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JASPEROID IN THE UNITED STATES—ITS
CHARACTERISTICS, ORIGIN, AND ECONOMIC SIGNIFICANCE

By T. G. LOVERING

ABSTRACT

Jasperoid is a rock composed dominantly of silica, most
commonly quartz, that has formed largely by epigenetic re-
placement. It is a common product of hydrothermal alteration
of carbonate rocks in many mineralized areas.

Although jasperoid in the United States is most abundant
in limestone and dolomite, it also occurs in shale, mudstone,
extrusive igneous rocks, and metamorphic rocks. Most bodies
of jasperoid are localized along faults, fracture zones, and
shear zones, and they spread laterally from such conduits
through beds of favorable lithology or permeability, or be-
neath impermeable eaprocks. In many mining districts of the
Western United States, the jasperoid bodies seem to be both
spatially and genetically related to siliceous igneous intru-
sives.

Individual bodies of jasperoid range in size from pods a
few feet in diameter to masses more than a quarter of a mile
in their greatest dimension. Many form crosscutting veins or
reefs; others form concordant mantos or sheets. Some are
lenticular, and some are extremely irregular in shape with
many projecting apophyses.

Large masses of jasperoid characteristically form promi-
nent rugged outcrops that shed a talus of angular broken
blocks. They tend to be strongly brecciated and recemented
by younger quartz. The rock is fine grained to aphanitic in
texture; the coarser varieties resemble fine-grained quartzite,
and the finer varieties resemble chert. Vugs are commonly
abundant and conspicuous. Jasperoid in most outcrops is
oxidized and is stained by iron oxides in various shades of
brown, yellow, and red. Unoxidized jasperoid is predominantly
gray or black. Some jasperoid retains both the color and tex-
ture of the host rock, and is distinguishable only by its
greater hardness. Some masses of jasperoid have sharp con-
tacts with unreplaced host rocks; others grade into the host
through a transition zone of tiny irregular quartz veinlets
and disseminated quartz grains.

Quartz in jasperoid displays a variety of microtextures.
The two most common are irregularly interlockinif grain
boundaries, comparable to xenomorphic texture in igneous
rocks, and extremely irregular sinuous boundaries with indi-
vidual grains interlocking like the pieces of a jigsaw puzzle.
A less common texture, which seems to be confined to jasperoid
and which may be used to distinguish it from other forms of
quartz, consists of randomly oriented euhedral to subhedral
quartz laths that form a reticulated net, with the interstices
filled by interlocking anhedral grains.

Although jasperoid is composed predominantly of quartz,
only a few varieties are composed entirely of quartz. The
most common of nearly 100 observed accessory minerals are
allophane, barite, ealcite, chalcedony, dolomite, goethite,
hematite, hydromica, jarosite, kaolinite, limonite, opal, pyrite,

sericite, tourmaline, and zircon. Some accessory minerals are
unreplaced inclusions in, or remnants of, host rock. A few are
nearly contemporaneous with the matrix quartz, but most
are younger than the matrix quartz and form crosscutting
veinlets, vug fillings, or oxidation pseudomorphs of older
minerals.

Chemical analyses of selected samples indicate that typical
jasperoid consists of about 80-99 percent silica; the remain-
der is mostly iron, aluminum, calcium, magnesium, and water,
in varying proportions. Forty-three elements were detected,
by speetrographic analyses, in one or more of 200 samples;
of these elements, only silicon, aluminum, iron, magnesium,
caleium, titanium, manganese, barium, chromium, copper,
nickel, strontium, and vanadium were detected in most of the
samples.

The prerequisites to the formation of jasperoid are (1) an
adequate source of silica, (2) solutions that can transport
silica to the site of deposition, (8) an environment at this
site that inhibits the solubility of silica and promotes solu-
tion of host rock, and (4) reaction rates that cause the host
rock to dissolve at least as fast as silica precipitates.

Possible sources of silica are (1) a cooling magma at depth
contributing juvenile siliceous emanations, (2) silica-bearing
rocks above or below the host rock, and (3) silica dissemi-
nated through the host rock itself.

The capacity of an aqueous fluid to transport silica depends
largely on the form of silica available, and on the tempera-
ture, pressure, and chemical composition of the system.
Although hydrothermal fluids are generally capable of trans-
porting silica in higher concentrations than is cool water,
ground water can also transport large quantities of silica
under the proper conditions during a longer period of time.

Ionic solubility of silica varies directly with the fluid den-
sity of the solvent. At low temperature, saturation with re-
spect to ionie silica is low in strongly acid solutions, increases
slightly in weakly acid solutions, declines to a minimum in
neutral solutions, rises in slightly alkaline solutions, and
rises rapidly in strongly alkaline solutions. Dispersed silica
sols tend to be stable at low pH; consequently, acid solutions
are capable of transporting large quantities of silica.

The silica content of natural waters ranges from a low of
about 6 parts per million in sea water to a high of several
hundred parts per million in thermal springs of volcanic
origin. The concentration of silica in natural water seems to
be largely independent of the total dissolved solids in the
water.

Precipitation of silica can result from (1) decrease in fluid
density, (2) evaporation of the solvent, (3) neutralization of
acid or alkaline waters, (4) contact with a solid form of
silica, (5) changes in the concentration of certain dissolved
salts, (6) the mingling of dispersed sols with opposite elec-
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2 JASPEROID IN THE UNITED STATES—ITS CHARACTERISTICS, ORIGIN, AND ECONOMIC SIGNIFICANCE

trical charges, or (7) a combination of these factors. Iron
and aluminum promote precipitation of silica from acid solu-
tions, and barium and fluorine promote its precipitation from
alkaline solutions. Sodium chloride causes silica to precipi-
tate from supersaturated solutions and to dissolve in under-
saturated solutions. Increases in temperature and pressure
accelerate the conversion of silica gel to quartz.

Although some jz{speroid bodies probably result from solu-
tion of host rock at an early stage and from precipitation of
silica in the resulting voids at a later stage, the common
preservation of original host rock textures in replacing jas-
peroid furnishes evidence that simultaneous solution of host
rock and precipitation of silica by the same solution must also
be an important process in the formation of such bodies.

If a hot aqueous silica-bearing fluid containing dissolved
COs and NaCl rose under pressure along an insulated conduit
into a layer of carbonate rocks that was highly permeable,
the resulting rapid change in physical and chemical environ-
ment would be conducive to this type of volume-for-volume
replacement. Both carbonic acid and sodium chloride increase
the solubility of carbonate rocks. The rising pH of the solu-
tion resulting from reaction with these rocks, and the drop
in both temperature and pressure as the solution spread from
the feeding conduit through the permeable zone, would tend
to supersaturate the solution with silica. The presence of
sodium chloride would, however, inhibit such supersaturation
and cause the excess silica to precipitate as the carbonate
rock dissolved. If the silica precipitated as a gel rather than
as crystalline quartz, the rate of replacement would decline
as the reaction became dependent on diffusion of solution
through the thickening gel layer. However, the higher tem-
perature of solutions on the inlet side of the system would
promote rapid conversion of silica gel to quartz. The loss in
volume resulting from such a conversion would open new
channels for solutions to move toward the reaction interface
with the host rock. If silica precipitated directly as quartz
disseminated through the host, solutions could continue to
flow along intergrain boundaries and tiny fractures in the
host rock and the growing nuclei of quartz within it.

The appearance, texture, mineralogy, and composition of
ore-related jasperoid samples from many different localities
were studied and compared statistically with the same attri-
butes of non-ore-related samples. Characteristics found to be
significantly more common in ore-related samples include
phaneritic texture, abundant vugs, brown color, highly vari-
able grain size, reticulated microtexture, the presence of
goethite, jarosite, pyrite, and >0.00015 percent Ag, >0.0015
percent Pb, >0.015 percent Zn, >0.003 percent Cu, >0.0007
percent Mo, >0.15 percent As, >0.0007 percent Ga, >0.0007
percent In, >0.0015 percent Sn, >1.5 percent Fe. Character-
istics found to be significantly more common in samples not
associated with ore are red color, jigsaw-puzzle microtexture,
and the presence of yellow limonite, montmorillonite, hydro-
mica, sericite, and >0.01 percent Mg.

Numerical scores were awarded to each characteristic ac-
cording to its statistical level of significance, and the scores
were summed for each sample in both groups. More than 90
percent of the ore-related samples yielded scores of =5, and
more than 90 percent of the non-ore-related samples yielded
scores of =5,

Each of the nine major jasperoid-bearing mining districts
in the United States has yielded ore worth at least $100 mil-
lion. These districts, in vrder of decreasing production, are

Tri-State, Clifton-Morenci, Bisbee (Warren), Ely (Robin-
son), Leadville, Tintic, Gilman, Aspen, and Eureka. The
distribution and characteristics of jasperoid in each of these
districts are discussed in some detail. Information on jas-
peroid in 99 other mining districts and mineralized areas in
the United States is summarized more briefly, and 97 other
occurrences of jasperoid or silicified rock that may be jas-
peroid are named and located.

INTRODUCTION
PURPOSE AND SCOPE OF THE INVESTIGATION

The common association of bodies of silicified
rocks (jasperoid) with replacement ore deposits in
mining districts of the Western United States
prompted this investigation. The major objectives
are twofold: first, to establish criteria for distin-
guishing jasperoids that are closely associated with
replacement ore bodies (favorable jasperoids) from
similar siliceous bodies that are unrelated to ore
(unfavorable jasperoids and cherts) ; second, to ob-
tain information on the physical and chemical na-
ture of jasperoid as a rock type and on the environ-
ment in which it forms.

Much of the information has been derived from
geologic literature, and most of the rest, from exami-
nation and analysis of jasperoid samples contributed
by my colleagues.

DEFINITION OF “JASPEROID”

Although the term “jasperoid” has been estab-
lished in the literature since the late 19th century,
some confusion still exists as to its exact meaning.
This confusion is due in part to the many names
that have been applied to jasperoids. These include
blout, flint, quartz, jasper, hornstone, chert, sec-
ondary chert, hydrothermal chert, limestone quart-
zite, ozarkite, cherokite, silicified limestone, and
silicified dolomite.

The term “jasperoid” was first introduced by
Spurr (1898, p. 219-220), who wrote:

Jasperoid may then be defined as a rock consisting essen-
tially of cryptocrystalline, chalcedonic, or phenocrystalline
silica, which has formed by the replacement of some other
material, ordinarily calcite or dolomite. This jasperoid may
be white or various shades of red, gray, brown, or black, the
colors resulting from different forms of iron in varying pro-
portions.

Lindgren (1901, p. 678), in his report on meta-
somatic processes in fissure veins, wrote as follows:

Many tiny quartz grains first appear scattered through
the rock, chiefly along areas of slight shearing or fracture.
Here and there appear long slender quartz crystals entirely
surrounded by fresh limestone. As silicification proceeds, the
slender crystals multiply, forming a characteristic network,
sometimes enclosing small areas of calcite which are sprinkled
with small, irregular quartz-grains of varying size, in which
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the retiform structure is still apparent, and which rock re-
sembles a chert or a fine-grained and altered quartzite, and
is generally somewhat porous, drusy, and also often colored
red or yellow. In structure, appearance, and origin, this
cherty rock is identical with the jaspers of Lake Superior.
Mr. Spurr proposes “jasperoid” as a term for this rock, con-
sisting essentially of cryptocrystalline, chalcedonic or
phanero-crystalline silica formed by the replacement of other
rocks, chiefly limestone.

Lindgren did not stipulate an origin due to the
agency of circulating water, as did Spurr. Further
confusion regarding the definition of the term
“jasperoid” is caused by the fact that both Lindgren
and Spurr regarded the jasper of the Lake Superior
region as being a jasperoid. Van Hise and Leith
(1911, p. 124, 556), in their famous monograph on
the geology of this region, did not commit them-
selves to a replacement origin for the jasper, and
regarded the interbedded iron ore as syngenetic. In
an investigation of the Ironwood Iron-Formation,
Huber (1959, p. 111-113) stated that the jasper is
primary.

The characteristic features of jasperoid described
by Lindgren are evident in much of the jasperoid
from the type locality at Aspen, Colo., but some of
them are not apparent in many rocks called jasper-
oids by later investigators in other areas. Smith
and Siebenthal (1907, p. 14) applied the term to the
dense black siliceous rock in the Joplin district,
Missouri-Kansas, which is commonly associated
with the galena and sphalerite ore bodies. Soon
afterward, Irving (1911, p. 630-631) described
gold-bearing jasperoid bodies in the Black Hills of
South Dakota whose contacts with the enclosing
dolomite are knife-edge sharp. Duke (1959) defined
jasperoid as “any rock which is composed mostly of
secondary silica.”

There seems to be general agreement on two
points: (1) jasperoids are composed predominantly
of silica, which in most places is in the form of
aphanitic to fine-grained quartz, and (2) jasperoids
form by replacement of the enclosing rock. For this
study, I return to Spurr’s definition (1898) by re-
stricting the usage of the term ‘“jasperoid” to mean
“an epigenetic siliceous replacement of a previously
lithified host rock.” Jasperoid, thus defined, excludes
syngenetic or diagenetic forms of silica, such as
primary chert and novaculite.
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DISTRIBUTION OF JASPEROID
GEOGRAPHIC DISTRIBUTION

Jasperoid bodies have been recognized and re-
ported from more than 200 mining districts and
mineralized areas in the United States (fig. 1), and
they undoubtedly occur in many more areas. Bodies
of jasperoid that are apparently unrelated to com-
mercial ore deposits are also common throughout
large areas of the Western United States, but be-
cause most of them are small, widely scattered, and
of no known economic importance, they rarely are
shown on small-scale regional geologic maps. Thus,
the localities shown on figure 1 probably represent
less than half the actual jasperoid localities in the
United States.

Many of the known localities are concentrated in
certain areas, or jasperoid provinces; others are
widely scattered. Jasperoid provinces may be of sig-
nificance in broad-scale economic exploration pro-
grams because they represent regions within which
jasperoid seems to be associated with ore. These
provinces, shown in figure 1, are: (1) a large area
in eastern Nevada and western Utah, (2) an area
west and southwest of Tonopah, Nev., extending
southward into California, (3) an area in central
Colorado surrounding Leadville, (4) a long narrow
area in southwestern New Mexico extending from
Magdalena southward to the Mexican border, (5)
the Tri-State “district” (in reality a very large re-
gion of many “districts,” as the term is used in the
West) surrounding the common corner of Kansas,
Oklahoma, and Missouri, and (6) the lead-zinc “dis-
trict” of northern Arkansas. In each of these prov-
inces are many districts in which jasperoid bodies
are associated, both genetically, and spatially, with
sulfide ore deposits. It is also noteworthy that major
mining districts lie near the center of many of these
provinces, for example, Ely, Nev., Leadville, Colo.,
and the “Picher Field,” OKla.
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6 JASPEROID IN THE UNITED STATES—ITS CHARACTERISTICS, ORIGIN, AND ECONOMIC SIGNIFICANCE

In the Eastern United States the scarcity of
Jjasperoid-bearing mining districts may reflect a
scarcity of such districts with readily silicified host
rocks and may also reflect a lack of published in-
formation on jasperoid in certain districts where
jasperoid does exist.

Many jasperoid-bearing mining districts in other
countries have been reported in the literature. A few
of these are listed below.

Central and-South America, Antilles
Sierra Mojada district, Coahuila, Mex.
Santa Barbara district, Chihuahua, Mex.
Santa Eulalia district, Chihuahua, Mex.
Colquijirca mine near Cerro de Pasco, Peru
Eastern Cuba
Western Haiti
Europe
Vosges Mountains, France
Rosia district, Tuscany, Italy
Kostajnika district, Southern Croatia, Yugoslavia
Africa
Anti-Atlas Mountains, Morocco
Tsumeb district, South-West Africa
Postmasburg district, Cape Province
Pilgrims Rest district, North-East Transvaal
Australia
Tasmania
Asia
Tienpaoshan district, Sinkiang Province, China
South Fergana district, Uzbek, USSR
Kara Tau Mountains, Kazak, USSR

GEOLOGIC DISTRIBUTION
HOST ROCK

Rocks vary greatly in their susceptibility to re-
placement by silica. The most susceptible rocks are
limestone and dolomite; shale and siltstone are also
replaceable, although considerably less so than the
calecareous rocks. Siliceous hypabyssal and extrusive
igneous rocks and pyroclastics have a susceptibility
to replacement by silica comparable to that of shale.
Plutonic igneous rocks and metamorphic rocks, ex-
cept for marble and metavolecanic rocks, appear to
be most resistant to siliceous replacement. Sand-
stones and conglomerates that are impregnated with
silica and brecciated rocks that are recemented by
silica are, by definition, not jasperoids.

Most of the jasperoid bodies reported in the geo-
logic literature have formed by the replacement of
limestone or dolomite. Commonly, other rock types
that have been jasperoidized are closely associated
with similarly altered calcareous rocks.

Jasperoids occur in host rocks of all ages, from
Precambrian to Tertiary ; however, the greatest con-
centration of jasperoid bodies in the Western United
States is in rocks of Devonian, Mississippian, and
Pennsylvanian ages. Probably, this concentration

merely reflects the fact that calcareous rocks of
these ages cover a considerably larger area of the
Western United States than do calcareous rocks of
any other age.

STRUCTURAL CONTROL

Most jasperoid bodies are localized along zones of
structural disturbance, such as breccia zones, shear
zones, and faults, and this structural control is the
best criterion for distinguishing jasperoid from
chert or novaculite. Channelways created by these
zones of structural weakness provide the plumbing
system through which the silica-bearing solutions
gain access to the host rocks. In other localities a
relatively impermeable caprock has caused wide-
spread lateral migration of silicifying solutions at
the contact, resulting in a jasperoid blanket con-
formable with the host rock. Such bodies may closely
resemble bedded chert on the outcrop, but they can
be identified as jasperoids by such features as local
silicification of the caprock, transgression of the
bedding, or by the presence of feeding channels.
Layers of jasperoid may also form by selective re-
placement of certain favorable beds in a carbonate
series. The jasperoid in this type of deposit closely
resembles bedded chert, but it can be distinguished
from chert by the following criteria: (1) jasperoid
beds are localized in a relatively small area, in con-
trast to the broad regional distribution of bedded
cherts, and (2) such jasperoid layers commonly
grade laterally into larger masses with evident
structural control. Jasperoid blankets may also form
in the permeable zone along a buried erosion sur-
face, and jasperoid may replace limestone adjacent
to old drainage channels and sinkholes beneath such
a surface.

Jasperoid deposits are most prevalent in the vicin-
ity of intrusive bodies of igneous rocks, to which
they are genetically related. The presence of an
intrusive mass, however, is not a prerequisite for
the occurrence of jasperoid. Large masses of jasper-
oid are found far removed from any known in-
trusive stocks—for example, in the Tri-State district
of Kansas, Oklahoma, and Missouri.

GEOLOGIC AGE

The laboratory methods of geochronology that
have been applied to plutonic and hypabyssal igne-
ous rocks cannot be applied to jasperoids, and their
age is therefore difficult to determine. Most of the
jasperoid bodies whose distribution is shown in
figure 1 are presumed to be of “Laramide” age
(late Mesozoic or early Cenozoic). Jasperiod masses
of known Precambrian age have been reported from
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cavities several inches in diameter. The larger vugs
characteristically are lined with crystals of quartz
or calcite. Vugs in jasperoid commonly show a ran-
dom orientation and distribution, but many are
restricted to well-defined zones. Locally, they have a
strong preferred orientation, forming lenticular
voids parallel to the walls of the jasperoid mass in
which they occur.

Many jasperoid bodies have sharp, well-defined
contacts with their host rocks. Some have transi-
tional contacts, grading outward through a zone of
unreplaced fragments of host rock in jasperoid into
a zone of shattered host rock cut by anastomosing
veinlets of jasperoid, and finally into a zone of
quartz grains or slender, doubly terminated quartz
crystals randomly disseminated through the host.
Others are bordered by a zone of soft friable car-
bonate rock, which breaks down on weathering so
that the contact is not exposed at the surface.

In some places jasperoid differs strikingly in ap-
pearance and texture from its host, Elsewhere, the
color, texture, and primary bedding of the host rock
are faithfully preserved in the replacing jasperoid
(fig. 2B) . Extensive bodies composed exclusively of a
single homogeneous type and generation of jasper-
oid are rare. Most jasperoid masses consist of sev-
eral distinct varieties of jasperoid, in which the
oldest generation has been fractured or brecciated
and then recemented by a second generation. This
second generation, in turn, has been cut by a third
generation, and so on, so that it is not uncommon
to find five or more distinct ages and types of jas-
peroid in large exposures. In most such bodies, only
the oldest generation is a true jasperoid, strictly
speaking, formed by replacement of the host. The
younger generations have merely filled fractures,
without replacement. It is customary, however, to
refer to the entire mass as jasperoid.

The typical texture of jasperoid is aphanitic, al-
most glassy, but fine-grained phaneritic jasperoid
with a ‘“sugary” texture is common in some areas.
Locally, jasperoid with an average grain size of as
much as 1 millimeter is found. In mining districts
where relatively coarse grained jasperoid forms the
host rock for disseminated sulfide minerals, or where
jasperoid is disseminated in a carbonate host rock,
leaching in the zone of oxidation has produced light
friable porous masses of “honeycomb quartz.” Such
masses from the Lowell mine at Bisbee, Ariz., were
described by Ransome (1904, p. 131) and from the
Bingham district, Utah, by Boutwell (1905, p. 68,
118, 202).

ASSOCIATED MINERALS

Jasperoid that constitutes the host rock for ore
bodies commonly contains a wide variety of visible
accessory ore minerals. Considerably fewer miner-
als, recognizable in hand specimen, are common in
oxidized jasperoid not closely associated with ore.
They are chalcedony, calcite, dolomite, hematite,
limonite, ‘“manganese oxides,” and, more rarely,
pyrite, fluorite, barite, siderite, opal, chlorite, and
apatite. These minerals occur either disseminated
through the jasperoid matrix or concentrated in
veinlets and on the walls of vugs.

Primary jasperoid, produced by hydrothermal al-
teration, commonly exhibits oxides of iron and man-
ganese as surface stains and fracture coatings, and,
locally in the zone of oxidation, it contains scattered
iron oxide pseudomorphs after original sulfides.
Secondary or supergene jasperoid, produced by
siliceous alteration from ground water during
weathering and oxidation of an ore body, commonly
contains oxides of iron and manganese intimately
mixed with, and disseminated through, the siliceous
matrix; it rarely exhibits sulfide pseudomorphs.

MICROSCOPIC FEATURES

Thin sections of jasperoid, examined with a
petrographic microscope, exhibit considerable varia-
tion in grain size, a wide range of textures, and a
much more extensive suite of accessory minerals
than is visible to the naked eye. A jasperoid sample
that in hand specimen appears to be simple, dense,
and relatively homogeneous may reveal, when ex-
amined under the microscope, a complex history,
starting with replacement, followed by successive
brecciation and recementation, and ending with
weathering and oxidation.

GRAIN SIZE

The mean grain size and size range of grains in
recognizable distinct varieties of jasperoid in 200
thin sections were recorded and plotted on a scatter
diagram (fig. 3). Size range was recorded as the
ratio of the mean diameter of the largest grains
to that of the smallest. The high concentration of
points in the lower left corner of this diagram shows
that jasperoid is commonly very fine grained, having
a mean grain size of <0.05 mm, and is relatively
homogeneous, with a ratio of largest grain to small-
est grain of <«10:1. It is the abundance of this
type of jasperoid that makes it so difficult to dis-
tinguish between jasperoid and chert in hand speci-
mens. The nature of the mean size and size-range
distributions of these samples is further shown by
the histograms in figure 4. The class intervals chosen
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COMPOSITION OF JASPEROID

mean and median values for chert are below the
median for jasperoid. The sample data suggest,
therefore, that iron and copper concentrations are
characteristically higher in jasperoid than in chert,
but a eonsiderably larger number of representative
chert sample analyses would be needed to establish
this hypothesis. The median value for strontium in
chert is slightly lower than in jasperoid, and the
arithmetic mean in chert is slightly higher than the
jasperoid median; however, in view of the highly
irregular frequency distributions of this element in
the samples of both rock types and the small number
of samples involved, it is doubtful that any general
significance can be ascribed to this fact.

Frequency distributions and estimated median
values for the remaining 30 elements detected in one
or more of the jasperoid samples are given in table
6. The median values of all 42 elements in the 200
jasperoid samples are given in table 7. The average
abundance of these elements in igneous rocks is also
shown for comparison (Rankama and Sahama,
1950, p. 39-40). Most of the elements seem fo be
deficient in jasperoid as compared with igneous
rocks. Only Ag, As, Bi, In, and Sb are significantly
enriched in jasperoid, and all five of these are
chalcophile elements. This apparent tendency to-
ward enrichment of chalcophile elements in jas-
peroid is reasonable, because most jasperoid is a

35

product of hydrothermal alteration and chalcophile
elements are likely to have been most concentrated
in such solutions.

Concentrations of chalcophile elements in jasper-
oid may provide diagnostic criteria for distinguish-
ing jasperoids from syngenetic and diagenetic chert.
As shown in table 6, however, there is a wide varia-
tion in content of the chalcophile elements in jas-
peroid. Thus, their presence in abnormally high
concentration may indeed be indicative of jasperoid
rather than chert, but low concentrations are not
indicative of chert.

GENESIS OF JASPEROID

The existence of a body of silicified rock (jasper-
oid) implies the existence of the following: (1) An
adequate source of silica; (2) fluids capable of dis-
solving and transporting the silica to the site of
deposition; (3) conditions at the site of deposition
that caused silica to replace the host rock, and (4)
reaction rates at this site such that host rock dis-
solved at the same rate or a little faster than silica
precipitated. Any theory that seeks to explain the
genesis of jasperoid must, therefore, account for
each of these conditions.

SOURCE OF SILICA
The silica emplaced in jasperoid bodies may have

TABLE 6.—Distribution of minor elements in 200 selected jasperoid samples

[J. C. Hamilton, analyst. Numbers in parentheses () indicate number of samples in which element is present in trace amounts, Leaders in figure

columns (...... )} indicate no data (no samples in group). Query (?) indicates estimate for elements detected in 5 percent or less of the samples]
Number of Abundance
samples in  Estimated in igneous
Element Number of samples in which element detected in parts per million shown which ele- median rocks 2
in first entry in figure columns ment not
detected (ppm) (ppm)
>0.07 0.7 0.3 0.15 0.07 0.03 0.015 0.007 0.003 0.0015 0.0007 0.0003 0.00015
.................................... 161 0.003 2.8
.............................. . 190 027 2.7
........................ 194 0057 A2
10 6 22 14 11 13 12 102 .0001 .00001
.......................................... 170 .001 0005
3 28 - 2 162 .0005 0003
............ 3 5 13 25 154 00002 0006
4 10 13 (3) e e 157 00005 00002
2O, 193 .000017? 00001
.................................... 194 <.00001 005
1 1 4 182 00005 ? 002
1 1 3 168 00003 .0015
2 2 2 194 .000001? .0007
3 3 17 176 .0001 .00001
5 10) ... 185 .0001? .002
.................. 199 <.00001? .0065
...... T 17 28 125 .0002 L0005+
v e e (6) 194 <.000001? .002
) et e 199 <.0000017? .002
14 22 19 (14) 80 .002 .0016
10 e s 169 .0006 .0001
3 191 .00005 7 .0005
2 5 5 (15) 170 .00005 .004
1 199 <.000001 ? .0001
...... 199 <.000017 0004
2 1 e e 197 .000001 7 .002
1 12 37 147 .0004 .003
.................. 1 150 .00004 .0003
2 23) .. 105 .002 .013
10 27 39 48 h e e 67 .001 .02

1 Median estimated by extrapolation of truncated cumulative frequency distribution.

2Data from Rankama and Sahama (1950, p. 39-40).
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TABLE T.—Median concentrations of elements detected in the
200 jasperoid samples studied during the present investiga-
tion compared with average concentrations in igneous rocks
as given by Rankama and Sahama (1950, p. 39-40)

Element concentrations
(in percent) in—

Element 1 200 jasperoid Igneous rocks
samples (average)
{median) 2 (from Rankama and

(present study) Sahama, 1950, p. 39-40)

0.7 5

25 8.1

18 3.6

03 2.1
(02)? 2.7

016 4

011 1

.008 025
(:005) 7 12

.003 007
(.003) 28
(:002) .0016
(:002) 013
(:001) 0005

001 03

001 015
(.001) 02

.0008 02

.0006 008
(.0006) 0001
(:0005) 0003
(:0004) .003
(:0002) 10005 +
(:0001) 00001
(.0001) -00001
(.0001) ? 002
(.00005) 00002
(:00005) 002
(.00005) ? 0005
(:00005) 004
(:00004) 0003
(:00003) 0015
(.00002 0006
(:00001)? 00001
(<.00001) ? 005
(<.00001) .0065
(<.00001) 0007
(<.00001) 002
(<.00001) 002
(<.00001) 10001
(<.00001) :0004
(<.00001) 002

1 Elements are given in order of decreasing abundance in jasperoid.

2 Medians that are estimated by extrapolation from censored distributions
are in parentheses; those for rarely detected elements, reported in 5 per-
cent or less of the samples, are in parentheses followed by a question mark.

been derived from one or more of four major
sources: (1) the silica-rich residual fluids emanating
from a cooling magma; (2) silica released by reac-
tion of a hypogene mineralizing solution with wall-
rock minerals en route to the site of silicification;
(3) silica in the form of chert, siliceous organisms
such as diatoms and sponge spicules, or siliceous
shale beds and argillaceous and siliceous fractions
already present in the host rock, and (4) silica re-
leased by weathering of overlying or adjacent rocks.
Siliea, in minor amounts, may also be released dur-
ing the alteration of silicate minerals, such as the
conversion of montmorillonite to kaolinite by dia-
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genetic or hydrothermal alteration or by weather-
ing. Only the four principal sources just listed,
however, seem adequate to supply the hundreds of
thousands of cubic feet of silica commonly contained
in the larger jasperoid bodies.

There is some question as to whether masses of
siliceous rock composed of silica derived from
ground water and furnished by sources 3 and 4
should be included under jasperoid, or whether the
term “jasperoid” should be restricted to bodies com-
posed of silica derived only from hydrothermal solu-
tions. Examples of bodies that originated from silica
in ground water include (1) silicified erosion sur-
faces in the Apache Group in north-central Arizona
(Leith 1925, p. 515-516; A. F. Shride, oral com-
mun., 1961), (2) the sileretes of South Africa
(Frankel, 1952, p. 181-182), the duricrusts of"
Australia (Woolnough, 1928, p. 32), and eertain
silicified rocks from Tanganyika (Bassett, 1954),
(8) some epigenetic “chert” bodies and the “‘case-
hardened” limestone which are common in many
arid and semiarid regions, and (4) highly silicified
gossans replacing sulfides and host rock at and near
the surface. Undoubtedly, a great many siliceous
replacement bodies that have been designated as
chert or hydrothermal jasperoid really belong in the
category of bodies that originated from silica in
ground water; however, there is at present no in-
clusive genetic term by which to designate the cate-
gory. Furthermore, many “hydrothermal jasperoids”
may have formed from juvenile solutions mixed
with heated ground waters. Because of the practical
difficulty in distinguishing between siliceous replace-
ments derived from hot water and those derived
‘from cold water, it seems best, for the present, to
retain the term “jasperoid” as originally used by
Spurr (1898, p. 219-220) to include all epigenetic
siliceous replacement bodies, of whatever origin.

The primary source or sources of silica for most
jasperoids cannot be eonclusively established. In
many mining districts there is strong field evidence
that silicifying solutions rose from depth along
faults and fractures, but whether this silica ema-
nated directly from a eooling magma or was leached
from siliceous rocks by upward-moving solutions is
indeterminate. In a few places, such as the Gilman
district of central Colorado and the Upper Missis-
sippi Valley district, there is evidence that silica
has been leached in quantity from rocks beneath the
host rocks for the jasperoid.

SOLUTION AND TRANSPORTATION OF SILICA
The solvent properties of aqueous fluids for silica
depend on the form in which silica is available, the
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temperature and pressure of the system, and the
nature and concentration of other chemical com-
ponents in the solution. Once silica is taken into the
fluid and begins to move, it tends toward a dynamic
equilibrium between ionic (monomeric) silica, and
polymeric silica in true solution, and colloidally dis-
persed silica in the form of a peptized sol if the solu-
tion is supersaturated with respect to ionic and
polymeric silica. Changes in any of the factors that
influence release of silica to the solution also influ-
ence this equilibrum. Under controlled laboratory
conditions, where all factors are held constant, days
or even months may be required to establish such an
equilibrium ; thus, it probably is very rarely attained
in moving hydrothermal solutions.

Considerable experimental data have accumulated
on the solubility of silica under various conditions.
These data may be divided roughly into four main
categories: (1) solubility of various forms of silica
in pure water at low temperature and pressure;
(2) solubility of silica in pure water at higher
temperature and pressure; (3) solubility of silica in
various aqueous solutions at low temperature and
pressure; and (4) solubility of silica in wvarious
aqueous solutions at higher temperature and pres-
sure. Each of these categories may be further divided
into (1) thermodynamic investigations of equi-
librium solubility and (2) investigations of rates of
solution and of equilibration.

SOLUBILITY OF VARIOUS FORMS OF SILICA IN PURE
WATER AT LOW TEMPERATURE AND PRESSURE
Data on the solubility of quartz, powdered silica
gel, and opal in water at 25°C and 1 atm (atmos-
phere) are given by Siever (1962, p. 129-133). He
found that quartz particles on the order of 5 microns
in diameter showed no measurable solubility in 3
years, but by extrapolating quartz solubility at
higher temperatures downward, he calculated an
equilibrium solubility of quartz at 25°C of about 10
ppm. Solubility of opal under these conditions is re-
ported as about 120 ppm; that of powdered silica
gel, about 140 ppm. On the other hand, quart# grains
sized to —100, +200 mesh put under pressure of a
steel rod in water at 25°C and 1 atm gave a solubil-
ity close to that of amorphous silica. Quartz grains
kept in motion in a rotating polyethylene vessel at 1
atm and room temperature gave values that in-
creased gradually to a maximum of 80 ppm at 386
days, then dropped abruptly to 6 ppm due to pre-
cipitation of quartz (Morey and others, 1962, p.
1036-1037). Krauskopf (1956, p. 5) gave the solu-
bility of gquartz in pure water at low temperature
and pressure as 6 ppm; Iler (1955, p. 9) stated that

solubility of quartz increases with diminishing par-
ticle size below 100 microns from about 7 ppm at
100 microns diameter to about 930 ppm at 3 microns
diameter.

Experimental data on the equilibrium concentra-
tion of dissolved (monomeric) silica in pure water
at 25°C and 1 atm in solutions supersaturated with
total silica are not in complete agreement, possibly
because silica can also form polymeric ion com-
plexes. Iler (1955, p. 11-12) reported 100 ppm;
Siever (1962, p. 129-130), 120-140 ppm; Alex-
ander, Heston, and Iler (1954), 120 ppm; and Cor-
rens (1951, p. 51), about 250 ppm. In an experi-
ment that I conducted (Lovering and Patten, 1962,
p. 790), the monomeric silica content of a solution
that contained 1,000 ppm total silica in pure water
at room temperature and pressure dropped-from an
initial value of 270 ppm to 90 ppm within a week.
The silica in solution remained at 90 ppm for 2
months, but when the experiment was discontinued
at the end of 5 months, it had risen to 100 ppm.

SOLUBILITY OF VARIOUS FORMS OF SILICA IN PURE

WATER AT HIGHER TEMPERATURE AND PRESSURE

Many problems are associated with the study of
silica solubility in aqueous fluid at higher tempera-
ture and pressure.

1. Solubility varies as a function of the form of
silica available; in general, it is lower for
quartz at any given temperature and pressure
than for the various forms of amorphous silica.

2. Equilibrium solubility at moderate temperature
and pressure is established very slowly;
Gruner (1930, p. 702) obtained a solubility for
quartz at 200°C and 15 atm of 30 ppm after
24 hours, whereas Kennedy (1950, p. 636)
reported its solubility under these conditions as
240 ppm after 230 hours.

3. Solubility does not vary directly with pressure at
constant temperature nor with temperature at
constant pressure; instead, it is a function of
solution density at high temperature and pres-
sure.

4. The reported “solubility” of amorphous forms of
silica, such as silica glass, commonly is not a
true equilibrium solubility; a change in condi-
tions of the system that results in solution of
silica may not, if reversed, cause precipitation
of silica because of the tendency of solutions to
remain supersaturated (Morey and Hessel-
gesser, 1951, p. 830).

5. Early investigators reported solubility of amor-
phous forms of silica equal to the total silica
content of the aqueous phase, whereas more
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recent investigators report only the ionic solu-
bility, recognizing that much of the silica is
present in the form of dispersed submicro-
scopic colloidal particles in a sol, a colloidal
solution.

