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GEOLOGY OF METALLIFEROUS DEPOSITS

1. AN HYPOTHESIS FOR THE ORIGIN OF ORE-FORMING FLUID

By J. Hoover Mackin and EarL INcersoN, University of Washington, Seattle, Wash., and University of
Texas, Austin, Tex.

It is generally agreed that primary metalliferous
veins are genetically related to intrusive igneous bodies,
but in most mining districts the field relations demon-
strate only that both the magma and the ore-forming
fluid originated below the present surface, and it is
therefore not possible to determine the nature of the
genetic relationship by direct observation. The classi-
cal view, based largely on theoretical considerations,
holds that “metals and mineralizers,” present in minute
proportions in the orginal melt, are concentrated in a
rest liquid by fractional crystallization of rock-form-
ing minerals devoid of those substances, and that during
a late stage in the solidification of the intrusion the rest
liquid escapes to form ore deposits. The different
hypothesis outlined in this note is based on studies in the
Iron Springs district, in southwestern Utah.

In the Iron Springs district replacement ore bodies of
magnetite and hematite occur in Jurassic limestone
around the borders of early Teritiary laccoliths of
granodiorite porphyry. The present erosion surface
cuts the laccoliths at a favorable level, and it is possible
to prove that the iron in the ore bodies was derived from
the immediately adjacent porphyry. Several lines of
evidence indicate that the iron was originally incorpo-
rated in biotite and hornblende that crystallized in the
melt in depth prior to the emplacement of the laccoliths.
The outermost part of the typical Iron Springs lacco-
lith—a “peripheral shell” 100 to 200 feet thick—con-
solidated so rapidly that there was little deuteric altera-
tion; the biotite and hornblende phenocrysts in the
peripheral shell rock are fresh, and the field relations
indicate that this rock yielded no ore. In the interior of
the laccoliths, on the other hand, the biotite and horn-
blende phenocrysts were largely or completely destroyed
by deuteric alteration, and the iron contained in them
was released into the interstitial fluid of a slowly con-

solidating crystal mush. This fluid escaped only from
those parts of the laccoliths where renewed intrusion
caused outbulging that opened gaping tension joints in
the semisolid mush within the peripheral shell. The
tension joints are bordered by bleached-appearing
“selvages” as much as three or four inches in width ; the
selvage. rock contains about 30 percent less iron than
the rock midway between them. The faces of the
selvaged joints are encrusted with magnetite and other
minerals, and the joint fillings are in a merely descrip-
tive sense fissure veins; they differ in origin from ordi-
nary fissure veins, which are, if we may use a medieval
analogy, the branches or leaves of the “mineral tree”,
whereas the selvaged joints in the Iron Springs lacco-
liths are the roots of the “mineral tree.” It is possible
to walk across ledge outcrops from the deep interior
of the laccoliths, where the interstitial fluid was all re-
tained, upward and outward through the selvaged joint
zone, where the iron of the ore deposits originated, and
thence along magnetite-impregnated breccias formed by
late-intrusive faults, that served as conduits for move-
ment of the ore-forming fluid through the peripheral
shell, and finally reach the replacement ore bodies at
the contact. :

This theory implies that the replacement ore bodies
of the Iron Springs district should occur only adjacent
to parts of the laccoliths where there are selvaged joints,
and, conversely, that the selvaged joints should be
present only where there was late-intrusive distension.
Ore bodies should therefore be restricted to segments of
the contact that are convex outward in section, or in
plan, or both; where the contact is planar there should
be no selvaged joints in the intrusive rock and no re-
placement ore in the adjacent limestone. These im-
plications are borne out by the actual distribution of
the iron ore bodies. ‘
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Crystalline hematite was deposited in cracks in the
upper part of a silicic ignimbrite sheet formed by a
nueé ardente eruption in the Iron Springs district just
prior to emplacement of the laccoliths. As the ignim-
brite sheet is almost identical in composition with the
intrusions, one can reasonably assume that it was de-
rived from the same magmatic source. The biotite and
hornblende phenocrysts in a layer of vitrophyre at the
base of the ignimbrite sheet are perfectly fresh, but
those in the middle part, where the matrix is stony-
textured, are largely or wholly destroyed by deuteric
alteration. The mechanics of origin of the ignimbrite
sheet virtually rule out the possibility that the fluid
which deposited the fumarolic hematite in its upper
part was a magmatic rest liquid, enriched in “metals
and mineralizers” by fractional crystallization; the re-
lations indicate rather that the iron was released by
deuteric alteration of intratelluric hornblende and bio-
tite while the ignimbrite was consolidating at the
surface. ‘

The “deuteric release” hypothesis of origin of the
ore-forming fluid in the Iron Springs district has thus
far been applied only in that district, and its validity
depends entirely on specific lines of evidence developed
there, but it is worthwhile to consider its possible appli-
cation to a larger, long-standing geologic problem:
Why is it that ore deposits tend to cluster around stocks
and other hypabyssal intrusions consisting of porphyry,
while the border zones and roof pendants of the great
batholiths tend to be relatively barren? This relation-
ship does not comport with the view that the ore metals
are concentrated in a rest liquid by fractional crystalli-
zation. Slow and complete crystallization in batho-
lithic bodies should be much more favorable for such
concentration than the conditions under which hypa-
byssal bodies consolidate. The poverty of deep-seated
bodies as compared with hypabyssal bodies is, on the
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other hand, a direct and necessary consequence of the
“deuteric” release hypothesis, not considered when that
hypothesis was being formulated in the Iron Springs
district.

Iron is an integral constituent of some rock-forming
minerals, and many of the other ore metals are readily
accepted into the lattices of many of the rock-forming
minerals, particularly biotite. If these minerals crys-
tallize in a batholithic chamber and if the magma con-
solidates completely in that same chamber, the metals
locked up in the rock-forming minerals will not be
available to form ore bodies. But if, during the period
of crystallization, a phenocryst-bearing magma moves
upward from the batholithic chamber to form a hypa-
byssal body, deuteric decay of those phenocrysts that
are unstable under the new conditions will release the
metals to the interstitial fluid in the interior of the con-
solidating body. A second requirement for the produc-

“tion of ore is continued growth of the hypabyssal body,

or a renewed upsurging of magma which causes disten-
sion in convex parts of the chamber at a time when the
crystal mush in those parts is stiff enough to crack but
1s still chemically reactive; the gaping primary tension
joints which will then penetrate into the semisolid mush
can become the “roots of the mineral tree”. A general
prerequisite is, of course, that the original melt shall
contain all the substances needed for making ore; we
have only iron oxide ore in Iron Springs because the
magmas there happen to have been nearly devoid of
sulfur, which is a constituent of most ores of other
metals.

The “deuteric release” hypothesis is useful because
its consequences are readily deducible and very specific,
and serve as a basis for diagnostic tests that can be
applied wherever the present erosion surface or mine
workings cut an intrusive body at the level at which ore
was released.

R

2. VARIETIES OF SUPERGENE ZINC DEPOSITS IN THE UNITED STATES
By A. V. HeyL, Jr., and C. N. Bozron, Beltsville, Md., and Washington, D.C.

Deposits of oxidized zinc minerals are widely dis-
tributed throughout the United States, especially in the
general region of the Rocky Mountains and Basin and
Range provinces, in the principal Mississippi Valley
districts, in the Valley and Ridge province, and in the
New Jersey Highlands and western Adirondacks.

Most supergene zinc deposits can be classified into
three main types in order of their abundance: (a) di-
rect-replacement deposits (fig. 2.1), (c¢) wallrock de-
posits (fig. 2.2),and (b) saprolitic (weathered in place)
and residual (essentially in place, but compacted) ac-
cumulations (fig. 2.3). A few supergene wurtzite de-
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posits are known (for example, Horn Silver mine in
Utah, Butler, 1913), also placer (Heyl and others, 1959,
p. 131), bog (Cannon, 1955), and cave accumulations.
Many deposits are combinations of several types.
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Fraure 2.1.—Direct-replacement deposit of zinc sulfide vein *
by oxidized zinc minerals, Redmond, Utah.

/
o
===

S
==

~Z
ZZ2

=

ez
=

5=

=
=

Dolomitized limestone

Fissure

N
N
X \/////\/\\\i\\\\\

Froure 2.2.—Wallrock deposits of oxidized zinc ore (after
Loughlin, 1914), Tintic district, Utah.
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Fieure 2.3.—Saprolitic and residual accumulation of oxidized
zine ore (after Watson, 1905, fig. 16), Bertha, Va.

