on the accuracy and precision of
copper and silver determinations follows.

Variability studies

For the 100 nuggets used in the present study the element
concentrations were determined by the emission spectro-
graphic method, and for 10 additional nuggets the concentra-
tions were also determined by the atomic absorption method
(table 5). The two methods show good agreement for silver, as
shown by the geometric mean values of 8.02 and 7.04,
respectively. The geometric deviation of both methods is
about the same—1.26 and 1.30. Geometric means and devia-
tions were not calculated for iron and titanium because these
clements are present primarily in the coatings.
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Table 6.—Data on homogenized nugget for variability studies

Geometric . Range of  Number of
Element Method mean G(;?ﬂ:%:f resﬁlts determi-
(percent) ! (percent) nations
Ag ..... AA! 7.89 1.07 7.22-8.87 10
Ag ..... ES? 7.70 1.09 7.14-8.93 10
Cu..... ES? .0584 1.22  .0500-.0700 10

! Atomic absorption analyses, by J. A. Thomas, Claude Huffman, Jr.,
and A. L. Sutton, Jr.
2 Emission spectrographic-analyses, by A. L. Sutton, Jr.

Table 6 gives the results of the sample split after it was
melted into one nugget, flattened, and cut into individual
samples. The geometric deviations of the original sample and
the homogenized sample show that the portion of the total
deviation due to the analytical procedures is small by
comparison. This is especially true of the copper results.

Figures 1, 2, and 3 are histograms of the silver, copper, and
lead in one split of the sample and in the homogenized split.
Lead values in the homogenized split are all below the
detection limit, thus no “after” histogram was drawn for this
element. For the purpose of these diagrams, quantitative silver
values were converted to 12-step brackets.

Silver shows a fairly normal distribution curve, but copper is
far from normal. The distributions for the homogenized
samples show that the copper distribution cannot be attribu-
ted to analytical error. There is some hint of a bimodal
distribution of copper, and thus the possibility of separate
small veins as sources for the gold cannot be ruled out.

Only gold, silver, and copper were detected in all 100
nuggets from the sample used for this study. Lead was
detected in 20 percent of the samples, cobalt in 4 percent, and
nickel and chromium in 2 percent. Only two nuggets out of
188 mounted nuggets examined with the microscope were
found to have visible sulfide inclusions, so it is doubtful that
all the lead was in this form. In addition, figure 3 indicates the
possibility of a distribution of lead with a mean below the
detection limit. Titanium and iron have not been discussed
here because the major contribution to these elements appears
to be from the coatings. This points out the need for more
than a single sample to obtain an overall estimate of the trace
elements to be found in one area. Additional unpublished
work on trace ‘and minor elements in gold has shown that this
sample was relatively pure in comparison with samples
representing geologic sources larger than the one picked for
this study.

In addition to the elements reported here, mercury was
detected in most of the samples. Because of the volatility of
mercury, we were not able to determine its concentrations to
our satisfaction, and thus it was not reported. We believe,
however, that future studies must take mercury into considera-
tion.
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Figure 2.—Histograms of the copper content in gold nuggets before and
after the nuggets were homogenized at 1,300°C.
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