The solubility of quartz in H,O has been investi-
gated over a wider range of temperature and pres-
sure than that of any other form of silica, and the
data obtained by various investigators are more
nearly in agreement. A large part of the solubility
field of quartz was systematically studied by Ken-
nedy (1950), and his work has since been supple-
mented by that of Morey and Hesselgesser (1951),
Ellis and Fyfe (1957), Morey, Fournier, and Rowe
(1962), and Siever (1962). Kennedy covered the
region around the critical point of water, from
200° to 500°C at 200-1,000 atm pressure; Ellis and
Fyfe obtained some solubility data for temperatures
of 500° and 600°C at 1,000-3,000 atm pressure.
Morey and Hesselgesser partly duplicated the field
covered by Kennedy, obtaining nearly the same
values, but they also obtained some critical informa-
tion on solubility at high temperature and relatively
low pressure. Morey, Fournier, and Rowe investi-
gated quartz solubility in H,O at 1,000 atm pressure
in the temperature range of 45°-300°C; Siever in-
vestigated quartz solubility in the range of 100°-
200°C at low pressure (the vapor pressure of the
system). Data from these various sources have been
combined in figures 344 and 34B showing the iso-
baric solubility of quartz as a function of tempera-
ture at 300 atm pressure and the isothermal solu-
bility of quartz at 400°C as a function of pressure.

The marked inflection point on the isobaric solu-
bility curve (fig. 344) in the vicinity of the critical
point, with decreasing solubility at higher tempera-
tures, is a characteristic feature of these curves up
to a pressure of about 700 atm; at pressures higher
than this, solubility increases directly with tempera-
ture. If solubility is plotted at a constant specific
volume of H,O rather than at constant pressure, it
increases steadily with temperature in the two-
phase fields (quartz plus liquid and quartz plus
gas), with no inflection at the boundary between
thege fields (Kennedy, 1950, p. 639, 642). The at-
tenuated S-shaped isothermal solubility curve (fig.
34B) shows the marked effect of moderate pressure
changes on quartz solubility at relatively high tem-
perature in the range of 100-500 atm; a threefold
increase in pressure (100-300 atm) results in a
hundredfold increase in solubility of quartz at

FIGURE 34.—Solubility of quartz in H.O. 4, At 300 atm
pressure. B, At 400°C.
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400°C. Thus, even a moderate throttling of a hydro-
thermal conduit could result in undersaturation be-
low the constriction with solution of quartz and in
a high degree of supersaturation with SiO, in the
hydrothermal fluid above the constriction.

Published data on golubility of other forms of
silica in aqueous fluid at various temperatures and
pressures are difficult to compare, because many of
them represent unique metastable equilibrium con-
ditions. Some investigators report total silica, and
others report ionic silica. In much of the early work
it is questionable whether the stated conditions of
the experiment were maintained long enough for
equilibrium to be established. Kennedy’s paper
(1944), in which he summarized earlier work by
Lenher and Merrill (1917) and Gruner (1930), is
one of the most systematic studies of this difficult
experimental field. His data suggest that the solu-
bilities of various noncrystalline forms of SiO, con-
form to much the same solubility curves as quartz
at intermediate conditions of temperature and pres-
sure, but are commonly somewhat higher than those
of quartz under the same conditions. Siever (1962,
p. 133) stated that the solubility versus temperature
curves for quartz and amorphous silica converge
toward higher temperature.

The rate of solution of quartz is extremely slow
in water at low to moderate temperature and pres-
sure. Kennedy reported that 230 hours was required
to achieve saturation at 200°C and 15 atm pres-
sure. Carr and Fyfe (1958, p. 913-914) determined
that quartz dissolves at the rate of 1 mg per hr
(milligrams per hour) at 270°C and 1,000 atm,
which increases to 18 mg per hr at 500°C under
the same pressure; at 400°C, an increase in pressure
from 345 to 1,725 atm increased the solution rate
from 2 to 12 mg per hr.

SOLUBILITY OF VARIOUS FORMS OF SILICA IN AQUEOUS
SOLUTIONS AT LOW TEMPERATURE AND PRESSURE
ACID SOLUTIONS

The amount of monomeric silica in equilibrium
with colloidal silica in slightly acid solutions does
not differ appreciably from that in pure water, but
it declines in strongly acid solutions. Iler (1955, p.
11-12) reported 140 ppm SiO, at a pH of 1, rising
to a maximum of 150 ppm at about a pH of 3 and
then declining to 110 ppm at a pH of 5.7. Elmer and
Nordberg (1958, p. 518-519) found 160 ppm SiO,
in solution in 0.001N HNO; as opposed to 115 ppm
in 0.8N HNO;. Lenher and Merrill (1917, p. 2636)
reported that SiO; content of sulfuric acid solutions
containing less than 5 percent H.SO, is virtually the
same as that in pure water; also, that concentrated

HCI will dissolve only 8 ppm of SiO», but that 3 per-
cent HCI solution will dissolve 140 ppm. Lovering
and Patten (1962, p. 789) obtained 320 ppm of
monomeric silica in H,SO, solution at a pH of 2.3,
and 220 ppm at a pH of 3.6 after 1 month. In dilute
carbonic acid solution with a pH of 5.2 they found
110 ppm of ionic silica in equilibrium with colloidal
silica, virtually the same as that in pure water.
Siever (1962, p. 132) reported that humic acid solu-
tions repress the solubility of silica gel to about 15
ppm of monomeric silica.

Moore and Maynard (1929, p. 277) recognized
that much of the silica transported by natural acid
water is in the form of a dispersed hydrosol. The
decline in true solubility of silica in highly acid
solutions is counteracted by the stabilizing effect of
such solutions on dispersed silica sols. This stabiliz-
ing effect will prevent the precipitation of silica
from highly supersaturated solutions, even in the
presence of strong electrolytes; a solution contain-
ing 2,000 ppm of total silica in the form of sodium
silicate remained perfectly clear for a month at a
pH of 2.3, although the monomeric silica content of
the solution after that time was only 320 ppm
(Lovering and Patten, 1962, p. 789). On the other
hand, solutions highly supersaturated with silica
become unstable in weakly acid solutions and tend
to precipitate excess silica. This precipitation is ac-
celerated by the presence of strong electrolytes, but
it will occur even in their absence. Frondel (1938,
p. 10) noted that the addition of HCI to a colloidal
silica sol reverses the negative charge on the sol.
The reversal of charge probably accounts for the
buffering effect of strong acids against precipitation
by electrolytes.

The solubility of silica derived from common sili-
cate rocks and minerals in acid solutions has not
been systematically investigated.

Gruner (1922, p. 435) reported that the solubility
of silica from silicate minerals in acid solutions is
inversely proportional to the silica content of the
silicate. According to T. S. Lovering (1950, p. 237,
240), the attack of acid solutions on silicates results
in solution of their bases, causing decomposition,
although actual solution of silica is minor. He listed
the common rock silicates in order of decreasing
susceptibility to attack by acid solutions as follows:
Zeolites, feldspathoids, calcic plagioclase, augite,
hornblende, biotite, oligoclase, orthoclase, albite,
muscovite, and quartz.

ALKALINE SOLUTIONS

The ionic solubility of silica, in equilibrium with
colloidally dispersed silica, rises slowly in alkaline
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solutions from a minimum of about 100 ppm at a
pH of 7 to about 200 ppm at a pH of 9.8, and then
rapidly to about 500 ppm at a pH of 10.8, 1,100 ppm
at a pH of 10.6, and 5,000 ppm at a pH of 11 (Iler,
1955, p. 11-12; Alexander and others, 1954). This
rapid increase in solubility at a high pH is due to
an increase in the concentration of polymeric silica—
Si(OH),* (OH)~—(HO)sSiO~ + H,0. Near the
neutral point, supersaturated silica solutions become
unstable in the presence of electrolytes, and excess
silica readily precipitates. Above a pH of about 8,
however, highly supersaturated solutions may re-
main stable for a considerable length of time, even
in the presence of a moderate concentration of elec-
trolytes. A solution containing 2,000 ppm total
silica, 120 ppm ionic silica, and 1,650 ppm sodium
remained clear for a month at a pH of 9 (Lovering
and Patten, 1962, p. 789). Iler (1955, p. 48) reported
that the stability of colloidal silica sols in the pH
range 7-10 depends on the SiO; : NayO ratio; an in-
crease in this ratio increases the sizes of particles
in the sol, which favors nucleation and precipitation.
He (p. 14) also stated that the presence of sodium
chloride and alkaline carbonates accelerates the solu-
tion of colloidal silica in alkaline solutions.

The solubility of quartz, opal, chalcedony, actino-
lite, and glauconite in NaOH, Na,CO;, CaH,(CO3) o,
and MgH,(CO3) . solutions was investigated by T. S.
Lovering (1923, p. 528-531). He found that opal
and chalcedony are strongly attacked by dilute
NaOH solutions and that Na,CO; is an even
stronger solvent for opal; MgH,(COj;);: is a moder-
ately effective solvent with nearly uniform effect on
all the silicates including quartz; the effect of
CaH;(CO3) ; is similar to, but much weaker than, that
of magnesium bicarbonate. Later, Lovering (1950, p.
240) reported that mildly alkaline solutions are rela-
tively ineffectual in causing decomposition of rock
silicate minerals, although the cation present in
highest concentration in such solution tends to be
exchanged for any different soluble cation in the
mineral; however, SiO, may be leached if the solu-
tion is undersaturated with silica. Van Lier, De
Bruyn, and Overbeek (1960) established that dilute
NaCl greatly accelerates the equilibration of SiO,
in solution, resulting in precipitation of silica from
supersaturated solutions and accelerated solution of
quartz in contact with undersaturated solutions.
Sodium chloride does not appreciably affect the solu-
bility of silica unless present in concentrations
greater than 0.1N. Such concentrated brines in-
crease the solubility of silica (Van Lier and others,
1960, p. 1675, 1681-1682).

SOLUBILITY OF VARIOUS FORMS OF SILICA IN AQUEOUS
SOLUTIONS AT HIGHER TEMPERATURE AND PRESSURE
ACID SOLUTIONS

Systematic studies of the monomeric silica con-
tent of acid solutions supersaturated with colloidal
silica thus far have been limited to 1 atm pressure
and temperatures below 100°C. Within this re-
stricted range, silica in solution increases with
temperature for any given composition of solution.
For any given acid, solubility declines with increas-
ing acid concentration above 0.1N at higher temper-
atures. Approximate equilibrium solubilities in
parts per million at 90°C for common acids of com-
parable concentrations are as follows:

Solvent HCnR HNOs? H:SO4
Concentration 0.1 N ............... 420 415 425
5 percent ... 320 350 410
20 per cent ............... 60 140 190

1 Lenher and Merrill (1917, p. 2636).
2 Elmer and Nordberg (1958, p. 518),

The solubility of silica in pure water at 90°C is
about 430 ppm (Okamoto and others, 1957, p. 124).

Equilibrium solubility is attained more rapidly, at
constant temperature, in strongly acid solutions
than in weakly acid solutions. Elmer and Nordberg
(1958, p. 518-519) found that at 90°C, 96 hours is
required to reach equilibrium in 0.1N ¢ HNO;, but
only about 48 hours in 0.8N * HNOs.

A few studies have been made of the leaching of
silica from rock silicates in acid solutions at ele-
vated temperature and pressure. Lenher and
Merrill (1917, p. 2636) reported that about 320
ppm of silica was leached from weathered chert and
200 ppm from fresh chert in a 4.6 percent HCI solu-
tion held at 90°C for 2 days. Blanck, Passarge,
Rieser, and Heide (1925, p. 75) leached about 4.6
percent of the SiO, out of fresh Egyptian granite
in boiling concentrated hydrochloric acid in 1 hour.
White, Brannock, and Murata (1956, p. 52) pro-
posed that hot waters highly charged with CO, will
attack silicate minerals and will dissolve silica in the
monomeric form. Ingerson (1947, p. 560) stated,
however, that the presence of CO, in aqueous fluid
at high temperature and pressure decreases the
solubility of SiO,, and his statement has been con-
firmed in the laboratory by Robert Fournier (writ-
ten commun., 1962) . These statements are not neces-
sarily incompatible, because equilibrium solubility
is achieved more rapidly in highly acid solutions
than in dilute solutions, even though the saturation
concentration is lower. The solubility of silica in
boiling concentrated HCI is less than 100 ppm, yet
such a solution leached more than 4 percent of the
silica out of fresh granite in only 1 hour.
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ALKALINE SOLUTIONS

Equilibrium solubility of monomeric silica in
supersaturated alkaline solutions, of a pH of at least
10 and a temperature of 200°C, has been studied by
Okamoto, Okura, and Goto (1957). They found that
solubility increases in linear fashion independent
of pH up to 100°C in the range of pH 7-pH 9 (from
about 100 ppm at 0° to about 500 ppm at 100°C).
From 100° to 200°C solubility increases with in-
creasing alkalinity as well as increasing tempera-
ture in this range; at 200°C, solubility increases
from about 920 ppm at pH 7, 980 ppm at pH 8, to
1,150 ppm at pH 9. At a pH of 10, the solubility is
considerably higher at all temperatures from 0° to
200°C than it is at a pH of 9, but the solubility
versus temperature curve is nearly parallel to that
for a pH of 9 (about 800 ppm at 100°C, about 1,400
ppm at 200°C). The pressure was not specified by
Okamoto, Okura, and Goto, but presumably it was
equal to the vapor pressure of the system. T. S.
Lovering (1950, p. 234) reported that the solubility
of colloidal silica in Na,COj; solution at 100°C in-
creases from about 3,500 ppm in 0.25N solution to
about 8,000 ppm in 1N solution. Its solubility in
0.1IN NaOH at this temperature is about 12,500
ppm. Gruner (1930, p. 702) ran some experiments
on the solubility of quartz and gabbro in sodium
bicarbonate solutions maintained at 300°C in sealed
metal bombs for 24 hours. He obtained 742 ppm of
SiO; from the quartz and 64 ppm from the gabbro,
which is less for both quartz and gabbro than the
solubility in pure H,O under the same conditions.
Carr and Fyfe (1958, p. 916) maintain, however,
that alkalies in aqueous solutions at high tempera-
ture and pressure accelerate the solution of silica;
and Iler (1955, p. 161) stated that in alkaline solu-
tions under these conditions a high concentration of
Na+ in the system causes the precipitation of excess
colloidal silica. Thus, the main effect of alkalinity on
silica solubility with increasing temperature and
pressure probably is to maintain equilibrium solu-
bility. Solutions undersaturated with SiO, should
rapidly dissolve silica until they become saturated,
and solutions that were supersaturated should pre-
cipitate the excess silica.

SUMMARY

The solubility of amorphous silica at low tempera-
tures and pressures is highly dependent on pH; the
solubility is greatest in strongly alkaline solutions
and moderately high in weakly acid to neutral solu-
tions. Solutions supersaturated with silica are
metastable in highly acid and moderately acid solu-
tions; unstable in weakly acid, neutral, and weakly

alkaline solutions; and metastable in moderately al-
kaline solutions. Increasing pressure at low temper-
ature increases solubility at any pH, but no data are
available on the effect of pressure versus pH on
stability of supersaturated solutions at low tempera-
ture. With increasing temperature at low pressure,
solubility increases to the boiling point, then drops
sharply in the vapor phase. Just below boiling, the
solubility rises gradually from about 350 ppm at a
pH of 0.1 to about 500 ppm at a pH of 9.2; then it
increases rapidly in more highly alkaline solutions.
At high temperature and pressure, solubility is high-
est in nearly neutral solutions; it drops off in both
alkaline and acid solutions. Under these conditions,
supersaturated solutions are unstable in alkaline
systems, but no data are available on their stability
in acid and neutral systems. Solubility is very low
at low pressure in neutral solutions at supercrit-
ical temperatures, and it does not surpass room-
temperature solubility until the pressure reaches
about 300 atm. At still higher pressures, solubility in-
creases rapidly with pressure. Solubility of silica in
high pressure-temperature neutral aqueous systems
varies directly with fluid density, or inversely with
specific volume of the fluid phase.

COMPOSITION OF NATURAL SILICA-BEARING SOLUTIONS

Silica content of natural water is lowest in the
oceans, < 10 ppm; in river water, it ranges from
a trace to about 60 ppm and averages about 10 ppm;
and in nonvoleanic lake water it ranges from a trace
to about 150 ppm, although, like river water, it
averages about 10 ppm. Hot springs of nonvolcanic
origin can carry as much as 250 ppm silica; how-
ever, the most siliceous of the naturally occurring
waters are found in hot springs, pools, and geysers
emanating from regions of recent volcanism. Most
of these contain more than 300 ppm silica, and a few
contain nearly 1,000 ppm. White, Brannock, and
Murata (1956, p. 29-30) reported that total silica
content of supersaturated hot spring water from
Yellowstone Park and Iceland ranged from 500 to
700 ppm. They found that at 100°C about 400 ppm
of this is dissolved (monomeric) silica, and that the
remainder is in dispersed colloidal form. They (p.
51) also found that the silica content of calcium
bicarbonate hot springs that deposit travertine is
very low (about 50 ppm) ; this fact, they suggest,
may be due to the exchange of silica for calcium
carbonate at depth. Thus, such springs at the sur-
face may indicate formation of jasperoid replace-
ment bodies below.

Clarke (1924) reported many analyses of various
types of natural water. Table 8 gives a few of the
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TABLE 8.—Composition,
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in parts per million, of some samples of natural silica-bearing waters

Cold waters

Hot waters

Nonvolecanie
Rivers Lakes hot springs Volcanic hot springs and geysers
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 19a
58 145 124 25 112 180 1,529 30 2,963 ... ... L 3 122 115 eee eeees 145 312
24 53 164 8 190 9 85 18 43,5679 5,781 4,572 5,330 34 18 102 76 136 131 129
7 30 304 9 9 3 115 11 356 2 . 34,649 670 439 153 550 1,030 998 949
29 69 82 9 44 42 249 3 4,769 577 22 132 7 2 8 71 7 12
5 14 26 <1 48 25 215 <1 8,220 76 313 612 1 <1 <1 2 5 <1 <1
161 57 {251 16 37 62 589 56 1,865 102 32 12,455 394 367 223 700 665 865 707
2§ 124 5 b cn e 5 218 19 5 1,819 81 27 21 21 10 108 75
5 3 — 4 2 <1 33 ... 12 1,168 161 3,960 ... e e _— — <1 <1
................................................ 1137 21587 S 3 438 . ——— e 4253 4192
. 66 48 48 42 107 57 150 95 262 131 362 738 580 383 510 700 820 326 317
Total
dissolved
solids............ 302 212 422 1,023 118 554 379 2,966 218 62,371 8,150 5,467 60,023 1,830 1,388 1,131 2,064 2,735 2,850 2,508
1 NH4. 2 HsAsO4. 3 POs. 4 B20s.
Source of samples: 8. Moses Lake, Wash. 14. Coral Spring Norris Basin, Yellowstone
1. Platte River at Fremont, Nebr. 9. Pyrenees Mountains, France Park, Wyo.
2. Laramie River 20 miles north of 10. Bitter Spring, Laa, Austria 15. Old Faithful Geyser, Yellowstone Park,
Laramie, Wyo. 11. Roncegno, Southern Tyrol, Italy Wyo.
3. Republican River at Junction, Kans, 12. Acid Spring, California Geysers, Sonoma 16. Great Geyser, Iceland
4. Gila River at head of Florence Canal, Ariz. County, Calif. 17. Te Tarata, Rotorua, New Zealand
5. Yellowstone Lake, Wyo. 138. Green Lake, Taal Volcano, Luzon, Philippine 18. Otukapurang, Rotorua, New Zealand
6. Bigstone Lake, Minn. Islands 19-19a. Steamboat Springs, Nev.
7. Silver Lake, Oreg.

Source of Data:

Samples 1—'19. Clarke (1924, p. 80-87, 164, 189-190, 196-197, 200-201) ; 19a, Brannock (1948).

most siliceous representatives of these waters and
the content of their major components, converted
from percent of total salinity to parts per million
to facilitate comparison. Sample 19a, a thermal
spring water, is from the same area as sample 19,
whose analysis was quoted by Clarke. The general
agreement between the two analyses is remarkably
good, considering that they were made more than 50
years apart and by different methods, and that they
probably do not represent the same spring.

The data given in table 8 seem to indicate that
silica content of natural water is largely independ-
ent of the nature of the principal anion complex and
also of the relative abundance of the alkalies (Na
and K) versus the alkaline earths (Ca and Mg). The
voleanic hot springs and geysers form a possible
exception to the rule, inasmuch as all but one of
them contain Na+! and CI-! as the most abundant
constituents other than silica. However, sample 12,
from the California geysers, is a high sulfate water
with no chlorine and a Ca + Mg to Na + K ratio
of almost 10:1. Another generalization suggested by
the data in table 8 is that, for any given type of
water, the silica content is largely independent of
the total dissolved solids. The Platte River sample
(1) has 48 ppm SiO, out of a total of 302, as com-
pared with one from the Gila River (4), which has
48 ppm SiO; out of a total of 1,023. One volcanic
thermal water (17) has 700 ppm SiO; out of 2,064,
another (13) has 738 ppm SiO. out of 60,023. Iron
and alumina are negligible in, or absent from, most
of these waters, but in two of the thermal water

samples (11, 13) Fe.03; + Al:O; exceeds 1 gram per
liter, which is considerably more than the silica
content of any of the samples. The presence of ap-
preciable quantities of ammonia, phosphate, arsenic,
and boron as accessory constituents in some thermal
waters is also noteworthy. Each of these constitu-
ents is normally not detectable, yet each may, under
unusual circumstances, be transported along with
silica in considerable quantities by hot aqueous solu-
tions.

The total composition of a natural water seems to
have relatively little effect on its ability to transport
silica. A relatively pure water in which silica is a
major constituent may carry about the same amount
of silica as a highly saline one in which silica is a
minor constituent. Clarke (1924, p. 96-97) men-
tioned the high proportion of silica to dissolved salts
(46-56 percent) carried by some South American
rivers, yet the total amount of silica in these waters
is less than 40 ppm.

The aqueous fluid in primary fluid inclusions in
quartz is another type of natural solution; its com-
position may be close to that of the solution from
which the quartz was deposited. Fluid from a quartz
crystal in a vein cutting rhyolite contained 0.047
percent Na, 0.011 percent K, 0.006 percent Ca, 0.063
percent Cl, and 0.063 percent SO, (Roeder and
others, 1963, p. 368). Fluid inclusions in quartz
from the Cave-in-Rock fluorite district of Illinois,
which was deposited just before the ore sulfides,
may bear an even closer resemblance to those from

which ore-related jasperoids are deposited. This
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fluid contained 1.73 percent Na, 0.43 percent K,
0.84 percent Ca, 0.28 percent Mg, 4.7 percent Cl and
1.29 percent SO, (Hall and Friedman, 1963, p. 898).

Laz’ko (1965, p. 384-386) summarized some in-
formation on the composition of fluid inclusions
from quartz veins in Russia. He found that Na>
K>Ca in these inclusions and further stated (p.
384) that “The calculated dissolved Si, as SiO;—2
(assuming its quantitative preponderance in the
solution) indicates its total concentrations as high
as 6-12 percent.”

Laz’ko also reported that CO. is present in ap-
preciable amounts in some inclusions, and he con-
cluded that the mineralizing solutions, from which
quartz is deposited, are primarily aqueous alkali
chlorides.

DEPOSITION OF SILICA

The ability of natural waters and hot aqueous
fluids to transport vast quantities of silica, in both
monomeric and colloidal form, has been well estab-
lished. We now consider the factors that induce
precipitation of silica, the form in which silica is
precipitated, and the causes of the conversion of a
precipitated silica gel into the more stable forms of
silica found in nature.

DEPOSITION AT LOW TEMPERATURE

Cold-water solutions that are supersaturated with
respect to colloidal silica may, for a variety of rea-
sons, precipitate some or most of this excess as hy-
drated amorphous silica; however, solutions that
are just saturated or unsaturated with respect to
colloidal silica, though highly supersaturated with
silica relative to quartz, tend to maintain their
metastable equilibrium and do not precipitate
quartz under normal conditions. Geologic field evi-
dence, on the other hand, strongly supports the con-
clusion that quartz can be precipitated directly from
solution at relatively low temperatures. The evi-
dence is in quartz crystals in geodes in unmetamor-
phosed limestone and shale, quartz-cemented surface
gravels, and coarse quartz veining and lining cavi-
ties in limonite gossans. Murray and Grovenor
(1953) reported that X-ray spectrometer and
powder-photograph analyses of oceanic muds and
the fine fractions of the insoluble residues of lime-
stone and shale reveal abundant quartz particles
less than a micron in diameter. They suggested that
these particles may have been precipitated directly
from solution.

The works of Siever (1962) and Morey, Fournier,
and Rowe (1962) show that quartz subjected to
abrasion or differential pressure in cold water will

eventually supersaturate the solution as much as
tenfold relative to its theoretical solubility, and that
after a long time quartz will spontaneously precipi-
tate from such a solution to reestablish equilibrium.
The same process might occur more rapidly in dilute
sodium chloride solutions, according to the evidence
presented by Van Lier, De Bruyn, and Overbeek
(1960).

According to Boydell (1927, p. 51), the precipita-
tion of colloidal silica from supersaturated solutions
can result from (1) mixing with solutions that con-
tain a high concentration of electrolytes; (2) the
mixing and reaction with a dispersed sol of op-
posite charge, such as a metal hydroxide sol; (3) the
chemical removal of a protecting (peptizing) agent,
such as fluorine in acid solutions; and (4) decrease
in pressure or temperature of the system.

Evaporation.—One other way in which sgilica-
bearing solutions may be induced to precipitate
silica is by evaporation of such solutions under arid
conditions. Clarke (1924, p. 366) stated that evapo-
ration of acid siliceous waters forms opal. Rankama
and Sahama (1950, p. 5563-5654) reported that the
silica in alkaline solutions concentrated by evapora-
tion precipitates as an amorphous silica gel. The
siliceous duracrust of the Australian desert is
thought by Woolnough (1928, p. 32) to have formed
by the evaporation of siliceous ground water drawn
to the surface by capillary action during dry cycles.

Neutralization.—Another factor that might con-
tribute to the precipitation of dispersed colloidal
silica is a change in pH ; peptized sols that are stable
under either strongly acid or strongly alkaline con-
ditions become unstable as they are neutralized. Iler
(1955, p. 45) wrote that gelation or precipitation
of colloidal silica takes place most readily in the
pH range 5-6. Lovering and Patten (1962, p. 789)
found that supersaturated sodium silicate solutions
that contain 1,000 ppm SiO: become unstable and
precipitate colloidal silica in the pH range 4-8.
These solutions remained clear and free of precipi-
tate for a period of 2 months both in acid solutions
with a pH lower than 4 and in alkaline solutions
with a pH higher than 8. Solutions with the same
silica content, from which sodium had been removed,
remained clear at a pH of 7 for 3 months. Thus, the
neutralization of a strongly acid or alkaline solution
highly supersaturated with silica may not cause sil-
ica to precipitate unless some other agent that
favors precipitation is also present.

Contact with solid phase—Contact with a solid
silica phase may also induce precipitation of col-
loidal silica. Nutting (1943, p. 220) observed that
particles of solid silica will cause the precipitation
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of excess colloidal silica from supersaturated solu-
tions in a few days and that “certain clays” will do
the same thing in a few hours. The efficacy of opal-
ine sinter, quartz, and chalcedony in causing the
precipitation of amorphous silica from siliceous hot
spring waters was noted by White, Brannock, and
Murata (1956, p. 49). The effectiveness of various
forms of solid silica in causing such precipitation
must depend in part on the nature of the surface
area that is in contact with the solutions, inasmuch
as it is possible to keep supersaturated silica solu-
tions in silica glass bottles for years without any
precipitation.

Soluble salts.—Many investigators have com-
mented on the precipitation of colloidal silica
caused by the introduction of various soluble com-
pounds, both electrolytes and nonelectrolytes, into
supersaturated silica solutions or dispersed silica
sols. Iler (1955, p. 14, 41-45, 93) reported that the
addition of soluble salts causes gelation or floccula-
tion of supersaturated silica solutions; sodium salts
increase the viscosity of dispersed sols and, if pres-
ent in high concentration, cause silica to precipitate.
Boydell (1924, p. 89) stated that the addition of an
electrolyte also increases the rate of diffusion of dis-
persed sol particles, and Gruner (1922, p. 445) be-
lieved that colloidal silica in acid solutions is precip-
itated on contact with alkaline chloride or alkaline
carbonate solutions. Boydell (1924, p. 7) and Cox,
Dean, and Gottschalk (1916, p. 6) agreed that cal-
cium bicarbonate is one of the most effective natural
electrolytes in causing precipitation of colloidal
silica. Lovering and Patten (1962, p. 791-795)
showed that relatively dilute carbonic acid solutions
will precipitate colloidal silica from highly super-
saturated solutions, even in the absence of cation
electrolytes. Bassett (1954) mentioned the precipi-
tation of silica from ground water in African fresh-
water lake marls as disseminated grains of amor-
phous silica, deposited with calcite and dolomite.

According to Iler (1955, p. 14), aluminum in solu-
tion inhibits the solubility of silica, and some experi-
ments conducted by Okamoto, Okura, and Goto
(1957, p. 129) indicate that soluble aluminum added
to dispersed silica sols in concentrations as low as
10 ppm will precipitate as much as 90 percent of the
excess colloidal silica from acid solutions with a pH
of 4-5, provided the ratio of colloidal silica to Al+2
in solution is not greater than 50:1. At a pH lower
than 4 or higher than 5, soluble aluminum has little
effect on these sols. Okamoto, Okura, and Goto
(1957) also found that aluminum in solution, if
present in excess of 200 ppm, will precipitate dis-
solved (monomeric) silica from solution most effec-

tively in the pH range 8-10. Harder (1965) has also
shown experimentally that aluminum will precipi-
tate silica from natural waters, and that the excess
silica in the precipitated colloid will crystallize as
quartz. The sileretes of South Africa are thought to
have formed by replacement of selected clay layers
by ground-water silica derived from adjacent shale
or tillite (Frankel, 1952, p. 180-182); such an
origin would substantiate the effectiveness of Al+3
as a silica precipitant. Okamoto, Okura, and Goto
(p. 131) also stated that the action of Fet3 ion is
similar to that of Al+3, Harder (1919, p. 73) wrote
that ferrous sulfate solutions will react with alka-
line silicate solutions in a reducing environment to
precipitate ferrous silicate and colloidal silica, but
that such solutions will also precipitate ferric hy-
droxide in an oxidizing environment.

Mixing of sols.—Neither ferric iron nor alumi-
num can exist in ionic form in high concentration
except in moderately acid waters, because both tend

to hydrolyze in near-neutral and alkaline solutions— .

Fet3 at a pH of 3 and Al+3 at a pH of 5, according
to Rankama and Sahama (1950, p. 228). Dispersed
hydrosols of these metals in neutral or alkaline solu-
tions may, however, on mixing with dispersed silica
hydrosols, react to precipitate both silica and the
metal hydroxide in colloidal form. The mutual pre-
cipitation of silica and metal hydroxide on mixing
of dispersed hydrosols is caused by neutralization
of the charges on the sols, silica being negative and
metal hydroxide positive; such mutual precipitation
begins at a slightly lower pH than that at which
the metal hydroxide would precipitate alone. The
completeness of flocculation and precipitation, as
well as the relative proportions of the two colloids
in the precipitate, depends upon the concentrations
of the two sols that are mixed, and the pH, Eh, and
temperature at which mixing takes place. When
alkaline silicate is present in excess, it tends to form
a protective layer of colloidal silica on the metal
hydroxide particles, inhibiting precipitation (Ran-
kama and Sahama, 1950, p. 235; Iler, 1955, p. 182—
183). Moore and Maynard (1929, p. 284) found
that mixing of ferric hydroxide and silica hydrosols
precipitates most of the iron but only a little silica
unless the Si:Fe ratio is greater than 3:1.

DEPOSITION AT HIGH TEMPERATURE

Because the solubility of silica at low pressure in-
creases only slightly with temperature as high as
the boiling point of water, the chief effect of increas-
ing temperature in this range on supersaturated
silica solutions is that it allows the various factors
summarized in the preceding section to act more
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rapidly in causing precipitation of the excess silica.
Iler (1955, p. 161) reported that precipitation of
silica from supersaturated hot alkaline solutions is
promoted by the presence of Na+! Bat+2 and F—!
ions in the solution. Thus, it is probably no accident
that barite and fluorite are relatively common acces-
sory minerals in jasperoids.

Colloidal silica can be converted readily to quartz,
particularly in alkaline solutions, at supercritical
temperatures and moderate to high confining pres-
sures. Siever (1962, p.” 133) reported that above
200°C quartz precipitates readily as amorphous
silica dissolves, and Boydell (1924, p. 15-16) re-
ported that quartz crystals have been obtained by
heating silica sol or gel in closed tubes at a tempera-
ture of 250°C. In alkaline solutions near the critical
point, fused silica rods dissolve and quartz crystals
precipitate. The maximum growth rate of these
crystals was obtained in 0.3N NaHCOQ; solution, in a
period of 6 hours. Then the growth declined, and
after 20 hours it ceased owing to the growth of a
layer of porous quartz needles on the nutrient glass
rods (Walker, 1953, p. 250-251).

The mechanism of the conversion of silica gel to
quartz at high temperature and pressure was in-
vestigated by Ellis and Fyfe (1957, p. 270) and by
Carr and Fyfe (1958, p. 909). They found that this
transformation proceeds through two intermediate
metastable phases; thus, silica gel — crystobalite —
silica K (keatite) — quartz. Quartz will not form in
the presence of crystobalite, but once keatite is
formed it inverts rapidly to quartz. The reaction
rate increases with both temperature and pressure,
but it is more sensitive to pressure than to tempera-
ture; the presence of alkaline solutions also speeds
the reaction. These conclusions corroborate the find-
ings of Wyart (1943, p. 483), who converted silica
glass to crystobalite at 8374°C and 220 atm in pure
H,0, but in similar experiments with 0.06M KOH
solutions he obtained quartz instead. On short runs
with aqueous fluid, Wyart got a mixture of silica
gel and crystobalite, but in none of his experiments
did he obtain crystobalite-quartz mixtures. The con-
version of colloidal silica to jasperoid in nature
would thus be facilitated by alkaline solutions in an
environment of increasing temperature and pres-
sure.

The temperature at which the fine-grained quartz
of jasperoid has formed may be susceptible to geo-
thermometric measurement, because quartz that is
known to have formed at low temperatures is richer
in O'8 than quartz that formed at high temperatures
(Keith and others, 1952). Fluid inclusions might
also provide information on the formation tempera-

ture of jasperoid quartz, were it possible to find
any in such a rock that has an average grain di-
ameter of less than a tenth of a millimeter.

GENESIS OF VARIOUS FORMS OF SILICA IN JASPEROID

Relatively little is known of the natural condi-
tions under which the various common types of sil-
ica found in jasperoid are formed. Silica deposited
in colloidal form is metastable and commonly con-
verts in time to some other form, normally quartz
or chalcedony, yet the presence of opaline silica in
some jasperoid shows that, under some conditions,
it can remain amorphous for a long time.

Quartz—The natural conditions under which
quartz precipitates directly from solution at low
temperature are still largely unknown, although at
high temperature the deposition of silica in this
stable anhydrous form proceeds readily. Quartz is
probably deposited from solutions undersaturated
with silica relative to colloidal silica but super-
saturated with silica relative to quartz itself at the
temperature of deposition (White and others, 1956,
p. 55; Morey and others, 1962, p. 1036-1037). Its
deposition at low temperature must require a long
span of time under stable conditions. According to
Adams (1920, p. 640), variety of form and hetero-
geneity of grain size are characteristic of quartz
that originated at shallow depth. The conversion of
various forms of amorphous silica, including silica
gel, into quartz has been accomplished in the labora-
tory by simply raising the temperature in a closed
system to about 250°C. Presumably, the same thing
happens in nature at a lower temperature over a
longer period of time. Folk and Weaver (1950)
found that ordinary chert consists of a mixture of
quartz and chalcedony, with no opal or other non-
crystalline forms of silica, yet the extremely fine
texture and prevalence of colloform banding in
chert and in many jasperoids are evidence that these
rocks were originally colloidal silica. Indeed, such
textures in jasperoid give indirect evidence of its
deposition at relatively low temperature, because
at high temperature silica tends to deposit directly
as quartz. Boydell (1924, p. 57-58) expressed the
opinion that crystalline aggregates may be produced
from a gel either by strain (which implies pres-
sure) or by increasing temperature. White, Bran-
nock, and Murata (1956, p. 55) found evidence at
Steamboat Springs, Nev., of the replacement of opal-
ine sinter by quartz and chalcedony at relatively
shallow depth (50+ ft); they also found complete
gradations from fine-grained mosaic-textured quartz
to chalcedony, a feature that has also been observed
in jasperoid samples.
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Chalcedony.—Folk and Weaver (1950) have
shown that chalcedony is a fibrous, spongy variety
of quartz that contains abundant submicroscopic
bubbles filled with trapped water. These bubbles
impart to chalcedony its distinctive optical proper-
ties. The nature of chalcedony also explains its
gradation into ordinary' quartz. Adams (1920, p.
626) reported that chalcedony forms only in near-
surface deposits, whereas White, Brannock, and
Murata (1956, p. 54) found that at Steamboat
Springs, Nev., chalcedony formed only at depth as
a replacement of opaline sinter or as bands lining
the walls of cavities in this sinter. These bands are
thicker on the bottom than on the sides of such
cavities, and the bottom layers are horizontal. Such
textures suggest precipitation of silica under the
influence of gravity, even though the available evi-
dence does not indicate whether chalcedony depos-
ited directly or whether colloidal silica precipitated
and was later converted to chalcedony. The differ-
ence in the opinions expressed by Adams (1920)
and by White, Brannock, and Murata (1956) as to
the environment in which chalcedony forms is more
apparent than real, because Adams was discussing
forms of silica characteristic of deep-seated high-
temperature vein deposits as contrasted with those
found in veins formed at shallower depths, whereas
White, Brannock, and Murata were dealing with
forms of silica deposited from hot springs at, or
about 200 feet below, the surface. Chalcedony ap-
parently forms in a rather restricted environment,
characterized by low to intermediate conditions of
temperature and pressure.