DIRECT-REPLACEMENT DEPOSITS

Deposits directly replacing hypogene sulfides are the
most abundant. They retain the shape of the original
ore bodies, although the metals are redistributed. In
areas of slow oxidation and near-neutral conditions
(pH 7-8), such as the upper Mississippi Valley (Heyl
and others, 1959, p. 164-165), pseudomorphs of smith-
sonite after sulfides are common; but in areas of deep
and rapid oxidation zine, copper, and iron tend to mi-
grate towards the margins of the deposit where they
reconcentrate as smithsonite, hemimorphite, malachite-
azurite, and limonite casings, or as kidney-shaped, con-
centric-shelled masses within the original ore body.
Lead, silver, and gold migrate somewhat but redeposit
nearly in place as supergene compounds and native
gold and silver. Galena, completely replaced by cerus-
site, anglesite, and plumbojarosite, is typical. Sphaler-
ite is replaced by smithsonite and hemimorphite, and
less commonly by hydrozincite, willemite, descloizite,
and adamite. Outcrops are leached to a porous gossan
of limonite, jasperoid, calcite, and less abundantly
cerussite, plumbojarosite, cerargyrite, hemimorphite,
and gold. '

Although many discussions of zinc oxidation state
that supergene zine deposits of commercial size in rocks -
lean in carbonate are rare or nonexistent, at least 24 are
known. All are in the West, and some are rich and
large, such as those in the Warm Springs district, Idaho
(Umpleby and others, 1930), Clifton-Morenci (Lind-
gren, 1905), Globe-Miami (Peterson, 1950, p. 98-112),
Silver-Eureka (Wilson, 1951,.p. 83-97) districts of
Arizona, and the Sedalia mine (Lindgren, 1908, p. 161—
166), Salida, Colorado. The “rule” that zine is usually
dispersed in solutions when deposits in noncarbonate
rocks are oxidized obviously has many exceptions. The
wall rocks include metasedimentary and clastic sedi-
mentary rocks, gneisses, mafic and felsic igneous rocks,
and calcareous quartzites. Most districts have under-
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gone deep and intense oxidation, usually in areas of
arid climate where supergene solutions are so sparse
that most metals are redeposited within the original
ore bodies as the solutions descend and evaporate.

Descloizite, mottramite, and vanadinite are common
as main or accessory minerals throughout the southern
part of the Basin and Range province of the United
States and Mexico. The source of the vanadium has
been attributed by some (Kelly and others, 1958, p.
1596 ; Fischer, 1959, p. 222-223) to adjacent limestones.
Newhouse (1934, p. 209-219) attributed the vanadium
to traces in hypogene deposits. The present study shows
that vanadium minerals are found in a wide variety of
geologic environments throughout metallogenetic prov-
inces irrespective of wallrocks, be they felsic or mafic
igneous rocks, gneisses, amphibolites, limestones, or
clastic rocks of different ages. Only one of several oxi-
dized zinc deposits in the vanadium-bearing Colorado
Plateau province contains vanadium minerals, which
supports the ideas of Newhouse.

Willemite is a supergene mineral locally abundant in
the West, and mined in at least nine localities; nearly
all are in deeply oxidized districts of .the Basin and
Range province. For reasons unclear, it is restricted
to certain deposits within districts.

WALLROCK DEPOSITS

Wallrock deposits (fig. 2.2) are common in the West,
but uncommon in the East, except for very small
pockets in walls of direct-replacement and saprolitic
deposits and a single large supergene willemite ore
body at Balmat, N.Y. (Brown, 1936).

Wallrock pockets, casings, blankets, veins, and pipes
of supergene zinc ores in carbonate rocks below and
adjacent to leached sulfide bodies comprise some of the
largest and richest deposits in the West, such as Lead-
ville, Colo. (Loughlin, 1918); Magdalena, N. Mex.
(Loughlin and Koschmann, 1942) ; Goodsprings, Nev.
(Hewett, 1931); and Cerro Gordo, Calif. (Knopf,
1918). The main minerals in these bodies commonly
are smithsonite, hemimorphite, limonite, calcite, and
jasperoid in massive, lamellar, and vuggy masses re-
placing barren limestones (fig. 2.2). Chalcophanite,
hydrohetaerolite, and sauconite are also abundant
where manganese and silica are present, as at Leadville,
Colo., and Tintic, Utah (Loughlin, 1914). In the
Basin and Range province, where oxidation and leach-
ing have been deep and intense over long periods,
hydrozincite and aurichaleite occur in commercial
quantities; for reasons unknown, hydrozincite is nearly
restricted to the northern parts of that province. Wall-
rock deposits contain very little of the gold, silver, lead,
vanadium, molybdenum, antimony, and arsenic typical
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of direct-replacement deposits. Where leached to a
gossan, vuggy and concentrically banded limonite and
jasperoid contain a little hemimorphite.

SAPROLITIC ACCUMULATIONS AND RESIDUAL
DEPOSITS

Saprolitic accumulations (fig. 2.3) and residual de-
posits are restricted to the East—the former to the
warm and humid Ridge and Valley province. Sapro-
litic accumulations include residual as well as rede-
posited masses of smithsonite, hemimorphite, and
locally, sauconite collected partly in saprolite and in
compacted clay-filled solution pockets between buried
pinnacles of unweathered limestone. The supergene
minerals are derived from lean disseminated or mas-
sive sphalerite in unweathered limestone pinnacles,
such as at Austinville and Bertha, Va. (Watson, 1905,
p. 78-92). The unfractured sulfide-bearing limestone
in the warm, wet climate is rapidly dissolved into pin-
nacles and pockets by abundant vadose waters (pH
4-5) ; along fractures residual limestone solution-clay
slumps into pockets, intermingled with limestone
saprolite still in place. Smithsonite replaces part of the
sphalerite and remains as residual masses embedded in
the clayey pockets. Some zinc dissolves in vadose wa-
ters but is redeposited as smithsonite, hemimorphite,
and sauconite near the bottoms of the pockets when
accumulated solutions become saturated in zinec.

CONCLUSIONS

The study shows that supergene zinc deposits most
commonly directly replace the sulfide deposits, and
they show regional patterns of geology dependent on
(a) pH, rainfall, and climatic factors; (b) wallrocks
and geologic variations between metallogenetic prov-
inces. Deposits in noncarbonate wall rocks are fairly
common, and many western deposits contain complex
minerals previously thought to be uncommon.
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3. LITHOFACIES OF THE COPPER HARBOR CONGLOMERATE, NORTHERN MICHIGAN

By Warrer S. Warre and James C. Wricnr, Beltsville, Md., and Denver, Colo.

The Copper Harbor conglomerate of northern Michi-
gan crops out along the south limb of the Lake Su-
perior syncline from Keweenaw County westward
through Gogebic County, Mich. (fig. 3:1), and along
its north limb on Isle Royale. The formation, which is
of late Keweenawan age, is underlain by the Portage
Lake lava series, a thick sequence of flood basalts of
middle Keweenawan age, and overlain by the Nonesuch
shale and the Freda sandstone of late Keweenawan
age. The formation interfingers slightly with both the
overlying shale and the underlying lava.

The Copper Harbor conglomerate consists chiefly of
red to brown arkosic. conglomerate and sandstone, ce-
mented with calcite and laumontite ; most of its pebbles
are of rhyolite, a few are of mafic lava, and other types
are rare. Locally it contains interbedded groups of
mafic and rhyolitic lava flows, and a very little red
shale and volcanic ash. The ash, which contains mont-
morillonite and tiny books of biotite, was observed in
only seven beds in a series of holes drilled through the
formation at Calumet.

The distribution of the principal rock types in the
formation is portrayed in figure 3.2. East of Houghton
the contacts are based on detailed mapping (much of
it by H. R. Cornwall), supported by airborne magne-
tometer traverses in areas under Lake Superior. The
relative proportions of sandstone and conglomerate
are not known everywhere east of Houghton, but con-

glomerate predominates where no pattern is used.
The persistent sandstone unit shown in the lower part
of the formation throughout Keweenaw County is
based on a few outcrops and on prominent topographic
expression (Cornwall, 1954).

West of Houghton, exposures are generally poor and
only a few small areas have been mapped in detail.
The thickness of the formation and of its subdivisions
at various places has been determined from breadth of
outcrop. Our own field data are supplemented by scat-
tered observations recorded in many published reports,
and by the results of an airborne magnetometer survey
of part of the area by the U.S. Geological Survey.

The Copper Harbor conglomerate thins markedly at
Houghton, where the formation appears to lap up on
a ridge of the underlying lavas. This ridge is the
product of differential uplift, most of which occurred
during the first half of Copper Harbor time; the base
of the formation is parallel with the two persistent con-
glomerate beds in the underlying lava series, but its
top is not (see fig. 3.2).