White and Corwin (1959) reported the successful
synthesis of chalcedony by replacement of silica
glass in alkaline solutions at 400°C and 340 atm
pressure. They Dbelieved that natural chalcedony
forms not by precipitation from solution but by re-
placement of amorphous silica in an alkaline en-
vironment.

Opal.—According to Clarke (1924, p. 366), opal
is formed by the evaporation of acid siliceous water,
and White, Brannock, and Murata (1956, p. 53-54)
expressed the opinion that opal generally forms by
direct precipitation of monomeric silica, or small
polymeric molecules of silica, from the rapid evap-
oration of near-boiling water. They also reported
that opal may form as an end product of the near-
surface leaching of silicate minerals by hot acid
solutions. Opal apparently is stable in the presence
of H»O only at low pressure and at a temperature
not much above the boiling point. A sample of opal
in a drill core taken from a depth of 220 feet, tem-
perature 140°C, in the Norris Basin of Yellowstone

Natjonal Park,
chalcedony.

showed incipient conversion to

REPLACEMENT OF HOST ROCK BY SILICA

The term “jasperoid” implies replacement of host
rock by silica, and in many localities jasperoid
bodies faithfully preserve the original textural
features, the delicate fossils, and even the color of
the rocks they replace (fig. 2B). This type of replace-
ment requires (1) that solution of host rock and
precipitation of silica must have taken place simul-
taneously in a thin layer at the contact; (2) that
the silica, in whatever form deposited, must have
been sufficiently competent to withstand the existing
pressure without deformation and yet be sufficiently
permeable to allow diffusion of solutions through
it, carrying silica toward the replacement interface
and host rock in solution away from it; (3) that the
composition of these solutions must have been such
that the host rock was soluble and that silica at the
contact was less soluble; and finally (4), that these
conditions must have persisted long enough to allow
replacement of many thousands of cubic feet of rock.
Considering the stringency of these requirements,
it is not surprising that the mechanism of volume-
for-volume siliceous replacement is a riddle that has
baffled geologists for years, and that no one has yet
succeeded in duplicating this phenomenon in the
laboratory.

Another common type of siliceous replacement
that results in courser grained jasperoid, commonly
with reticulated texture, destroys the primary tex-
tural features and fossils of the host rock. Formation
of this type of jasperoid does not require strictly
simultaneous removal of host rock and deposition of
silica. Neither does it require diffusion of solutions
through an advancing silica layer; the silica can be
deposited directly as quartz disseminated in the host
rock.

PHYSICAL FACTORS

Although the silicification of host rocks by silica-
bearing water was known to many early investi-
gators, it was not until after 1900 that the physico-
chemical environment or the manner in which this
process takes place was discussed. Church (1862, p.
109) described an experiment that resulted in the
substitution of CaCO; for SiO, in solution at room
temperature, and Spurr (1898, p. 217-220) recog-
nized the epigenetic replacement origin of jasperoid
at Aspen, Colo., and described the macroscopic and
microscopic features of this rock.

Lindgren (1901), one of the first geologists to
speculate seriously on the mechanism of siliceous re-
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placement, stated (p. 602) that “waters containing
carbon dioxide and silica deposit the latter, while
simultaneously dissolving a corresponding propor-
tion of calcite.” Lindgren (1925, p. 258) later recog-
nized that such replacement can produce either
crystalline quartz disseminated through the host or
amorphous silica that replaces the limestone com-
pletely and advances as a wave through the host
rock. Irving (1904, p. 173; 1911, p. 630-631) de-
scribed the replacement of carbonate rocks by jas-
peroid in the Black Hills, preserving original
textures and colors and having sharp contacts with
the unreplaced host rock. Later, Lindgren (1933, p.
91) wrote the famous equal-volume law of replace-
ment:

Replacement is the process of practically simultaneous
capillary solution and deposition by which a new mineral of
partly or wholly differing chemical composition may grow in
the body of an old mineral or mineral aggregate * * *. The
most fundamental changes in rocks take place with practical
constancy of volume.

Lindgren (1933, p. 173, 176-177) also discussed the
mechanism by which the reacting solution reaches
the replacement interface. Penetrating solutions
under heavy pressure permeate the rocks; such
rocks then act as semipermeable membranes through
which electrolytes and gases diffuse rapidly but
colloids and slightly ionized compounds diffuse very
slowly. Diffusion takes place in response to concen-
tration gradients, but it is a slow process, does not
act over long distances, and ceases after a certain
time. Thus, in the formation of large replacement
deposits the mechanism of diffusion must be sup-
plemented by solution movement along openings.
The maximum distance from such channels at
which replacement by diffusion can be effective is
not known. Irving (1911, p. 538) stated that, in ex-
ceptional cases, replacement may extend outward as
much as 100 feet from feeding channels; however,
he was probably referring to large trunk channels
rather than small fractures that could act as sub-
sidiary feeding channels. According to Holser (1947,
p. 395), transport of material in solution occurs
mainly by bodily flow in any openings of larger-
than-capillary size, but in capillary and subcapillary
openings such transport is largely by diffusion. Such
diffusion transport at the replacement interface is a
necessary prerequisite to completing fine-grained re-
placement. These conclusions of Lindgren and
Holser that large-scale complete replacement is de-
pendent on transport by moving solutions supple-
mented by local diffusion over short distances were
corroborated by Garrels and Dreyer (1952, p. 374—
375). They calculated that a minimum of 3,000 years

would be required for the replacement of the most
permeable limestone beds in the Tri-State district
by a layer of galena 1 ¢cm thick deposited by dilute
lead-bearing solutions in which the lead moved only
by simple diffusion in response to concentration
gradients. Thus, the ideal conditions for replace-
ment occur in shatter zones characterized by numer-
ous small closely spaced fractures.

The replacement product, as well as the host rock,
must be permeable to the solutions; otherwise, re-
placement would cease as soon as a thin layer of
this product had formed, for it would seal off and
protect the host rock from further attack. Garrels
and Dreyer (1952, p. 352) concluded that such a
situation would occur if the volume of the guest
mineral precipitated were greater than the volume of
host mineral dissolved, and that the total amount
of rock replaced depends only on this volume ratio
of guest to host, not on solution concentration or
rate of reaction. Solutions moving in response to a
high pressure gradient might force their way
through a somewhat thicker layer of reaction prod-
uct, however, before the host rock became com-
pletely sealed by precipitation. Such a conclusion
is logical regarding the advancing-wave type of mas-
sive replacement, but it would not necessarily apply
with equal force to the disseminated type, in which
replacement proceeds outward from a number of
isolated nuclei scattered through the host. Even in
this type, however, replacement by a larger volume
guest mineral should eventually stop when the in-
dividual replacement fronts near the main supply
channel coalesce. Ames (1961d, p. 1443-1444) also
recognized the importance of the host-guest volume
ratio in a continuing replacement process, though he
pointed out that
Volume relationships are a result of a given replacement
reaction, but do not initially cause or prevent the reaction
* * * Starting with equivalent experimental conditions such
as surface area, the initial significant correlation is between
ion fraction reacted and activity product ratios. As the re-

actions proceed, the significant correlation tends to be be-
tween ion fraction reacted and molar volume change.

He concluded that replacement reactions resulting
in a negative theoretical volume change may show
little actual volume change due to changes in bulk
density, whereas reactions involving a positive
theoretical volume change decrease the permeability
of the host, foreing replacement to become diffusion
dependent and hence very slow, but the larger
volume replacing mineral tends to occupy the same
actual volume as the mineral replaced.

If the volume ratio theory of replacement is
strictly valid, then it would seem to follow that
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large-scale volume-for-volume replacement with
preservation of original texture could proceed only
if the guest mineral has a density equal to, or
greater than, that of the host. This would preclude
the replacement of limestone by any form of silica
lighter than quartz, and it would preclude the re-
placement of dolomite by any form of silica at.all!
Such a conclusion is at variance with the field evi-
dence in many districts that dolomite as well as lime-
stone hag been silicified, and furthermore, that the
silica was originally deposited in the form of silica
gel, which would have a specific volume nearly twice
that of the carbonate it replaces (Nolan, 1935, p. 94;
Gilluly, 1932, p. 100; Cox and others, 1916, p. 11;
Lindgren, 1925, p. 258; and many others). The re-
placement of large volumes of carbonate rock by
gilica probably proceeds both by diffusion of the re-
action products through the gel layer and by move-
ment of silica-bearing solutions along fractures.

Chemical reactions involving the movement of ions
through a silica gel from an aqueous solution have
been carried out successfully in the laboratory for
more than half a century (Hatschek and Simon,
1912, p. 452) ; hence, there is experimental support
for the theory that replacement can be accomplished
in this manner. Furthermore, as pointed out by
Garrels and Dreyer (1952, p. 347-348), the rate of
diffusion increases with temperature.

CHEMICAL FACTORS

Ames (1961b, p. 528; 1961c, p. 737; 1961a, p.
1022, 1024) conducted many experiments on the re-
placement of limestone by minerals containing a
common ion (either Cat2 or CO;~2). In all of these
he concluded that the dominant prerequisite td re-
placement was that the guest mineral is less soluble
in the system than the host. In complex systems in
which several possible alteration products are less
soluble than the host, only the least soluble of these
will form.

If, as stated by Ames, replacement can take place
only in a system in which the guest compound is less
soluble than the host, then siliceous replacement of
limestone requires greater solubility of CaCO; than
of SiO. in the solution at the replacement interface.
The same requirement also applies to the siliceous
replacement of other rock types, but consideration
of the chemical processes involved is much simplified
by limiting discussion to the replacement of calcite
by silica.

CaCOy; is less soluble than SiO, in pure H.O at all
temperatures above the freezing point, and the dis-
crepancy between the relative solubilities of these
compounds becomes greater as the temperature in-

creases. Although the solubility of calcite does in-
crease slightly with increasing pressure (a threefold
increase in solubility for an increase in pressure
from 1 to 1,000 atm, according to Garrels and
Dreyer, 1952, p. 339-341), that of silica increases
much more rapidly with pressure at constant tem-
perature (fig. 34B). Thus, the replacement of lime-
stone by silica derived from an aqueous fluid con-
taining no other components should be impossible.
The same thing is true of hot alkaline solutions,
in which caleium carbonate is even less soluble than
it is in pure water. However, as the pH of a solution
decreases below the neutral point, the solubility of
calcite rises rapidly; 100 times for each pH unit,
according to Garrels and Dreyer (1952, p. 339-341).
The ionic solubility of silica is relatively low in acid
solutions, but such solutions are capable of carrying
many times their saturation concentration of silica
in the form of a dispersed sol.

Another factor that increases the solubility of cal-
cite is increaging salinity of the solution (Siever,
1962, p. 145). Miller (1952, p. 173-175) ran a
series of experiments on the solubility of caleite in
water and in 0.5M NaCl solutions at various tem-
peratures as high as 100°C and under various partial
pressures of CO; from 1 to 100 atm. He found that
CaCO; solubility increased steadily with increasing
CO. pressure at constant temperature and decreased
steadily with increasing temperature at constant
COs pressure; furthermore its solubility in the NaCl
solution was 50-100 percent greater than in water
at any given temperature and CO, pressure within
the range of his experiment. The effect of salinity on
silica solutions is to greatly accelerate the equilibra-
tion of these solutions without appreciably affecting
the silica solubility (Van Lier and others, 1960, p.
1675). Thus, a warm siliceous brine should be satu-
rated, or nearly saturated, with ionic silica under
the prevailing conditions of pressure, temperature,
and pH, and any change in these conditions that
would decrease its solubility should cause the excess
silica to precipitate, rather than to supersaturate,
the solution.

The importance of CO. in promoting the simul-
taneous solution of calcite and deposition of gilica
has long been recognized. The increase in carbonate
solubility with increasing CO- content of the solution
is due to the increasing acidity caused by the forma-
tion of carbonic acid. Garrels and Dreyer (1952, p.
341) found that the solubility of calcite actually de-
creases with increasing CO; content of the solution if
the pH is held constant. The pH of solutions satu-
rated with volatile acid-forming gases such as CO,
or H.S is strongly pressure dependent. CO, under
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pressure corresponding to the hydrostatic pressure
at a depth of 2,000 feet would cause the pH of water
to drop to a value of 3.2 (Garrels and Dreyer, 1952,
p. 371-372).

Solubility versus temperature curves for calcite
and silica trend strongly in opposite directions, and
at any given temperature the pH of the system, in
the acid range, has a great effect on carbonate solu-
bility but has relatively slight effect on silica solu-
bility. Thus, at 1 atm CO, pressure, calcite is more
soluble in H>O than is silica up to a temperature of
about 65°C; in 0.5M NaCl solution up to a tempera-
ture of about 90°C; at 100 atm CO; pressure the
extrapolated solubility curves would cross at about
125°C for pure H.,O and at 150°C for 0.5M
NaCl solution. These data, taken in conjunction with
Ames’ observation that replacement cannot occur
unless the replacing substance is less soluble in the
system than the material it replaces, suggest that the
silicification of limestone must be a relatively low-
temperature phenomenon. Such a conclusion is
further substantiated by the field evidence, in many
districts, that silica was originally deposited as a
gel. As stated previously, silica will precipitate in
the anhydrous form at temperatures above 200°C.

If a carbonated, silica-saturated brine attacked
and dissolved calcium carbonate, this would tend to
neutralize the solution at the reaction interface and
thus promote the precipitation of silica, because the
ionic solubility of silica is lower in a neutral solution
than in an acid solution, and the presence of NaCl
would prevent the excess silica from supersatu-
rating.

THEORY OF REPLACEMENT PROCESS

We can now speculate on a hypothetical mecha-
nism by which silica may replace limestone, which
is consistent with the various observations previ-
ously discussed. Let us assume that hot emanations
saturated, or nearly saturated, with silica, and also
containing appreciable quantities of dissolveg CO,,
H.S, and possibly HCl are rising along a deep con-
duit, such as a major fault, into a thick sedimentary
series containing abundant limestone beds, and that
this conduit penetrates the zone of ground water but
does not, initially, extend directly to the earth’s
surface. At great depth, where the rocks are tight,
solution movement will largely be confined to the
main conduit, the wallrocks will be hot, and changes
in temperature and pressure within the solution will
be slight. Such a solution will, in all probability, be
out of chemical equilibrium with the wallrock of the
conduit, and we can expect initial alteration of these
rocks adjacent to the channel, such as silication of

carbonate rocks and argillic alteration of other rock
types. This will result in the formation of an altera-
tion envelope around the conduit insulating the rock
beyond it from further attack by the upward-moving
solutions.

As the system approaches to within a few thou-
sand feet of the earth’s surface, the juvenile solu-
tions will begin to mingle with connate brines and
ground water, and numerous subsidiary fractures,
minor faults, and other secondary channels will be-
gin to tap the main line of the plumbing system.
This will cause a relatively rapid drop in both tem-
perature and pressure of the system as well as a
change in its chemical composition, so that in place
of a superheated aqueous fluid moving along a major
channel, hot, acid, silica-bearing water with- added
alkaline chlorides is seeping upward through a
broad fracture zone. Such a change will result in
supersaturating the system with silica; however, so
long as the pH remains low, this silica will not neces-
sarily precipitate but will be carried as a dispersed
colloidal sol. As soon as the solution enters a
brecciated bed of limestone, the limestone will begin
to dissolve, and this reaction will tend to neutralize
the solution. The presence of dissolved alkaline
chlorides will increase the solubility of the lime-
stone, and at the same time cause the colloidal silica
to become unstable as the pH of the solution rises.
Thus, silica will precipitate as limestone dissolves.
As the acid solutions penetrate and permeate the
limestone, the initial solution of this rock must pro-
ceed slightly faster than the precipitation of silica
from the more nearly neutral solutions resulting
from the reaction. This may be the explanation for
the commonly observed selvage of sanded limestone
or dolomite intervening between jasperoid bodies
and fresh host rock.

If the precipitated silica is in the form of colloidal
particles or a gel, it coats the walls and fills the
fractures; the rising pH of the solution tends to
reduce the host-rock solubility on the outlet side of
the fractured limestone. Both processes tend to in-
hibit further replacement. However, solutions can
still diffuse through the aqueous gel, and this dif-
fusion can be speeded by the development of a gas
phase as CO, and H.S come out of solution in re-
sponse to decreasing pressure. Furthermore, the de-
cline in carbonate solubility resulting from a rising
solution pH is offset, at least in part, by an increase
in carbonate solubility, as calcium bicarbonate,
caused by the temperature drop resulting from ex-
solution of the acid gases.

As the gel layer thickens close to the point of
entry of solutions into the limestone, the hot rising
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solutions increase the temperature of this gel and

thus tend to promote its conversion to quartz. Such

a conversion results in a considerable decrease in

volume of the silica, accompanied by a corresponding

increase in porosity and permeability, thus allowing
continued movement through it of silica-bearing
solutions toward the replacement interface, in re-
sponse to both pressure and concentration gradients.

If silica precipitates directly in the anhydrous
form as either quartz or cristobalite, rather than as
a hydrous gel, the result will be either a layer of
fine-grained crystals along the openings resulting
from solution of calcite or a number of isolated
quartz or cristobalite nuclei disseminated through
the host, growing slowly by accretion. In either case,
reacting solutions can continue to move through the
replacement product along intergrain boundaries to-
ward the replacement front.

Replacement eventually ceases as a result of one
or more of the following conditions:

1. The pH of the solution at the replacement inter-
face rises to the point where limestone is less
soluble than silica under the prevailing tem-
perature and pressure.

2. The whole rock body becomes too hot for the re-
action to continue.

3. The silica layer becomes too thick or too im-
permeable to permit further diffusion of the
reacting substances through it.

4. The supply of silica becomes depleted.

5. The main conduit breaks through to the surface
along a different route.

If silica is initially deposited as a gel, this gel will
rupture as it shrinks and inverts to quartz. Solutions
circulating through the fractures thus formed will
cause local solution and reprecipitation of silica,
thus forming the veinlets and vug linings of late
coarse quartz that are common in jasperoid bodies.

Low-temperature replacement of limestone by
silica-bearing ground water and connate brines be-
low the water table must largely be a pressure-
dependent process. Such waters at depth are prob-
ably alkaline chloride solutions containing sufficient
carbonic acid in solution to prevent the precipitation
of excess silica. Movement of such solutions under
pressure gradients into fracture zones in limestone
decreases their ability to retain silica, both by de-
creasing silica solubility because of decreasing
pressure and by neutralization caused by reaction of
carbonic acid with limestone. Thus, silica precipi-
tates as limestone is dissolved.

The replacement theory just outlined still does
not account for replacement of rocks other than
carbonate rocks by jasperoid. Neither does it en-

tirely account for the replacement of limestone by
supergene jasperoid during the oxidation and
weathering of silica-bearing sulfide ore bodies nor
the formation of younger jasperoid matrix, cement-
ing fragments of older jasperoid. The chemical na-
ture of the solutions involved in these processes is
so complex that more research is required before
they can be fully explained.

JASPEROID AS A GUIDE TO ORE

In many mining districts, bodies of jasperoid are
both genetically and spatially related to replacement
ore deposits. In other districts, jasperoid shows no
such relationships, and is not useful as a guide to
ore. Not uncommonly, both types of jasperoids are
found in the same district, and methods of distin-
guishing between them are important for effective
exploration.

DEFINITION OF FAVORABLE AND UNFAVORABLE
JASPEROID

In this study, jasperoids are divided into two
categories: (1) jasperoid related to, and associated
with, ore (favorable jasperoid); (2) jasperoid un-
related to ore (unfavorable jasperoid). As in most
rock classification systems, some borderline rock
types are difficult to classify. The jasperoid may
have been deposited from mineralizing solutions that
later brought in ore metals, but, if the jasperoid
bodies formed as an outer alteration zone at a con-
siderable distance from the later ore deposits, a
genetic relationship would be difficult to establish.
Such jasperoids, even though genetically related to
ore, could not be classed as favorable, inasmuch as
they are not helpful in locating ore. This kind of
jasperoid occurs in the Gilman mining district of
central Colorado. Here, the major sulfide-replace-
ment ore bodies show little or no silicification of car-
bonate host rock adjacent to the ore. Yet these rocks
have been converted to dense aphanitic jasperoid,
commonly preserving original textures, that extends
along major fractures from half a mile to several
miles updip from the ore bodies on the outlet side
of the hydrothermal plumbing system. Conversely,
silicification may be younger than the ore stage of
mineralization and genetically unrelated to it. Where
such late silicifying solutions pass through ore
bodies they may become contaminated by the ore
metals, and the resulting jasperoid bodies may be
favorable for effective exploration. Possible exam-
ples of this type of jasperoid are present in the
Clifton-Morenci district of Arizona.

The criteria for distinguishing favorable jasper-
oid from unfavorable jasperoid were developed from
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the comparison of samples taken from, or adjacent
to, mine workings with samples taken more than a
quarter of a mile from any mine workings. For this
study, the first group was designated as favorable,
the second, as unfavorable. Such a classification,
based entirely on the presence or absence of spatial
association with developed ore deposits, inevitably
results in the misclassification of some samples in
both categories. A further assumption, implicit in
any attempt to reach general conclusions on the
basis of sample investigation, is that the samples
chosen for study are reasonably representative of
the bodies from which they were taken. The samples
included in this study were not selected according
to a statistically randomized sampling plan; instead,
an effort was made to obtain “typical” samples at
each locality. Some samples of unfavorable jasperoid
bodies that happened to be near, or penetrated by,
mines are classified as favorable; some samples of
favorable jasperoid related to undeveloped ore bodies
are classified as unfavorable. The assumption was
made that the number of such erroneously classified
samples would be so small in proportion to the total
that they would not obscure any significant differ-
ences that could be used as criteria for distinguish-
ing between the two groups. After diagnostic
criteria evolved from the initial study they were
applied to each sample in both original groups to
locate and reclassify samples that had been mis-
classified on the basis of field association alone; they
were also applied to samples not included in the
original study groups because their field relations to
ore either were unknown or were not diagnostic.

METHODS OF DATA ANALYSIS

The characteristics of jasperoid specimens chosen
for study were initially divided into two groups: (1)
discontinuously distributed properties—those that
may be either present or absent, such as a specific
color, texture, or accessory mineral; and (2) con-
tinuously distributed properties—those that may be
measured on a continuous scale, such as porosity,
density, or concentration of a specific element. These
two groups of properties require different statistical
tests to appraise the significance of differences be-
tween the two categories of jasperoid samples.

For discontinuously distributed properties, the
number of samples in each category that exhibits a
specified property is recorded; also recorded is the
number of samples that do not exhibit the property.
This generates a 2X2 contingency table of the form

Favorable Unfavorable

Positive (+) A B
Negative (~) C D

with entries in each of the cells, 4, B, C, and D. The
data in these cells are then substituted in the formula
for chi square given by Siegel (1956, p. 107-109).

N <|AD—BC[§)2

X'= (ATB) (C+D) (A+C) (B+D)
where N=A4A+B+C+D.

The value of chi square thus obtained is then
checked against a table of critical values of chi
square with 1 degree of freedom, such as table C in
Siegel (1956, p. 249). Values of chi square less than
the tabulated value for a probability of 0.10
(x*=2.71) are considered to indicate no significant
difference in the frequency of occurrence of the
property between the favorable and unfavorable
sample groups.

As an example of the calculations, let us consider
the distribution of vuggy texture between the favor-
able and unfavorable sample groups. Of 95 favor-
able samples, 55 were vuggy, and of 53 unfavorable
samples, 18 were vuggy. This gives the following
2X2 contingency table distribution:

Favorable Unfavorable

Positive (+) Ass Bis

Negative ("‘) Cuo Dss N = 148
. 148(] (55X35) — (40X 18) | —74)*

X (55+18) (40+35) (55+40) (18+35)

148 (1925—-720—-74)*
T3 XT5X95X53

189,315,828
T 27,566,625

Reference to a table of critical values for x? with
1 degree of freedom shows that the probability level
associated with this value of ¥ is slightly less than
0.01 (x*0.01=6.64). This means that there is only
about one chance in a hundred of obtaining such a
great discrepancy between the favorable and un-
favorable sample distributions if, in fact, the prop-
erty of vugginess were equally common in both types
of jasperoid. Thus, we may conclude that favorable
jasperoids are more likely to be vuggy than unfavor-
able ones; consequently, vugginess becomes one of
our significant criteria for favorable jasperoid.

For continuously distributed properties, the
Kolmogorov-Smirnov two-sample test (Siegel, 1956,
p. 127) may be used. This tests the null hypothesis
that there is no significant difference between the
parent populations (favorable and unfavorable jas-
peroids) with respect to the measured property
under consideration. The test compares the cumula-
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tive frequency distributions of the property in the
two groups. If the greatest discrepancy between
these distributions is sufficiently large to be sig-
nificant at the chosen probability level, the null
hypothesis of no significant difference is rejected.
As with the chi-square test, we may use a probabil-
ity level of 0.10; that is, if a maximum discrepancy
between the cumulative distributions as great as, or
greater than, the one observed may be expected to
occur by chance as frequently as one time out of 10,
in samples drawn from the same population, then
we will assume that there is no significant dif-
ference.

The data for both sets of samples are tabulated
in frequency distributions, using the same class in-
tervals. It is convenient to use the same intervals
in which the data are reported for grouped data
such as semiquantitative spectrographic analyses
(Myers and others, 1961). Ungrouped raw data
such as density measurements, may be grouped in
any convenient classes that will adequately define
the frequency distributions.

The number of samples in each class is first tabu-
lated for both groups, with the class representing
the highest magnitude of the variable at the top of
the table, and the class representing the lowest mag-
nitude at the bottom. The number of samples in each
class (frequency) is then converted to a proportion
of the total samples in the group in a second parallel
column (P), and the cumulative proportion is re-
corded in a third column (SP). The difference be-
tween the cumulative proportion values for the two
groups is then recorded, class by class, in another
column headed “Difference,” and the maximum dif-
ference in this column, together with the class to
which it belongs, is recorded at the bottom of the
table as D. The value of D thus obtained may then
be tested for significance (Siegel, 1956, p. 127-135,
279). The formula used is

Ny +ne
K /
Ny XNe

where K is a constant dependent on the level of sig-
nificance desired, and n; and n, are the total num-
bers of samples in each of the two categories.

D3=

As an example, let us test the significance of iron
concentration in the two categories of jasperoid.
The data and calculations are as follows:

Class midpoint Favorable Unfavorable Difference
Percent Fe Fop-F s F P= s ¥Py 3Pp-3Py

8 0.084 0.084 1 0.019 0.019 0.0656

16 .168 .252 0 .000 .019 .233

14 147 399 3 .057 .076 .323

13 .187 536 14 ‘.264 340 196

17 179 715 13 245 .585 .130

12 126 .841 13 .245 .830 .011

11 .16 957 7 132 .962 .005

4 .043 1.000 2 .038 1.000 ...

¢ 15 S 5% RN

D=0.323 at 3 percent Fe.

D.=K \|{ixnes-=K /0029 = 0.17K
K010=122 D 0.10=0.027
K 05-=136 D .05= .231
K 01=163 D .0l1= 277

. The numbers in the “Class midpoint” column are
the figures reported in grouped (three-step) spectro-
graphic analysis (Myers and others, 1960) and
represent the midpoints of three class intervals for
each order of magnitude. The intervals are approxi-
mately equal on a logarithmic scale.

The D value of 0.323 at the iron concentration of
3 percent is significant at the 0.01 probability level,
which can be interpreted as indicating that iron
concentrations of 3 percent or more occur with sig-
nificantly greater frequency in favorable jasperoids
than in unfavorable jasperoids.

Although each of the properties vugginess and
high iron content (given as examples in the preced-
ing discussion) shows a statistically significant as-
sociation with jasperoids of the favorable type,
neither one by itself furnishes a diagnostic criterion
for distinguishing between the two types. Of the
favorable samples, 58 percent were vuggy and 42
percent were not, whereas of the unfavorable sam-
ples, 34 percent were also vuggy. Iron content was
significantly high in about 40 percent of the favor-
able samples and also in about 8 percent of the un-
favorable samples.

The application of these statistical tests to all the
observed properties in both categories of samples re-
vealed a number of properties significantly associ-
ated in varying degree with either favorable or
unfavorable types of jasperoid. Each of these prop-
erties was then listed as a criterion and given a
rank depending on its level of significance; 1 for the
0.1-0.01 level, 2 for the 0.01-0.001 level and 3 for
the > 0.001 level; plus (+) if associated with favor-
able samples and minus (—) if associated with
unfavorable samples. Many of the chemical elements
show significant differences at relatively low con-
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centrations; for these elements an additional scoring
point was added arbitrarily for each order of mag-
nitude of concentration above the one at which the
significant value oceurred. Thus, lead showed a D
value that is significant at the 0.001 level, corre-
sponding to a concentration of 0.0015 percent lead;
so a sample containing 0.015 percent lead would
have a score of +4 for this property instead of +3.

All the criteria were applied to each of the sam-
ples in the collection, and final classification of the
sample was made on the basis of its total score. This
last operation, although empirical rather than
statistical, resulted in the separation of a large
majority of the samples in the collection into those
with distinctly favorable characteristics and those
with distinetly unfavorable characteristics. It
changed the classification for some samples in the
original study groups, and it suggested a classifica-
tion for many samples not included in these groups
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because their field relations to ore either were un-
known or were not diagnostic.

COMPARISON OF MEGASCOPIC CHARACTERISTICS

The megascopic characteristics that were re-
corded for comparison between the favorable and
unfavorable groups of jasperoid samples were color,
based on the National Research Council “Rock-
Color Chart” (Goddard and others, 1948), and
macrotexture, including phaneritic, brecciated, and
vuggy. Table 9 shows the frequency of occurrence
and nonoccurrence of these characteristics in both
sample groups, the computed value of yx2, and the
level of significance associated with this value.

From table 9, it seems that light- to moderate-red
colors are more characteristic of unfavorable jas-
peroid, and a dark-brown color, of favorable jas-
peroid. The latter association was also noted by
Locke (1926) and by Blanchard and Boswell (1928)

TABLE 9.—Distribution of megascopic characteristics in favorable and unfavorable oxidized jasperoid samples

[Rock-color designations are from Goddard and others (1948)]

Characteristic Favorable 1 Unfavorable 1 x2
+ - + - Computed value Significance level 2
Color
Pink and Hght red (5R-52) oo 0 94 10 97 7.35 0.001-0.01
Medium red and grayish red (53%52) 1 93 17 90 11.70 <.001
Dark red (5R.§:_2) 6 88 5 102 .05 N.S.
Orange Pink (L0R $28) .oroimicsmirmceni e 2 92 5 102 .35 N.S.
Reddish brown (103%}2) .................................................................. 4 90 8 99 43 N.S.
Dark reddish brown (103%) ........................................................ 10 84 5 102 1.78 N.S.
Grayish pink (5YR g_:g) ....................... 5 89 5 102 .01 N.S.
Light brown and medium brown (5YR %:—z) ............................... 24 70 5 102 15.96 <.001
Dark brown (5YR %’g) ...................................................................... 7 87 2 105 2.42 05-1
Light brownish gray (5YR %ﬁ) ...................................................... 6 88 5 102 .05 N.S.
Grayish orange (10YR;_:§) .............................................................. 14 90 12 95 .09 N.S.
Yellowish brown (10YR g__%) . 19 75 16 91 .63 N.S.
Dark yellowish brown (10YR 2;—4) .................................................. 4 90 3 104 .03 N.S.
Olive gray (5Y §;_6) ............................................................................ 10 84 17 90 17 N.S.
White and light gray (N7-9) 30 64 34 73 .02 N.S.
Medium gray (NA—6) ... 25 69 32 75 23 N.S.
Dark gray and black (N3-1)........... 11 83 15 92 .08 N.S.
Macrotexture
Phaneritic ............. 66 29 22 31 9.91 0.001-0.01
Brecciated ....... 33 62 23 30 74 N.S.
Vuggy ... 55 40 18 35 6.87 .001~ .01

1 Plus (+) indicates frequency of occurrence; minus (—) indicates frequency of nonoccurrence,

2 N.S. indicates not significant.
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in connection with leached outerops overlying sulfide
ore bodies. Coarse grain and vuggy texture also
seem to be considerably more common in productive
jasperoid than in barren jasperoid. Brecciated tex-
ture is common in all jasperoids, but it is not sig-
nificantly more abundant in either type.

COMPARISON OF MICROSCOPIC CHARACTERI> 11Uy

The microscopic characteristics chosen for com-
parison between favorable and unfavorable cate-
gories of jasperoid samples were microtexture and
the presence of various accessory minerals (table
10). The sulfide ore minerals, such as galena,
sphalerite, and chalcopyrite, and their oxidation
products have been excluded from the lists in table
10 because these minerals are present only in favor-
able jasperoid, and no statistical test of their sig-
nificance is needed.

A heterogeneous texture, characterized by a wide
range in grain size of quartz, and a reticulated tex-

TABLE 10.—Distribution of microscopic characteristics in 95
favorable and 53 unfavorable jasperoid samples

Favorablel Unfavorable? X2
Characteristic Computed Significance
+ - + - value level 2
Microtexture ?

Size range of quartz

grains >10X ¢ . 38 17 36 9. 52 0.001-0.01
Xenomorphic . 32 35 18 N.S.
Jigsaw puzzle 47 40 13 7. f8 .001- .01
Granular .. 80 5 48 .69 N.S.
Reticulated 64 5 48 8.73 .001- .01

Accessory minerals that are generally older than, or contemporaneous with,
jasperoid silica

Barite . 80 3 50 2.39 N.S.
Calcite 83 8 46 .03 N.S.
Carbona 69 16 37 .03 N.S.
Chalcedony ... 9 86 7 46 .18 N.S.
Chlorite or biotite . e 3 92 2 51 .08 N.S.
Clay (kaolinite group) ... 33 62 12 41 1.82 N.S.
Clay (montmorillonite

group) 0 95 3 50 3.01 0.06 -0.10
Dolomite ... b 90 1 52 .32 N.S.
Hematite 11 84 8 45 .13 N.S.
Pyrite ........ 29 66 6 47 5.93 02 - .06
Sericite or h; 25 70 22 31 2.96 056 — .10
Tourmaline ... 4 91 0 53 .97 N.S.
Zircon 2 93 0 53 10 N.S.

Accessory minerals that are generally younger than jasperoid silica

Calcite 80 17 36 4.41 0.02 -0.05
Chalcedony ... 1 88 3 50 <.01 N.S.
Clay (kaolinit 4 91 0 53 97 N.S.
Clay (montmorillonite

group) 04 1 52 .10 N.S.
Fluorite . 5 90 0 53 1.50 N.S.
Goethite .. 45 50 12 41 7.77 .001- .01
Hematite . 20 75 14 39 .29 N.S.
Jarosite ... 23 72 3 50 6.85 .001- .01
Brown limonite 73 12 41 .02 N.S.
Yellow-orange limonite ... 1 94 5 48 4.18 .02 - .06
[0 71 (U 3 92 0 53 .49 N.S.

1Plus (+) indicates frequency of occurrence; minus (—) indicates fre-
quency of nonoccurrence.

2N.S. indicates not significant.

8 See pages 11-16 for definitions of textural designations.

4+ The ratio of the diameter of the largest common quartz grains in the
groundmass to the diameter of, the smallest common quartz grains is >10.

ture seem to be significantly associated with favor-
able jasperoid, whereas jigsaw-puzzle texture shows
a significantly greater association with unfavorable
jasperoid. Pyrite is the only older mineral given that
is more characteristic of favorable than of unfavor-
able jasperoid, but older sericite and montmoril-
lonite clay are more common in the unfavorable
variety. Among the younger minerals, goethite and
jarosite are suggestive of favorable jasperoid; cal-
cite and yellow-orange limonite are suggestive of
unfavorable jasperoid in the oxidized zone.

COMPARISON OF OTHER PHYSICAL PROPERTIES

The only physical properties other than color and
texture determined for representative groups of
favorable and unfavorable jasperoid samples were
density and porosity; the porosity was computed
from the ratio of bulk density to powder density.
These properties were tested on the theory that
favorable jasperoid samples might tend toward
greater density because of incorporated ore element
compounds, or that higher porosity might increase
permeability of jasperoid for mineralizing solutions.
The results of the Kolmogorov-Smirnov two-sample
test on 72 favorable samples and 41 unfavorable
samples are given in table 11.

The marked similarity in distributions of both
powder density and porosity in the two groups of
jasperoid samples suggests that these properties are
of no use as criteria for distinguishing favorable
jasperoid from unfavorable jasperoid. Furthermore,

TABLE 11.—Distribution of density and porosity in 72 favorable
and 41 unfavorable jasperoid samples
[Density determinations by R. F, Gantnier]

Cumulative

Frequency Proportion proportion
Differ-

ence

Favor- Unfavor- Favor- Unfavor- Favor- Unfavor-
able able able able able able

Density distribution (percent)
[D=0.080 at 2,656—-<2.70; Ds(0.10) =0.237; D<Ds(0.10), is not significant?]

Density:

<2.60 17 9 0.236 0.219 0.236 0.219 0.017
2.60-<2.65 19 14 .263 342 499 561 062
2.65-<2.70 4 3 .0565 073 554 .634 .080
2.70-<2.75 11 4 153 .098 707 732 .025
2.756-<2.80 b 4 .070 .098 77 .830 .053
2.80-<2.85 2 1 .028 024 .805 .854 .049

>2.85 14 6 195 .146 1.000 1.000

Porosity distribution (percent)
[D=0.127 at 38— <5 percent; Ds(0.10)=0.. 237;
D<Ds(0.10), is not significant!]
Porosity:

<1 9 7 0.126 0.171 0.125 0.171 0.046
1-<3 22 10 306 244 .431 415 016
3-<5 15 4 .208 097 .639 512 127
5-<7 9 7 125 171 764 .683 .081
7-<9 6 8 083 195 .847 878 .031
9-<11 4 2 066 049 903 927 024

>11 7 3 097 073 1.000 1.000

1 D=greatest difference in cumulative proportions; Ds(0.10} =difference

required for statistical significance at 10 percent level.
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a series of check determinations on replicate sub-
samples from the same original specimen showed
variations of as much as 0.2 in both powder-density
and bulk-density determinations. This heterogeneity
of density distributions within a sample, coupled
with the narrow range of density values for both
groups of samples, suggests that density and poros-
ity measurements on jasperoid serve no useful pur-
pose beyond indicating the general range of these
properties in this type of rock.

A few selected samples of favorable and unfavor-
able jasperoid were subjected to differential thermal
analysis. The resulting curves showed no distinctive
patterns that would-be useful for distinguishing be-
tween the two types except for one highly favorable
unoxidized sample that contained much visible
pyrite and sphalerite.

Although none of the three physical properties
investigated proved useful in distinguishing between
the two types of jasperoid, it is possible that other
such properties, which were not determined, might
do so.

COMPARISON OF CHEMICAL COMPOSITION

Semiquantitative spectrographic analyses for 69
elements were made on 95 favorable jasperoid sam-
ples and 53 unfavorable jasperoid samples (most of
them from the oxide zone). Only 42 of these elements
(other than silicon) were present in detectable con-
eentrations in any of the samples analyzed, and only
28 were present in detectable concentrations in more
than 10 percent of the samples analyzed. The sensi-
tivity of the analytical method varies considerably
for different elements.

These elements may be classified, according to the
proportion of samples in which they occur in de-
tectable concentrations, as follows:

Percent of samples

Elements in which elements

Classification

of elements occur in detectable
concentrations
Ed

Al, Fe, Mg, Ca, Mn, Ti,

Ba, Cr, Cu......ooocvo Characteristic ... >90
Ni, Pb, Sr, V, Zr Common .............. 50-90
Na, Ag, As, B, Be, Bi,

Ga, In, Mo, Sb, Sn, Y,

Yb,Zn o Minor ............... 10-50
K, P, Cd, Ce, Co, Ge, La,

Nb, 8¢ e Sparse ...ooooeee. 2-10
Li, Nd, Ta, U, W....cccoocc...... Very sparse ........ <2

Significant differences in the distributions of char-
acteristic and common elements between favorable
and unfavorable jasperoid samples were also tested
statistically by the Kolmogorov-Smirnov two-sample
test, as summarized in table 12. Among the elements

TABLE 12.—Maximum difference in cumulative proportions of
characteristic and common elements between favorable and
unfavorable samples, and significance of this difference
[Data from semigquantitative spectrographic analyses by J. C. Hamilton]

=P at concentra-

Concentration tion C Difference Significance
Element C at whichD ——+———— D levell
occurs Favor- Unfavor- | SPr—3Puy |
(percent) able able

0.3 0.725 0.515 0.210 N.S.

1.5 .605 905 .300 0.01-.0001
.015 375 .130 245  .056-.02
15 .560 450 110 N.S.
.007 .370 275 .095 N.S.
.015 450 .540 .090 N.S.
.007 535 440 .095 N.S.
.0007 .395 535 .140 N.S.
.003 .355 .830 A75 .001
.0003 420 .350 .070 N.S.
.0015 210 760 550 .001
.0015 505 595 .090 N.S.
.0007 460 .280 180 N.S.
.0015 235 .350 115 N.S.

1N.S. indicates not significant.

of this group, concentrations of >0.003 percent cop-
per, >0.0015 percent lead, and >1.5 percent iron
are characteristic of favorable jasperoid. Mag-
nesium in concentrations >0.015 percent shows a
barely significant association with unfavorable jas-
peroid.

The minor elements, which were detected in less
than half the samples analyzed, require a somewhat
less conservative statistical test to evaluate sig-
nificant differences between the two groups of sam-
ples, because the Kolmogorov-Smirnov test requires
a difference of 0.23 between the cumulative propor-
tions for the two groups in order to attain the
threshold significance level of 0.10. Thus, an element
that was detected in 20 percent of the favorable
samples and in none of the unfavorable samples

TABLE 13.—Distribution of minor elements in 95 favorable
and 58 unfavorable jasperoid samples
[Data from semiquantitative spectrographic analyses by J. C, Hamilton]

Favorable! Unfavorable! X2
Detection
Element limit Computed Significance
{percent) + - + - value level?
0.03 17 78 9 44 0.007 N.S
00015 65 30 6 47 42,183 0.001
15 21 74 1 52 9.450 .01
003 15 80 10 43 063 N.S.
00015 19 76 15 38 .897 N.S.
0007 32 63 0 53 20.833 .001
00007 21 74 4 49 4.151 .05
0007 20 75 0 53 11.163 .001
0007 49 46 7 46  19.696 .001
015 18 77 5 48 1.677 N.S.
0015 23 72 0 53 13.404 .001
.0007 21 74 13 40 .017 N.S.
.00007 25 70 15 38 .005 N.S.
015 62 33 10 43 27485 .001

1Plus (+) indicates frequency of occurrence;
frequency of nonoccurrence.
2 N.S. indicates not significant.

minus (-) indicates
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would fail of significance by this test, although,
logically, such an element would certainly be con-
sidered as characteristic of favorable jasperoid.

Differences between minor-element distributions
for the two groups can be tested for significance
by returning to the chi-square test which was used
for the evaluation of color, texture, and accessory
minerals. For this test the two sample groups -are
dichotomized into those samples in which the ele-
ment was detected and those in which it was not, as
shown in table 13. The minor elements whose pres-
ence in detectable concentrations shows significant
differences in frequency .between the two groups
are: Ag, As, Bi, Ga, In, Mo, Sn, and Zn. All these
elements are more commonly detected in favorable
Jjasperoid than in unfavorable jasperoid.

No statistical test can evaluate the significance of
the sparse and very sparse elements in jasperoid.
Some of these (Cd, Co, Ge) appear only in analyses
of samples showing high concentrations of zine,
lead, silver, or copper, such that the sample would
clearly fall in the favorable category on the basis
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of its content of these more common metals. Others
(W, U) suggest areas of abnormally high concen-
tration of these metals, which could be of economic
interest. The detection of a sparse element in a
jasperoid sample is highly significar.t if deposits
containing that element are of commercial interest.

SUMMARY OF CRITERIA FOR EVALUATION OF
JASPEROID SAMPLES

The criteria for distinguishing favorable jasper-
oid from unfavorable jasperoid, together with the
scoring points for each criterion, are summarized in
table 14, in which the criteria are divided into three
categories—megascopic characteristics, microscopic
characteristics, and chemical composition. The
theoretical range for megascopic characteristics is
from +8 to —5; for microscopic and megascopic
characteristics it is from +17 to —11; and for
chemical composition it is from +52 to —3. Thus,
the highest possible combined score is +77, and the
lowest is —19. The observed range in the two groups
of samples was from +5 to —3 for megascopic

TABLE 14.—Evaluation of criteria for distinguishing between favorable and unfavorable jasperoid samples

[Rock-color designations are from Goddard and others (1948). >, greater than or equal to]

Megascopic characteristics

Microscopic characteristics

Criterion Significance level Score

Criterion Significance level Score

Color 68 Texture
Pink and light red (5R5%) . «coeeue Unfavorable.. 0.01 -2 Size range of quartz grains >10X.. Favorable...... 0.01 +2
Mediutil 51"ed and grayish red ... do............ 01 -3 Reticulated ...........coooooiiieeeieeees e do............ 01 +2
(5R57). Jigsaw puzzle Unfavorable.. .01 —2
Light brc;wn and medium brown Favorable...... 001 +3 Older minerals
(YR 2_;65 . \ Clay, montmorillonite group .......... Unfavorable. .10 -1
2—
Dark brown (BYR$573) wovvocrennnes e s [ T 1 +1 Pyrite ........ . . Favorable...... 05 +1
. Texture Sericite or hydromica ..........ccccoeoee Unfavorable.. .10 -1
Phaneritic .o Favorable...... 01 +2 Younger minerals
VUGEY oo saaeenrnes eeeenes do............ 01 +2 Calcite ........... Unfavorable.. .06 —1
Goethite ..o Favorable...... 01 +2
Jarosite emeeemeeeeeeemeeanneannes  amemneas do.....n..... 01 +2
Yellow-orange limonite ............c.co..... Unfavorable.. .06 -1
Chemical composition
Significant Higher concentration scores
Element concentration Significance Score Concentration Score Concentration Score Concentration Score
(percent) (percent) (percent) (percent)
>1.5 Favorable....... 0.01 +2
> 015 Unfavorable.... .05 -1 >0.15 -2 >1.5 -3
> .003 Favorable........ .001 +3 > .03 +4 > .3 +5 >3 +6
> .0015 .001 +38 > 015 +4 > 15 +5 >1.5 +6
> .00015 .001 +3 > 0015 +4 > 015  +5 > .15 +6
> .15 .01 +2 >1.5 +3
> .0007 .001 +3 > 007 +4 > .07 +5
> .00007 .05 +1 > .0007 +2 > .007 +3
> .0007 .001 +3 > 007 +4 > .07 +5
> .0005 .001 +3 > 007 +4 > .07 +5 > .7 +6
> .0015 .001 +3 > 015 +4 > .15 +5
> .015 .001 +3 > .15 +4 >1.5 +5
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characteristics, from +13 to —7 for microscopic
and megascopic characteristics, and from +36 to
—2 for chemical characteristics; the combined scores
ranged from a high +44 to a low of —8.

By comparing, the frequency distributions asso-
ciated with total scores for samples in the two
groups, it is possible to decide the total score at
which to draw the line between favorable and un-
favorable samples in the various categories so as
to minimize the number of samples that are mis-
classified. The sample frequency distributions for
megascopic characteristics are as follows:

Cumulative
Frequency Proportion proportion
Score Difference
Favor- Unfavor- Favor- Unfavor- Favor- Unfavor-

able able able able able able
<0 1 2 0.011 0.038 0.011 0.038 0.027
0 13 27 137 510,148 548 400
+1 4 2 .042 .038  .190 .586 .396
+2 40 19 421 357 611 .943 .332
+3 12 1 .126 019 7137 962 225
+4 18 2 .189 038 926 1.000 074
+5 7 0 074 L 1.000 .

Evidently the lower the score at which the line is
drawn between presumably favorable and presum-
ably unfavorable samples the larger will be the
proportion of actually unfavorable samples that will
be misclassified as favorable. In a field reconnais-
sance investigation of jasperoid bodies, however, one
would normally be more concerned about overlook-
ing favorable bodies than about needlessly sampling
unfavorable ones, and so the line might reasonably
be drawn between a score of 0 and a score of +1,
the point of maximum difference between the two
distributions. If the samples included in this study
had been classified on this basis, according to mega-
scopic criteria alone, only about one favorable sam-
ple out of seven would have been misclassified as
unfavorable, but nearly half (45 percent) of the
unfavorable samples would have been thrown into
the potentially favorable category. If all samples are
classified on the basis of the combined megascopic
and microscopic criteria, the maximum difference
between the two sample distributions comes at a
score of +2; if this is taken as the cutoff between
unfavorable and favorable, about one sample out of
five will be misclassified either way. By lowering the
cutoff to +1, the number of favorable samples mis-
classified as unfavorable will be cut to about one in
10, and the number of unfavorable samples called
favorable will increase to about one in three. The
changes in the proportions of misclassified samples
using various combinations of classification at the

TABLE 15.—Summary of percentages of misclassified samples
scored according to various combinations of classifications

Cutoff Favorable Unfavorable
score misclassified misclassified
(percent) (percent)

Classification

Megascopic alone ....ooccocceeeeeeeeeeee. >0 14.8 45.2
Megascopic plus microscopic ... >+1 10.6 37.7
Chemical alone ..o, >+5 10.5 13.2
Chemical plus megascopic .......... >+5 7.3 18.2
Complete classification ............. >+5 5.3 7.6

appropriate cutoff scores are summarized in table
15.

Table 15 illustrates how the discrimination be-
tween favorable and unfavorable jasperoid samples
improves as the number of criteria increases. It also
shows that a classification based on chemical criteria
alone is considerably better than one based on a
combination of megascopic and microscopic criteria;
and one based on a combination of megascopic and
chemical criteria is very nearly as good as one based
on a combination of all three categories. Figure 35
illustrates the relationship between scores for mega-
scopic plus microscopic criteria and scores for
chemical criteria on 148 samples. This classification
system may be further refined by grouping samples
on the basis of their combined scores as follows: 0
and <O0=unfavorable, +1 to <+5=probably un-
favorable, +5 to < +10=probably favorable, 410
to < +15=favorable, and > +15=highly favorable.

The practical evaluation of jasperoid bodies as ore
guides in an exploration program could be done in
three stages: (1) field sampling of jasperoid out-
crops that revealed at least one favorable mega-
scopic criterion, (2) analysis of these samples for
the 12 elements given in table 14, and (3) scoring
of these samples on their combined megascopic and
chemical criteria. In drill core and mines, a distine-
tion between oxidized and unoxidized jasperoids
should first be made and then the evaluation con-
tinued as above.

If thin sections of jasperoid samples can be pro-
cured more quickly and cheaply than chemical
analyses, microscopic criteria can also be used with
some gain in discrimination; however, in most cases
this gain would be offset by the cost of procuring
and studying the samples.

CHARACTERISTICS OF JASPEROID IN MAJOR
MINING DISTRICTS OF THE UNITED STATES

This chapter contains brief résumés of the avail-
able information on the characteristics of jasperoid
in each of the major mining districts where it is
prevalent. Much of the information has been ab-
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FIGURE 35.—Comparison of scores for megascopic plus microscopic criteria with scores for chemical criteria on all samples.
Field classification: X, unfavorable; e, favorable.

stracted from the literature; it is supplemented by
data on jasperoid samples studied by the author.

Ideally, a distriet résumé includes information on
the distribution, genesis, relationship to ore bodies,
physical appearance, microtexture, mineralogy, and
composition of jasperoid within the district. Un-
fortunately, such complete information is not avail-
able on all the major districts, but whatever
information is available is given in the aforemen-
tioned order for each district.

Major districts are here defined as those whose
total production is in excess of $100 million. The
nine such districts that are characterized by the
presence of conspicuous jasperoid bodies are dis-
cussed in order of total production as follows:

Production in
excess of—

District State(s)

Oklahoma, Kansas, Missouri.... $2,000,000,000

. Arizona $1,400,000,000
........ do $1,200,000,000
. Nevada . $800,000,000
Colorado ... $500,000,000
6........ Tintic-East Tintic.... Utah $400,000,000
o Gilman (Red Cliff).. Colorado ... ... $150,000,000
8 Aspen ..iiciiiceiee e do ..... $100,000,000
[T Eureka ..o.oocceecevvvnnnen Nevada $100,000,000

Bodies of jasperoid are present in some other

major districts, such as the Bingham district, Utah,
the Santa Rita district, New Mexico, and the Upper
Mississippi Valley district of Wisconsin and Iowa,
but they either are not a major feature of the altera-
tion or have not been described in the literature;
consequently, these districts are not included in this
list. The number in parentheses below district names
that head the following discussions indicates the
district number on the index map (fig. 1) and on
the maps for the individual States or areas (figs.
36-50).
TRISTATE DISTRICT, OKLAHOMA, KANSAS,

AND MISSOURI
(1, fig. 1; 2, fig. 36)

The Tri-State distriet covers a large region sur-
rounding the common corner of Oklahoma, Kansas,
and Missouri (fig. 36). In the first half of the 20th
century it was the largest producer of lead and zinc
ore in the United States. Most of the ore has been
produced from two subdistricts or fields, Miami-
Picher in Oklahoma and Joplin in Missouri, but the
mineralized region also extends well into south-
eastern Kansas and into many smaller areas of
western Missouri. Marine sedimentary rocks rang-
ing in age from Ordovician to Pennsylvanian have a
gentle northwesterly regional dip, which is modified
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FIGURE 36.—Map showing the location of large jas-
peroid-bearing mining districts in Missouri, Okla-
homa, Kansas, and Arkansas. 1, Northern Arkansas.
2, Tri-State; A, Miami-Picher field; B, Joplin field.

by numerous warps and open folds. A few persistent
northeast-trending faults occur in some parts of the
district. Lead and zinc sulfide deposits are largely
confined to the Boone Formation, a marine lime-
stone of Mississippian age that contains many chert
beds. Replacement ore bodies occur in long narrow
“runs” along breccia zones in the chert beds, where
sulfide ore forms a matrix cementing breccia frag-
ments of chert, and in wide thin irregular mantos,
locally termed “sheet ground,” that replace lime-
stone between two chert beds (Smith and Sieben-
thal, 1907).

DISTRIBUTION

The Tri-State region is characterized by many dif-
ferent types and ages of siliceous bodies in the
Mississippian limestone. The oldest of these bodies
is nodular chert, which is widely distributed in cer-
tain beds and is thought by most investigators to be
of syngenetic or diagenetic origin. The youngest re-
placement silica is dark gray to black and crypto-
crystalline; it commonly occupies an intermediate
position between sulfide ore and dolomitized lime-
stone. This variety is generally conceded to be jas-
peroid that is genetically related to sulfide mineral-
ization.

Two more distinctive forms of replacement silica,
widely distributed in the area, are intermediate in
age between the early chert and the late jasperoid.
One of these types is light gray, white, or buff, has a

porous appearance, and commonly contains in-
clusions of older chert. It has been called younger
chert by Fowler, Lyden, Gregory, and Agar (1935,
p. 108) and forms irregular replacement bodies in
the Boone Formation which are most abundant
around the fringes of ore bodies (A. V. Heyl, written
commun., 1967). The second type is yellow to brown,
massive, and cryptocrystalline. It is typically repre-
sented by the Grand Falls Chert Member of the
Boone. This variety forms distinctive stratigraphic
marker zones near faults and ore bodies; however,
in many unmineralized and unfaulted areas these
same stratigraphic units consist only of limestone
with chert nodules. Siebenthal (1915, p. 27) re-
garded the Grand Falls Chert Member as a jasperoid
replacement of cherty limestone, but many other
geologists who are familiar with the district con-
sider it to be a true massive chert bed. Both the
younger chert and the Grand Falls Chert Member
may be early unfavorable varieties of jasperoid, as
the terms are used here. However, their age, genesis,
and relationship to mineralization, if any, are in
dispute.

The late black jasperoid in the Tri-State district
shows a general distribution that is closely related
to that of the sulfide ore bodies, of which it is the
principal gangue. It cements older chert breccia in
the “runs,” and replaces limestone or dolomite be-
tween chert beds in the underlying “sheet ground.”
Lyden (1950, p. 1256-1257) stated that the jasper-
oid shows a zonal distribution with respect to the
“sheet ground” deposits in the Picher field, where it
surrounds a core of barren hydrothermal dolomite
and grades outward through unmineralized jasper-
oid into unreplaced limestone.

GENESIS

Most investigators agree that the late black Tri-
State jasperoid was formed by metasomatic replace-
ment of the carbonate host rock, that it was
deposited penecontemporaneously with sphalerite,
galena, and dolomite, and also, that most of the
silica was transported in dispersed colloidal form;
however, there is a considerable difference of
opinion as to the origin and composition of the
transporting solutions, the temperature and depth
at which deposition of silica took place, and the
form in which it was deposited. Smith and Sieben-
thal (1907, p. 14) concluded that meteoric waters
highly charged with silica and with ore metals in
the form of soluble sulfates moved downward along
the flanks of the Ozark uplift and deposited both
silica and ore in permeable zones in the limestones,
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whose high organic content reduced the metal sul-
fates to sulfides, causing them to precipitate. Sieben-
thal (1915, p. 42, 179, 183) presented the theory
that ore and jasperoid were both deposited from
ascending alkaline saline waters and that the silica
was deposited in colloidal form. Laney (1917, p.
108) also concluded that most of the silica was de-
posited as a colloid, but he did not speculate on the
nature of the transporting solutions.

Weidman (1932, p. 82-84) and Tarr (1933, p.
475-478) believed that jasperoid silica was derived
from ascending hydrothermal solutions of magmatic
origin and that it was deposited in the temperature
range of 100°-300°C. Tarr ascribed the origin of
jasperoid to precipitation of silica directly as quartz
from highly supersaturated solutions in preexisting
solution channels and caverns in the limestone be-
neath the overlying impermeable Pennsylvania
shale. He believed that precipitation was due largely
to the escape of volatiles (CO., and H.S) from the
transporting solutions, resulting from the sudden re-
lease of pressure when these solutions penetrated
the open solution channels. He conceded that replace-
ment of limestone by silica oceurred, but in his
opinion this replacement was subordinate to cavity
filling by precipitation. Bastin (1939, p. 108-110,
136, 142) concluded that the late black jasperoid
was deposited as quartz rather than colloidal silica
just before deposition of the sulfide minerals and
that the sulfides were deposited from hydrothermal
solutions of magmatic origin at temperatures of
about 130°C. McKnight (in Behre and others, 1950,
p. 58) stated “The ores are believed to have been
deposited by hydrothermal solutions of magmatic
origin.”

RELATIONSHIP TO ORE

The jasperoid bodies are closely related to sulfide
ore both spatially and genetically, forming the com-
mon. host rock for these sulfides, with which they
are penecontemporaneous. However, the Tri-State
district is also characterized by the presence of
widely distributed ‘‘chert” bodies. Fowler, Lyden,
Gregory, and Agar (1935, p. 108) recognized two
different ages of ‘‘chert,” both younger than the
Boone but older than the overlying Upper Mississip-
pian (Chester) rocks. The older chert appears to be
a true diagenetic bedded nodular chert, but the
younger ‘“‘chert” was formed by structurally con-
trolled replacement of limestone (A. V. Heyl, writ-
ten commun., 1967). The older chert is more limited
in distribution and occurs as breccia fragments in
the younger “chert,” which is abundant in the Boone
Formation throughout a vast region of northern

Arkansas, southwestern Missouri, and eastern Kan-
sas and Oklahoma. If these conclusions concerning
the age and origin of the younger ‘“chert” are cor-
rect, then I would consider it to be early unfavorable
jasperoid. However, both the age and mode of origin
of this chert have been disputed (Fowler and others,
1935, p. 151-163) ; there is general agreement only
that it is older than the jasperoid and unrelated to
the ore deposits.

APPEARANCE OF JASPEROID AND CHERT

The jasperoid is typically dark gray, dark brown,
or black, dense, and finely saccharoidal textured.
Locally, it exhibits rhythmic parallel banding in
various shades of gray. It weathers to a light gray
on the outcrop. In the transition zone between jas-
peroid and unreplaced carbonate host rock, where
the carbonate matrix has been leached, the rest of the
jasperoid silica is porous and spongy and crumbles
readily into quartz sand.

The older chert is dark brown, light gray or white,
and aphanitic with local concentric banding. It com-
monly contains abundant spherulitic inclusions of
chalcedony that impart an oolitic appearance to the
rock.

The younger ‘“chert” (Fowler and others, 1934)
is similar in appearance to the older, though it is
generally lighter in color and contains less chalced-
ony. It fills fractures in the older chert and re-
places the limestone, commonly preserving the
original bedding structure, and in many places it
contains abundant partly silicified fossils. It grades
outward into limestone through a zone of soft chalky
white material, locally called cotton rock (Fowler
and others, 1934).

MICROTEXTURE AND MINERALOGY OF JASPEROID
AND CHERT

The jasperoid matrix quartz consists of irregu-
larly interlocking grains (jigsaw-puzzle texture)
which range in diameter from about 0.03 mm to
<0.001 mm and which locally contain abundant
larger quartz laths elongated parallel to the ¢ axis.
These grains are randomly oriented, have a length-
to-width ratio of about 3:1, and some show pyra-
midal terminations; locally, they impart a reticulated
texture to the rock. Smith and Siebenthal (1907, p.
14) noted that incipient jasperoidization of the host
rock is marked by the presence of scattered quartz
crystals in the carbonate matrix. The Tri-State jas-
peroids locally contain, in addition to quartz, pene-
contemporaneous inclusions of dolomite, sphalerite,
and pyrite, and remnants of unreplaced calcite, as
well as interstitial films of carbonaceous material
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and clay. The sulfide inclusions are largely anhedral,
but most of the dolomite is in well-developed rhombs,
some of which contain poikilitic quartz-grain inclu-
sions.

The older chert exhibits abundant small oval
masses of light-brown fibrous chalcedony, and
sponge spicules in a matrix of aphanitic irregularly
interlocking quartz grains less than 0.02 mm in di-
ameter. It locally contains inclusions of pyrite,
marcasite, and tourmaline (Fowler and others, 1934,
p. 35, 45). According to Laney (1917, p. 101), many
of the quartz grains in the older chert show undula-
tory extinction that was probably induced by in-
ternal stress during crystallization from a colloidal
gel.

The younger ‘“‘chert” (Fowler and others, 1934) is
similar in texture to the older, but chalcedony and
sponge spicules are less abundant, and the chalced-
ony lacks the oval form which characterizes its
appearance in the older chert. Furthermore, the
younger “chert” contains numerous partly silicified
calcareous fossils that are absent in the older chert.

COMPOSITION OF JASPEROID AND CHERT

Numerous standard rock analyses of both chert
and jasperoid samples from the Tri-State district
have been published (Cox and others, 1916, p. 14;
Laney, 1917, p. 102; Fowler and others, 1934, p.
35-36), and a few of these are reproduced in table
7 of this report. Laney (1917, p. 103) noted that the
average jasperoid sample contains a little less silica
and a little more iron and aluminum than the aver-
age chert sample; also, that the jasperoid samples
showed greater ignition losses and contained ap-
preciable amounts of carbonaceous matter, which
is absent in the chert samples. F. E. Gregory (in
Fowler and others, 1934, p. 36) stated that samples
of older chert show more Al,Os, less CaCOg, and less
loss on ignition than do samples of younger
“chert”; also, he noted that samples of younger
“chert” are considerably more variable in composi-
tion than samples of older chert.

A semiquantitative spectrographic analysis of a
specimen of ore-bearing jasperoid from the Miami
shear trough in the Picher Field of Ottawa County
in northeastern Oklahoma showed surprisingly low
concentrations of indicator elements for a favorable
jasperoid; only copper and zinc were detected in
significant amounts.

CONCLUDING REMARKS

In spite of all the work that has been done in the
Tri-State district, the genesis and significance of
the younger ‘“‘chert” remain in dispute. The chert

may be of late diagenetic origin, it may represent
barren silicification along old structures in pre-
Pennsylvanian time, or it may represent a very early
barren stage of alteration related to the jasperoid
and sulfide mineralization, and thus be early un-
favorable jasperoid.

The undisputed jasperoids in the Tri-State district
are unusual in their relative uniformity and sim-
plicity. They exhibit only one major generation, con-
temporaneous with, or just preceding, the early
stage of sulfide deposition, in contrast to the jasper-
oid bodies of other major districts, such as Tintic
and Ely, which are marked by great diversity in
color, texture, mineralogy, composition, and age of
formation. Tri-State jasperoids also differ from most
other favorable jasperoids in their fine-grained tex-
ture, scarcity of vugs, and in their lack of high con-
centrations of most of the “indicator’” elements.

The fact that incipient jasperoidization is repre-
sented by disseminated quartz crystals in the car-
bonate host rock suggests that the first phase of
jasperoid formation was marked by the deposition
of silica from solution directly in the form of quartz,
although the deposition of colloidal silica as a hy-
drogel from solutions more highly charged with
silica must have followed shortly thereafter.

CLIFTON-MORENCI DISTRICT, ARIZONA
(2, fig. 1; 5, fig. 88)

The Clifton-Morenci district of southeastern Ari-
zona (Lindgren, 1905) is in an area in which Pre-
cambrian schist and granite are overlain by about
800 feet of lower and middle Paleozoic limestone and
shale with quartzite at the base. A few hundred feet
of Cretaceous shale and sandstone rests unconform-
ably on the Paleozoic sedimentary rocks. Porphyritic
igneous rocks ranging in composition from granite
to diorite were intruded along northeast-trending
fissures during the Laramide orogeny to form a
stock with associated dikes, sills, and laccoliths.
Strong younger faults of northeasterly trend broke
the intrusives and enclosing sedimentary rocks and
served as conduits for hydrothermal solutions that
deposited sulfide minerals. After a period of erosion
that denuded the intrusive bodies and exposed the
sulfide deposits to oxidation, the area was covered
by a thick series of volcanic flows, breccias, and tuffs
ranging in composition from rhyolite to basalt.

The sedimentary rocks were pyrometasomatically
altered by the Laramide igneous intrusions, and both
intrusives and sediments were later hydrothermally
altered along the northeast-trending faults and frac-
tures. In the area of most intense mineralization this
hydrothermal alteration took the form of propylitiza-
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tion and sericitization of the host rock, but jasperoid
replaced carbonate rock farther out in peripheral
zones.

DISTRIBUTION

The jasperoid bodies of the Clifton-Morenci
district are not mentioned in either of the two re-
ports that discuss the wallrock alteration of the dis-
trict in detail (Lindgren, 1905; Reber, 1916). This
discussion probably was omitted because the ore de-
posits are largely within the igneous rocks and con-
tact metamorphosed sediments, where the later
hydrothermal alteration resulted in propylitization
and sericitization rather than silicification of the host
rock. Jasperoid does, however, form replacement
bodies in the Cambrian and Ordovician Longfellow
Limestone south and southeast of the main mineral-
ized area. Lindgren (1905, p. 62-63) recognized the
replacement origin of these bodies, for in his descrip-
tion of the Longfellow Limestone he mentioned the
presence of a bed of buff te brownish-gray cherty
limestone, 110-200 feet thick, near the top of the
formation. His petrographic description of this rock
contains the following statement.

The chert occurs in irregular bands of nodules, which
under the microscope appear as an aggregate of greatly
varying grain. Some of it consists of irregular quartz grains,
while other parts contain much cryptocerystalline and fibrous
chalcedonic material. Ragged calcite grains lie embedded in
this mass, giving distinet evidence of the metasomatic origin
of the chert by replacement of calcite by siliceous waters.
Perhaps Lindgren did not consider this as true jas-
peroid because most of the rock he described does
not exhibit the reticulated texture characteristic of
the rock in the Aspen district of Colorado, for which
Spurr (1898) had coined the name “jasperoid.” The
broader definition of the term “jasperoid” as used
today was not commonly accepted until long after
the report of Lindgren (1905).

The six jasperoid samples from this district that
were examined during the present study all came
from brecciated zones along faults in the Longfellow
Limestone in the town of Morenci south and south-
east of the open pit.

GENESIS

Petrographic study of the jasperoid samples sug-
gests that the host limestone was recrystallized and
permeated by iron-bearing solutions in a reducing
environment, before the introduction of silica. Some
of the iron combined with carbonate to form siderite,
and some was precipitated as disseminated pyrite.
The earliest silica-bearing solutions were apparently
rather dilute, and locally permeated the recrystal-
lized host rock and precipitated silica in the form of

disseminated quartz crystals. This stage was closely
followed by a wave of solutions which were super-
saturated with both silica and iron and which also
contained potassium. These constituents replaced
the host rock, probably as colloidal gels, in an oxidiz-
ing environment. Desiccation of the gels was accom-
panied by minor movement along fractures and by
introduction of later silica, which formed dense
cherty jasperoid in some places and coarse vein
quartz in others. The youngest silica-bearing solu-
tions formed chalcedony as coatings on open cavities.

The available evidence suggests that much of the
jasperoid in the Clifton-Morenci district was formed
by replacement of favorable beds in the Longfellow
Limestone close to fractures that served as conduits
for the silicifying solutions, at relatively low tem-
perature and sufficiently close to the surface to be
within the zone of oxidation; also, that most of it
formed subsequent to the main period of sulfide min-
eralization in the district. Only a more detailed study
of these rocks can resolve the question as to whether
silicification was induced by spent hydrothermal so-
lution mingling with ground water or by much
younger ground water that had leached its constitu-
ents from the siliceous and ferruginous rocks closer
to the main center of mineralization.

APPEARANCE

The jasperoid is predominantly shades of red, yel-
low, and brown; it is commonly brecciated, with large
angular breccia fragments of older jasperoid in a
matrix of younger jasperoid heavily stained by ox-
ides of iron and manganese. Locally, the rock con-
tains numerous open vugs lined with quartz crystals,
and in some places it is cut by veinlets of coarse cal-
cite or vein quartz. The texture, however, is predomi-
nantly aphanitic.

MICROTEXTURE AND MINERALOGY

Four different textural varieties of quartz, in addi-
tion to the late chalcedony, can be distinguished.
From oldest to youngest these are as follows:

1. Dense, relatively homogeneous quartz that has
an average grain size of <0.005 mm, jigsaw-
puzzle texture, and anomalously low birefrin-
gence. Locally, it contains quartz pseudomorphs
after original dolomite rhomb inclusions. This
quartz forms small scattered breccia fragments
and is probably diagenetic or syngenetic chert.

2. Dense to locally vuggy, heterogeneous quartz
whose grain size ranges from 0.01 to 0.3 mm
and averages about 0.03 mm. This quartz
ranges in texture from xenomorphic to reticu-
lated, and it commonly contains clouds of car-
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bonate particles which indicate its origin by
replacement of the carbonate host rock. This
variety forms the matrix in some localities and
occurs as breccia fragments in others.

3. A generation of fine-grained heterogeneous jig-
saw-puzzle-textured quartz whose grain size
ranges from 0.003 to 0.05 mm and averages
about 0.005 mm. It is characteristically dense,
but vugs occur locally. This variety forms the
matrix in which breccia fragments of older
jasperoid and chert are locally incorporated.

4. A relatively homogeneous and coarse-grained
quartz that has a mean grain diameter of about
0.08 mm, a range of 0.04-0.3 mm, and a xeno-
morphic texture; it is notably clean and free of
inclusions. This youngest quartz fills veinlets
and lines vugs in the older jasperoid.

Veinlets and vug fillings of late fibrous chalcedony
are locally abundant. In one sample a vug lined with
late quartz was filled with chalcedony, which thus
seems to be the latest form of silica deposited and is
probably of supergene origin.