Most of the thick accumulation of rhyolite that
makes up a large part of the formation in western
Ontonagon County is believed to consist of rhyolite
flows that piled up close to their source. The area in
which the rhyolite is thick and the overlying conglom-
erate is thin (as little as 500 feet thick in places) is
roughly outlined by a dashed line in figure 8.1; just out-
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Ficure 3.1.—Distribution of Copper Harbor conglomerate and its oriented sedimentary structures. 1, Jacobs-
ville sandstone; 2, Nonesuch shale and Freda sandstone; 3, Copper Harbor conglomerate; 4, Portage Lake
lava series and lavas in lower part of Copper Harbor conglomerate; 5, average direction of current flow
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ual observations included in average; 6, average direction of current flow shown by crossbeds in “red
facies”; 7, direction of current flow indicated by imbrication of pebbles; 8, limit of thick mass of extrusive

rhyolite.

side this area, the conglomerate is 2,000 to 3,000 feet
thick.

The directions of the currents that deposited the con-
glomerate were determined from the attitudes of cross-
beds, and, at one place near Houghton, from that of im-
bricated pebbles. Though many of the samplings of
attitudes are small, and some are known to be biased
because of the nature of the exposures, the measured
directions indicate clearly, when taken together, that
the conglomerate was deposited by northward flowing
currents, in contrast with the rocks to be described next.

A separate facies of the Copper Harbor conglomer-
ate, here designated the “red facies,” is exposed in at
least the western third of the area shown in figure 3.1.
The dominant rock of this facies is platy fine- to me-
dium-grained sandstone, redder than the rocks of the
formation as a whole. This red sandstone occurs in
thick sequences with very little interbedded conglomer-
ate, and its statigraphic position is not everywhere the
same. In Gogebic County it occurs only in the upper-
most 200 to 500 feet of the formation (fig. 8.2), but at
the Mendenhall location 250 feet or more of red platy

sandstone underlies 500 feet of conglomerate and coarse
brownish-red sandstone. North of White Pine, north
of the line of figure 3.2, rocks of the red facies occur
from 300 to at least 1,000 feet below the top of the
formation. The currents that deposited the rocks of
the red facies flowed southward, as indicated in figure
3.1 by arrows with dashed-line shafts.

The Lake Superior basin was at least 60 or 70 miles
across in late Keweenawan time. The conglomerate
facies is interpreted as a piedmont fan, deposited by
northward-flowing streams at the foot of hills along
the southern margin of this basin. The great central
expanse of the basin presumably had a more nearly hor-
izontal surface, covered by finer grained sediments de-
posited on flood plains or in standing water. The red
facies is interpreted as a flood-plain deposit, trans-
ported by currents that locally, at least, flowed south-
ward on this broad alluvial plain to deposit material
against the toe of the fan.

We have suggested previously (White, 1960) that the
copper in the base of the Nonesuch shale at White Pine
and elsewhere (White and Wright, 1954, p. 715-716)
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may have been deposited from connate water, squeezed
out of the Keweenawan sedimentary rocks during com-
paction and diagenesis. This source of water would be
very large and suitably located if the coarse-grained
facies of the Copper Harbor conglomerate does.indeed
give way to fine-grained sediments in the central part
of the Lake Superior basin, far down the dip from the
copper deposits. The thick pile of rhyolite outlined by
the dashed line in figure 3.1 may have acted like a
buried hill to intensify the flow of water up into the
Nonesuch shale; this mechanism could help explain the

. 'GEOLOGICAL SURVEY RESEARCH 1960—SHORT PAPERS IN THE GEOLOGICAL SCIENCES

unusual concentrations of copper close to the border of
the thick mass of rhyolite.
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4.  RELATION OF THE COLORADO MINERAL BELT TO PRECAMBRIAN STRUCTURE

By Ocepexn Tweto and P. K. S1ms, Denver, Colo.

Work done in cooperation with Colorado State Metal Mining Fund Board

The narrow northeast-trending Colorado mineral
belt is characterized by intrusive porphyries and asso-
ciated ore deposits of Laramide age, and in some places
by fissures and faults of northeasterly trend. All the
major mining districts of Colorado, except the uranium
districts of southwestern Colorado and a few mining
districts associated with isolated voleanic centers, such
as Cripple Creek, are in this belt. -

The mineral belt extends diagonally across the gen-
erally north-trending mountain ranges of the State for
a distance of 250 miles—from the Front Range in cen-
tral Colorado southwestward across the Park and
Sawatch Ranges to the San Juan Mountains (fig. 4.1).
It thus cuts indiscriminantly across the geologic grain
of the State, occupies several different geologic environ-
ments, and seems to be independent of the present
mountain structure. '

Although the most conspicuous features of the min-
~eral belt are of Laramide age, the belt follows an
ancient zone of weakness defined by northeast-trend-
ing shear zones of Precambrian age, which form an
echelon pattern in a strip that is nearly coextensive
with the mineral belt. Many of these zones have not
yet been fully mapped, but major shear zones of this
group have been studied in detail in two areas—on
the eastern flank of the Front Range (Moench, Har-
rison, and Sims, 1954, 1958; Sims, Moench, and Har-
rison, 1959; Harrison and Wells, 1959; J. D. Wells
and D. M. Sheridan, oral communication, 1959) and in

the northern part of the Sawatch Range (Tweto and
Pearson, 1958). In the eastern part of the Front
Range is the Idaho Springs-Ralston shear zone,
marked by cataclasis and related small-scale cross folds,
which lies along the southeastern side of the mineral
belt (fig. 4.1). In the Sawatch Range, there is the
composite Homestake shear zone which comprises
dozens of individual shear zones in a belt 7 or 8 miles
wide. In the Park Range, which lies between the Front
and Sawatch Ranges, the northeast-trending line of
shearing is interrupted by a major cross-trending shear
zone, of Precambrian age, which localized the Gore and
Mosquito faults in Laramide time. Lesser cross faults
of northwest trend are numerous in the Front Range,
where they are known as breccia reefs (Lovering and
Goddard, 1950). These faults originated in Precam-
brian time but are in general younger than the north-
east-trending shear zones, and many of them were re-
activated during the Laramide.

Intermittent movement has occurred in the shear
zones through most of the geologic time recorded in
the region. Primary folds in the oldest metamorphic
rocks, some of them oriented in stress fields confined to
the shear zones, indicate that the shear zones existed
at the stage of deformation by plastic flow. At a later
stage, when pressure was less intense and temperature
lower, shearing took place by fracturing and locally
by minor cross-folding. Early fracturing occurred be-
fore the metamorphic environment had permanently
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disappeared, and rocks formed at this stage are reor-
ganized and recrystallized gneisses. Later shearing
yielded cataclastic gneisses, mylonite, broad granulated
zones, and locally pseudotachylyte. Still later, but still
in the Precambrian, gouge, breccia, and fault zones
were formed, partly by the degradation of earlier shear
products of higher rank.

Differential movements in parts of the regional
zone of shearing continued intermittently through
Paleozoic and Mesozoic time, mostly on a minor scale,
as recorded by thinning, wedgeouts, and changes in
facies of several sedimentary formations along the
shear zone. In some places the shear zones formed a
sharp border between the persistent positive and nega-
tive areas that existed in Colorado during Paleozoic
and Mesozoic time.

557753 0—60—2

With the onset of the Laramide orogeny, magma in-
vaded the regional zone of shearing and imparted to it
the conspicuous features that characterize the mineral
belt—intrusive igneous bodies and ore deposits. Fault
movement took place along the zone at this stage also
but was in general on a smaller scale than it had been
previously. Reasons for the appearance of magma in
the ancient zone of weakness at this time, and the proc-
esses by which it yielded a large family of porphyries
and a remarkable variety of ore deposits, are major
problems remaining for investigation.
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5. PRE-ORE AGE OF FAULTS AT LEADVILLE, COLORADO

By Ocpexn Twero, Denver, Colo.