Other minerals that are associated with all the
varieties of jasperoid quartz, in the samples exam-
ined, are dolomite, siderite, calcite, sericite, pyrite,
hematite, goethite, limonite, and manganese oxides.
Dolomite was present as disseminated rhombs in the
chert (variety 1), but in the sample studied the
rhombs have been replaced by quartz. Siderite and
calcite form ragged unreplaced remnant inclusions in
the jasperoid quartz (varieties 2 and 3), and a
younger generation of coarse calcite also fills frac-
tures that cut the jasperoid. Clouds of carbonate
particles in some of the first-generation jasperoid
(variety 2) probably are calcite, but these particles
are too small for positive identification. Sericite ap-
pears to be contemporaneous with the first genera-
tion of jasperoid silica (variety 2); it forms small
flakes locally disseminated through the groundmass.
Original pyrite has been converted to limonite or
hematite pseudomorphs in the early jasperoid (va-
riety 2). From its petrographic relations, the pyrite
must be either older than, or contemporaneous with,
the enclosing silica; the quartz surrounding the
pyrite pseudomorphs is heavily impregnated with
contemporaneous iron oxides (hematite, goethite,
and brown limonite), and for this reason it seems
probable that pyrite was introduced before the silic-
ification of the enclosing limestone. The oxides of
iron and manganese form abundant penecontempo-
raneous inclusions in both older and younger jasper-
oid (varieties 2 and 8). These oxides also constitute
the matrix cement for jasperoid breccia fragments
or fill veinlets that cut the jasperoid in some piaces;

elsewhere, masses of iron and manganese oxides are
cut by veinlets of late quartz (variety 4) or calcite.
In general, hematite seems to be older than brown
limonite, which is older than goethite and manganese
oxide; but local departures from this sequence are
common.

COMPOSITION

Information available on the chemical composition
of the jasperoid of the Clifton-Morenci district is
limited to the results of semiquantitative spectro-
graphic analysis of the six samples in my collection.
All these samples contain abnormally large concen-
trations of lead and zinc; most are rich in iron, beryl-
lium, gallium, molybdenum, and silver; about half
are rich in magnhesium, manganese, copper, indium,
vanadium, and nickel; and one or two samples con-
tain abundant barium, bismuth, cobalt, and germa-
nium. The abundance of ore metals and indicator
elements in these jasperoids that are not closely as-
sociated with ore bodies is unusual. It seems reason-
able that the silica-bearing solutions passed through
previously formed sulfide ore bodies, leaching some
of these elements from the ore. When the silica later
precipitated as a colloidal gel, many of these elements
probably were adsorbed on the surface of the gel
particles and thus became fixed in the rock when the
gel desiccated and crystallized.

CONCLUDING REMARKS

The jasperoid bodies in the Clifton-Morenci dis-
trict and the surrounding area have not been studied
in detail. The results of this preliminary investiga-
tion, together with the information available in the
stratigraphic section of Lindgren’s report (1905, p.
62-63) on the district, suggest that these bodies are
concentrated in the upper part of the Longfellow
Limestone, that they are ycunger than the ore de-
posits, and that they were efficient accumulators of
ore metals leached from these deposits by solutions
moving through them along faults and fracture
zones. Thus, the study of jasperoids in the Longfel-
low Limestone in the area surrounding this district
might furnish clues to the occurrence of undetected
blind ore bodies in the vicinity.

BISBEE (WARREN) DISTRICT, ARIZONA
(3, fig. 1; 3, fig. 38)

The Bisbee district is in the south-central Mule
Mountains near the southeast corner of Arizona.
Here, Precambrian schist and granite are overlain
by about 5,200 feet of rocks which range in age from
Cambrian to Pennsylvanian and which consist large-
ly of limestone above a basal quartzite. These rocks
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are truncated by an erosional unconformity and are
overlain by about 5,000 feet of Cretaceous sedimen-
tary rocks which consist largely of conglomerate,
sandstone, and shale and which contain a thick
limestone bed near the top. The Paleozoic rocks were
complexly faulted and intruded by siliceous porphy-
ritic rocks, which resulted in the formation of nu-
merous dikes, sills, and, at Sacramento Hill, a small
granite porphyry stock. This stock, which lies on the
east-trending Dividend fault, intrudes Precambrian
schist on the north and Paleozoic limestone on the
south. It is a focal point for much of the faulting,
alteration, and mineralization in the district. Tec-
tonic movement, subsequent to the igneous intru-
sions and major period of mineralization, produced
thrust faults and related high-angle faults that cut
the Cretaceous rocks. Copper ore is disseminated
in the altered porphyry of the Sacramento stock,
and sulfide replacement ore bodies are localized along
faults in the limestone south of the Dividend fault.

DISTRIBUTION

Jasperoid breccia forms a nearly continuous belt in
the limestone adjacent to the Sacramento stock east-
ward from the vicinity of the Gardner shaft. This
belt, which is irregular both vertically and horizon-
tally, grades outward into recrystallized limestone
200-1,000 feet from the porphyry contact (Ransome,
1904, p. 83-131, pls. I, III; Bonillas and others, 1917,
p. 319). Irregular pods and lenses of jasperoid brec-
cia are also widely distributed throughout the dis-
trict, especially along faults and fractures, where
these cut favorable beds in the Paleozoic limestone.
Some major centers of jasperoidization mentioned
in the literature are (1) the area of the lower work-
ings of the Lowell mine (Ransome, 1904, p. 131;
Bonillas and others, 1917, p. 319); (2) the vicinity
of the Czar fault where it crosses Hendricks Gulch;
(3) in Uncle Sam Gulch above the mine and adjacent
to a granite porphyry contact (Ransome, 1904, p.
83; and (4) just above the contact between the
Martin and Escabrosa Limestones in Abrigo Canyon
(Ransome, 1904, p. 97, pls. I, III). One type of jas-
peroid is commonly found in the vicinity of sulfide
replacement deposits, and tends to occur at various
distances above them along the plane of the con-
trolling fault or fracture, particularly in cherty zones
in the limestone (Trischka, 1938, p. 36). Bonillas,
Tenney, and Feuchére (1917, p. 320) stated that jas-
peroid bodies related to porphyry intrusions are
more abundant in the Abrigo and Martin Limestones
than in the Escabrosa Limestone. However, Trischka
wrote that the fault- and fracture-controlled jasper-
oid breccias are most abundant in the Escabrosa.

Bodies of jasperoid breccia are found in all the
Paleozoic formations in the district.

A distinctly younger type of jasperoid, which
Trischka (1928, p. 1048-1050) described and termed
“pboxworks silica,” is concentrated along post-
Cretaceous faults and fractures. It is most abundant
in the coarse Cretaceous conglomerates resting on
the pre-Cretaceous erosion surface, although it also
occurs a short distance below this surface in the
Paleozoic limestone and a short distance above it
in the Cretaceous shale and sandstone.

GENESIS

Both types of jasperoid in the district are consid-
ered by Trischka (1928, p. 1045-1049) to be of hypo-
gene hydrothermal origin. According to Bonillas,
Tenney, and Feuchére (1917, p. 319-320), the source
of the hydrothermal solutions that silicified and
otherwise altered the porphyry stock and the Paleo-
zoic limestone along its southern margin was within
or beneath the stock and genetically related to it.
The various authors who have studied the district
generally agree that a close genetic connection exists
between this hydrothermal alteration and the pri-
mary ore mineralization which closely followed it,
both within and adjacent to the stock, and outward
from it along faults and fractures related to the in-
trusion. The general sequence of events appears to
have been (1) faulting before igneous intrusion;
(2) forceful intrusion of the stock and related dikes
and sills, accompanied by further faulting and minor
contact metasomatic silication of limestone adjacent
to the stock; (3) crystallization and solidification of
intrusive rocks; (4) further fracturing of intrusives
and host rocks; and (5) hydrothermal alteration by
fluids moving through these fractures, beginning
with sericitic and chloritic alteration, progressing
through hematitic alteration and silicification, and
culminating with sulfide deposition.

The early “silica breccia” type of jasperoid result-
ing from this process was thought by Trischka (1928,
p. 1047-1048) to have formed in the following man-
ner. Brittle limestone beds were dragged apart,
fractured, brecciated, and ground during faulting,
producing a highly permeable breccia of angular
limestone fragments in a matrix of powdered lime-
stone. This powdery matrix was first recrystallized
to coarse calcite and impregnated with red hematite
by the mineralizing solutions. Both the matrix and
the breccia fragment inclusions were then completely
replaced by silicia, forming a dark-red aphanitic iron-
silica matrix cementing creamy-white silicified lime-
stone breccia fragments and, locally, gray breccia
fragments of unreplaced primary chert. The com-
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pleteness of the replacement, the angularity of the
breccia fragments, the preservation of original tex-
tures and fossils in these fragments, and the general
absence of vugs in the matrix led Trischka (1928,
p. 1049) to conclude that silicification was a slow
volume-for-volume replacement process without prior
solution of caleium carbonate.

The late “boxworks silica” type of jasperoid orig-
inated also from hydrothermal silica-bearing solu-
tions, according to Trischka (1928, p. 1048-1050).
He expressed the opinion that it was formed by
rapidly moving hydrothermal solutions, ascending
along open fractures; these solutions partly dissolved
and partly replaced the calcareous matrix and rock
fragments they encountered. Later weathering and
leaching away of the unsilicified remnants contrib-
uted to the rough vuggy texture that is character-
istic of this rock. The ultimate source of these late
siliceous emanations was not discussed, beyond the
statement that they are later than, and unrelated
to, the mineralizing solutions that produced the pri-
mary ore deposits.

RELATIONSHIP TO ORE

The early ‘“silica breccia” type of jasperoid of
Trischka (1928, p. 1047-1048) is thought by him
to be related both genetically and spatially to sulfide
replacement deposits in the Paleozoic limestones,
and thus is of the favorable type. In contrast, the
late “boxworks silica” type appears to be unrelated
to ore, and is consequently unfavorable. Bodies of
favorable jasperoid generally lie above the sulfide
replacement deposits. In some places the sulfides are
within the jasperoid, or immediately adjacent to it,
and locally they penetrate it along small veinlets
(Hogue and Wilson, 1950, p. 26; Mitchell, 1921, p.
248). Elsewhere, the ore bodies are at some distance
from the jasperoid down the feeding fissure. The
jasperoid then serves only as an indicator of sulfide
deposits in the general vicinity, rather than in imme-
diate proximity (Trischka, 1928, p. 1048).

In many places within the zone of oxidation the
primary sulfides of iron, copper, and zinc have been
leached from jasperoid, leaving porous soft and yield-
ing masses of silica, or, where the leached jasperoid
has been crushed under the weight of the overlying
rocks, pockets of coarse sand containing cerussite.
One such mass of leached jasperoid in the Lowell
mine was described by Ransome (1904, p. 131). Lay-
ers of chalcocite and crystals of cerussite locally
partly fill voids in the oxidized jasperoid (Mitchell,
1921, p. 248). Trischka (1938, p. 37) described a lo-
cality in Hendricks Gulch in which gold was suffi-

ciently concentrated in a pocket of jasperoid sand to
produce a minable ore body.

APPEARANCE

Bodies of jasperoid in the district form rough
and irregular outcrops. Ransome (1904, p. 83) de-
scribed them as “a rusty, cavernous siliceous rock,
looking superficially not unlike a weathered amygda-
loidal lava.” According to Trischka (1928, p. 1045;
1938, p. 34), these outcrops form continuous veinlike
bodies as much as 40 feet wide and 30 feet high in
some places; elsewhere, they are smaller irregular
pods strung out discontinuously along faults and
fractures. The silica breccia type of jasperoid is gen-
erally a dark-red aphanitic rock containing conspic-
uous angular inclusions of white or cream-colored
silicified limestone and, locally, of gray chert. In
many places this rock has been repeatedly fractured
and recemented with later silica, forming a network
of quartz veinlets.

The late jasperoid (boxworks silica) was described
by Trischka (1928, p. 1045, 1049) as a pale-yellow or
pink rock with abundant open cavities, which are
commonly coated with small quartz crystals. This
siliceous matrix cements rounded, corroded, and
partly replaced pebbles and breccia fragments of
limestone and other rocks. It forms smaller bodies
than the older jasperoid, but they are distributed
over a larger area.

Four jasperoid samples from the Bisbee district
are included in my collection. Three of these samples
are of the older jasperoid, and one is of the younger
jasperoid.

Two of the older jasperoid specimens are definitely
favorable, having been collected from surface expo-
sures above known ore bodies. One of these specimens
is derived from Martin Limestone of Devonian age
near the Dividend fault a short distance east of its
junction with the Czar fault; the other is derived
from Naco Limestone of Pennsylvanian age in a
breccia zone along the Junction fault. Both samples
are similar in appearance, consisting of shattered
and brecciated dense white and gray silicified lime-
stone cemented by veirlets and interstitial masses
of dark-red hematite and silica, with local small
patches of green malachite.

The third sample of older jasperoid is from a re-
placement of Mississippian Escabrosa Limestone
along a roadcut about a mile east of Don Luis. This
body is not related to any known ore deposits. The
sample differs from the other two in that it is mas-
sive, pinkish gray, is cut by veinlets of coarse-grained
calcite, and contains little hematite. It resembles the
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two favorable jasperoid samples in its aphanitic
texture.

The sample of late unfavorable jasperoid came
from Cambrian Abrigo Limestone along the Black
Gap fault a short distance south of the contact be-
tween the Paleozoic rocks and the unconformably
overlying Cretaceous rocks. It consists of partly
rounded breccia fragments 1-3 inches in diameter of
pale-brown slightly vuggy fine-grained silicified lime-
stone in a matrix of fine-grained white quartz con-
taining irregular open vugs as much as a quarter of
an inch in diameter.

MICROTEXTURE AND MINERALOGY

The groundmass in all three samples of older jas-
peroid consists of dense, relatively homogeneous aph-
anitic quartz that has a jigsaw-puzzle texture and
an average grain size of about 0.01 mm.

The two samples of favorable jasperoid have a
groundmass locally impregnated with red hematite
dust particles. This matrix is cut by veinlets and
irregular masses of late homogeneous xenomorphic
quartz that has an average grain diameter of 0.05
mm. Locally, masses of this late quartz, which line
the walls of original cavities between breccia frag-
ments of the fine-grained matrix jasperoid, have cores
of flamboyant fibrous chalcedony. In one sample the
walls of fractures that cut the matrix are locally
coated with small fibrous masses of brochantite,
which are enveloped by late xenomorphic quartz that
fills the fracture. These quartz stringers are cut by
later fractures partly filled with porous red hematite,
and these, in turn, are cut by thin veinlets of mala-
chite. Thus, a rather complex history of supergene
mineralization is revealed.

The aphanitic groundmass in the third sample of
older jasperoid contains irregular remnant grains
of calcite and also a few grains of specular hematite
that appear to be either contemporaneous with, or
slightly younger than, the quartz. The matrix is cut
by veinlets of coarse calcite as much as a centimeter
wide and by narrower younger veinlets in which cal-
cite is mixed with opaque brown limonite. This sample
does not contain any of the late xenomorphic quartz
that is prevalent in the other two, older, jasperoid
samples.

The sample of late unfavorable jasperoid from the
Black Gap fault, east of Bisbee, differs strikingly
in its microtexture and mineralogy from the samples
of older jasperoid. The breccia fragments are com-
posed of heterogeneous xenomorphic quartz grains
whose diameter ranges from 0.005 to 0.1 mm and
averages about 0.02 mm. Inclusions of carbonate
particles are common, and sparsely scattered through

the groundmass are sericite flakes and larger masses
of coarse-grained relict carbonate with high relief
(probably ankerite or siderite). Small vugs are
abundant, and some of these are lined with xenomor-
phic quartz having a mean grain diameter of about
0.1 mm. The matrix quartz that cements the breccia
fragments has a heterogeneous granular to xenomor-
phic texture and a grain diameter that ranges from
0.015 to 0.1 mm and averages about 0.03 mm. It
contains sparse allophane particles, but no carbonate.
Vugs in the matrix are larger than those in the
breccia fragments, and are lined with heterogeneous
jigsaw-puzzle-textured quartz, which has a grain
diameter that ranges from 0.005 to 0.05 mm and
averages 0.02 mm, and which contains carbonate
particles.

The appearance of this sample under the micro-
scope clearly reveals its true identity, in contrast
to the older jasperoid samples which closely resem-
ble brecciated chert.

COMPOSITION

Semiquantitative spectrographic analyses were
made on splits from each of the four samples pre-
viously described. All four samples show abnormally
high concentrations of nickel and lead. The two fa-
vorable samples contain abundant iron, copper, vana-
dium, and yttrium, and one of these two is also rich
in silver, bismuth, and ytterbium ; the other contains
unusual quantities of lanthanum. Strontium is con-
centrated in one favorable sample and in the unfa-
vorable sample of older jasperoid; the latter sample
is the only one of the four to show an abnormal
amount of manganese. Beryllium and molybdenum
both show slightly larger-than-normal concentrations
in one of the favorable samples and in the sample
of late unfavorable jasperoid. Zirconium is the only
element present in abnormal amounts in this sample
of younger jasperoid but not in any of the older
jasperoid samples.

The evidence furnished by these four samples is
insufficient to warrant any conclusions as to diag-
nostic indicator elements associated with favorable
jasperoids in this district. However, it does suggest
the possibility that one or more elements of the group
that includes copper, silver, bismuth, lanthanum, va-
nadium, yttrium, and ytterbium, which were abnor-
mally concentrated only in the favorable samples,
might be useful for this purpose. Zirconium might
be a useful element to distinguish the late unfavor-
able jasperoid.



CHARACTERISTICS OF JASPEROID IN MAJOR MINING DISTRICTS OF THE UNITED STATES 67

CONCLUDING REMARKS

The jasperoids of the Bisbee district are unusual
in that the color and texture that are generally
indicative of unfavorable jasperoid are here associ-
ated with the favorable type, whereas the color and
texture that would normally lead one to suspect
favorable jasperoid are characteristic of the late un-
favorable type. Nevertheless, the two types are gen-
erally distinguishable by color, texture, and mode of
occurrence, and the use of jasperoids as a tool in the
search for new ore bodies seems to have considerable
promise in this area.

ELY (ROBINSON) DISTRICT, NEVADA
(4, fig. 1; 19, fig. 44)

Near the town of Ely, in the Egan Range of east-
ern Nevada, Paleozoic sedimentary rocks, consisting
largely of limestone and shale, have been arched
into a broad east-trending anticline, transverse to the
trend of the range (Spencer, 1917). The western part
of the axial area of this anticline is cut by low-angle
thrust faults; near the center it is broken into alter-
nating horsts and grabens by north-trending normal
faults, and farther east, by minor faults along its
flanks and across its axis. Major faulting was fol-
lowed by the intrusion of a series of dikes, stocks,
and sills of Tertiary monzonite porphyry along the
trend of the anticlinal axis. These intrusive rocks
together with the enclosing host rocks, were com-
plexly shattered by renewed fault movement, hy-
drothermally altered, and mineralized with the dis-
seminated porphyry-type copper deposits for which
the district is famous; at the same time, replacement,
vein, and breccia-type deposits of copper, lead, zinc,
silver, and gold were formed in the Mississippian,
Pennsylvanian, and Permian shales and limestones
in the vicinity of the intrusives. After a long erosion
interval, rhyolite was both intruded and extruded in
the area, the extrusive flows partly covering the
mineralized monzonite porphyries.

DISTRIBUTION

Irregular bodies of jasperoid are abundant in the
western and central parts of the district (Spencer,
1917, pls. 6, 10). They range in size from small bodies
covering a few hundred square feet to huge masses
that can be traced for several thousand feet along
the outcrop and are as much as 1,500 feet wide in
places. Many of them either are at the contact of
the monzonite porphyry with the enclosing limestone
and shale or they cap ridges within the porphyry,
but some form replacements in limestone at a con-
siderable distance from the contact; the latter tend

to form elongated veinlike bodies or ‘“reefs” along
fault and fracture zones. Lawson (1906, p. 325) con-
cluded that the jasperoid originally formed a discon-
tinuous and irregular envelope along the sides and
over the top of the monzonite porphyry stocks, sep-
arating them from the adjacent sediments. He also
noted (p. 329) that many jasperoid bodies terminate
abruptly “at no great depth.”

GENESIS

The close spatial association between the monzo-
nite porphyry intrusives and many of the larger jas-
peroid bodies in the district, noted by Lawson (1906)
and also by Spencer (1917, p. 51), may indicate that
much of the jasperoid in the Ely district is geneti-
cally related to these intrusives rather than to the
subsequent hydrothermal alteration and mineraliza-
tion. However, many of these large bodies locally con-
tain chalcopyrite and pyrite; hence, they may also be
favorable jasperoid of hydrothermal origin (A. V.
Heyl, written commun., 1967), or they may also be
older jasperoid that was locally mineralized by the
ore-stage fluids. This silicification along the intrusive
contacts must have occurred after the crystallization
of the intrusives, because the porphyry as well as
the host rock has locally been converted to jasper-
oid, and in some places jasperoid overlies remnants
of contact metasomatic garnet rock.

Some of the jasperoid bodies are localized by faults
and fracture zones rather than by proximity to in-
trusive contacts, and some contain disseminated sul-
fides of their oxidation products; this fact suggests
that a considerable amount of late jasperoid silica
was also introduced by hydrothermal solutions pre-
ceding or accompanying ore mineralization. Such a
theory is further supported by the presence of two
or more distinct generations of quartz in many
samples from the district.

On the basis of studies of fluid inclusions in jas-
peroid quartz, Spencer (1917, p. 63) concluded that
the Ely jasperoids formed at minimum temperatures
between 160° and 270°C, and that the replacement
of limestone by silica was accomplished by cooling
solutions, since the replacement reaction is exother-
mic, evolving 2,600 calories for each gram of calcite
replaced. He (p. 64-69) also expressed the opinion
that the early siliceous emanations, containing H,S,
HCO;, KOH, F, Fe, and Cu, were slightly acid, that
they became alkaline through reaction with the host
rock as silica and sulfides were deposited, and that
they finally were neutralized as they cooled.

RELATIONSHIP TO ORE
The early jasperoid, related to the monzonite por-
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phyry intrusives, is generally unfavorable, according
to Lawson (1906, p. 329) and Spencer (1917), al-
though locally it has been mineralized by later hy-
drothermal solutions. Lawson (p. 329) reported that
numerous outcrops of “blout” (jasperoid) in the dis-
trict have been explored, and that most of them do
not contain ore, except for small pockets and coat-
ings of secondary copper minerals and remnants of
disseminated pyrite. Spencer (p. 74), on the other
hand, distinguished between a porous brecciated rub-
bly type of jasperoid that was associated with sul-
fide mineralization and a dense massive resistant
type of jasperoid that was unrelated to ore. Most of
the unoxidized ore-related jasperoids contain dissem-
inated pyrite and chalcopyrite, although chalcocite-
bearing jasperoid is found in the Veteran and Boston-
Ely mines. Some small fracture-controlled jasperoid
bodies in unmetamorphosed limestone lie above pock-
ets of chalcocite ore, Most of the favorable jasperoids
are associated with copper ore bodies in the western
and central parts of the district; however, outlying
jasperoid bodies also occur in the vicinity of silver-
lead-zinc-, and gold-bearing galena-sphalerite replace-
ment deposits in limestone (Spencer, 1917, p. 51, 99,
122-123, 128).

My jasperoid samples from the Ely district display
a great variety of colors and textures and also a wide
range in scores for favorability. However, those at
the low end of the favorability scale with scores of
<5 and those at the high end with scores of >18
are distinctive. The unfavorable samples, which prob-
ably represent Spencer’s dense massive resistant
type, are light gray or yellowish gray and have an
aphanitic texture. The highly favorable samples,
which probably represent his porous brecciated rub-
bly type, are heavily impregnated with moderate-
brown to dark-brown iron oxides on the outerop, and
they are porous, vuggy, and coarse grained.

APPEARANCE

Lawson (1906, p. 327-329) recognized four varie-
ties of “blout” (jasperoid) in the Ely district, which
he classified as compact and massive, cavernous
weathering, brecciated, and cellular, and which he
described as follows. The compact and massive vari-
ety, the most abundant, is glassy, white or pale yel-
low, and it locally resembles a massive quartzite. It
commonly has a bedded appearance, and adjacent
layers are different in both color and texture. This
layering is inherited from the bedding of the host
limestone. In most places the outcrops are heavily
stained with iron oxide. This rock weathers into
rounded knobs or breaks down into talus of irregular
angular blocks. The cavernous-weathering variety

weathers into very irregular forms ‘“with rugged
chambers and straggling channels,” in the bottoms
of which unaltered remnants of limestone occur lo-
cally. The brecciated variety consists of angular frag-
ments ranging from minute particles to blocks 4
inches in diameter, cemented in a matrix of quartz
or, less commonly, of calcite. The breccia fragments
are predominantly light colored, whereas the matrix
characteristically consists of red or dark-yellow jas-
per. The cellular variety is light colored and porous,
and it weathers to a rubble of small fragments. It
represents silicified porphyry rather than silicified
limestone, and it locally preserves textures of the
porphyry and grades into unsilicified porphyry.

Spencer (1917, p. 74) emphasized two major types
of jasperoid in the district, a massive barren variety
and a porous friable sulfide-bearing variety. The bar-
ren type weathers to form prominent outerops, in
contrast to the sulfide-bearing type which breaks
down into a rubble of small angular fragments
stained rusty brown from oxidation of the pyrite.

My collection from the Ely district consists of 26
samples of jasperoid, all of which were derived from
limestone. Twenty-one of these samples are in the
vicinity of ore deposits and were classified as favor-
able; five are not associated with any known ore de-
posits and were classified as unfavorable. Two of the
unfavorable samples were collected at the site of the
old town of Ruth, one came from Verzan Canyon
half a mile north of the east end of the Ruth ore
body, and the remaining two from the east-trending
ridge northeast of Weary Flat about a mile north of
the Liberty Pit. All five are aphanitic o fine grained
and fractured; one has been brecciated and rece-
mented with younger silica. Their color on weathered
surfaces ranges from pale yellow to grayish brown
and on fresh surfaces, from light yellowish gray
through light gray to medium gray.

Four of the favorable samples came from the area
of the Veteran and Boston-Ely mines at the west
end of the district, and two from small mines 1-114
miles northeast of Lane at the east end; the re-
mainder were collected at various localities in the
central part of the district (south of the Liberty Pit,
in the vicinity of the Ruth ore body, and in the vi-
cinity of the Jupiter mine). This group shows a much
wider range in both color and texture than does the
barren sample group. The weathered surfaces are
predominantly brown, in various shades ranging
from light yellowish brown through moderate brown
and dark brown to very dark brownish gray, almost
black; one sample is brick red, and two or three are
predominantly light gray. On fresh fractures a few
of the brown-weathering samples are light to mod-
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erate gray or variegated brown and gray, but most
of them show the brown color on fresh exposures as
well as on weathered surfaces. Most of these samples
are aphanitic to fine grained, but otherwise they are
not consistent in texture; some are dense and mas-
sive, some are, brecciated, some are vuggy; some
weather to relatively smooth surfaces and some to
very rough uneven surfaces. The 10 samples from
this suite that scored +19 or higher on the basis
of concentration of indicator elements are more
similar in appearance; all are vuggy, rough weather-
ing, and heavily stained with moderate- to dark-
brown limonite.

MICROTEXTURE AND MINERALOGY

Spencer (1917, p. 51, 100-101) reported that the
typical jasperoid of the Ely district consists of fine-
grained quartz aggregates that locally contain abun-
dant tiny vacuoles, some of which are partly filled
with fluid. A few of these fluid inclusions also con-
tain very minute crystals of halite or sylvite. Chai-
cedony is locally abundant; it is younger than the first
generation of matrix quartz, but older than some of
the late quartz. Other common accessory minerals in
the jasperoid are fluorite, apatite, calcite, mica, and,
locally, pyrite and chaleopyrite. Spencer (1917, p.
117) also reported that a variety of ore-bearing jas-
peroid from the Veteran mine also contains rutile,
magnetite, pyrrhotite, and chalcocite.

Most of my jasperoid samples from the Ely
district range in grain size from 0.01 to 0.1 mm,
although a few are as much as 1 mm in diameter.
Fluid inclusions are present in some of the coarse-
grained samples. All the common jasperoid fabric
textures discussed on pages 11-15 of this report
are represented in the suite of Ely samples. Xeno-
morphic and jigsaw-puzzle textures are most abun-
dant, but granular, reticulated, and fibrous textures
are also present. Most of the samples exhibit at least
two distinet generations of jasperoid quartz, and
some show as many as four generations. In general,
the older generation is granular to xenomorphic in
texture and somewhat coarser grained than the
younger generation, which commonly exhibits a
jigsaw-puzzle texture. These observations tend to
support the theory of early high-temperature, dif-
fuse, siliceous emanations, from which silica probably
deposited directly in the form of quartz, followed by
late denser and cooler hydrothermal silica-bearing
solutions from which silica deposited as a colloidal
gel, giving rise to an aphanitic jigsaw-puzzle texture
in the resulting jasperoid. Local exceptions, in which
the latter type is followed by coarser xenomorphic
or reticulated jasperoid, may indicate that late-stage

hydrothermal solutions with lower silica concentra-
tion were in contact with previously silicified and
therefore nonreactive rocks, again resulting in rela-
tively slow deposition of SiO, as quartz. These ex-
ceptions are economically important because a late
stage of coarse vuggy xenomorphic to locally reticu-
lated quartz is characteristic of the most highly fa-
vorable type of samples in the Ely suite.

In thin sections cut from 25 jasperoid samples
from the Ely district, 21 minerals, in addition to
quartz, were identified. In order of decreasing abun-
dance these are (1) chalcedony, hematite, and li-
monite (10 samples) ; (2) allophane dust and goethite
(eight samples); (8) jarosite and calcite (six sam-
ples); (4) carbonate dust (five samples); (5) seri-
cite, kaolinite, apatite, fluorite, and pyrite (three
samples); (6) hydromica, halloysite, opal, and
sphene (two samples) ; and (7) lussatite, zircon, sid-
erite, and cerussite (one sample). The age relations
of these 21 minerals to the jasperoid quartz are
broadly indicated in table 16.

The samples were divided, on the basis of their
indicator-element content, into three groups as fol-
lows: Highly favorable (score >=+19), intermediate
(score <+19 but >+5), and unfavorable (score
< +5). This classification resulted in 10 samples
in the first group, 10 in the second, and five in the
third. The seven most abundant minerals (those rec-
ognized in more than five samples) were then classi-

TABLE 16.—Age relations of minerals in Ely district jasperoid
to the jasperoid quartz

Older? Contemporaneous? Younger?

Apatite
Zircon
Siderite +
Sericite . +
Pyrite .o + +
Hydromica . +
Sphene .....ooocviieeenne
Calcite (carbonate dust)
Allophane
Hematite
Limonite

Goethite .......
Chalecdony ...
Kaolinite
Halloysite ...
Fluorite ...

Jarosite .....

Cerussite
Opal
Lussatite .......

R L R R T e

1 Older than the first generation of jasperoid quartz.

2 Formed simultaneously with a major generation of quartz or between
two major generations.

3 Formed after the youngest major generation of jasperoid guartz, but
not necessarily after the youngest quartz veinlets and vug linings,
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fied as to the proportion of the total samples in each
group in which they occur, as follows.

Frequency (as percent of total group)

Mineral Highly
favorable Favorable Unfavorable
Jarosite ..o 50 10 0
Goethite ..... .. 30 50 0
Limonite ... .. 60 30 20
Hematite ...... 40 50 20
Chalcedony ... 30 50 40
Allophane . 20 50 20
Calcite ... . e 80 20 20

This limited amount of data suggests that among
the more abundant minerals only jarosite, goethite,
and possibly limonite are significantly more common
in the favorable variety of Ely district jasperoid
than in the unfavorable variety.

COMPOSITION

Spencer (1917, p. 117) reported a quantitative
chemical analysis of a composite sample of ore-
bearing jasperoid from the Veteran mine. This jas-
peroid contained rutile, magnetite, pyrrhotite, and
chalcocite, which are not present in most jasperoids
of the district, and therefore does not represent ordi-
nary Ely district jasperoid. The analysis is as fol-
lows:

Element Percent Element Percent

79.11 0.81

3.82 2.68

44 .81

.69 42

1.19 13.01

.62 12.55

.31 12.64

54 99.64

1In sulfide inclusions.

Semiquantitative spectrographic analyses were
made of splits from the 25 samples studied in the
present investigation, and in one or more of these
samples 33 elements other than Si were detected, as
shown in table 17,

The actual relative abundance of these elements
is difficult to evaluate, because many of them have
highly irregular frequency distributions and because
the limit of sensitivity of the analytical method
varies widely from element to element. This evalua-
tion difficulty is illustrated by table 18, in which the
15 most abundant elements are listed in order of de-
creasing concentration according to arithmetic mean,
median, and maximum reported concentration. In

TABLE 17.—Minor-element distribution in 26 samples of
jasperoid from the Ely district, Nevada

[J. C. Hamilton, analyst. Leaders (.....) indicate no information]
Limitof Number of :
Element detection samples Minor-element distribution (in percent)
(percent)  in which -
detected Range Mean Median Mode
12 <0.0001- .07 0.0048 < 0.0001 <0.0001
26 A5 - 7 .27 14 15
3 <1 =L5 aen e e
4 <002 — 003 e s e
26 .0007- .07 0087 .003 .003
3 <.0001- 00015 ........ s e
11 <.001 - .7 .036 <.001 <.001
26 07 ->10.0 1.2 a2 .15
26 .0003- .007 0023 0014 .003
26 .0007- .15 027 007 .03
26 .07 ->10. 3.9 1.0 3.
6 <.0002- .003 ... Ll e
1 <001 - .007 .. L
5 <.001 - 0015 ... h e
2 <.002 - .003
26 007 - .3
1 <05 - .07
26 L0015 .7
17 <.0005- .007
1 <.001 - .0015
8 <.0003- .0015
1 <2 -9
17 <.001 -7
1 <.01 - .015
15 <.001 - 15
24 <.0002- .03
26 007 - .3
14 <.001 - .015
2 <.01 - .015 -
6 <.001 - .0015 P
8 <.0001- .00015 .00003
16 <01 - .3 051 015 <.01
22 <.001 - .07 .0084 .003 007

spite of the uncertainties regarding the true abun-
dance of the various elements, which are inherent
in the nature of the samples, of the analytical data,
and of the analytical method, it is apparent that bis-
muth, tin, and zinc are abnormally concentrated in
this group of samples. However, a much larger num-
ber of samples would be required to ascertain wheth-
er these elements are characteristically high in
jasperoid bodies of the district as a whole.
Comparison of the median concentrations of the
various elements in the group of 10 highly favorable
samples and the group of five unfavorable samples

TABLE 18.—Relative abundance, in percent, of 15 most abun-
dant elements in 26 samples of jasperoid from the Ely
district, Nevada

Median
concentration

Maximum reported
concentration

Arithmetic mean
concentration
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showed that among the common elements only iron
exhibits a difference of an order of magnitude or
more between the two median values (4 percent in
the favorable group, 0.13 percent in the unfavorable
group) ; similar differences were also noted in the
ore metals, silver, bismuth, copper, lead, tin, and
zinc, but these can be ascribed largely to the criteria
used to establish the two groups.

CONCLUDING REMARKS

The available data suggest two major generations
of jasperoid in the Ely district: (1) an early unfa-
vorable generation, genetically related to the monzo-
nitic intrusive rocks, that is dense and massive and
has a fine-grained granular to xenomorphic texture;
and (2) a late, locally favorable generation geneti-
cally related to hydrothermal solutions younger than
the intrusives. This late jasperoid again may be sub-
divided into two types: an aphanitic variety that has
a jigsaw-puzzle texture, which is generally unfavor-
able, and a coarser grained vuggy xenomorphic to re-
ticulated variety associated with abundant iron
oxide, which is commonly favorable. A more detailed
study of the district would be needed to establish the
distribution patterns, structural controls, and age
relations of the various types of jasperoid.

LEADVILLE DISTRICT, COLORADO
(5, fig. 1; 9, fig. 40)

The Leadville district of central Colorado is on the
western slope of the Mosquito Range near the head
of the Arkansas River (Emmons and others, 1927).
It has produced large quantities of silver, lead, and
zinc and some gold, manganese, and copper.

Here, Precambrian granite, schist, and gneiss are
covered by about 150 feet of Cambrian quartzite
and shale, which, in turn is overlain by about 350
feet of Ordovician, Devonian, and Mississippian rocks
that consist dominantly of limestone and dolomite.
The Mississippian and Devonian rocks are overlain
by about 2,500 feet of Pennsylvanian continental and
marginal marine sedimentary rocks, which are large-
ly shale, siltstone, and arkose with a few interbed-
ded limestones.

During Cretaceous time the sedimentary rocks
were intruded by dikes and sills of monzonite and
granodiorite. After these intrusions were emplaced,
strong compressive forces folded the rocks and pro-
duced large northwest-trending thrust faults. This
was followed by the intrusion of a small quartz-
monzonite stock at Breece Hill, together with related
dikes. Subsequent to the emplacement of this stock
the area was again broken by numerous normal and

reverse faults. These faults served as conduits for
hydrothermal solutions which emanated from within
or beneath the stock and which altered and mineral-
ized the rocks adjacent to the faults. Still later,
northeast-trending normal faults broke and offset
many of the ore bodies, and plugs and dikes of rhyo-
lite were locally intruded, probably in Pliocene time.
This complex orogenic history has complicated the
regional distribution pattern of ore deposits and
related types of alteration, including jasperoid.

DISTRIBUTION

The Leadville district is close to the center of a
jasperoid province (fig. 1) that extends outward
from the district for many miles to the northeast,
east, and southeast. Thus, it is difficult to establish
boundaries between jasperoid bodies of the Leadville
district (9, fig. 40) and those of the Kokomo district
(7, fig. 40) and Pando area (14, fig. 40) to the north,
and the Horseshoe-Sacramento district (6, fig. 40)
to the southeast. Within this region replacement
bodies of jasperoid are most abundant in the upper
part of the Mississippian Leadville Limestone, par-
ticularly in areas where this formation is capped by
porphyry sills and has been cut by faults and frac-
tures that provided access for mineralizing solutions.
Jasperoid bodies are also found locally in the Devon-
ian Dyer Dolomite Member of the Chaffee Forma-
tion and in the Ordovician Manitou Limestone
beneath the Leadville Limestone; they are also found
in some limestone beds in the lower part of the Penn-
sylvanian Minturn Formation above the Leadville
Limestone. Igneous intrusive rocks close to centers
of intense alteration are also strongly silicified locally.

Emmons, Irving, and Loughlin (1927, p. 172, pl.
13) referred to many jasperoid replacement bodies
in the Leadville Limestone on Fryer Hill and in the
Downtown area. Additional areas that contain abun-
dant jasperoid (Loughlin and Behre, 1934, p. 226,
229, 234, 240) are Iron Hill, the southeastern part of
Carbonate Hill, the head of Evans Gulch, and a small
area west of the Mike fault opposite Empire Hill.
Many of the most extensive jasperoid bodies are
also associated with the Tucson Maid fault west of
Breece Hill in the central part of the district.

The six Leadville district samples in my collection
are all dump samples from the northwestern and
western parts of the district. Two are from Canter-
bury Hill, one about 1 mile and the other 114 miles
northeast of the center of Leadville. The remaining
four samples are from mines on Fryer Hill and Stray
Horse Ridge, 14-1 mile east of Leadville.
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GENESIS

Much of the jasperoid in the district apparently
was formed by hydrothermal silica-bearing solutions
emanating from within or beneath the Breece Hill
stock. Emmons, Irving, and Loughlin (1927, p. 218)
concluded that the main period of jasperoidization in
the district occurred during and after the ore stage
of mineralization. Quartz was deposited in veins
before the deposition of the sulfides, which partly
replaced the vein quartz, displacing the silica out-
ward to form jasperoid. However, Loughlin and
Behre (1934, p. 226) pointed out that many of the
jasperoid bodies are impregnated with sulfides and
are cut by sulfide veins, and therefore, that some of
the jasperoid must have formed before the ore-sulfide
stage of mineralization.

Loughlin and Behre (1934, p. 221) classified the
deposits of the district, on the basis of mineral
assemblages representing successively lower temper-
atures of formation, into pyrometasomatic, hypo-
thermal, high mesothermal, intermediate mesother-
mal, low mesothermal, and epithermal or telethermal.
They regarded (p. 225) the jasperoids as most char-
acteristic of the intermediate mesothermal deposits,
which were formed outward from, and at lower tem-
peratures than, the manganosiderite deposits that
characterize the high mesothermal class; but they
also mentioned the association of jasperoid with
some deposits of the low mesothermal and epithermal
classes.

Emmons, Irving, and Loughlin (1927, p. 218) men-
tioned the fact that much of the Leadville jasperoid
is heavily impregnated with “products of oxidation.”
Indeed, most of the Leadville jasperoid samples in
my collection are of this type, in which the jasperoid
silica is intimately mixed with limonite and manga-
nese oxides, suggesting a possible supergene origin.

RELATIONSHIP TO ORE

"The favorable jasperoids of the district tend to
form a floor beneath, or a casing around, massive sul-
fide deposits. Jasperoid impregnated with sulfide ore
is relatively sparse. Many extensive jasperoid bodies,
particularly those in the northwestern part of the
district, are unfavorable (Loughlin and Behre, 1934,
p. 228). At the Continental Chief mine, near the head
of Evans Gulch, favorable jasperoid, which retains
the color and texture of the carbonate host rock,
forms a casing adjacent to the mineralized fissures,
but prominent ledges of unfavorable jasperoid also
crop out in the same vicinity (Loughlin and Behre,
1934, p. 234). Favorable jasperoid is most commonly
associated with lead-silver ore and is less abundant
around the zinc and copper ore bodies (Ogden Tweto,

oral commun., 1965), Many of the dense dark-colored
jasperoids impregnated with iron and manganese
oxides have the composition of favorable jasperoid;
however, their spatial relations to ore hodies are not
vet known,

APPEARANCE

All the jasperoid samples from the Leadville dis-
trict, in my collection, are dark gray to black, apha-
nitic on the outer surface, with local brown patches.
Most of the samples are homogeneous in texture, but
one sample, from the dump of the Annie 5 mine on
Fryer Hill about half a mile east of Leadville, has a
shell or rind of dense black manganiferous jasperoid
coating a core of porous vuggy friable light-gray
and light-brown saccharoidal jasperoid. The contact
between shell and core of this sample is knife-edge
sharp, suggesting leaching and thorough oxidation of
the core before formation of the rind. The only sam-
ple of clearly hypogene jasperoid in the collection
came from the dump of the Forepaugh mine, also on
Fryer Hill. This sample is dark to medium gray and
aphanitic, and it contains abundant fine-grained dis-
seminated pyrite and a few tiny vugs that appear to
have been formed by local leaching of the original
pyrite.

MICROTEXTURE AND MINERALOGY

The hypogene jasperoid in the sample from the
dump of the Forepaugh mine is fine to medium
grained (0.005-0.1 mm) and heterogeneous, and has
a jigsaw-puzzle texture. The extremely fine grained
quartz is locally segregated in bands, and thin vein-
lets of coarser xenomorphic quartz cut the matrix.
Abundant inclusions of pyrite and younger sphalerite
are present. Some, if not all, of the quartz is older
than the sulfides as shown by the presence of quartz-
grain inclusions in some of the pyrite. The same
heterogeneous jigsaw-puzzle texture is also charac-
teristic of the quartz in the core of the sample from
the dump of the Annie 5 mine and of rounded in-
clusions of older jasperoid in a matrix of younger
iron and manganese oxides found in a sample from
a dump on the North Fork of Little Evans Gulch.

Jasperoid of possible supergene origin forms the
outer rim of the specimen from the dump of the
Annie 5 mine and constitutes nearly all the remain-
ing specimens, exclusive of the one from the Fore-
paugh mine dump previously described. This rock
is characterized by small scattered inclusions of
quartz and dolomite, in a matrix of earthy, vuggy,
and porous iron and manganese oxides, which are
locally crystallized into pyrolusite, goethite, and
hematite. In some places the pores are filled with
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late quartz; in others, bands of xenomorphic medium-
grained quartz alternate with bands of manganese
oxide; and in nearly all samples veinlets of medium-
grained homogeneous xenomorphic quartz cut the
matrix oxides. Thus, if these oxides are supergene,
the late silica associated with them must also be
supergene. However, this rock may not be a true
replacement jasperoid but rather a variety of case-
hardened gossan. Because the samples were not
taken in place, the field relationships of this rock
to its host could not be ascertained; however, the
abundant quartz and dolomite grains suggest that
these minerals may have been original inclusions in
limestone, of which the calcite has been replaced by
supergene iron and manganese oxides and silica.

COMPOSITION

Semiquantitative spectrographic analyses available
on four of the supergene(?) samples and the single
definitely hypogene sample showed that all five have
a composition characteristic of favorable jasperoid.
Of the five, the hypogene sample has the smallest
suite of minor elements present in abnormally high
concentrations. After the associated sulfide minerals
had been largely removed from this sample by heavy
liquid separation, the remaining jasperoid quartz
showed only Ag, Ba, Mo, Pb, and Zn present in con-
centrations more than one order of magnitude higher
than the median concentration for all jasperoid sam-
ples in the collection. The quartz of the remaining
four samples was not separated before analysis, and
the resulting data show that in them silica is sub-
ordinate to iron and manganese. The high concentra-
tions of a number of minor elements in these sam-
ples, therefore, probably represents association with
iron and manganese oxide rather than with quartz.
These samples are consistently rich in Fe, Mn, Ag,
Ba, Pb, Ni, and Zn; three of the four are also high
in Cu and Sr; and two are high in In and Mo. High
In is associated with high Cu, but high Mo is not.

CONCLUDING REMARKS

Although both favorable and unfavorable jasper-
oid samples have been reported from this district,
only favorable samples are represented in my col-
lection. Thus, no direct comparison between favor-
able and unfavorable jasperoid in the Leadville dis-
trict is possible here. According to Ogden Tweto
(oral commun., 1965), there is a marked similarity
in appearance between the two types, such that they
are not readily distinguishable in the field. The known
presence of both varieties in the area, however, and
the abnormally high concentrations of the indicator
elements Ag, Pb, and Zn in all the available favorable

samples suggest that a detailed study of the Lead-
ville jasperoids, coupled with adequate sampling and
analysis for these elements, might be a fruitful ad-
junct of any comprehensive exploration program in
the district.
TINTIC AND EAST TINTIC DISTRICTS, UTAH
(6, fig. 1; 21, fig. 49)

The Tintic and East Tintic mining districts in
Utah are about 70 miles south of Great Salt Lake in
a mineralized belt that crosses the East Tintic Moun-
tains, whose crest forms part of the boundary be-
tween Juab County on the west and Utah County on
the east (Lindgren and Loughlin, 1919).

A thick sequence of Paleozoic limestone, dolomite,
and shale with a Cambrian quartzite at the base in
this area is largely covered by Tertiary extrusive
quartz latite, latite, and associated pyroclastics, all
of which were later intruded by monzonite stocks and
dikes. Before the extrusion of the Tertiary volcanic
rocks, the sedimentary strata were folded into a
series of north-trending asymmetrical anticlines and
synclines, and were cut by high-angle transcurrent
faults that were accompanied by overthrust faulting,
particularly in the eastern part of the area. The
major high-angle faults have predominating north-
easterly and northwesterly trends; their major dis-
placement predates the voleanics, although there has
been some renewed postvolcanic movement on some
of them. The intrusion of monzonite and quartz
monzonite was accompanied and followed by hydro-
thermal alteration of both the volcanics and the
underlying sedimentary rocks, culminating in ore
deposition. The primary ore bodies consist of sulfide-
bearing veins and replacement deposits in the sedi-
mentary rocks..-Most of the production of the dis-
tricts has come from the lead-zinc-silver replacement
deposits in limestone and dolomite; but copper and
gold, which commonly occur in fissure vein deposits
and pipes cutting Cambrian quartzite, are also eco-
nomically important locally.

DISTRIBUTION

The distribution of jasperoid bodies in the East
Tintic district is shown by Lovering (1949, pl. 4)
and by Lovering and others (1960), and in the main
Tintic district, by Morris (1964a, pl. 1; 1964b, pl. 1).

Bodies of silicified rock occur in all of the Paleozoic
sedimentary formations in the two districts and in
the Tertiary voleanic rocks as well. In the East Tin-
tic district, however, jasperoid bodies are most
abundant in the carbonate rocks that have been al-
tered to hydrothermal dolomite along faults (Lover-
ing, 1949, p. 29). This structural control is very pro-
nounced ; the jasperoid bodies form envelopes around
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the faults and fissures that served as conduits for
the hydrothermal solutions. The jasperoids of the
Tintic and East Tintic districts show no direct rela-
tionship to the monzonitic intrusive rocks; they are
found in areas where these intrusives are lacking,
although they are somewhat more abundant in areas
marked by centers of intrusion.

GENESIS

The formation of jasperoid largely represents a
late stage in a long and complex history of hydro-
thermal alteration in the districts, which culminated
with the emplacement of sulfide ore bodies. Lovering
(1949, p. 16-17) recognized five distinct stages of
alteration, each with its own characteristic mineral
assemblage; these, in chronological order, he called
the early barren stage, the middle barren stage, the
late barren stage, the early productive stage, and the
productive stage. Silicification resulting in the forma-
tion of favorable jasperoid was largely confined to
the late barren stage (Lovering, 1949, p. 28). Locally,
argillic alteration of the middle barren stage was
accompanied by minor silicification (Lovering, 1949,
p. 38).

Lindgren and Loughlin (1919, p. 156-157) con-
cluded that the favorable variety of jasperoid formed
as a result of the replacement of carbonate rock by
coloidal silica. The characteristically abrupt contacts
between jasperoid and host rock led them to express
the opinion that the silicifying solutions moved out-
ward in a wave from the feeding channels, converting
all the rock behind the advancing wave front into
silica gel. As this gel later desiccated and crystallized
into jasperoid quartz and chalcedony it also shrank,
causing the formation of vugs and fractures. These
openings were later filled or coated with younger
jasperoid, quartz crystals, barite, and sulfides. Local
banding in the jasperoid is ascribed to penetration
of the original gel by electrolyte-bearing solutions,
resulting in Liesegang diffusion banding.

Lovering (1949, p. 56-58) expressed the opinion
that the jasperoidizing solutions were highly charged
with silica, iron, barium, carbonic acid, and sulfate;
they were hot neutral or slightly alkaline solutions,
partly of magmatic origin, rising along major frac-
tures through the quartzite, from which they may
have leached silica and iron. As these solutions rose
into the carbonate rocks, they cooled, and the car-
bonates became more soluble and silica less soluble.
The calcium and magnesium that were replaced dur-
ing the silicification moved upward into the overly-
ing volcanic rocks, resulting in calcitic and chloritic
alteration of these rocks.

An unfavorable type of jasperoid occurs in carbo-

nate rocks just below the base of the Tertiary rhyo-
lite flows. This type is controlled by proximity to the
unconformity rather than by faults and fractures. It
appears to have formed as a result of the leaching of
silica from these flows by water seeping downward
through them, and subsequent precipitation of the
silica when this water was neutralized by reaction
with the underlying carbonate rock. Much of this
jasperoid probably formed during the period when
the flows were still cooling, as a result of alteration
by hot-spring and fumerole emanations; some of it
may be due to leaching of silica by acid waters gen-
erated by the oxidation of pyrite disseminated
through the flows, and thus may be of comparatively
recent origin (T. S. Lovering, oral commun., 1964).
This type of jasperoid is, in either case, unrelated
to the hydrothermal alteration that culminated in
sulfide mineralization.

Bodies of possibly supergene jasperoid have been
found in and near large oxidized ore bodies in some
of the mines on the north slopes of Eureka Peak
and Godiva Mountain near the town of Eureka (A.V.
Heyl, written commun., 1967). These jasperoid
bodies presumably formed by reaction of silica-
bearing ground waters with carbonate host rock
during the oxidation of sulfide ore bodies.

RELATIONSHIP TO ORE

Howd (1957, p. 125-132) presented an excellent
historical summary of the views of various investi-
gators concerning the relationship between jasperoid
and sulfide ore in the Tintic and East Tintic mining
districts. The close association between jasperoid
and many of the sulfide replacement deposits in car-
bonate rocks was recognized by the miners early in
the development of the districts. This association
was reported by Lindgren and Loughlin (1919, p.
155), who concluded that the jasperoid, although
older than the ore, was closely related to it and that
it formed envelopes around the ore bodies. Lovering
(1949, p. 28) recognized that jasperoid forms a broad
envelope around the major circulation channels that
were open during the late preore stage of alteration,
of which it is the most characteristic product. Many
of these same channels later served as conduits for
ore solutions, giving rise to the association noted
by Lindgren and Loughlin (1919, p. 155-157). How-
ever, some channels were completely sealed off by
the early silica so that no sulfides could form in
them; in other places, ore solutions followed new
channels and thus resulted in ore bodies not inti-
matelyv associated with jasperoid. Thus, late barren-
stage jasperoid in the carbonate rocks of the district
is not, by itself, a wholly reliable indicator of prox-
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imity to ore, nor does its absence preclude the pos-
sibility of ore in an area. Furthermore, not all the
jasperoid bodies in the districts were formed during
the late barren stage of alteration.

Favorable jasperoid, of possibly supergene origin,
locally forms bodies on the lower carbonate wallrock
side of oxidized zinc ore pipes and mantos (A. V.
Heyl, written commun., 1967). The jasperoid that is
focalized at the contact between the volcanic and
sedimentary rocks appears to be completely unrelated
to ore, and this unfavorable type is widely distrib-
uted, particularly in the area north of Eureka (H. T.
Morris, written commun., 1957). The known presence
of both favorable and unfavorable jasperoids in the
Tintic and East Tintic districts prompted personnel
of the Bear Creek Mining Co. to make a detailed
study and comparison of suites of samples of the two
types in an effort to establish criteria for the recog-
nition of the favorable type. The results of this study
are summarized by Howd (1957), Duke (1959), and
Bush, Cook, Lovering, and Morris (1960b, p. 1516~
1517).

APPEARANCE

The jasperoid bodies in the Tintic and East Tintic
districts are characterized by sharp contacts between
completely silicified rock and completely unsilicified
host rock. Many bodies form elongated narrow
“reefs” along fractures, but some are highly irregu-
lar in shape. They tend to be smaller, but more widely
distributed, than those at Ely. The largest attain a
maximum dimension in excess of 1,000 feet, but
most have an outcrop area of only a few hundred
to a few thousand square feet.

Lindgren and Loughlin (1919, p. 154) described
the typical Tintic jasperoid as a fine-grained, dark-
gray to bluish-gray rock, locally resembling a fine-
grained quartzite, According to H. T. Morris (writ-
ten commun., 1957), some of the favorable hypogene
jasperoids are locally coarse grained, many show tex-
tural as well as color banding with textures and
structures suggestive of colloidal deposition, all are
distinctly vuggy, and some show several periods of
brecciation and recementation by later silica. One
variety has a saccharoidal texture, and most of the
favorable jasperoids contain megascopically visible
platy crystals of barite. Although the favorable
jasperoids range widely in color, most of them are
lighter hued and more translucent on thin edges
than the unfavorable jasperoids.

The unfavorable jasperoids, as a group, are dense
and have a flinty appearance. They are predominantly
black to brown or gray and are characterized by uni-
form texture and scarcity of vugs.

According to A. V. Heyl (written commun., 1967),
the possibly supergene favorable jasperoid forms
vuggy banded colloform casings adjacent to oxidized
sulfide ore bodies. It contains abundant limonite and
hemimorphite and sparse chrysocolla and malachite.
This jasperoid is distinguishable from oxidized hy-
pogene jasperoid by its lack of relict sulfides or of
pits and pseudomorphs revealing their former pres-
ence.

My collection from the Tintic and East Tintic dis-
tricts consists of 25 samples from 14 localities of
which eight samples from four localities represent
oxidized unfavorable jasperoid bodies, and the rest
represent hypogene favorable jasperoid bodies. Six
of the sample localities are in the vicinity of Eureka,
four are in the southern part of the district on Mam-
moth Peak, one is near the center of the East Tintic
district, one is on Pinyon Peak, one in Fremont Can-
yon, and one on Old Baldy Peak.

In this suite, all favorable jasperoid samples that
are unoxidized and most that are oxidized are various
shades of gray; several oxidized samples are white
or moderate brown to dark brown, and a few show
green copper stains or yellow iron sulfate stains.
Many of the samples are mottled, banded, or
streaked. Nearly all the favorable samples are brec-
ciated and conspicuously vuggy, and some are porous
and friable as well. Although a saccharoidal texture
is evident in one or two of these samples, most are
aphanitic; a few contain abundant randomly oriented
blades of barite.

The few samples of unfavorable jasperoid in my
collection are dark red, dark gray, bright yellow, or
lavender gray, commonly variegated. All are dense,
and one has a glassy texture and conchoidal fracture.

MICROTEXTURE AND MINERALOGY

Lindgren and Loughlin (1919, p. 155-156) de-
scribed “typical” Tintic jasperoid as composed of
quartz grains less than 0.25 mm in diameter with
wavy extinction and commonly abrupt variations in
grain size. They mentioned a local variety from the
Gemeni mine which is strongly microbanded with
alternating dark bands of cryptocrystalline quartz
and light bands of spherulitic light-brown chalcedony,
with minute grains of sulfides disseminated through
both types of bands (fig. 30).

Lovering (1966) reported the presence of asym-
metrically zoned quartz in much of the late barren
stage jasperoid and made a petrofabric study of the
preferred orientation of the asymmetry of the zonal
overgrowths. Plots of the direction of displacement
of the ¢ axis showed consistent relations that were
interpreted as indicating the dominant direction of
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movement of the jasperoidizing solutions. These di-
rections seem to coincide with the rake of the asso-
ctated but later ore. The jasperoid quartz contains
abundant minute low-index inclusions, which may
be allophane; some of it also contains nearly isotropic
particles, with an index of about 1.65, which may be
barite. Chalcedony is most abundant in jasperoids
replacing dolomite and shale away from the main
channels of mineralization; opal is sparsely distrib-
uted and is supergene; barite is present in several
generations, some older than jasperoid quartz and
some younger; chlorite is younger than jasperoid
quartz, in which it is locally abundant near mineral-
izing conduits; in the zone of oxidation, chlorite is
largely altered to kaolinite; and disseminated pyrito-
hedral pyrite is abundant in the jasperoid and is of
about the same age as the chlorite.

The most comprehensive study yet made of the
microtexture and mineralogy of Tintic jasperoids
was done under the auspices of the Bear Creek Min-
ing Co. The results of this work are summarized in
reports by Howd (1957), Duke and Howd (1959),
and Bush, Cook, Lovering, and Morris (1960a, b),
and are discussed in detail by Duke (1959). A suite
of “barren” jasperoid samples from an area north
of Eureka was compared petrographically with a
suite of “productive” jasperoid samples from various
mines in the Tintic and East Tintic districts. )

Seven textures were distinguished by Duke (1959)
as follows: (1) Anhedral quartz mosaic—consisting
of relatively homogeneous aggregates of anhedral
quartz grains ranging from 0.1 to 0.2 mm in diam-
eter; (2) colloform texture; (8) cryptocrystalline
texture—aggregates in which all quartz grains have
diameters less than 0.02 mm; (4) microbrecciated
texture—angular fragments of jasperoid in a matrix
of coarser quartz; (5) variable grain size—hetero-
geneous mixture of minute particles and coarse
grains; (6) veinlets; and (7) vuggy texture. The
minerals identified are barite, calcite, chalcedony,
clay, dolomite, galena, hematite, jarosite, limonite,
magnetite, manganese oxides, pyrite, quartz, sericite,
and sphalerite. Duke (1959) compared the frequency
of occurrence of these textures and minerals in the
two groups of samples and concluded that crypto-
crystalline and anhedral quartz mosaic textures in
the same sample, variable grain size, microbreccia-
tion, and vugginess were significantly more common
in the “productive” group, as were the minerals bar-
ite, galena, hematite, and sphalerite. He considered
chalcedony, clay, and jarosite to be more abundant
in the “barren” samples.

In a petrographic study of 17 favorable jasperoid
samples and eight unfavorable jasperoid samples, I

distinguished 10 different textures and 21 accessory
minerals in the combined suite of 25 samples. These
textures I designated as (1) multiple generations
(approximately equivalent to microbrecciated tex-
ture of Duke, 1959), (2) homogeneous coarse-grained
(approximately equivalent to Duke’s anhedral
quartz mosaic), (3) homogeneous fine-grained (cryp-
tocrystalline of Duke), (4) heterogeneous (variable
grain size of Duke), (5) colloform banding, (6)
vuggey, (7) reticulated, (8) xenomorphic, (9) granu-
lar, and (10) jigsaw puzzle. The last four of my tex-
tural classifications, referring to the shape of the
quartz grains, have no counterpart in Duke’s classi-
fication. The accessory minerals recognized, in order
of decreasing abundance, are (1) hematite; (2)
goethite; (3) allophane; (4) sericite; (5) limonite;
(6) jarosite and barite; (7) pyrite; (8) chalcedony;
(9) galena and sphalerite; (10) dolomite, siderite,
malachite and wurtzite; (11) kaolinite, biotite, opal,
smithsonite, and cerussite.

The frequency of occurrence of these textures and
minerals was tabulated in each of the two groups.
Although statistical tests of significance are difficult
to apply to such small sample groups, a qualitative
impression of the significance of certain textures and
minerals, suggestive of favorable or unfavorable jas-
peroids, can be gained from the following tabular
summaries, which show the differences in frequency

Common textures and minerals (observed in 20
percent or more of all samples) suggestive of
favorable and unfavorable jasperoid in the
Tintic and East Tintic districts

Percent

Difference
Favorable jasperoid

Texture (Fr-Fu)
Heterogeneous 2
Homogeneous, coarse grained ...............ocoeoomeeees 41
vuggy -...... 35
Xenomorphic ......occeeoeeene. 30
Multiple generations ..........cooocoooeeeeoeeeeeeeceeeenens 28
Reticulated ..o 24

Mineral
Jarosite 41
Barite ... 41
Allophane 40
Pyrite 35
Goethite ... 28

Unfavorable jasperoid

Texture (Fy-Fps)
Homogeneous, fine grained . 70
Jigsaw puzzle 47
Granular ......... . 26

Mineral
Sericite 58
Hematite ................ 40
Limonite 38
Chalcedony ............. 35
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of occurrence, expressed as percent of the group, be-
tween favorable and unfavorable jasperoid for the
common textures and minerals.

The agreement between Duke’s criteria (1959)
and mine is much closer for jasperoid-quartz micro-
textures than for associated minerals. This is reason-
able because oxidation would have relatively little
effect on jasperoid microtexture, but it would have
a profound effect on the associated mineral assem-
blage. All of my unfavorable samples and most of
my favorable samples were oxidized. Although the
relative proportions of oxidized and unoxidized sam-
ples in the two groups studied by Duke were not
specifically stated, it is improbable that the propor-
tions of oxidized and unoxidized samples in his “pro-
ductive” group were the same as in his “barren”
group, or the same as in my favorable and unfavor-
able groups.

COMPOSITION

An outerop sample of favorable jasperoid from
near the Eureka Hill mine submitted by the author
was analyzed by E. L. Munson. An analysis of ‘“pro-
ductive” jasperoid from the Tintic Standard mine
wags published by Lovering (1949, p. 54). Analyses
of the two samples, in percent, are as follows:

Mine
Eyreka Hill Tintic Standard

90.12
4.38

The agreement between these two analyses is sur-
prisingly close, considering that they represent jas-
peroid replacement of different formations from dif-
ferent localities and that one sample is oxidized, the
other, unoxidized. However, the variation in compo-
sition of favorable jasperoids in the district probably
is considerably greater than is reflected by this pair
of analyses. No quantitative chemical analyses of
unfavorable jasperoid from the Tintic or East Tintic
districts are available.

Semiquantitative spectrographic analyses were
made of splits from the 17 favorable samples and
eight unfavorable samples in my collection. Thirty-

TABLE 19.—Minor-element distribution in 25 samples of
jasperoid from the Tintic and East Tintic districts, Utah

[J. C. Hamilton, analyst. Leaders (...... ) indicate no information. Amounts
in parentheses are extrapolated values]

Limit of Number of
Element

detection samples Minor-element distribution (percent)
(percent) in which N

detected Range Mean Median Mode
25 0.07 -3 0.33 0.12 0.15
25 A5 —->10 2.6 .43 A
25 007 - .3 .039 014 015
25 015 - .7 .098 041 07
4 <03 - .07 e <.03
1 <7 — T e e <7
23 <.0015 — .15 .024 .009 007
25 .003 -1.5 077 0075 007
18 <.00015- .3 022 001 <.00015
9 <JA5 -3 e e .15
1 <.0015 — .003 teveeee eenereee <.0015
25 0015 ->10 .45 .013 .003
14 <.00015- .0015 .0002 (.0001) <.00015
9 <0015 - .7 o <.0015
4 <.007 - .03 . . <.007
3 <.0007 - .0007 ... @ ... <.0007
25 .00015- .008 .0002 00015
25 .0007 -1.5 .005 .003
5 <.00015- .007 <.00015
6 <.003 - .007 <.003
2 <.003 - .003 <.003
8 <.0007 - .003 <.0007
10 <.0007 - .007 <.0007
19 <.007 -7 <.007
8 <015 - .7 Ll e <.015
1 <.0007 - 0007 ... <.0007
4 <0015 — 15 .. <.0015
19 <.0007 - .7 073 002 <.0007
12 <.0015 - 007 ... <.0015
4 <.0015 - 015 ... . <.0015
5 <.00015- .0015 ... ... .00015
16 182 (.005)

three elements other than silicon were detected in
one or more of these samples. These analytical data
are summarized in table 19, in the same way as the
spectrographic data on the samples of jasperoid from
the Ely district were summarized in table 17,

The relative abundance of the 13 elements that
were detected in more than half of the samples, as
expressed by the mean, median, and maximum con-
centrations, is given in table 20. These data suggest
that barium, lead, and silver are highly concentrated
in this group of samples.

Semiquantitative spectrographic analyses of suites

TABLE 20.—Relative abundance, in percent, of 13 most abun-
dant elements in 25 samples of jasperoid from the Tintic
and East Tintic districts, Utah

Median
concentration

Arithmetic mean

Maximum reported
concentration

concentration

ES RS ECRRRCEATC
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of “barren” and ‘“productive” jasperoids were made
by the Bear Creek Mining Co. to ascertain which
elements were characteristically concentrated in
either type. The results of this investigation were
summarized by Duke and Howd (1959) and Bush,
Cook, Lovering, and Morris (1960b). Duke and Howd
stated that Sb, Bi, Cd, Cu, Pb, Ag, Na, Th, and Zn
are more abundant in “productive” jasperoids, where-
as Ca and Mg are more abundant in “barren” jas-

peroids. Bush, Cook, Lovering, and Morris (1960b)
listed Sh, Bi, Cu, Pb, Zn, Ag, Na, and Th as elements
characteristically concentrated in “productive” jas-
peroid, and Ca and Mn, in “barren” jasperoids. They
supported this conclusion with a table giving the
average concentration of each of these elements in
each sample group in parts per million. These aver-
ages, converted into percent for comparison with my
data, are as follows:

Ag Bi Ca Cu Mn Na Pb Sb Th Zn
Productive ... 0.0046 0.0093 0.41 0.073 0.039 0.21 0.42 0.0055 0.0020 0.23
Barren ................ et nnenen 00016 .0040 .68 027 13 .14 .02 .0045 @ 13
1 Not detected.

The median values of the distributions of the com-
monly detected elements in my suites of favorable
and unfavorable jasperoid samples were compared.
Medians were used in preference to means, because
most of the distributions are erratic and cover a
large concentration range and therefore the mean
values are strongly influenced by one or two high

values. The elements that showed an appreciable dif-
ference in median concentrations between the two
groups are given in the following table, in which
median values are given only for those elements that
showed a greater-than-twofold difference between
the two groups; smaller differences were considered
unlikely to be significant.

Median values, in percent, of selected elements in 12 favorable and eight unfavorable jasperoid samples from the Tintic and

East Tintic districts, Utah
[Values in parentheses are extrapolated]

Ag As Ba Be Bi Cu Pb Sr Ti Zn
Favorable .................. 0.003 (0.07 ) 0.03 (0.00003)  (0.0008) 0.025 0.07 0.0013 0.007 0.02
Unfavorable ... ( .00005) (0.001) .007 .0001 ( .0001) .001 ( .001) .0005 .03 ( .001)

Some of the elements listed by Duke and Howd
and by Bush and Cook were detected in few or none
of my samples, and some elements in my list were
not mentioned by these authors. Such differences
are to be expected where different sample groups are
analyzed independently with different analytical
equipment.

In summary, it seems that Ba, Na, Th, and pos-
sibly Sr, in addition to the ore metals, tend to con-
centrate in the favorable jasperoids of the late bar-
ren alteration stage. Be, Mn, and Ti seem to be higher
in the unfavorable jasperoid related to the uncon-
formity at the base of the volcanic rocks.

CONCLUDING REMARKS

At Tintic, apparently two distinct major types of
hypogene jasperoid are present. One is genetically
related to the hydrothermal alteration that culmi-
nated in ore mineralization, and is commonly, though
not universally, associated with ore bodies. The other
type is not related to this alteration and is conse-
quently unfavorable. The available evidence suggests
that this is also true of the Ely district, Nevada. A
more detailed study of the late barren-stage jasper-

oids of the Tintic district is needed to establish the
relative favorability of various jasperoid types
within this group, as well as the geographic patterns
of distribution of the various minor elements in it.

GILMAN (RED CLIFF) DISTRICT, COLORADO
(7, fig. 1; 5, fig. 40)

The Gilman (Red Cliff) district is in central Colo-
rado on the east side of the Eagle River in Eagle
County, about 25 miles north of Leadville (Crawford
and Gibson, 1925). It is on the gently dipping south-
western limb of a northwest-plunging asymmetrical
syncline formed in Paleozoic sedimentary rocks that
lie between the Precambrian rocks exposed in the
Sawatch Range just west of the district and the
Precambrian rocks of the Gore Range about 7 miles
to the northeast. The Precambrian granitic rocks,
schists, and gneisses of the district are overlain by
about 250 feet of quartzite, shale, and minor dolo-
mite ranging in age from Cambrian to Ordovician.
These rocks, in turn, are overlain by an approxi-
mately equal thickness of predominantly carbonate
rocks consisting of the Devonian Dyer Dolomite
Member of the Chaffee Formation and the dolomi-
tized Mississippian Leadville Limestone. The Lead-
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ville Limestone in this area is capped by a thin, per-
sistent,- and highly altered sill of quartz latite
porphyry, which separates it from the nearly 5,000
feet of Pennsylvanian shale, siltstone, arkose, and
minor limestone that constitutes the rest of the Pa-
leozoic section.

The ore deposits of the Gilman (Red Cliff) district
consist of gold-silver veins in the Precambrian rocks
and the Cambrian quartzite, auriferous mangano-
siderite mantos in the quartzite, large pyritic copper-
silver chimney deposits in the carbonate rocks that
underlie the upper part of the Leadville Limestone,
and extensive lead-zinc manto deposits extending up-
dip from the chimney deposits in the upper part of
the Leadville Limestone. Most of the district’s pro-
duction has come from the deposits in the carbonate
rocks. Faults in the main district tend to be small
and traceable only for short distances. Sulfide distri-
bution in the Leadville Limestone appears to have
been largely controlled by open channels, many of
which follow older joints and fractures. Some of
these channels are of pre-Pennsylvanian age; others
were formed or enlarged by early hydrothermal solu-
tions related to mineralization.

DISTRIBUTION

There is no close spatial association between jas-
peroid and the major sulfide ore bodies in the Gil-
man (Red Cliff) district. Crawford and Gibson (1925,
p. 57, 59) reported jasperoid outcrops in the Lead-
ville Limestone near the junction of Turkey Creek
and the Eagle River at the south end of the district,
and in a large body about three-quarters of a mile
north of Gilman, beyond the north end of the district.
They also mentioned the occurrence of small blocks
of jasperoid on the dumps of some of the old mines
on Battle Mountain south of Gilman, although jas-
peroid does not crop out at the surface in this area.
Large masses of jasperoid replace the Dyer Dolomite
Member northwest of the district on the flanks of
the Sawatch Range north of Cross Creek, and the
overlying Leadville Limestone is locally jasperoid-
ized, according to Lovering and Tweto (1944, p. 77).
Very little jasperoid is present in the Pennsylvanian
rocks east of Gilman, although there is local minor
silicification on some of the faults. Similar bodies
of jasperoid are also abundant in the Leadville Lime-
stone and Dyer Dolomite Member of the Chaffee
Formation south of Red Cliff all the way to the East
Fork of the Eagle River near the south boundary
of Camp Hale, but this jasperoid is too far away to
be considered in the Gilman (Red Cliff) district and
is discussed separately under the heading “Pando
Area” on page 99 of this report.

GENESIS

The jasperoid bodies in the vicinity of Gilman are
considered by Crawford and Gibson (1925, p. 56-57,
59) to be the result of replacement of dolomite by
silica gel, the silicifying solutions moving outward
in a wave from major circulation channels along
faults and fractures. They advocate the same origin
for this rock as that suggested by Lindgren and
Loughlin (1919, p. 156-157) for the Tintic jasperoids
of the late barren stage. The source of the silica-
bearing solutions is tentatively postulated as a
cupola on a buried monzonitic stock or batholith.
Crawford and Gibson (1925, p. 65) further stated:
“It is evident that both jasperoid and dolomite were
deposited after—though in part perhaps contempo-
raneously with—the ore minerals, and it is probable
that solutions that brought in both metallic and non-
metallic minerals had a common source.” Lovering
and Tweto (1944), on the other hand, found strong
evidence that hydrothermal dolomitization preceded
sulfide mineralization in the Gilman (Red CIiff) dis-
trict. They found “zebra rock” texture preserved in
jasperoid replacing the Dyer Dolomite Member and
concluded that jasperoidization took place after this
phase of dolomitic alteration; however, they made
no statement as to the relative ages of jasperoidiza-
tion and sulfide mineralization. Some of the silica
that formed the jasperoid may have been leached
from the Cambrian quartzite by hydrothermal solu-
tions, but this source alone is regarded as insufficient
to account for the large volume of silica now present
as jasperoid in the area northwest of Gilman (Lov-
ering and Tweto, 1944, p. 77-78).