Work done in cooperation with Colorado State Metal Mining Fund Board

In the Leadville mining district, Colorado, sedimen-
tary rocks of Paleozoic age dip gently eastward and are
broken by many faults, most of which are upthrown to
the east. Porphyries of Laramide age form sills, dikes,
and irregular bodies that cut the sedimentary rocks in
an intricate pattern. Although the porphyries—pre-
sumably derived from the same source as the ores—
are all older than the ores, they are in general only
weakly mineralized; the ore deposits are largely re-

stricted to the sedimentary rocks in layers and blocks
between bodies of porphyry. Faults displace many

ore bodies, and for this reason many major faults of

the district have been regarded as younger than the

ores (Emmons, 1886; Emmons, Irving, and Loughlin,"
1927). Recent studies within the Leadville district and

north of it have revealed, however, that practically all

the faults originated before the ore, although many un-

derwent renewed movement during a post-ore stage.
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The faults are dated by their relations to intrusive
porphyries. Some 25 or 30 distinct varieties of por-
phyry are recognized in the area, and about 15 of these
show clear-cut age relations with respect to one another
and hence can be fitted into an age sequence. Mem-
bers of this sequence show many different kinds of re-
lations to faults. Some varieties of porphyry are dis-
placed by some faults but not by others; others are dis-
placed by almost every fault they intersect, and still
others by very few. Similarly, individual faults dis-
place some porphyries but guided the emplacement of
others and are cut by still others. Relations such as
those sketched in figure 5.1 indicate that many of the
faults existed at the time certain porphyries were em-
placed, and that movement recurred on some faults dur-
ing the period of porphyry emplacement. Clearly, both
the faults and the porphyry bodies of the areas are
products of the same general phase of the Laramide
orogeny, and the porphyry sequence can thus be used
as a time scale both to determine relative ages of faults
and to trace evolution of the fault pattern.

Results of such dating are shown in simplified form
in figure 5.2 which illustrates the extent of faulting at
four different stages during the period of porphyry em-
placement. Some of the faults might be older than the
ages assigned them, as they are dated only by relatively
young members of the porphyry sequence, but they can-
not be younger. On the other hand, the age of many of
the faults is closly bracketed; the faults displace cer-
tain porphyries but guided the emplacement of other,
younger ones.

Except as simplified because of scale, the fault pattern
shown in the top diagram of figure 5.2 is the one that
exists today. Yet the pattern was achieved before the
period of porphyry intrusion came to an end, for some
of the youngest porphyries locally obliterate the faults.
These youngest porphyries, like the others, are hydro-
thermally altered and weakly mineralized; they are
clearly older than the ore. This being so, the faults all
originated before the ore, although many have a his-
tory of movement that extends virtually to the present.

Faults that existed at the ore-depositing stage could
affect the original distribution of ore, as many obvious-
ly did, and yet the resulting ore bodies could later have
been displaced by renewed movement on these same
faults.
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6. PRE-ORE PROPYLITIZATION, SILVERTON CALDERA, COLORADO

By WiLBur S. Bursank, Exeter, N.H.

Work done in cooperation with the Colorado State Metal Mining Fund Board

Several types of rock alteration, such as argillization,
sericitization, and silicification that are closely related
to ore deposition (Ransome, 1901; Burbank, 1941 and
1950), have been recognized in the Silverton caldera and
surrounding area, northwestern San Juan Mountains,
Colorado. Some alteration of the layered succession of
calc-alkaline lavas and related pyroclastic rocks of late
Tertiary age undoubtedly occurred during the period
of eruptions. However, of principal concern here is the
propylitic or quartz-carbonate-chlorite type of altera-
tion that took place mostly prior to, but in part during,
the period of ore deposition. This type of alteration
becomes more pronounced with depth in certain parts
of the caldera, and grades to a quartz-carbonate-albite-
epidote-chlorite type analogous to the albite-epidote
hornfels facies of low-grade contact metamorphism.
Carbonate is locally either absent or a minor constituent
in the albitic type. Pyrite is present in small quantities
in much of the propylitized rocks.

Problems involved in the alteration include: (a) the
depth and source of the altering agents, (b) the reasons
for its post-volcanic and pre-ore position in the sequence
of events, and (c) the mechanism of pervasive penetra-
tion of altering agents in the pores of many massive
rocks whose initial permeability to liquid solutions must
have been vanishingly low. Diffusion processes in a
static medium occupying the rock pores are tentatively
ruled out because of the extreme slowness of such proc-
esses, the highly pervasive nature of the alteration, and
the belief that except in near-surface positions the pores
of the heated volcanic rocks nearby and within the
caldera could not have been initially saturated with
aqueous liquids.

Propylitic alteration has affected many cubic miles of
volcanic rocks throughout and beyond the caldera.
Carbon dioxide is believed to have been a major con-
stituent of the agents of rock alteration although other

~gases undoubtedly were present. Estimates of carbon-
ate formed range from 2 to 5 percent (equivalent to
100 to 250 feet of limestone per mile of rock); this
amount is far greater than can be accounted for by ther-
mal metamorphism of any known basement rocks.

During volcanism the gases tended to become dissi-
pated rather than entrapped due to the highly explosive

nature of many of the eruptions. Injections of clastic
dikes composed of Precambrian rock fragments are in-
dicative that gas pressures in the basement rocks tended
to reach culmination during earlier stages of propylitic
alteration. Intense propylitic alteration, following ces-
sation of volcanic eruptions, may be attributed in part
to final sealing of the vents. The occurrence of a partly
carbonatized and mineralized breccia pipe at the edge of
a gabbroic and granodioritic stock northwest of the Sil-
verton caldera suggests that the primitive magmas were
of similar composition, and that the propylitization
was related to deep-seated crystallization and differen-
titation of such magmas.

The amounts of H,0, CO;, and S, in basaltic magmas
and in their siliceous differentiates suggest that gases
rich in CO; would be expelled during crystallization
(Sheperd, 1938; Rubey, 1951, p. 1136, fig. 4). The ex-
pulsion of CO, also is suggested by the work of Morey
and Fleischer (1940) on the system CO,-H,0-K.,O-
Si0,, which shows that the solubility of CO, in alkali
silicate solutions decreases much more rapidly than that
of H,O as the silica content of the solution increases.
They concluded (1940, p. 1056) that this process prob-
ably would apply to more complex silicate mixtures.
Garrels and Richter (1955) presented data to support
the possibility that carbon dioxide could exist as a sep-
arate phase in comparatively shallow environments be-
cause of the low mutual solubilities of CO, and H,O.

It is postulated that the evolved gases invaded the
deeper parts of the caldera and surrounding ground
through previously heated rocks deficient in uncom-
bined water, and that the gradients of pressure were es-
tablished in a pervasive gas phase composed mainly of
carbon dioxide. Alteration is inferred to have taken
place in an open system by a series of coupled conden-
sations and vaporizations in rock pores under osmotic
conditions and under control of physical and chemical
adsorption in capillary and sub-capillary spaces. Re-
current actions are interpreted to consist of: (a) con-
densation of gases in locally adsorbed water films; (b)
partial solution of silicate minerals by the condensates;
(¢) mixing of saturated condensates with other droplets
of liquid forced along by gas pressures; and (d) re-
action in these mixtures causing precipitation of new
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minerals. Continuous attack by new condensates of the
active gases would maintain a certain degree of per-
meability by solution of country rock and re-solution
of precipitated material which would allow egress of
solutions saturated with products of rock decomposi-
tion. These solutions were forced by expanding gases
into newly fractured rock and reopened fissure systems
in numerous and repetitive stages of adjustment
throughout this period of late activity.

The resulting reactions between the gases, liquid con-
densates, and solids could have caused widespread and
highly pervasive propylitic alteration. Most of the pro-
pylitized rocks are considered as an arrested stage of
development in this reaction. The carbonatized and
chloritized breccia pipe possibly represents the end
stage of development—the result of long continued
and concentrated passage of altering agents within
a restricted volume of rock.
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7.  RING-FRACTURED BODIES IN THE SILVERTON CALDERA, COLORADO

By Rozert G. Luepke and WiLsur S. BurBank, Washington, D.C. and Exeter, N.H.

Work done in cooperation with the Colorado State Metal Mining Fund Board

The Silverton caldera, in the northwestern part of
the San Juan Mountains, Colorado, is a nearly circular
voleanic center about 12 miles in diameter, filled with
a layered succession over a mile thick of calc-alkaline
lavas and related pyroclastic rocks of late Tertiary age.
These rocks were complexly faulted and tilted by re-
peated upthrust and collapse during and after subsi-
dence of the main caldera floor. Within the margin of
the caldera is a great zone of ring faults, as much as
two miles wide, into which many pipelike bodies of
quartz latite, rhyolite, and breccia were intruded, after
the main episodes of extrusive.activity. The intrusion
of these rocks was followed by alteration and mineral-
ization.

Several smaller bodies of ring-fractured rock, each
about a mile in diameter, are located in an apparently
random fashion within the northern part of the cal-
dera. Discontinuous ring fractures and faults around
each of these bodies are superimposed upon pre-exist-
ing structural features of the caldera without greatly

disturbing them, though some early-formed shear zones
and tilted blocks are slightly offset by the faults.
Planar flow structures of the volcanic rocks within
some of the tilted blocks locally dip inward from the
arcuate breaks. Many of the veins and altered zones
cross these ring-fractured bodies with little or no deflec-
tion in trend.