The jasperoids of the Gilman (Red Cliff) district
seem to be relatively simple and homogeneous in
composition. This fact suggests that there was only
one major period of jasperoid formation, and that
the silica-depositing solutions were different in com-
position from those that deposited the sulfide ore.

RELATIONSHIP TO ORE

Crawford and Gibson (1925) and Lovering and
Tweto (1944) generally agree that jasperoids in the
vicinity of Gilman are a product of the hydrother-
mal alteration that, at some stage, produced the sul-
fide mineralization. Crawford and Gibson (1925) re-
garded jasperoid as a favorable guide to ore in the
vieinity. They pointed out that ore occurs near jas-
peroid in the Leadville Limestone in several small
mines in the southern part of this district, on Battle
Mountain, and around Red Cliff, and suggested that
“good prospecting ground” should lie east or north-
east of jasperoid bodies that occur along faults.
Lovering and Tweto (1944) regarded jasperoid as a
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fringe effect of the mineralization at Gilman because
silicification is generally absent in the altered host
rocks adjacent to the major ore bodies. These rocks
have been converted to jasperoid along faults and
fractures updip from the ore deposits to the west
and northwest at distances ranging from a quarter
of a mile to several miles from the major ore bodies.
The information now available indicates that most
of the Gilman jasperoid bodies should be classed as
unfavorable because they show no close spatial as-
sociation with ore bodies.

APPEARANCE

Crawford and Gibson (1925, p. 56-57) described
the jasperoid of the Gilman area as being dark gray
to medium gray and locally yellowish gray or brown-
ish gray, varying in texture from flinty to “gritty,”
and having uneven fracture locally resembling a fine-
grained quartzite. Both varieties are characterized
by abundant cavities and open fractures, and the
dense variety commonly exhibits alternating light
and dark streaks or bands. Some of the cavities in
the jasperoid are lined with small quartz crystals.
Jasperoid breccias, containing angular masses of
material that is coarser grained and lighter colored
than the matrix, are locally abundant along faults.
These breccias probably resulted from the silicifica-
tion of previously brecciated carbonate rock, rather
than from brecciation and recementation of massive
jasperoid.

The large masses of jasperoid northwest of Gilman
consist largely of yellowish-brown, brown, and lo-
cally grayish, aphanitic to microcrystalline silicified
Dyer Dolomite Member, which is commonly brec-
ciated and vuggy with quartz crystals lining the
vugs. Textures inherited from the dolomite are lo-
cally preserved in this jasperoid, including breccia-
tion and ‘“zebra texture,” which indicates that jas-
peroidization of these rocks was younger than the
early hydrothermal dolomitization.

My collection includes seven jasperoid samples
from the vicinity of the Gilman (Red Cliff) district.
Five of these are of jasperoid in the Dyer Dolomite
Member 1-3 miles northwest of Gilman, one is from
near the base of the Leadville Limestone in the same
area, and one is a float sample from the Minturn For-
mation on Battle Mountain that presumably is resid-
ual from a locally silicified zone along a fault where
it cut a limestone bed.

The samples from the Dyer Dolomite Member are
predominantly light brown on weathered surfaces
and light yellowish brown on fresh surfaces; one is
medium gray, and one is moderate red with yellowish-
brown patches. All are fine grained to aphanitic.

The sample from the Leadville is light gray and
aphanitic. The float sample from the Minturn For-
mation is light gray and fine grained, and it contains
abundant small irregular vugs lined with tiny crys-
tals of quartz and calcite.

MICROTEXTURE AND MINERALOGY

Typical jasperoid, according to Crawford and Gib-
son (1925, p. 56-57), consists of anhedral aggregates
segregated in some places into coarser and finer
grained bands or masses, with locally abundant tiny
inclusions of carbonaceous matter or limonite; these
impurities tend to concentrate in the finer grained
material, whereas rounded detrital quartz grains are
more abundant in the coarser material. Sparsely
scattered shreds of sericite are present in both types.
Carbonate inclusions are sparse, except locally near
the contact with the host rock; in one thin section
transverse to such a contact, these authors reported
that aphanitic streaky jasperoid ends abruptly in a
wavy line against unsilicified dolomite.

Lovering and Tweto (1944, p. 78) described the
jasperoids in the Dyer Dolomite Member of the Chaf-
fee as a mixture of cryptocrystalline quartz, brown
limonite, and carbonaceous dust, with local vague
wavy bands of high limonite content. Vugs locally
contain carbonate minerals, sericite, chlorite, and
barite.

Three of my samples of jasperoid from the Dyer
have a xenomorphic to jigsaw-puzzle texture in the
matrix, which is relatively homogeneous, and an
average grain size of 0.02 mm. Rounded detrital
quartz grains, some of which show irregular over-
growths, are sparsely scattered through this matrix;
one sample shows a veinlet of late coarse xeno-
morphic quartz. Goethite and limonite are abundant
in all samples, both as dusty inclusions in the matrix
and as coatings on fractures cutting the matrix. The
matrix of some samples contains, in addition to
limonite, dust particles of allophane and carbonate.

One sample from altered Dyer along an east-
trending fault zone is strikingly different from the
others. It consists of relatively coarse ferroan dolo-
mite (0.1-2 mm) about half replaced by disseminated
coarse quartz (0.05-1 mm). The ferroan dolomite
shows deformation of cleavage traces and microbrec-
ciation along grain boundaries. Fine-grained orange
goethite fills fractures in it. The goethite is also dis-
seminated through the quartz, suggesting hydro-
thermal recrystallization of dolomite, followed by
fracturing and oxidation along the fractures, fol-
lowed by silicification.

A similar history is revealed by a sample of in-
cipient jasperoid from the base of the dolomitized
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Leadville Limestone. In this sample, fine-grained
brown ferroan dolomite, containing abundant inelu-
sions of orange goethite, has been brecciated and
cemented by veinlets lined with coarse quartz and
filled with coarse crystalline calcite. The dolomite
fragments have been silicified in a zone about 1 mm
wide bordering these veinlets, and the grain size of
the replacing quartz changes progressively from
about 0.15 mm adjacent to the vein down to about
0.02 mm adjacent to the unreplaced dolomite core,
where it contains abunlant inclusions of orange
goethite.

The sample of completely jasperoidized Leadville
Limestone consists of clean aphanitic homogeneous
quartz that has a jigsaw-puzzle texture and an aver-
age grain size of about 0.01 mm; this matrix is cut
by sparse thin veinlets of calcite.

The sample of jasperoid float from the Minturn
Formation has a matrix of fine-grained quartz that
has a jigsaw-puzzle texture and a size range of 0.01-
0.04 mm. Within this matrix are wavy concentric
bands and small rounded masses as “ghost” textures
that are visible with reflected light but invisible
under crossed polars, suggesting original deposition
of silica as a gel. The matrix is cut by many irregu-
lar masses of coarser xenomorphic quartz, which is
most abundant around vugs and along fractures. Lo-
cal concentrations of tiny equant red hematite
grains, about 0.05 mm in diameter, and sparse flakes
of sericite are present in the younger xenomorphic
quartz but not in the matrix, which suggests that
these two minerals may have formed from the same
solutions that brought in the second-stage quartz.

COMPOSITION

A quantitative standard rock analysis of a typical
sample of jasperoidized Dyer Dolomite Member of
the Chaffee Formation (field No. 183A-T-41) by
E. L. Munson gave the following results:

Percent Percent

Element

Element

This sample contains somewhat more ferric iron than
normal, as was anticipated because of abundant
limonite in the specimen; otherwise, there appears
to be nothing unusual in its composition.
Semiquantitative spectrographic analyses were

run by J. C. Hamilton on five of the previously de-
seribed samples, including the one with the foregoing
standard rock analysis. Only 16 elements other than
silicon were detected in this group, and only 11 of
these were detected in three or more of the five sam-
ples. These elements and their observed range in
concentration follow:

Element Range (percent) Element Range (percent)
0.015 -0.15 Cr .. 0.0007 -0.0015

aq -3 Cu e 0015 — .007

015 - .15 Mo .o <.0007 — .0015

07 -3 Ni o .0007 - .003

.0015- .015 Pb ... <.007 - .007

007 - .07 Voo <.0015 - 003
.0015— .03 Yb <.00015-.00015

<.0007- 0007 Zn ... <.007 - .007

The concentration ranges exhibited by these few
elements are no greater than could be expected from
five replicate samples taken from a single outcrop;
yvet one of these samples is from the Minturn Forma-
tion, one from the Leadville Limestone, and three
from the Dyer Member, all taken at widely separated
localities. Thus, it seems that the jasperoid bodies
peripheral to the ore deposits of the Gilman district
are unusually uniform in composition and, except for
iron, unusually low in minor elements.

CONCLUDING REMARKS

The age relations of the Gilman jasperoids to the
sulfide ore bodies cannot be established from the in-
formation now available. They seem to have formed
at various, but commonly considerable, distances
above or updip from these ore bodies, and therefore,
if they are genetically related to the mineralization
they formed on the outlet side from solutions that
were poor in the ore elements. Apparently, they
formed in an oxidizing environment, probably under
conditions of low temperature and pressure and
probably from a common but unknown source. These
jasperoids seem to be of little value as direct guides
to ore.

ASPEN DISTRICT, COLORADO
(8, fig. 1; 1, fig. 40)

The Aspen district is in Pitkin County, Colo., on
the west side of the Sawatch Range on the Roaring
Fork River, about 75 miles west of Leadville (Spurr,
1898). The ore deposits of the district are confined
to a relatively narrow, north- to northeast-trending
belt of pre-Pennsylvanian Paleozoic sedimentary
rocks between Precambrian schists and gneisses on
the east and Pennsylvanian and Cretaceous sedi-
mentary rocks on the west. A few miles south of
Aspen this belt bifurcates around a narrow north-
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plunging syncline, the trough of which is filled with
predominantly clastic Pennsylvanian sedimentary
rocks. The western fork of the belt is bounded by
the large Castle Creek normal fault and terminates
northward at the edge of the town of Aspen. The
eastern fork swings to a northeasterly trend where
it crosses the river just east of Aspen and continues
in that direction for many miles, beyond the limits
of the district. This belt has a stratigraphic thick-
ness of about 900 feet. The lower part of it is com-
posed largely of quartzites and shales of Cambrian
and Ordovician age; the middle and upper parts con-
sist dominantly of carbonate rocks of Ordovician,
Devonian, and Mississippian age. In addition to the
Castle Creek fault, which bounds the district on the
west and extends far beyond it to the south and to
the northwest, the district is cut by numerous small
faults that form two general groups, one of which
trends northerly, the other westerly or northwest-
erly. The major ore deposits of the district consist
of silver and lead vein and replacement deposits in
the Mississippian Leadville Limestone, which were
localized by the intersections of cross faults with
bedding-plane faults or with favorable beds (Spurr,
1898 ; Vanderwilt, 1935). These known deposits were
largely mined out by the end of World War I and
there has been little mining activity in the district
since that time.

DISTRIBUTION

The available geologic maps of the Aspen district
do not show the distribution of the jasperoid bodies.
According to Spurr (1898, p. 217, 220), these bodies
formed along faults, fractures, and bedding planes in
the limestone and dolomite, as did the ore bodies;
however, jasperoid is more abundant and widely dis-
tributed than is the ore.

I have 12 jasperoid samples from nine localities in
the Aspen district. These are all from the north-
trending ridge formed by Aspen Mountain and Rich-
mond Hill; the northernmost locality is on Pioneer
Gulch about half a mile south of Aspen, and the
southernmost locality is near the head of McFarlane
Creek about 6 miles south of Aspen.

GENESIS

Spurr (1898, p. 217-218, 220, 229) concluded that
the jasperoid at Aspen was introduced by hydro-
thermal solutions related to, but older than, those
that deposited the primary sulfide ores of the dis-
trict. These solutions probably were rich in iron,
magnesium, and carbonate in addition to silica, be-
cause dolomite, siderite, and some pyrite are pene-
contemporaneous in origin with the jasperoid.

Petrographic study of my suite of oxidized jas-
peroid samples suggests that much of the coarse-
grained reticulated type of jasperoid quartz is con-
temporaneous with, or younger than, the associated
limonite, and may therefore be of supergene origin.

RELATIONSHIP TO ORE

The jasperoid bodies apparently were localized by
the same structures and rock units that influenced
the deposition of the sulfide ore bodies. Spurr (1898,
p. 220) stated that silicification always accompanies
the ore deposition and that jasperoid quartz is an
important gangue of the ore, although jasperoid is
more widespread and is also found in areas where
there has been no ore mineralization. However,
Vanderwilt (1935, p. 238) noted that the massive
jasperoid bodies of the district commonly are not
found in close proximity to the ore bodies, but that
disseminated quartz crystals in the carbonate host
rocks, which appear to represent incipient jasperoid-
ization, are common on old stope walls and in min-
eralized fractures and breccia zones.

The favorable jasperoid that forms a gangue for
the ore may have been completely removed from the
old stopes, and, as a result, only incipient jasperoid
now remains in the stope walls. Samples of jasperoid
taken from old mine dumps contain abundant ore
minerals.

APPEARANCE

Some of the jasperoid bodies in the Aspen district
have sharply defined contacts with the host rock;
others grade outward through a zone marked by dis-
seminated quartz grains or euhedral quartz crystals
in a carbonate matrix, or by narrow anastomosing
quartz veinlets that become visible only on weath-
ered surfaces. The massive jasperoid is commonly
red or yellow, and conspicuously vuggy. Its- texture
ranges from aphanitic, resembling chert, to fine
grained, resembling quartzite. The vugs in this rock
are commonly lined with chalcedony or small quartz
crystals. Local leaching of the coarser grained variety
has produced a porous, spongy mat of quartz (Spurr,
1898, p. 217-219; Vanderwilt, 1935, p. 238).

All my jasperoid samples that were taken from
outcrops are shades of brown, yellow, and orange.
They range from light brown, yellowish brown, and
yellowish orange through moderate brown to dark
brown. Two specimens taken from mine dumps are
gray, indicating that the outerop colors probably are
the result of near-surface weathering and oxidation.

MICROTEXTURE AND MINERALOGY
Spurr (1898) described and illustrated the gradual
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transition from carbonate rock containing scattered
quartz crystals and disseminated grains, through
jasperoid containing abundant interlocking quartz
crystals and unreplaced remnant inclusions, to jas-
peroid in which the inclusions have disappeared and
the interstices of the quartz crystal net have been
completely filled with anhedral quartz, producing a
reticulated texture.

This texture is well illustrated in many of the
samples. Some of them show gradations from coarse
reticulated jasperoid to masses of coarse-grained
relict carbonate, or carbonate replaced by limonite,
containing abundant doubly terminated quartz crys-
tals as much as 3 mm in length. Most of the samples
contain abundant limonite or goethite associated with
medium- to coarse-grained xenomorphic or reticu-
lated quartz. The larger quartz grains in many of
these samples exhibit poikilitic inclusions of limo-
nite, limonite particles in their cores, or thin septa of
limonite outlining growth stages in individual quartz
crystals. Thus, a considerable overlap probably ex-
isted in the formation of limonite and quartz, both
of which replaced limestone, and must have done so
under oxidizing conditions at relatively low tem-
perature.

An older, and less abundant, generation of jasper-
oid is present in one of the unoxidized mine dump
samples and as breccia fragments in some of the
outcrop samples. It consists of aphanitic quartz with
xenomorphic to jigsaw-puzzle texture and sericite
inclusions. This quartz is older than the ore sulfides,
and in one sample it preserves the original texture
of the lithographic limestone it has replaced.

Accessory minerals observed in this suite of sam-
ples include lypogene pyrite, sphalerite, galena,
barite, and sericite; probably supergene hematite,
limonite, and manganese oxides; and supergene
goethite, calcite, jarosite, cerussite, smithsonite lus-
satite, and an unknown apparently isotropic dark-
brown mineral that forms very minute hairlike over-
growths on grains of hematite and limonite in a
quartz matrix.

Spurr (1898, p. 218-220) referred to dolomite both
as relict inclusions and zoned rhombohedral crystals;
siderite and pyrite as contemporaneous inclusions in
the jasperoid; and also to barite, hematite, and limo-
nite as minerals that commonly accompany it.

COMPOSITION

My 12 samples of jasperoid from the Aspen dis-
trict were analyzed spectrographically. All 12 are
anomalously rich in lead and zine, and most of them
contain anomalous concentrations of copper and
barium. About half of the samples contain high

values for Fe, Mn, Ag, Be, Co, and Mo, and one or
two contain the rarely detected elements As, Cd, Ce,
Ga, Ge, La, Nd, and Sb. Samples collected near the
center of the sampled area, between Bell Mountain
on the north and the head of Queens Gulch on the
south, all show the presence of Mo, which does not
occur in detectable concentrations in any of the other
samples from the district.

A suite of three samples was taken from an elon-
gated jasperoid outcrop along a small fracture about
half a mile southwest of the nearest mines in Tour-
tellotte Park. One of these samples is oolitic Lead-
ville Limestone host rock adjacent to the body, one
is ferruginous jasperoid near the edge of the body,
and one is highly ferruginous vuggy jasperoid from
near the center of the body. The limestone sample
shows a few small quartz grains and crystals, repre-
senting incipient jasperoidization, but otherwise ap-
pears fresh. It contains anomalous concentrations of
Ba and slightly anomalous concentrations of Pb.
The jasperoid sample from near the edge of the body
is also high in Ba and contains considerably more
Pb than the limestone; in addition, it contains anom-
alous Be, Co, Cu, Ga, Mo, and Zn. The sample from
near the center of the body contains more of all
these elements than the one from near the edge, and
also contains anomalous Ag, As, B, Ge, V, Y, and Yb.
This apparently systematic increase in both number
and concentration of detectable minor elements to-
ward the center of the body may be fortuitous be-
cause only one such suite of samples is available for
study. The strong contrast between anomalous minor
elements detected in the host rock and those in the
jasperoid does indicate that all of them, except pos-
sibly Ba, were introduced and not inherited from
the host rock.

The 12 jasperoid samples yield indicator-element
scores in the range +5-+19. Seven samples, includ-
ing the three samples from mine dumps, scored +15
or higher; three samples had scores in the range
+10-+15 and the other two scored +5 and +6.
Thus, all but the last two fall in the definitely favor-
able category, and these two are in the possibly fa-
vorable category.

CONCLUDING REMARKS

The presence of anomalously large amounts of
lead and zinc in all jasperoid samples from the As-
pen district and of copper and silver in most of them,
together with the fact that all such samples taken
from mine dumps yield high favorability scores,
suggests that this area should be excellent for ex-
ploration based on field geochemical analysis of jas-
peroid samples. The apparent contradiction between
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Spurr’s conclusion (1898) that jasperoid is older than
sulfide mineralization, and the petrographic evidence
that much of it is younger than limonitic alteration
of the host rock, can be resolved only by a detailed
study with emphasis on jasperoid bodies below the
zone of oxidation. Certainly a presulfide generation
of jasperoid is present, but examination of surface
samples of the coarse-grained reticulated jasperoid
described by Spurr suggests that it is not only
younger than the sulfides but also younger than the
oxidation of the sulfides.

EUREKA DISTRICT, NEVADA
(9, fig. 1; 20, fig. 44)

The Eureka district lies south and west of the old
town of Fureka in eastern Eureka County, Nev.,
about 60 miles west-northwest of Ely; Nolan (1962)
has discussed it in detail. Eureka has been one of
the principal silver-lead districts of the Western
United States. Paleozoic and Cretaceous sedimentary
rocks in this district have been broken by a compli-
cated network of faults, which locally served as
channelways for mineralizing solutions that formed
both fissure vein deposits and replacement deposits
in carbonate rocks. Jasperoid in this district is not
confined to any one stratigraphic unit, for it occurs
in carbonate rocks of Cambrian, Ordovician, Per-
mian, and Cretaceous age.

DISTRIBUTION

In the heavily mineralized Adams Hill area in the
northern part of the district, the Cambrian Hamburg
Dolomite has been extensively replaced by jasperoid
adjacent to the overlying Cambrian Dunderberg
Shale, although relatively little silica is assog¢iated
with sulfide replacements in the younger Cambrian
Windfall Formation and Cambrian and Ordovician
Pogonip Group in the same area (Nolan, 1962, p. 63).
This silicification of the Hamburg Dolomite is at-
tributed to the blanketing effect of the shale.

A. V. Heyl (written commun., 1967) described
“the Burnouts,” the original discovery area of the
Eureka district, on the upper south slope of Adams
Hill, as follows:

At the surface, the area of ‘“the Burnouts,” the original
discovery area of the district, consists of huge outcropping
red and brown masses of oxidized jasperoid replacing lime-
stone. Deep pits, small opencuts, many shafts, and several
adits have mined the parts of the jasperoid masses contain-
ing rich yellow-brown veins and replacement masses of silver-
bearing plumbojarosite, anglesite and cerussite that made
up the original rich bonanza-bodies of silver lead ore. The
jasperoid is dense and aphanitic, but slightly sugary with
some jigsaw-puzzle texture. The jasperoid is veined with
limonite; cavities in the jasperoid contain white radiating
masses of hemimorphite and small yellow areas of plumbo-

jarosite. The large outerops of jasperoid that still remain
total many thousands of tons.

Nolan (1962, p. 72) mentioned prominent masses
of jasperoid in the Cambrian Eldorado Dolomite near
the Burning Moscow mine south of Prospect Peak.
In lower New York Canyon, dolomite beds in the
Ordovician Hanson Creek Formation have locally
been brecciated and replaced by jasperoid close to
the contact with the underlying Ordovician Eureka
Quartzite, along steep northwest-trending faults
(Nolan, 1962, p. 71). The Permian Carbon Ridge
Formation, which consists of thin-bedded impure
limestones with local chert pebble zones, containg
no economically important ore bodies; but locally,
particularly near its fault contact with Eureka
Quartzite on Hoosac Mountain, it is replaced by jas-
peroid. In this same general area, fresh-water lime-
stone of the Cretaceous Newark Canyon Formation
is also locally silicified (Nolan, 1962, p. 12, 71).

Many other small jasperoid bodies are shown on
the geologic map of the Eureka district accompany-
ing Nolan’s report.

GENESIS AND RELATIONSHIP TO ORE

Although little specific published information is
available on the genesis and economic significance of
jasperoid in the Eureka district, the localization of
massive jasperoid bodies in the upper part of the
Hamburg Dolomite, beneath the relatively imperme-
able Dunderberg Shale on Adams Hill (Nolan, 1962,
p. 63), suggests a hydrothermal origin for some of
this rock. On the other hand, Nolan’s observation
(1962, p. 43) that oxidized ore minerals in this area
locally contain considerable quantities of fine-grained
quartz intermixed with them indicates that super-
gene jasperoid is also present.

Samples of jasperoid from the Eureka district in
my collection provide evidence that both favorable
and unfavorable varieties are present and can be
distinguished by the criteria discussed on page 56
of the present report.

APPEARANCE, MICROTEXTURE, AND MINERALOGY

I have nine samples from the Eureka district;
however, only three of these are wholly or predomi-
nantly jasperoid, four represent incipient jasperoid-
ization of altered limestone or dolomite, and the re-
maining two are silicified limy siltstones. Four of
the samples are from the heavily mineralized Adams
Hill area west of Eureka; the other five represent
widely separated outcrops along New York Canyon
and Windfall Canyon south of Eureka (Nolan, 1962,
pl. 1). The host rock for four of the samples is the
Cambrian Hamburg Dolomite; two samples are from
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the Ordovician Hanson Creek Formation, and one
sample each was taken from the Cambrian Wind-
fall, the Permian Carbon Ridge, and the Cretaceous
Newark Canyon Formations.

All four samples from the Hamburg Dolomite are
from within 200 feet of mine workings; three are
from the Adams Hill area, and one is from an out-
crop near the Catlin shaft at the head of New York
Canyon. Samples 1 and 2, from the vicinity of the
Helen shaft on Adams Hill, are aphanitic medium-
gray jasperoids that have a heterogeneous xeno-
morphic to jigsaw-puzzle texture and a grain diam-
eter that averages 0.03 mm and ranges from 0.01 to
0.15 mm, Relict carbonate grains are locally abun-
dant; the quartz contains abundant carbonate par-
ticles and is cut by late calcite veinlets. Both samples
contain abnormally high concentrations of Ag, Pb,
Zn, and Sr, and both yield scores that place them in
the favorable category. Samples 3 and 4, one from
near the Helen shaft and the other from near the
Catlin shaft, consist largely of brecciated and re-
crystallized Hamburg Dolomite showing incipient
jasperoidizatior. Both samples are aphanitic and
weather brown with a rough surface. Sample 3 is
medium gray with dark-gray inclusions; sample 4 is
dark yellowish brown. Sample 3 is a finely com-
minuted microbreccia that contains tiny fragments
of chert and vein quartz as well as dolomite. It also
contains abundant irregular masses of an aphanitic
opaque mineral, creamy white by reflected light,
which was unidentifiable in thin section but which
is probably a supergene lead-arsenic compound.
Sample 4 contains only dolomite fragments and
supergene orange goethite in addition to introduced
silica. Two generations of introduced silica are dis-
tinguishable in both samples; the older of these is
jasperoid similar in texture to that of the two jas-
peroid samples first described, but slightly coarser
in average grain size. The quartz is disseminated as
grains and small isolated aggregates in the dolomite.
These aggregates become more numerous and coa-
lesce through a narrow transition zone inte a jas-
peroid matrix heavily contaminated with carbonate
particles and containing numerous inclusions of the
larger dolomite grains. Both dolomite and jasperoid
are cut by veinlets of aphanitic quartz that has a
jigsaw-puzzle texture and an average grain diam-
eter of about 0.01 mm. Both samples 3 and 4 are rich
in Ag, Ba, Cu, Pb, and Zn, and sample 3 also contains
abundant As and Sb. They scored +21 and +12,
respectively, on their indicator element content.

One sample of partly silicified dolomitic limestone
of the Cambrian Windfall Formation was taken from
an isolated outcrop surrounded by valley fill a quar-

ter of a mile southwest of the Silver Lick group of
mines on Adams Hill, the nearest mine workings.
This sample is dense, fine grained, and pale yellowish
gray, weathering yellowish brown, and has a rough
pitted surface. In thin section the texture of the jas-
peroid and the manner in which it replaces the lime-
stone are similar to those in the two dolomite sam-
ples described in the preceding paragraph; however,
no late quartz veinlets or accessory minerals are vis-
ible. In addition to the Mg, Ca, and Ce of the host
rock, this sample is slightly high in Na, Ag, Cu, Pb,
Sr, and V. It yields a score of +6 on the basis of its
indicator-element content.

Two samples of jasperoidized dolomite of the Or-
dovician Hanson Creek Formation were collected
from outcrops in New York Canyon. One. of these
outcrops is near the mouth of the canyon about a
mile from the nearest mines; the other is about half-
way up the canyon and 200 yards south of the 76
mine shaft. The first consists largely of brecciated
yellowish-gray and light-olive-gray dolomite cut and
cemented by medium-gray jasperoid; the second is a
dense dark-gray fine-grained jasperoid with inclu-
sions of dolomite fragments. Incipient jasperoid in
the first sample differs from that in the Cambrian
rocks previously described in that it is both coarser
grained and more homogeneous, having an average
grain diameter of about 0.2 mm; this probably re-
flects the more coarsely crystalline nature of the host
rock. The second sample consists of heterogenous
xenomorphic quartz that has a grain diameter that
averages 0.1 mm and ranges from 0.02 to 0.5 mm;
it contains inclusions of coarse-grained dolomite. In
both samples the quartz contains abundant carbonate
dust, and the dolomite fragments are clouded with
opaque dark-brown or black dust particles, which are
largely concentrated near the rims of the grains.
Both samples are slightly high in Na, Ag, Ba, Pb,
and Sr in addition to Ca and Mg; the second sample
(from near the 76 mine) is also higher than normal
in Mn and Zn. Indicator-element scores are +3 for
the first sample, and +7 for the second.

A sample of silicified limy siltstone of the Permian
Carbon Ridge Formation was taken from Windfall
Canyon near the junction of the Windfall Canyon
road and the cutoff road to New York Canyon. This
outcrop is in a brecciated zone along a strong fault
that brings the Mississippian Chainman Shale in
contact with the Carbon Ridge Formation; it is about
a mile from the nearest mines. The rock is fine
grained with local sparse vugs, dusky yellowish
brown to dark gray, and weathers moderate yellow-
ish brown. It has a matrix of aphanitic jasperoid
quartz that has a jigsaw-puzzle texture and grain
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TABLE 21.—Characteristics of jasperoid

Field relations of jasperoid
(characteristics of jasperoid bodies of the district as a whole)

Appearance of
jasperoid
(characteristics of
particular jasperoid

District Major generations bodies considered to
or types be typical)
Host rocks Structural control Relationship to intrusives  Relationship to ore Nature of contact
Tri State, 1 generation .......... Mississippian Related to fractures No known intrusives. Late preore, commonly Commonly gradation-
Oklahoma- limestone. and bedding planes. adjacent to sulfide al into host rock on
Kansas- ore bodies. one side and ore on
Missouri. the other,

Clifton-Morenci,
Ariz,

Bisbee, Ariz

Ely, Nev

Probably 2 genera-
tions but not dis-

Leadyville, Colo ...

Tintie, Utah

Gilman, Colo ........

Aspen, Colo

Eureka, Nev

Cambrian and Or-
dovician lime-

tinguished. stone.
........ Early .....c.ccece.... Paleozoic lime-
stone.
Late e Cretaceous basal
conglomerate.
Early Paleozoic lime-
stone and shale;
Tertiary mon-
zonite.
Late ... do

Not distinguished ..

Early(?)

Late

Ordovician, Devo-
nian, and Mis-
sissippian lime-
stone and
dolomite.

Paleozoic sedimen-
tary rocks,
largely dolomite.

1 generation

Probably 2 genera-
tions, but not dis-
tinguished.

Not subdivided .....

Devonian and
Mississippian
dolomite.

Mississippian car-
bonate rocks.

Cambrian, Ordo-
vician, Permian,
and Cretaceous
carbonate rocks.

Related to faults and
breccia zones.

Localized by strong
faults and proxim-
ity to intrusive con-
tacts.

Localized by uncon-
formity at base of
Cretaceous and by
faults and frac-
tures cutting it.

Localized by proxim-
ity to monzonite

porphyry intrusives.

Localized by faults
and fractures.

Localized by faults
and fracture zones.

Related to uncon-
formity at base of
Tertiary extrusive
rocks.

Related to faults and
fractures.

Related to faults

Related to faults and
fractures.

May be genetically re-
lated to felsic Lara-
mide intrusives, but
spatially remote from
intrusive centers.

Genetically and in part
spatially related to
siliceous porphyritic
intrusives,

None known

Genetically and spa-
tially related to in-
trusives,

None known

Genetically related to
quartz monzonite
stock, but spatially
remote.

None apparent

Genetically related to
monzonitic intrusive,
but spatially remote,

None apparent

Probably postore; spa-
tially remote from
major deposits; re-
lationship not stud-
ied in detail.

Late preore, genetical-
ly and commonly
spatially related to
ore.

Genetically and locally
spatially related to
ore,

Largely contemporane-
ous to postore; some
is spatially associ-
ated, some is not.

None apparent

Preore, genetically and
commonly spatially
related to ore.

Possible genetic rela-
tionship; no close
spatial relationship.

Preore, genetically re-

lated and locally
spatially related to
ore.

Genetically related to
mineralization;  lo-
cally spatially re-
lated to ore.

Commonly abrupt......

...... [ T YO
Commonly irregular,
locally gradational.

Commonly abrupt, lo-
cally gradational
with intrusives.

Commonly abrupt ......

No information ...

Transitional in some
places, abrupt in
others.
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Appearance of jasperoid—Continued

(characteristics of particular jasperoid bodies considered
to be typical) —Continued

Microtexture and composition of particular jasperoid samples

Color

Macrotexture

Other information

Fabric texture

Grain type and
size

Mineralogy

Elements
concentrated

Other information

Dark gray to
black.

Red, yellow,
brown.

Dark red, gray..

Pale yellow,
pink.

‘White, pale
yellow.

Dark red, dark
yellow,
shades of
brown.

Gray to black;
locally
brown.

Black, dark
gray, brown-
ish red,
yellow.

Shades of gray
and brown.

Shades of yel-
low, brown,
and gray.

Dense, fine grained,
locally banded.

Largely aphanitic;
locally brecciated
and cemented by
younger quartz.

Aphanitic, locally
vuggy.

Vuggy, fine
grained; abun-
dant inclusions
of host rock.

Dense, massive,
fine grained; lo-
cally brecciated.

Vuggy, locally po-
rous, commonly
brecciated.

Largely aphanitic..

Aphanitic...............

Vuggy, commonly
banded and brec-
ciated; aphanitic
to fine grained.

Commonly vuggy
and brecciated;
aphanitic to fine
grained.

Aphanitic to me-

dium grained,
vuggy.

Largely aphanitic..

‘Weathers light gray;
porous and friable
in transition zone
to host rock.

None...

Locally weathers to
porous friable
masses or to
quartz sand.

Forms prominent
outcrops.

Weathers to a rub-
ble of small frag-
ments.

None

Commonly opaque
on thin edges.

Variable grain size,
commonly trans-
lucent on thin
edges.

Locally preserves
primary and older
alteration (zebra)
textures.

Leached; coarser
grained varieties
are commonly po-
rous and spongy.

Incipient jasperoid
locally developed
in dolomite.

Largely jigsaw-puz-
zle texture; local-
ly reticulated.

Older host predomi-
nantly jigsaw-
puzzle texture;
younger is xeno-
morphie, locally
reticulated.

Jigsaw-puzzle to lo-
cally xenomorphic
texture.

Xenomorphic to
granular texture.

Xenomorphic to jig-
saw-puzzle tex-
ture, locally granu-
lar.

Jigsaw-puzzle tex-
ture, locally
xenomorphic or
reticulated.

Jigsaw-puzzle to lo-
cally xenomorphic
texture.

Jigsaw-puzzle to
granular texture.

Xenomorphic to re-
ticulated texture,
more than 1 gen-
eration, vuggy.

Xenomorphic to
jigsaw-puzzle
texture.

Reticulated to jig-
saw-puzzle tex-
ture.

Xenomorphic to
jigsaw-puzzle
texture.

Generally homo-
geneous;
0.001-0.03 mm.

Older, homogene-
ous, <0.005
mm; younger,
heterogeneous,
<0.005-0.3

mm.

Homogeneous;
about 0.005
mm.

Heterogeneous;
0.005-0.1 mm.

Relatively homo-
geneous;
0.01-0.1 mm.

Heterogeneous;
0.005-1 mm.

Heterogeneous;
0.005-0.1 mm.

Homogeneous;
<0.01 mm.

Heterogeneous,
commonly
coarse grained;
>0.1 mm.

Commonly homo-
geneous;
<0.05 mm,

Reticulated type,
coarse and
heterogeneous,
>0.1 mm;
jigsaw-puzzle
type, homoge-
neous, <0.05
mm.

Some varieties
homogeneous,
<0.05 mm;
others hetero-
geneous,
0.02-0.5 mm,

Carbon, clay, dolo-
mite, pyrite,
sphalerite.

Dolomite, siderite,
calcite, sericite,
pyrite, hematite,
goethite, limo-
nite, Mn oxides.

Hematite, chalced-
ony, calcite,
brochantite, mal-
achite, limonite.

Siderite, calcite
dust, sericite.

Chalcedony, hema-
tite, limonite, al-
lophane, goethite,
jarosite, calcite,
sericite, kaoli-
nite, apatite, flu-
orite, pyrite.

Mn oxides, goethite,
limonite, hema-
tite, pyrite.

Sericite, hematite,
limonite, chal-
cedony.

Barite, jarosite,
goethite, allo-
phane, pyrite.

Limonite, goethite,
carbonaceous
matter, sericite,
barite.

Dolomite, siderite,
pyrite, barite,
hematite, limo-
nite, Mn oxides.

Calcite, dolomite, li-
monite, goethite,
chalcedony, seri-
cite, zircon,
tourmaline.

Fe, Al, C, Ni,
Pb, Zn,

Pb, Zn, Fe,
Be, Ga, Mo,
Ag.

Fe, Cu, Ni, Pb,
V., Y, ,

Ag, Bi.

Ni, Pb, Mo, Be,
Zr.

No informa-
tion.