These ring-fractured bodies are neither volcanic
vents nor intrusive plugs; they are cylindrical columns
of the country rock that were pushed up by magma, and
that collapsed when magma was withdrawn and up-
ward pressure released. The net downward displace-
ment of the layered volcanic rocks amounted to as much
as 200 feet. Their collapse was accompanied locally
by minor injections of quartz latite and rhyolite into
ring fractures and other fissures.

A possible cause for the inferred withdrawal of
magma might have been the intrusion of the pipelike
bodies into the major ring-fault zone of the caldera.

g
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8. RELATION OF MINERALIZATION TO CALDERA SUBSIDENCE IN THE CREEDE DISTRICT, SAN JUAN
MOUNTAINS, COLORADO

By Tuomas A. Steven and James C. Rarrk, Denver, Colo.

Work done in cooperation with the Colorado State Metal Mining Fund Board and U.S. Atomic Energy Commission

Detailed study of the volcanic rocks in the central
San Juan Mountains has defined a subcircular caldera
about 10 miles in diameter, which we have called the
Creede caldera after the nearby town and mining dis-
trict. The ores in the Creede district are localized along
faults in a complex graben that extends outward from
the caldera; these faults were active many times while
the caldera area was subsiding but mineralization did

not take place until the last main period of fault.

movement.

The volcanic rocks exposed in this area include the
upper units of the Potosi volcanic series of Larsen and
Cross (1956, p. 30-167), and the younger Fisher quartz
latite and Creede formation. The volcanic sequence
we have determined, however, differs considerably
from that defined previously in the San Juans, and in
this paper informal local names are applied to most of
the units.

The oldest rocks exposed near Creede formed prior
to any known caldera subsidence, and they record con-
current accumulation from several volcanic centers.
We have no knowledge of the original extent of any of
these formations; only those parts of these and the suc-
ceeding formations that we know or can reasonably
extrapolate are shown by pattern on figure 8.1. The
accumulation centering on Bachelor Mountain (fig.
8.14) is more than 3,500 feet thick, and consists of
welded rhyolite tuff grading up into non-welded pumi-
ceous tuff. To the northeast, the Bachelor Mountain
rocks intertongue with a great sequence of quartz
latitic welded tuffs more than 4,000 feet thick. To the
west, Bachelor Mountain rocks overlie a local rhyolitic
accumulation, and intertongue with quartz latitic lava
flows and breccias derived from a source west of the
Creede district.

The pumiceous eruptions of the Bachelor Mountain
volcano culminated in the collapse of the probable vent
area and in the development of several north-northwest
trending normal faults (fig. 8.18). The exposed mar-
gin of this early caldera is characterized by pervasively
brecciated rock passing outward into strongly sheeted
rock.

The early caldera stage was followed by renewed
eruptions of rhyolitic magma that deposited great

sheets of welded ash flows over most of the Creede area
(fig. 8.1C). These rocks have a maximum aggregate
thickness exceeding 2,500 feet. Southeast of Creede
they are interlayered with quartz latitic lava flows and
southwest of Creede are intertongued with dacitic flows
and breccias. The main Creede caldera probably origi-
nated as a result of these rhyolitic eruptions, as some
faults along the eastern margin of the caldera were
active at this time.

Great volumes of quartz latitic ash (fig. 8.1D) were
erupted following the rhyolitic intracaldera stage.
Outside the main Creede caldera, the quartz latites form
widespread sheets of tuff and welded tuff more than a
thousand feet thick. Within the caldera, at least 6,000
feet of quartz latitic welded tuff is exposed, and the
total thickness may be much greater. Intertongued
landslide and talus breccia from the caldera walls indi-
cate that at least the upper several thousand feet, and
perhaps all of the observed caldera fill is younger than
the welded tuffs of the rhyolitic intracaldera stage.

Caldera subsidence stopped sometime following the
quartz latitic eruptions, leaving a broad, flat-floored
caldera with outward extending grabens (fig. 8.1F).
Breccias derived by avalanching from the caldera walls
spread over at least part of the caldera floor. The core
of the caldera was domed (fig. 8.1F7"), probably by mag-
matic intrusion, and a complex graben formed along
the crest of the arch.

Viscous quartz latitic lava was erupted along the
broken margin of the caldera to form local flows and
domes of Fisher quartz latite, and stream and lake sedi-
ments and travertine accumulated elsewhere around the
domed core to form the Creede formation.

Following Fisher volcanism and Creede alluviation,
the graben extending northward from the caldera (fig.
8.2 ) was again broken. This was the last major struc-
tural event in the area, and it is of particular impor-
tance as the faults active at this time were extensively
mineralized to form the major lead-zinc-silver deposits
in the Creede district.

The main displacement on the Creede graben has
been on two pairs of faults with opposing dips. The

" core of the graben is bounded on the east by the Ame-

thyst fault, which originated during early caldera sub-
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sidence and was recurrently active until after the Creede
formation was deposited. The Bulldog Mountain fault
zone on the west side of the core apparently originated
during early caldera subsidence when the west side was
downthrown ; later movement reversed the direction of
displacement along the mapped faults (fig. 8.2). The
Alpha-Corsair fault near the west margin of the graben
had its main movement after the Creede formation
was deposited, but it followed the trend of an older
series of echelon fissures marked by dikes. Movement
on the Solomon-Holy Moses fault zone on the east side
of the graben cannot be dated closely, nor is it known
whether faulting took place during more than one
period.

Mine production in the Creede district has come from
three of the four main fault zones in the graben, and
from disseminated deposits in the Creede formation.
The Amethyst fault and related fractures have pro-
duced about $55,000,000 worth of metals, and the Alpha-
Corsair and Solomon-Holy Moses fault zones about
$600,000 and $2,200,000 worth respectively. The Monon
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Hill area has produced about $800,000 worth of metals
from basal beds in the Creede formation where it rests
on a highly faulted segment of the caldera margin.

The Bulldog Mountain fault zone appears to be the
most favorable structure to prospect in the Creede
district. It is a major fault zone with recurrent move-
ment that bounds the west side of the core of the graben,
and is thus comparable in several respects with the
highly productive Amethyst fault zone. Prospecting
to date has been confined to near-surface formations
which are underlain by soft tuffs that may have inhib-
ited passage of mineralizing solutions. Important ore
bodies are more likely to be found at depth, where the
rocks are the same hard rhyolites that enclose the ore
bodies on the Amethyst, Alpha-Corsair, and Solomon-
Holy Moses fault zones.

REFERENCE
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9. ALINEMENT OF MINING DISTRICTS IN NORTH-CENTRAL NEVADA
By Ravea J. Roeerts, Menlo Park, Calif.

Work done in cooperation with the Nevada Bureau of Mines

The mining districts of north-central Nevada are lo-
calized by major structural features. One of these is
the Roberts Mountains thrust fault, on which clastic
and volcanic rocks of early and middle Paleozoic age
(western assemblage) have ridden eastward over cor-
relative carbonate rocks (eastern assemblage) (Roberts
and others, 1958). The thrusting took place in Missis-
sippian time, at the culmination of the Antler orogeny;
post-thrust uplift and doming caused the upper plate
to be locally removed by erosion, so that carbonate rocks
of the lower plate were exposed in windows. As the
principal mining districts are in and around these win-
dows, study of the origin and history of the windows
will shed light on the regional and economic geology of
the area. _

Recent mapping in Eureka County and adjacent
areas has shown that the windows are alined in two
northwest-trending belts, and that they contain many
of the intrusive bodies (Roberts, 1957). The western,
or Shoshone-Eureka belt, extends from the Shoshone

Range southeastward to the Eureka district, and the
other, the Lynn-Pinyon belt, from the Lynn district
south-southeastward to the Railroad district (fig. 9.1).

SHOSHONE-EUREKA BELT

The Shoshone-Eureka belt includes the Goat Ridge,
Red Rock, and Gold Acres windows in the Shoshone
Range (J. Gilluly, written communication, 1958), the
Cortez window in the Cortez Mountains, the Keystone,
Tonkin, J-D, and Windmill windows in the Simpson
Park Mountains, and the Roberts Mountains window in
the Roberts Mountains. Lone Mountain also appears
to be a window (C. W. Merriam, oral communication) ;
and the rocks of the Eureka district may have been
partly covered by the Roberts Mountains thrust plate.

Windows in which the ore deposits were mainly in
the carbonate rocks of the lower plate are the Cortez
and Lone Mountain windows; the ore bodies in the
Eureka district also are in carbonate rocks. The Cortez
window contains the Cortez district, a major silver-
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lead producer between 1870 and 1920. Most of the ore
bodies mined were in or near fault zones that cut car-
bonate rocks. Lone Mountain, a block of carbonate
rocks bordered on the northeast, east, and southeast by
rocks of the upper plate, has yielded a small tonnage
of zinc carbonate ore from bodies in Devonian lime-
stone. The rocks in the Eureka district may not have
been completely covered by the upper plate, but they
appear to have been domed like those in the windows
along the belt to the northwest. More than $52,000,000
in silver, gold, lead, and zinc ore was produced in this
district, mostly between 1870 and 1900; it came chiefly
from the Eldorado and Hamburg dolomites, of Cam-
brian age. 138 ’

Other windows in the Shoshone Range that contain
ore deposits are the Gold Acres window in breccia
along the thrust, and the Lewis and Hilltop districts
in the upper plate rocks. The Gold Acres window con-
tains the Goldacres mine, which has yielded a significant
production in gold beginning in 1934. The ore is mostly
in the brecciated zone along the Roberts Mountains
thrust (Keith Ketner, oral communication). The Lewis
‘and Hilltop districts are in clastic and volcanic rocks of
the upper plate, presumably not far from the thrust.
The Battle Mountain district northwest of the Shoshone
Range, is also in this belt. It is mainly underlain by
western assemblage rocks of early Paleozoic age, pre-
sumably exposed by warping of the kind indicated by
windows to the southeast.

. LYNN-PINYON BELT

The Lynn-Pinyon belt (fig. 9.1) includes the Lynn
and Carlin windows in the Tuscarora Mountains and
the Pinyon window (formerly. called the Bullion win-
dow) in the Pinyon Range.. The Lynn window con-
tains the Liynn district, which produced a small quantity
of gold ore, mostly from veins that cut siliceous shale
and chert in the upper plate of the Roberts Mountains
thrust. The [Bootstrap mineat the north end of thes
district and just north of the Eureka County line, has
produced gold ore from silicified zones along the thrust,
from the carbonate rocks in the lower plate, and from
altered dikes that cut these rocks. The Carlin window
contains several properties that have yielded small ton-

nages of silver and copper ores and barite. The Copper 3+

King mine is near the window, but is in the upper plate
and about 200 feet above the thrust. The Pinyon win-
dow contains the Railroad district, which has yielded a
small amount of silver-lead and copper ore from veins
and replacement ore bodies in carbonate rocks.
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The Mineral Hill and Union districts, in carbonate
rocks of the lower plate, south of the Pinyon window in
the Sulphur Spring Range, have yielded silver:lead-
zinc ore. These districts lie between the Shoshone-
Eureka and Lynn-Pinyon belts, and possibly are on a
separate, less distinct, belt.

ORIGIN AND HISTORY OF THE WINDOWS

The windows are the result of doming of the Roberts
Mountains thrust. Part of the doming may have oc-
curred during or shortly after thrusting, but part of it
may have occurred much later. Evidence that some
doming occurred shortly after the thrusting is found
in the north end of the Monitor Range, where coarse
clastic rocks of Permian age containing carbonate
boulders (eastern assemblage) rest on rocks of the
upper plate, and on the south side of Lone Mountain,
where similar clastics may rest on rocks of both the
upper and the lower plate. The doming was later in-
tensified during the emplacement of igneous bodies in
late Mesozoic and early Tertiary time and during the
uplift of the ranges in the Tertiary.

The alinement of the windows indicates that the
doming occurred in zones of structural weakness in
which movement has taken place intermittently. We
do not yet fully understand the nature of the deforma-
tion or know the precise date of its beginning, but
clearly the zones of weakness and the windows along
them are penetrated by conduits along which igneous
rocks and related ore-bearing fluids rose. : The zones
probably penetrate to great depths within the crust, and
they possibly date back to Precambrian time.

SUGGESTIONS FOR PROSPECTING

In prospecting within the windows and near them, a
special effort should be made to explore the lower units
in the carbonate sequence, such as the Eldorado and
Hamburg dolomites, for lead-zinc-silver ore bodies in
promising structural settings such as fault intersections.
The rocks of the upper plate close to the thrust may
also be locally mineralized, especially near intrusive

bodies. ‘ '
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10. MINERAL ASSEMBLAGE OF A PYROMETASOMATIC DEPOSIT NEAR TONOPAH, NEVADA
By R. A. GureraNpseN and D. G. GieLow, Menlo Park, Calif.

Pyrometasomatic deposits in a limestone environ-
ment commonly contain andradite and pyroxene
(Knopf, 1942, p. 63). A deposit in Paymaster
Canyon, about 31 miles southwest of Tonopah, Nevada,
is typical in this respect, although the pyroxene is an
uncommon manganoan hedenbergite, heretofore found
principally in a group of pyrometasomatic zinc de-
posits that extends from New Mexico to the central
part of old Mexico (Allen and Fahey, 1957). The
Paymaster deposit also contains an apparently rare
zincian nontronite.

The deposit was first examined by J. E. Carlson
and R. M. Smith of the U.S. Geological Survey, and
a study of one of their specimens led to the identifica-
tion of the manganoan hedenbergite. Additional
samples, on which this preliminary report is based,
were collected principally for a detailed study of the
hedenbergite and for the identification of the associ-
ated minerals. Because of limited sampling, the min-
eral assemblage described here is probably incomplete.

199 The Paymaster deposit is on the west side of Pay-

master Canyon, in sec. 2, T. 1 N, R. 40 E., Esmeralda
County, and about a mile south of a contact, shown by
Ball (1907, plate 1), between Cambrian sedimentary
rocks and the granite of Lone Mountain. The deposit
is a dikelike body about 10 to 15 feet wide, and is ex-
posed for about two hundred feet at the surface. It
extends along a fault separating Cambrian limestone
from Cambrian shale, strikes N. 80° E., and is nearly
vertical.

The mineralized zone, where it is exposed in a pros-
pect pit, consists principally of massive dark-green
quartz-hedenbergite rock and massive olive quartz-
andradite rock. Masses of soft yellow zincian nontro-
nite, as much as 1 or 2 feet across, occur along an ir-
regular limestone contact. The nontronite also forms
envelopes around small hedenbergite veins, and pseudo-
morphs after coarsely bladed clusters of hedenbergite.
Some small blocks of limestone appear to be completely
enclosed by the rock of the mineralized zone and show
sharp contacts with it. The contact between the shale
and the hedenbergite and andradite rocks appears
sharp, and some of the dark-olive shale is bleached
‘white owing to the destruction of chlorite. Both the
hedenbergite rock and the andradite rock contain
quartz, sphalerite, galena, magnetite, and calcite, but
sphalerite and galena are more abundant in the heden-

bergite rock. There is a noteworthy absence of pyrite
and other iron sulfides.

The minerals of the deposit have been identified
principally by X-ray diffraction and X-ray spectro-
graphic techniques. Table 10.1 shows X-ray diffrac-

TasLE 10.1.—X-ray diffraction data of manganoan hedenbergite
and johannsenite

Wide range diffractometer, Ni-filtered Cu-radiation (A\=1.54050 Angstrom units)

Manganoan hedenbergite » Johannsenite b
de I : de I
6. 58 25 6. 59 15
4.76 45 4.77 35
4. 51 10 454 10
4. 28 5 4. 27 10
3. 34 10 3. 34 20
3. 27 20 3.28 25
3.001 100 3.012 100
2. 910 10 2. 915 15
2. 587 15 2. 595 15
2. 552 20 2. 550 30
d2. 381 15 42. 380 10
d2. 342 5 d2. 343 5
e2. 238 5 42, 233 5
2. 181 10 €2.184 . 10
2. 149 10 2. 155 15
2. 124 10 2.128 15

Other peaks not measured

s Paymaster Canyon, sec. 2, T. 1 N., R. 40 E., Esmeralda County, Nevada.

b Venetia, Italy. Collected by D. F. Hewett. Type specimen no. 6 (Schaller,
1938).

o Silicon used as a reference internal standard. Measured in angstroms.

d Peak poorly defined.

¢ Broad peak.

tion data of the manganoan hedenbergite and of
johannsenite, the calcium-manganese analogue of hed-
enbergite. The johannsenite specimen was kindly lent
by D. F. Hewett and is part of one of the type johann-
senite specimens (no. 6) described by Schaller (1938).
The X-ray data of the two minerals are very similar,
but they differ markedly in composition. The johann-
senite contains about 23 percent MnO and 5 percent
FeO (Schaller, 1938, p. 580), whereas the manganoan
hedenbergite contains about 9 percent MnO and 26
percent FeO, as determined by X-ray spectrography.
Composition and other properties will be fully re-
ported when the work on the manganoan hedenbergite
is finished.
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The zincian nontronite is a montmorillonite-type
clay mineral intermediate in composition between
nontronite and sauconite. The basal X-ray diffraction
peak expands from about 14.8 A to 18 A ‘after treat-
ment with glycerol, a change typical of the montmoril-
lonites. X-ray spectrography shows more iron than
zinc, and the mineral is therefore a nontronite rather
than the rarer sauconite. The mean index of refraction
of the zincian nontronite is approximately 1.58. Much
of the nontronite was undoubtedly derived from heden-
bergite, as shown by its occurrence in pseudomorphs
after hedenbergite, but some of it may have been de-
rived from andradite, like that occurring in the dry
regions of central Kazakhstan (Ginzburg and Vitov-
skaya, 1956).

The unit cell size of the andradite, carefully meas-
ured by X-ray diffraction with silicon as an internal
standard, is 12.057 A, with an estimated precision of
+.005 A. It is very close to the values reported by
Skinner (1956, p. 429), which were 12.069, 12.064, and
12.048, and indicates that the andradite here described
is very near the end member in composition.

The sphalerite of the deposit contains about 7.3 per-

cent iron, as determined by X-ray spectrography with
the use of chemically analyzed sphalerite standards.
The temperature of formation of this sphalerite cannot
be determined accurately from the data of Kullerud
(1959, p. 315), because the required iron sulfide phase
associated with the sphalerite is not present. The iron
content of the sphalerite does make it possible, however,
to estimate a minimum temperature of formation that
is a little less than 400° C. Stone (1959, p. 1019),
using Kullerud’s data, found that the sphalerite in a
pyrometasomatic deposit in Mexico, which also con-
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tains hedenbergite and andradite, formed at a tem-
perature between 500° and 550° C.

The economic value of the Paymaster deposit is not
yet known, but an appraisal of the deposit’s potential
may be aided by noting another similarity between the
Paymaster and the deposits in New Mexico and Mexico.
This is the tendency for sphalerite and pyroxene to be
closely associated. It is so marked in the New Mexico-
Mexico deposits that pyroxene appears to be a useful
guide to ore (Allen and Fahey, 1957, p. 889).
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11. SEDIMENTARY IRON-FORMATION IN THE DEVONIAN MARTIN FORMATION, CHRISTMAS QUADRANGLE,
) ARIZONA

By Ro~aLp WiLLpex, Menlo Park, Calif.

Sedimentary iron-formation was discovered in July
1959 in the upper part of the Martin formation, of
Devonian age, in sec. 19, T. 2 S.; R. 16 E., in the north-
west part of the Christmas quadrangle, in Gila County,
Ariz. (see fig. 11.1). The iron-formation occurs in a
bed from 5 to 7 feet thick. This bed is traceable over
a strike length of about 2,150 feet on the north side of
Limestone ridge, where it dips 40°-50° southwest. The

oolitic bed lies at the base of a widespread shale unit

that is at the top of the Martin formation in much of
the surrounding area, and is underlain by a buff to

yellowish-brown fine- to medium-grained silty lime-
stone. Hematite also occurs at approximately the same
horizon in much of the northern part of the Christmas
quadrangle, forming either crystalline nodules in the
buff limestone or a cement in a rather poorly sorted
sandstone that intervenes, in some places, between the
shale and limestone.

The iron-formation consists of ooliths of hematite
and chamosite in a matrix of calcite, dolomite, and
quartz silt. Point counts on thin sections of rock from
three horizons in the oolitic bed (near the top, at the
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top of the lower third, and in the lowest 6 inches)
show 49 to 58 percent ooliths, 33 to 42 percent carbon-
ates, and 7 to 10 percent quartz. The ellipsoidal ooliths
are 0.2 mm long and tend to lie parallel to bedding.
X-ray diffraction patterns of the carbonates have char-
acteristic calcite lines, but the principal dolomite line
is displaced from the position for pure dolomite by
about 0.2° toward a lower 2-theta value, which may be
due to some substitution of iron for magnesium.
Partial chemical analyses by D. L. Skinner (written
communication, February 1960) of 6 samples, give an
iron content of 31.1 to 39.3 percent (table 11.1). X-ray
spectographic analyses of 11 chip samples collected at
about 14-foot intervals from across the bed at the same
locality as sample 1 (fig. 11.1) indicate iron content
ranging from about 31 percent in the lower part of the
bed to about 40 percent at the top, with a maximum of
46 to 49 percent in a 2-foot zone in the upper half. As-
suming that the bed maintains a uniform length and
thickness downdip, and that it has an average specific
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TABLE 11.1.—Iron content of 6 samples of oolitic iron-formation
from the Devonian Martin formation

[Analyses by D. L. Skinner; reported as Fes0s)

Sample ! Location Width Total Fe | Total Fe
(feet) as Fey0s
) I About 210 ft west of alluvial cover..... 6 56.2° 39.3
bR PR L o R R 1 4.4 31.1
3 JR U T, (O PR 38.1
4. 540 ft west of sample 1... 6.2 56.0 39.1
5. 360 {t west of sample 4... 33.0 50.5 35.3
6.. .| 1,040 ft west of sample 5. ——- 5.0 50.9 35.6
[ S, 325 ft west of sample 6. _.__....__ 1.2 49.1 34.3

t Sample numbers same as on geologic map (fig. 11.1).

2 Weighted average of samples 1 and 2.

3 Only lower 3 feet of bed could be sampled because upper part of section was
covered with tightly cemented rubble. Bed is probably about 6 feet thick at this
point.

gravity of 3.19, there are about 1,250 tons of iron-
formation per foot of depth. Owing to its low grade
and smiall size this deposit probably cannot be profit-
ably mined at the present time, but its existence justi-
fies a hope that other and perhaps larger deposits may
be discovered elsewhere in the Martin formation.

R

12 EARLY TERTIARY VOLCANIC GEOLOGY OF AN AREA NORTH AND WEST OF BUTTE, MONTANA

By Harry W. SmebEs, Washington, D.C.

Remnants of two unconformable sequences of early
Tertiary volcanic rocks rest on the Boulder batholith
and older rocks within a belt about 60 miles long and as
much as 18 miles wide, which roughly parallels the
northeast-trending axis of the batholith. The younger
sequence is of rhyolite, and occupies principally the
northeastern part of this belt; the older sequence is of
quartz latite, and occupies principally the southwestern
part. An unconformable contact between the rocks of
the two sequences is exposed in the Champion Pass
area, about 19 miles north of Butte. Rocks of the older
sequence, which are the principal topic of this paper,
occupy an area of about 400 square miles and have a
composite thickness of more than 6,000 feet. The lith-
ology, and structural and stratigraphic relations of
these volcanic rocks, and their known or inferred maxi-
mum preserved thickness, are shown diagrammatically
in figure 12.1.

Volcanic rocks of the older sequence comprise six
major unconformable or disconformable units (II-
VII). During the earliest phase of volcanism a mix-
ture of tuff and quartz monzonite detritus (unit IT)

accumulated on the lower parts of an erosion surface
having a relief of about 1,000 or 1,500 feet. Rocks of
this unit were slightly tilted and eroded before the ex-
trusion of a thick sequence of ash flows (unit IIT),
most of which are now sheets of welded tuff.

This eruption was followed by block faulting and
tilting toward the west-northwest, and subsequent
erosion produced a surface of moderate relief upon
which rocks of unit IV accumulated. The basal part of
this unit commonly consists of moderately well sorted
sandstone and granule conglomerate, which grade up-
ward into breccias containing boulders and blocks of
quartz monzonite and welded tuff. Higher up, the
breccia contains, instead of these, blocks of porphyritic
quartz latite up to 20 feet in diameter, which are indis-
tinguishable from the rock of the overlying lava flows.
Some of the breccia may be vent agglomerate; all of it
was produced by explosive reopening of sealed conduits
prior to, or contemporaneous with, the formation of
plugs, dikes, and lava flows. Block faulting recurred
during deposition of these coarse deposits; as a result,
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Fieure 12.1.—Diagrammatic section of early
Tertiary volcanic rocks of an area north
and west of Butte, Mont.
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some breccia deposits abut against fault scarps in
breccia or welded tuff.

Breccia of unit IV, and older rocks, are overlain by
two unconformable successions of quartz latite lava
(units V and VII), locally separated by a vitrophyre
(unit VI). Lavas of unit V are preserved only in the
western part of the area, where they are overlain with
angular discordance of as much as 30° by lavas of unit
VII. Many small intrusive bodies were emplaced after
and perhaps partly during the extrusion of the lavas
of unit V. These lavas, and intrusives which cut them,
were eroded before the eruption of the vitrophyre and
the lavas of unit VII. In the Champion Pass area the
quartz latites of unit VII are unconformably overlain
by rhyolite of the younger sequence (unit VIII).

Between almost every one of the volcanic episodes
and the next one there was faulting or tilting followed
by erosion, and some of the faulting was contempora-
neous with the deposition of unit IV. Major faulting
and collapse took place after the eruption and welding
of the succession of ash flows forming unit III. In the
area immediately west of Butte this block faulting pro-
duced an L-shaped graben 3; to 114 miles wide in
quartz monzonite of the Boulder batholith, into which
the sheets of welded tuff collapsed. As a result the
welded tuff sheets have a chaotic structure, and many
of the blocks of tuff are nearly vertical. This fact, and
the presence of minor breccia vents and marginal dikes,
apparently caused earlier workers to interpret the
welded tuff as an intrusive rock. Gravity surveys in-
dicate that thé floor of the graben lies at a depth of
about 1,200 feet. The volcanic rocks in this graben are
probably underlain by segments of truncated metal-
liferous quartz veins in the manganiferous zone in the
quartz monzonite of the Butte district.

Renewed movement along some of the block faults
that followed the volcanism produced intermontane
basins, which received debris shed from the bounding
scarps, and were thus filled with sand, gravel, silt, ash,
and tuff (unit IX). These basins may be as old as
late Oligocene; basin deposits near Silverbow contain
lower Miocene fossils (Konizeski, 1957, p. 145).

Later movement along some of the faults displaced
Pleistocene glacial deposits.

The net effect of repeated tilting of fault blocks in
the area north of Butte is indicated by west-northwest
dips of 15° to 35° in the basal unit and the sheets of
welded tuff (units IT and IIT).
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13. TECTONIC SETTING OF THE COEUR D’ALENE DISTRICT, IDAHO

By Roperr E. WaLLACE, ALLAN B. Grices, ARtaHUR B. CampBELL, and S. WARRE& Hosss, Menlo Park, Calif.,
Menlo Park, Calif., Denver, Colo., and Washington, D.C.

In gross structural pattern the Coeur d’Alene dis-
trict lies at the intersection of the Lewis and Clark
line (Billingsley and Locke, 1939, p. 36), represented
by the Osburn and related faults, and a broad arch that
extends north at least to Kimberly, British Columbia.
The rocks of the district have been intensely deformed
in & complex pattern that shows a marked discordance
of structural elements on opposite sides of the Osburn
fault and which well might be referred to as a struc-
tural knot (fig. 13.1C).

Dominating this structural knot is the Osburn fault
which strikes about N. 80° W. across the area. Strike
slip is indicated on the Osburn fault by: (a) the offset
of large upwarped blocks more or less delineated by
areas of outcrop of the Prichard formation, the oldest
unit of the Belt series; (b) the offset of major folds
and faults, and the dissimilarity of structural features
adjacent, to one another on opposite sides of the fault;
(c) large-scale drag features; (d) offset of the same
sense along parallel or subparallel faults; and (e) the
position of major mining areas on opposite sides of the
Osburn fault and the pattern of ore and gangue-mineral
distribution within the areas. A maximum of about 16
miles of right-lateral strike slip is indicated on the
segment of the Osburn fault east of the Dobson Pass
fault and about 12 miles displacement in the same sense
is indicated west of the Dobson Pass fault. The dif-
ference in displacement on these two segments is be-
lieved to be principally the result of contemporaneous
dip slip on the Dobson Pass fault, which has effectively
lengthened the block north of the Osburn fault relative
to the block south. A few miles east of the area shown
in figure 13.1, in the vicinity of Superior, Mont., the
cumulative lateral movement in the Osburn and the
related Boyd Mountain fault, as shown by stratigraphic
displacement, appears to be approximately 16 miles,
which strongly corroborates the suggested displacement
on the Osburn fault in the Coeur d’Alene district.

The age of the Osburn fault is known only within
broad limits. It cuts rocks of the Belt Series of Pre-
cambrian age and is capped by flows of Columbia River
basalt of middle Miocene age. The probably con-
temporaneous Dobson Pass fault cuts the Gem stocks,
which have been dated as about 100 million years old
(Jafte and others, 1959, p. 95-96). Other geologic evi-
dence indicates that a lineament in the general position
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of the Lewis and Clark line may have been in existence
since early Precambrian time. ‘

Ages obtained from uraninite from the Sunshine
mine (L. R. Stieff and T. W. Stern, written communi-
cation, 1957; Eckelmann and Kulp, 1957, p. 1130)
indicate that uranium mineralization occurred about
1,250 million years ago. - Thus tight folds, such as the
Big Creek anticline (fig. 13.1), that are cut by the
uraninite veins, must have been developed before that
time. In contrast, the principal ore-bearing veins are
younger than the Gem stocks of about 100-million-year
age.

The overall history of development of the structural
knot must have been complex; the following summary
of a possible sequence of events is suggested. During
an early stage of deformation (fig. 13.14) the prin-
cipal folds were developed and overturned to the north-
east, and reverse faults that strike northwest and dip
southwest were formed. A large domelike structure,
the Moon Creek-Pine Creek upwarp, was formed west
of the reverse faults.

Accompanying a major reorientation of the stress
system, the axes of the folds began to bow (fig. 13.1B),
the southern part of the region moved relatively west-
ward, and incipient strike-slip faults developed. The
Mill Creek and Deadman syncline was separated from
the Granite Peak syncline and wrapped around the
truncated end of the Granite Peak syncline. The
northern flank of the Lookout-Boyd Mountain anticline
was sliced off by one of the antecedent fractures of the
Osburn fault.

Monzonite stocks intruded the structural knot thus
produced (fig. 13.1C), and the principal period of ore
deposition followed. Most of the veins are included
in spatial groups that define distinct linear belts trend-
ing slightly more northwesterly than the Osburn fault
system. The concentration in such belts of veins, which
are subparallel but differ in size and orientation, sug-
gests that linear feeders for the mineralizing solutions
existed at depth, although no through-going structural
elements reflect these feeders in the upper crust.

After the principal period of ore deposition, strike-
slip movement along the ancestral Osburn zone of weak-
ness became more through-going than previously, and
apparently deep-seated stresses were accommodated at
this time by displacement on relatively few faults, most
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Freure 13.1.—Three stages (A to ¢') in the development of the tectonic setting of the Coeur d’Alene district, Idaho.
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of which were in or parallel to this zone. The Osburn
fault offset the major folds and early reverse faults, and
separated the northern segment of the ore-bearing area
from that to the south. The Thompson Pass fault also
offset the major folds, and the Placer Creek fault offset
the Pine Creek anticline and vein system. The Dobson
Pass fault came into existence concurrently with the
Osburn fault. The small stocks a few miles west of the
Dobson Pass fault may represent cupolas displaced from
the main part of the Gem stocks by dip shp on the
Dobson Pass fault.

Some of the early-formed tight folds and strlke -slip
faults were flexed as later rotational stresses were ac-
commodated along newly developed slip planes. Thus,
the east end of the Savenac syncline and the adjacent
north branch of the Osburn fault were sharply bent and
later movement was “short-circuited” along the south
segment of the fault. Likewise, the Polaris fault may
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have accommodated strike-slip deformation after the
Placer Creek fault buckled.

Late normal faults, some resulting from the final
stages of strike-slip deformation, and others possibly
of Quaternary age (Pardee, 1950), have affected the
area.
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14. BLEACHING IN THE COEUR D’ALENE DISTRICT, IDAHO

By P. L. Weis, Spokane, Wash.

A striking feature of the Coeur d’Alene district is the
presence of large elongated masses of what is commonly
called bleached rock, though its color is pale yellowish
green rather than white; many of these masses are asso-
ciated with ore deposits. The bleached rock has been
recognized and used as a guide to prospecting for 20
years or more, and those - who have worked in the dis-
trict have generally regarded them as being of hydro-
thermal origin and related in some way to the ore
deposits. The cause of the bleaching, however, is in dis-
pute. Two views have been expressed: (a) A number
of workers, among them Shenon and McConnel (1939),
believe that the bleached rocks have been sericitized—
that is, that they have undergone hydrothermal altera-
tion that converted pre-existing minerals to sericite.
(b) Others, notably Mitcham (1952), believe that the
bleached zones are places where certain of the pigment-
ing minerals have been replaced or removed. The
present investigation is principally an effort to decide
between these views.

The rocks involved in the bleaching are a part of the
Belt series, of late Precambrian age. All are thin-
bedded, fine-grained, slightly metamorphosed, quartz-
rich rocks. They include quartzites, phyllites, slates,

and all the many intermediate types. Adjacent beds
may differ widely in composition, mainly because they
contain different proportions of the two principal
minerals, quartz and sericite. Quartz content ranges
from about 10 percent to 90 percent, and the sericite
varies essentially inversely through about the sa