Bi, Sn, Zn, Fe,
Ag, Cu, Pb.

Ag, Ba, Mo, Pb,
Zn, Fe, Mn.

Be, Mn, Ti, Ca,
Mg.

Ba, Pb, Ag, Sh,
Bi, Cu, Zn,
As, Na, Th,
Sr.

None in un-
usual abun-
dance.

Locally associated with
older chert, which
may be of replace-
ment origin.

Many textural types
distinguishable in
thin section suggest-
ing more than 1
major generation.

Jasperoid is post-
Pennsylvanian and
pre-Late Cretaceous
in age.

Jasperoid is probably
Tertiary in age.

None.

None.

Some jasperoid may
be of supergene ori-
gin.

Particularly abundant
in north part of
Tintic district.

None.

None.

Fe,Mg,Mn, Ag, Ore bodies commonly

Ba, Co, Cu,
Pb, Sr, Zn.

Ca, Mg, Na, Ag,

Ba, Cu, Pb,
Sr, Zn

associated with in-
cipient jasperoid
and locally with
coarse reticulated
jasperoid.

None.
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diameter less than 0.01 mm; it contains sparse detri-
tal zircon and tourmaline and abundant detrital
quartz grains with overgrowths in optical continuity
with the grains. The matrix is cut by veinlets of late
orange goethite and chalcedony, and chalcedony also
lines vugs. Analysis shows this sample to be slightly
high in Al, Fe, Mg, Ag, B, Ba, Cu, Ni, Pb, Sr, Y, Yb,
and Zn, and abnormally high in Sb and Zr. Its indi-
cator-element score is +11.

A sample of similar material from the Cretaceous
Newark Canyon Formation near the head of Wind-
fall Canyon, about a mile from the nearest mines,
consists of dense fine-grained pale-yellowish-brown
silicified limy siltstone or silty limestone that weath-
ers moderate brown. The matrix is homogeneous
aphanitic quartz that has a jigsaw-puzzle texture as
in the specimen described in the preceding para-
graph. It also contains disseminated flakes of seri-
cite and masses of chalcedony, as well as numerous
detrital grains of zircon and tourmaline and abun-
dant detrital quartz. However, there are no over-
growths on the quartz grains, and the sample also
lacks disseminated limonite particles and late orange
goethite. Analysis shows it to be slightly high in Ca,
Mg, Na, B, Ba, Ni, V, Y, Yb, and Zr; it yields an
indicator-element score of —2.

CONCLUDING REMARKS

With one exception the indicator-element scores
of specimens from the Eureka district reflect their
location relative to known ore deposits. The four
samples taken close to mine workings yielded scores
in the favorable range; two samples taken within a
quarter of a mile of mines, but more than 100 yards
from them, yielded scores in the probably favorable
range; two of the three samples taken about a mile
from the nearest mines scored in the unfavorable or
probably unfavorable category. The third such sam-
ple (from the Carbon Ridge Formation) yielded a
score in the probably favorable category. This sam-
ple, from a breccia zone along a strong fault, may
reflect updip leakage from a buried center of mineral-
ization.

SUMMARY OF JASPEROID IN THE MAJOR DISTRICTS

The main characteristics of jasperoids in each of
the major districts are summarized in table 21. It
should be noted that the characteristics given under
“Field relations of jasperoid” in the left part of the
table apply to jasperoid bodies of the district as a
whole; those given under “Appearance of jasperoid”
are more restrictive, in general applying to particu-
lar jasperoid bodies that were examined and consid-
ered to be “typical”’; and those given under “Micro-

texture and composition of particular jasperoid
samples” are still more restrictive, applying only to
those samples that were collected, studied, and ana-
lyzed. As a result, the confidence that can be placed
in the stated characteristics, as representative of
the jasperoid bodies of the district, decreases toward
the right in the table. Thus, interdistrict compari-
sons based on field relations are more reliable than
those based on appearance, and these, in turn, are
more reliable than comparisons based on microtex-
ture and composition.

Certain generalizations are apparent from the field
relations. In all the major districts Paleozoic carbo-
nate rocks are the hosts for at least one major gen-
eration of jasperoid. In the districts characterized
by a close spatial and genetic relationship between
intrusive bodies and jasperoid, the intrusives are
felsic, generally monzonitic in composition, and there
is also a younger jasperoid localized by faults and
fractures. In most of the districts in which a major
generation of jasperoid is associated with ore, this
jasperoid formed during a late stage of preore al-
teration.

Jasperoid samples that have coarse or highly
variable texture, abundant vugs, or a porous friable
texture commonly are related to ore; those charac-
terized by an aphanitic texture are commonly un-
favorable. Sulfides, or the oxidation products of sul-
fides, and unusually high concentrations of the ore
metals as trace elements are characteristic of favor-
able jasperoid samples.

CHARACTERISTICS OF JASPEROID IN OTHER
THAN THE MAJOR MINING DISTRICTS
IN THE UNITED STATES

Jasperoid has been reported from nearly 200
mining districts or mineralized areas in the United
States in addition to the nine major districts dis-
cussed in the preceding chapter (fig. 1). Some of
these are large districts in which jasperoid is not
sufficiently abundant to warrant inclusion in the
preceding chapter; others are large districts in
which the abundance of jasperoid is not clear and
needs further study ; most are smaller districts char-
acterized by abundant jasperoid; a few are min-
eralized areas that have as yet produced no ore.

Information on these jasperoid localities has
been derived in part from the literature and in part
from examination and analyses of samples. This
information ranges from detailed description with
numerous analyses to only a brief mention of oc-
currence.

Summary discussions in this chapter are arranged
alphabetically by State. The discussion of each lo-
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cality includes a brief summary of available informa-
tion on (1) the distribution and field relations of
jasperoid bodies, (2) genesis and relationship of
Jasperoid to ore, (3) appearance and petrography
of jasperoid, and (4) minor-element content of jas-
peroid samples,.

ALABAMA

No descriptions of jasperoid in specific districts
in Alabama have been found. However, in a résumé
of cobalt-bearing manganese deposits of Alabama,
Georgia, and Tennessee, Pierce (1944, p. 265) ob-
served that ‘“Cobalt-bearing manganese oxide is com-
monly associated with some variety of siliceous rock,
such as sandstone, quartzite, or chert, or with a fine-
grained crystalline quartz which Kesler has identi-
fied as jasperoid.”

In an old report on the upper gold belt of northern
Alabama, Brewer (1896, p. 12) mentioned deposits

similar to those of Cartersville, Ga., in which ore is
associated with “whitish flinty quartz, highly sul-
pheretted.” Thus, it seems that Alabama is not
devoid of jasperoid occurrences, though their
prevalence, nature, and economic significance can-
not be evaluated from the information available.

ALASKA

Siliceous replacements associated with sulfide ore
bodies have been reported from two areas in Alaska
(fig. 37). One of these is the southern Seward
Peninsula area where copper, lead, and zinc¢ deposits
are commonly associated with jasperoid in Paleozoic
limestone. The other is the Salmon River district,
near the head of the Portland Canal in the south-
eastern part of the Alaskan panhandle. Here, Juras-
sic greenstones have been locally silicified near
deposits of copper sulfide.

SAL

0 100 200 MILES

FIGURE 37.—Map showing the location of jasperoid-bearing areas in Alaska.
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SOUTHERN SEWARD PENINSULA AREA

Cathcart (1922, p. 179, 181) mentioned bleached
and silicified limestone with copper deposits at
Casedepaga, on Penny River in the Solomon district,
on Mount Dixon, on Slate Creek, on Manila Creek,
and on Iron Creek at Copper Mountain. Cathecart
said of these jasperoids: ‘“The quartz bodies in which
the copper minerals occur seem to conform with the
bedding of the limestone. The quartz contains many
shrinkage cavities and retains the original bedding
planes of the replaced rock. The most noticeable fea-
ture of the rock is its banded structure.” The jas-
peroids of the Iron Creek district he (p. 212-213)
described as being adjacent to bleached limestone
and consisting of shattered and strained quartz cut
by veinlets of sericite and chlorite. Chalcopyrite is
locally present in these bodies in layers roughly par-
allel to the original bedding.

SALMON RIVER DISTRICT
Bodies of greenstone, which resulted from the
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metamorphism of tuff and lava, have been intensely
silicified in mineralized areas. This rock is bleached
and locally resembles quartzite, both in macrotexture
and composition. Sulfide minerals were introduced
at about the same time as the silica. In some places
the quartz replacement bodies contain abundant cal-
cite or sericite, and at one locality (Summit claim)
masses of nearly pure pyrrhotite are enclosed in
silicified greenstone (Westgate, 1922, p. 123, 133,
137-138).

ARIZONA

Although no jasperoid provinces have been defined
in Arizona that are comparable to those in the ad-
joining States of California, Nevada, Utah, Colorado,
and New Mexico, jasperoid is present in at least 17
mineralized areas in the State, and some information
is available on seven of these (fig. 38). Besides the
major districts of Clifton-Morenci (5, fig. 88) and
Bisbee (3), previously discussed, these are the Ban-
ner district (2), the Cameron area (4), the Court-
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F1GURE 38.—Map showing the location of jasperoid-bearing areas in Arizona.
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land-Gleeson district (6), the Jerome district (10),
and the Pima district (14). Except for Cameron and
Jerome, all of these are in the southeast quarter of
the State. This geographic distribution may be
largely attributable to the tendency of such siliceous
replacements to occur in Paleozoic limestones and
dolomites. Mineral deposits in these rocks are largely
restricted to the southeastern part of the State. How-
ever, jasperoid bodies have also been reported in
Triassic siltstone near Cameron (Abdel-Gawad and
Kerr, 1963; Barrington and Kerr, 1963) and in
Precambrian metamorphosed tuffaceous rocks near
Jerome (Anderson and Creasey, 1958, p. 43-44,
109-111).

BANNER DISTRICT
(2, fig. 38)

The Banner district is in southern Gila County
a few miles north of Hayden (Kiersch, 1951). At
the Seventy Nine mine copper-lead-zinc-sulfide re-
placement deposits in faulted and fractured Pennsyl-
vanian Naco Limestone are associated with massive
jasperoid bodies. One of these forms a circular out-
cropping mass 15 feet high directly overlying a
pyritic ore body; similar jasperoid bodies appear to
be localized by the Keystone fault near the mine.
Many of these form lenses parallel to the bedding
of the Naco Limestone. Lenses and irregular masses
of jasperoid have been penetrated by mine workings
as deep as the seventh level.

According to Kiersch (1951, p. 78-79), the sulfide
ore bodies are cut and replaced by stringers, veins,
and masses of quartz, which is the youngest hypo-
gene mineral., Although Kiersch did not directly
stipulate the age of the jasperoid bodies relative to
the sulfide ore, the preceding statement implies that
he regarded them as a product of the late-stage
hydrothermal silica-bearing solutions. Regardless of
their genesis, many of them are closely associated
spatially with ore bodies.

The three samples from the Seventy Nine mine in
my collection show considerable variation in color,
texture, and mineralogy. Two are outcrop samples,
and these are aphanitic and dark red to reddish
brown. Their texture is heterogeneous and largely
xenomorphic, locally almost granular or reticulated.
The quartz is cut by veinlets of red hematite. One
outcrop sample contains numerous microvugs sur-
rounded by clean xenomorphic quartz showing zonal
overgrowths. The other outcrop sample shows no
vugs; but the quartz contains numerous inclusions
of chlorite, sericite, rutile, hematite pseudomorphs
after pyrite, and a high-index carbonate which is
probably cerussite. The third sample, from the mine

dump, is coarse grained, vuggy, and white stained
with various shades of brown. Its texture is hetero-
geneous and strongly reticulated. The larger quartz
laths contain numerous two-phase fluid inclusions,
as well as flakes of sericite and tiny needles of rutile.
Vugs and late fractures contain cerussite and wul-
fenite in addition to the ubiquitous limonite and
goethite.

All three samples scored high in the favorable
category on their minor-element content. All were
high in lead; two were high in Ag, Cu, Ga, In, and
Zn; and one was high in Bi, Mo, and V.

CAMERON AREA
(4, fig. 38)

The town of Cameron seems to be near the center
of a considerable area of scattered jasperoid bodies
in the Triassic sedimentary rocks, and locally in the
underlying Permian Kaibab Limestone (Barrington
and Kerr, 1963, p. 1252-1253). A silicified zone 5-10
feet thick is present at the top of the Shinarump
Member of the Chinle Formation in two areas in
Coconino County—one on the west side of the Little
Colorado River a few miles southeast of Cameron,
and the other near Shadow Mountain, 11 miles north
of Cameron (Abdel-Gawad and Kerr, 1963, p. 25—
26). Near the junction of the Colorado and Little
Colorado Rivers about 15 miles west of Cameron, a
group of silicified breccia pipes, containing frag-
ments of Shinarump and Kaibab Limestone, crops
out in the shale and siltstone of the Moenkopi Forma-
tion (Barrington and Kerr, 1963, p. 1238). Both the
silicified zone in the Shinarump and the silicified
pipes in the Moenkopi are ascribed to alteration by
siliceous hydrothermal solutions.

The jasperoid in the area southeast of Cameron
forms anastomosing veins and lenses, locally as much
as 7 feet thick, in sandstone and siltstone at the top
of the Shinarump Member just below a thin gray
shale of the Chinle. It is variegated and mottled in
various shades of red, purple, and yellow and is
commonly surrounded by a bleached kaolinized zone
in the host rock. The surface is covered by an angu-
lar rubble of jasperoid surrounding the outcrops.
Jasperoid here consists largely of dense aphanitic
quartz and red chalcedony (Abdel-Gawad and Kerr,
1963, p. 25-26).

The silicified pipes west of Cameron present a very
different appearance. They are nearly vertical pipes
filled with a rubble of silica-cemented fragments of
quartzite, limestone, siltstone, sandstone, and clay
derived from the underlying Kaibab Limestone and
Shinarump. The Moenkopi sandstone and siltstone
surrounding these pipes have been bleached in ir-
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regular halos, which represent a combination of
kaolinitic and sericitic alteration. These pipes form
prominent conical, irregular, black-weathering out-
crops. Some breccia fragments in the cores are silici-
fied, others are not. The cryptocrystalline silica
cement is vuggy and porous and has cavities lined
with crystals of anhydrite. Locally, silicified breccia
fragments are embedded in a matrix of yellow kao-
linite clay. Silica is confined to the vents and does
-not replace the wallrock. All the pipes are anomal-
ously radioactive. The siliceous matrix is stained
with limonite in addition to manganese oxide, and it
locally contains malachite and azurite. Disseminated
pyrite is present at depth in the altered wallrock
surrounding some of the pipes (Barrington and
Kerr, 1963, p. 1242-1246).

The silicification that produced both the zone and
the pipes probably occurred at temperatures of about
200°C and at moderate pressure. Silicification prob-
ably was accompanied, in the early stages, by kao-
linization of the wallrock and, in the later stages, by
the local introduction of oxides of uranium and
manganese and sulfides of copper and iron, with
excess sulfur resulting locally in the conversion of
calcite to anhydrite (Abdel-Gawad and Kerr, 1963,
p. 34, 44 ; Barrington and Kerr, 1963, p. 1246-1247).
The ultimate source of the hydrothermal fluids is not
known in this area. The jasperoid layers and lenses
in the area southeast of Cameron are beneath, and
near, small uranium deposits in sandstone beds of
the Chinle Formation. No ore bodies have been de-
veloped in the area of the silica pipes, but the fact
that the pipes show anomalous radioactivity and
locally contain copper minerals as well as dissemi-
nated pyrite suggests that uranium and base-metal
sulfide replacement ore bodies, if they are present
in this area, probably are associated both spatially
and genetically with jasperoid.

Jasperoid bodies in the Shinarump Member near
Shadow Mountain are not described separately.

COURTLAND-GLEESON DISTRICT
(6, fig. 38)

The Courtland-Gleeson district occupies an area
of about 8 square miles near the southeast margin
of the Dragoon Mountains 15 miles east of Tomb-
stone and 20 miles north of Bisbee in Cochise County.
Ore deposits consist of pyritic copper and lead-zine-
silver replacement deposits in Carboniferous carbo-
nate rocks. They are localized by west-dipping thrust
faults and younger north- and east-trending normal
faults and fractures (Wilson, 1951, p. 12, 14).

The jasperoid bodies of this district are not dis-
cussed in the literature, although Wilson (1951, p.

14-15) mentioned a prominent limonitic silicified
breccia zone along a north-trending mineralized fault
on the west slope of Gleeson Ridge.

Three samples from this district are included in
my collection. One sample, from an outcrop near
the Shannon shaft, near Gleeson, is of the favorable
oxidized type; the other two are of unfavorable
oxidized jasperoid—one from a pit south of the
Marine shaft near Courtland, the other from a
breceia zone outcrop about a mile south of Browns
Peak. The favorable sample, from a silicified breccia
zone along a fault, consists of angular pale-orange
and medium-gray breccia fragments of aphanitic
jasperoid in a slightly vuggy moderate-brown silice-
ous matrix. The fragments have a homogeneous
aphanitic jigsaw-puzzle texture. The matrix, which
is similar in texture, contains abundant brown
limonite and is cut by veinlets of orange goethite
and younger coarse xenomorphic quartz; it also con-
tains sparse open vugs as much as 1 mm in diameter.

The unfavorable sample from the prospect pit near
Courtland is fine grained, light gray, and dense and
is cut by thin veinlets of calcite. It has a heterogene-
ous granular to jigsaw-puzzle texture and a grain
size of 0.005-0.15 mm. The larger grains have su-
tured boundaries and poikilitic inclusions of smaller
grains. Accessory inclusions consist of fibrous
chalcedony, calcite, and abundant large masses of
tremolite. It also exhibits sparse elongated open vugs.

The second unfavorable sample, from south of
Browns Peak, is fine to medium grained, grayish
orange pink, and contains scattered vuggy areas and
square pits. The matrix consists of homogeneous
aphanitic jigsaw-puzzle-textured quartz, which has
been fractured and recemented by late coarse xeno-
morphic quartz. The late quartz contains abundant
allophane dust, much of which shows zonal over-
growth patterns on original euhedral crystals, and
scattered embedded hematite pseudomorphs after
original pyrite, which suggests that this jasperoid
body may be of the fringe-zone favorable type rather
than the truly unfavorable type.

The favorable sample from the Gleeson district is
higher than normal in Fe, Ag, Bi, Cu, Ga, Mo, Pb,
Sn, and Zn. The unfavorable sample from the pit
near Courtland is abnormally rich only in Ba, and
the unfavorable sample from south of Browns Peak
is slightly high in B and Pb.

Differences in appearance, texture, mineralogy,
and minor-element content among the three available
samples show that several distinct types of jasperoid
exist in this district, but their relationships to the
ore bodies and to each other have not yet been
determined.
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JEROME DISTRICT
(10, fig. 38)

Several occurrences of jasper and silicified bodies
in Precambrian metavoleanic and metasedimentary
rocks in the Jerome district, Yavapai County, were
described by Anderson and Creasey (1958).

In the vicinity of the United Verde ore body,
tuffaceous rocks of the Grapevine Gulch Formation
were locally replaced by fine-grained quartz adjacent
to an intrusive gabbro- contact, before the further
replacement of this rock and the underlying quartz
porphyry by massive pyrite. The jasperoid bodies
thus formed are lenticular to irregular in form; they
are most abundant in the tuffaceous sediments al-
though some isolated masses are completely enclosed
within the pyrite, and small jasperoid nodules are
present in the quartz porphyry on the footwall side
of the pyritic pipe. The largest jasperoid bodies, as
much as 500 feet long and 150 feet wide, are lo-
calized by structural terraces in the hanging-wall
gabbro (Anderson and Creasey, 1958, p. 109-111).
Both ihe silicification and the sulfide mineralization
in this deposit are clearly Precambrian. These are
the only bodies of favorable jasperoid of unquestion-
able Precambrian age known to the author, though
it is probable that hard massive quartz containing
small chalcocite bodies in the upper levels of the
United Verde extension ore body (Anderson and
Creasey, 1958, p. 143) and pods of jasperoid in
andesitic tuffs of the Alder Group between the
United Verde and Copper Chief mines (Anderson
and Creasey, 1958, p. 43—44) are also Precambrian.
Other such bodies, remote from mineralized areas,
in the Deception Rhyolite along shear zones and
along the contact with the Grapevine Gulch Forma-
tion were reported by Anderson and Creasey (1958,
p. 44), who believed them to be of Precambrian age
but younger than the regional deformation.

The jasperoid of the United Verde deposit is fine
grained, almost flinty, and red, black, or white with
gradational color variations (Anderson and Creasey,
1958, p. 111).

Jasper magnetite beds are also locally intercalated
with dacite flows in the Grapevine Gulch Formation,
but these beds probably represent metamorphosed
chemical precipitates, rather than epigenetic silice-
ous replacements (Anderson and Creasey, 1958, p.
19).

PIMA DISTRICT
(14, fig. 38)

At the San Xavier mine in the northern part of
the Pima district, Pima County, about 20 miles south
of Tucson, a few small masses of favorable jasperoid
are associated with base-metal sulfide replacement

deposits in Permian limestone. Wilson (1950, p. 46—
47) summarized the geology and ore deposits of this
mine, but he did not mention jasperoid.

Two samples of favorable jasperoid from the San
Xavier mine area are included in my collection. One
is a dump sample; the other is from a small outcrop,
which caps an ore body, in limestone near the service
shaft. The distribution of the ore bodies, and appar-
ently of the jasperoid, is largely controlled by the
intersection of a strong northeast-trending fault zone
with favorable limestone beds.

Both samples are porous, vuggy, and heavily
stained with iron oxide. The quartz is coarse grained
and heterogeneous, and it has a xenomorphic to lo-
cally reticulated texture. In both samples the quartz
is clouded with carbonate particles, and in one of
them, small fluid inclusions are present in some of
the coarser grains. In one sample, abundant relict
grains and masses of siderite form inclusions in the
quartz; in the other sample, porous masses of brown
limonite and orange goethite cement fragments of
jasperoid quartz, and late fibrous chalcedony partly
fills the voids.

Both samples are rich in Ag, Bi, Cu, Mo, Ph, and
Zn. One sample also shows high V, and the other one,
high Ni.

OTHER OCCURRENCES

In the Winchester silver district (17, fig. 38) in
the northeast corner of the Dragoon quadrangle,
Cochise County, limestone of Paleozoic age has lo-
cally been replaced by jasperoid bodies, some of
which are as much as 100 feet wide and 1,000 feet
long. These jasperoid bodies are host rocks for silver
ore deposits, although the distribution of silver is
erratic and only small parts of the bodies are min-
able (Cooper and Silver, 1964, p. 161).

In the Helvetia district (9, fig. 38), in the Santa
Rita Mountains, the footwall of a copper ore body
in the Copper World mine consists of highly silicified
gray limestone, although the ore itself is not very
siliceous (Schrader, 1915, p. 103). In the Patagonia
district (13, fig. 88), at the Mowry mine, a silicified
breccia zone as much as 250 feet wide occurs along
a fault in limestone, according to Schrader (1915, p.
302), who wrote, in his general description of altera-
tion in the distriet, that

The quartz in limestone occurs mostly in irregular masses
locally developed in association with the garnet along the
contact zone and in the impure cherty zones or metamorphic
bands in the sedimentary rocks. Here and there it replaces
chert and the earlier metamorphic minerals, such as calcite
and actinolite, whose crystalline forms are preserved in
masses of relatively pure pseudomorphic silica.

Jasperoid bodies have been reported in the Penn-
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sylvanian Naco Limestone in the Swisshelm district
(15, fig. 38), Cochise County, about 30 miles north
of Douglas (J. R. Cooper, oral commun., 1962), and
in the Cretaceous Bisbee Group of the Mule Moun-
tains (12, fig. 38), Cochise County, north of the
Bisbee district (P. T. Hayes, oral commun., 1964).
The “novaculite” in the Naco Limestone at Tomb-
stone (16, fig. 38), Cochise County, which is asso-
cited with replacement ore deposits (Butler and
Wilson, 1938, p. 108), also may be at least partly
jasperoid.

At the Grand Reef mine in the Aravaipa district
(1, fig. 38), Graham County, Ross (1925, p. 62)
described lode deposits of lead and zinc sulfides in a
silicified breccia of country rock, and also “irregular
masses of white and pink glassy quartz.”

In the Fort Apache iron district (7, fig. 38) in
Navajo County, near Young, silicified chert breccias
occur in the Precambrian Mescal Limestone. Silicifi-
cation was controlled partly by proximity to an old
erosion surface and partly by the intersection of
joints and fractures with favorable beds. The altera-
tion took place in Precambrian time and seems to
have been characterized by repeated cycles of brec-
ciation and silicification (A. F. Shride, oral commun.,
1962). In some places these silicified zones are pe-
ripheral to, and grade into, bedded iron ore deposits.
Silica of both the breccia fragments and the matrix
tends to be aphanitic, and it has a jigsaw-puzzle
texture. The rocks are variegated in color, commonly
banded in shades of gray, red, pink, yellow, and
brown, and locally display small vugs and open
cavities. It is doubtful that these silicified breccias
represent true jasperoids in the sense of bodies
formed by heated upward-moving silica-bearing solu-
tions; more probably their origin, like that of the
sileretes of South Africa and the duricrusts of Aus-
tralia, was due to cementation by silica-bearing
ground and surface water at or near an erosion
surface.

In the Mazatzal Mountains (11, fig. 38), Maricopa
County, near some mercury deposits on Alder and
Sycamore Creeks, conspicuous bands of red jasper
in a pale-yellow Precambrian dolomitic limestone
that is interbedded with schist and slate were re-
ported by Lausen and Gardner (1927, p. 63, 65).

In the Globe-Miami district (8, fig. 38), Gila
County, quartz monzonite and granite porphyry are
completely replaced by quartz and pyrite along some
major faults and breccia zones of the Copper Cities
deposit, according to Peterson (1962, p. 92)

ARKANSAS
Jasperoid is associated with many of the small

zinc and lead deposits scattered through the Ordo-
vician and Mississippian carbonate rocks of northern
Arkansas, in Washington, Boone, and Marion Coun-
ties on the west, and in Lawrence and Sharp Coun-
ties about 100 miles to the east. The deposits in the
main northern Arkansas zinc district are most con-
centrated in Boone and Marion Counties in the
north-central part of the region. The deposits, al-
though numerous, are small, and the total value of
all the zinc and lead produced from the entire region
is less than $10 million.

NORTHERN ARKANSAS ZINCG-LEAD DISTRICT
(fig. 36)

In this district, as in the Tri-State district to the
northwest, many of the dolomite and limestone beds
contain large masses of preore jasperoid that re-
sembles chert, which locally replaces the enclosing
rocks, although McKnight (1935, p. 19-23) stated
that it is probably only slightly younger than these
host rocks. The deposits are very similar to, but
smaller than, those in the Tri-State district.

Gray or brown jasperoid is closely associated both
spatially and genetically with many of the sulfide re-
placement ore bodies. It selectively replaces lime-
stone rather than dolomite in mineralized areas
where the two rock types are present. ‘McKnight
(1935, p. 119-120, 138-150) believed that the gray
jasperoid was deposited from hydrothermal solutions
that resulted from the mingling of far-traveling
magmatic emanations with ground water. He re-
garded it as the first stage of mineralization, im-
mediately preceding the stage of sulfide deposition,
and believed that the silica of which it is composed
precipitated directly in the form of quartz, rather
than crystallizing from a silica gel.

Incipient jasperoidization is commonly marked by
the presence of disseminated quartz prisms in the
carbonate host, and the massive jasperoid charac-
teristically contains numerous relict grains of carbo-
nate. Unreplaced dolomite rhombs occur in some
samples of completely jasperoidized limestone. The
jasperoid is typically a fine-grained dense dark-gray
to black rock that has a heterogeneous reticulated
texture (McKnight, 1935, p. 111-112, pls. 10, 11).

CALIFORNIA

Four mining areas in California that are charac-
terized by large bodies of jasperoid are discussed
in the literature: the Darwin district (3, fig. 39), the
Diadem lode in the Bidwell Bar district (1), the
Mescal mine in the Ivanpah district (6), and the East
Shasta district (4). The first is a base-metal sulfide
and scheelite district in the northwestern Mojave
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Desert near Owens Lake ; the second is a gold district
near the north end of the Mother Lode gold belt; the
third is an antimony-silver mine in the eastern
Mojave Desert near the Nevada State line; and the
fourth is a copper-zinc district in Shasta County.
Jasperoid is known to be present in many other areas
in California (fig. 39), but the literature on mining
districts in the State contains little information
about it.

DARWIN DISTRICT
(3, fig. 39)

The Darwin district is in hills that lie between the
south end of the Inyo Mountains and the north end
of the Argus Range, about 20 miles east of the south
end of Owens Lake in Inyo County (Hall and Mac-
Kevett, 1962). The Panamint Springs, Zinc Hill, and
Modoc mining districts a few miles west of Darwin
in the Argus Range also contain abundant jasperoid
(A. V. Heyl, written commun., 1967).

A series of upper Paleozoic carbonate rocks in
the area has been metasomatically altered to cale-
silicate rocks in broad zones surrounding Mesozoic
felsic intrusive stocks and batholiths. Most of the
ore bodies are in fissure veins and bedded replace-
ments within this zone of contact metamorphism.

Knopf (1915, p. 16-18) noted the occurrence of
“iron-bearing jasper” gangue at the Lane, Columbia,
and Wonder mines in this district. Hall and Mac-
Kevett (1958, p. 17-18; 1962, p. 63, 68, 76) listed
“jasper” as an important gangue for some of the ore
bodies formed in major fault zones and stated that
it is particularly abundant at the Santa Rosa mine.
“Jasper” in this district apparently is confined to
the fault zones and does not appreciably replace the
host rock. However, this rock replaces breccia within
the ‘fault zones and thus is true jasperoid (A. V.
Heyl, written commun., 1967).

BIDWELL BAR DISTRICT
(1, fig. 39)

Turner (1899, p. 389-390) described a replace-
ment of Carboniferous limestone and dolomite on
the Diadem lode in the Bidwell Bar district, Plumas
County, Calif., near the north end of the Mother
Lode gold belt. This body is localized by a strong
fault zone, and attains a maximum width of 60 feet.
Silicified foramanifera are present in this rock,
which consists largely of iron- and manganese-
stained quartz and chalcedony and, locally, of fine-
grained silicified shale beds. The jasperoid contains
selenides of Au, Ag, Pb, and Cu in addition to free
gold. Ore mineralization is regarded as penecon-
temporaneous with sjlicification.

IVANPAH DISTRICT
(6, fig. 39)

The Mescal mine is in the Ivanpah district, on the
northeast slope of the Mescal Range about a mile
south of U.S. Highway 91 in eastern San Bernardino
County, close to the Nevada State line. Hewett
(1956, p. 132) has summarized the geology and ore
deposit at this mine.

The host rock is lower Paleozoic Goodsprings
Dolomite, which at this locality is a thin-bedded
dark-gray dolomite intruded by a rhyolite sill. The
ore zone is along a minor thrust fault in the dolomite,
nearly parallel to the bedding. Stibnite, pyrite, and
other sulfides are disseminated through a jasperoid
body replacing the dolomite along this fault. Ac-
cording to Hewett, “these sulfides fill the pores of
the spongelike mass of quartz that replaced. the
dolomite.” A. V. Heyl (written commun., 1967) re-
ported that jasperoid is abundant at many other
silver and base-metal mines in this district.

EAST SHASTA DISTRICT
(4, fig. 39)

The East Shasta district is on Shasta Lake in
central Shasta County, about 20 miles northeast of
Redding. Massive base-metal sulfide deposits form
lenses along shear zones and faults in Triassic rhyo-
lite. The geology of the district is complex, and rocks
ranging in age from Devonian to late Tertiary or
early Quaternary are exposed within it. These are
predominantly extrusive rocks and pyroclastics of
many different ages, with subordinate interbedded
shales and mudstones and a few limestone beds; a
small stock of felsic plutonic rocks was emplaced in
Late Jurassic or Early Cretaceous time.

Albers and Robertson (1961, p. 51, 52, 73, 97)
mentioned silicification of rocks of many kinds, in-
cluding Mississippian and Permian limestone, in the
district; however, the rhyolitic host rock for the ore
deposits is the most conspicuously silicified rock unit,
and it is this silicification of the rhyolite that they
discussed, as summarized in the following para-
graph.

In its more intensely silicified phases both the
groundmass and the feldspar phenocrysts of this
rock have been replaced by anhedral microcrystalline
quartz, and only the relict quartz phenocrysts re-
main. Silica, liberated during the replacement of
rhyolite by sulfates and sulfides, probably moved out-
ward to replace feldspar in the rhyolite at the Rising
Star mine, where sulfide lenses are largely enclosed
by intensely silicified rhyolite. A dense reddish-brown
flintlike jasperoid containing disseminated sulfides
in the Bully Hill mine appears to be a siliceous
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replacement of metadiabase, and Albers and Robert-
son (1961, p. 97) stated that “its presence near
prominent ore shoots seems to be an important indi-
cator of mineralization within the metadiabase.”

Jasperoids of the favorable type are thus abundant
in parts of the East Shasta district, though they are
somewhat unusual in that they replace igneous rocks
rather than Sfadimentary carbonate rocks.

OTHER OCCURRENCES

owerpentine in the vicinity of mercury deposits in
the Mayaecmas and Sulphur Bank districts (11, fig.
39), Sonoma County, was reported by Ross (1940,
p. 333, 340) to have been hydrothermally altered to
a fine-grained rock composed of quartz, chalcedony,
opal, and carbonates. In the Tungsten Hills (20, fig.
39), Inyo County, 10 miles west of Bishop at the
east base of the Sierra Nevada, roof pendants of
metamorphosed sedimentary rocks are enclosed in
granite and form the host rocks for scheelite de-
posits. Lemmon (1941, p. 502) wrote that “The
calcareous rocks, limestone, shaly limestone, and
calcareous shale show the most varied alteration.
Some beds are silicified and on casual inspection re-
semble quartzite.”

A. V. Heyl (written commun., 1967) reported that
jasperoid is common or abundant in the following
lead and zinc mining districts in Inyo, San Bernar-
dino, and Kern Counties in eastern California:
Tecopa (19, fig. 39), Black Hawk (2), Lemoigne
(9), Grapevine (5), Kingston Range (7), Nopah
(12), Reward (13), Slate Range (15), Russ (14),
Ubehebe (21), and Panamint Springs (hypogene
jasperoid) ; Zinc Hill, Modoc, and Swansea (18)
(both hypogene and supergene jasperoid) ; Lee (8),
Clark Mountain, Soda Lake (16), Lone Pine (10),
and South Park (17) (supergene jasperoid). The
host rock of the jasperoid in most of these districts
is limestone or dolomite ; however, jasperoid replaces
andesite and tuff in the Grapevine district.

COLORADO

Most of the small jasperoid-bearing mining dis-
tricts of Colorado are within the central Colorado
jasperoid province (fig. 1), which covers parts of
Eagle, Summit, Lake, Park, Pitkin, Chaffee, Sagu-
ache, and Gunnison Counties, and includes the major
districts of Leadville (9, fig. 40), Gilman (5), and
Aspen (1), previously described. These smaller dis-
tricts within the province include the Horseshoe-
Sacramento district (6) in the Mosquito Range
southeast of Leadville, the Kokomo district (7) in
the Gore Range a few miles north of Climax, the
Pando area (14) in the upper Eagle River Valley

between Tennessee Pass and Red Cliff, the Sedalia
district (18) near Salida, the Monarch-Tomichi
(12), Quartz Creek (15), Tincup (22), and Sugar
Loaf and St. Kevin (21) districts in the Sawatch
Range, the Lenado (10) and Snowmass Mountain
(19) districts near Aspen, the Spring Creek district
(20) north of Gunnison, and the Bonanza district
(2) in the northeastern Saguache County. Isolated
occurrences of jasperoid have also been reported
from the Uncompahgre (23) and Red Mountain (16)
districts near Ouray in the northern San Juan Moun-
tains, in the Rico (17) and La Plata (8) districts
in the southwestern San Juan Mountains, the
Massadona-Youghall district (11) in Moffat County,
and the Carbonate district (4) in eastern Garfield
County outside the jasperoid province (fig. 40). The
host rocks for nearly all these jasperoids are lime-
stone and dolomites ranging in age from Devonian
to Pennsylvania.

HORSESHOE-SACRAMENTO DISTRICT
(6, fig. 40)

The Horseshoe-Sacramento district is south of
Alma and southeast of Leadville on the east slope of
the Mosquito Range in Park County. The nature and
genesis of its jasperoid bodies were discussed in
detail by Butler and Singewald (1940), from which
the following information is abstracted.

The ore deposits consist of lead-zinc-silver sulfide
vein and replacement deposits in Devonian Dyer
Dolomite Member of the Chaffee Formation and the
overlying Mississippian Leadville Limestone on the
steep west limb of a northwest-trending anticline,
which is cut off by the major north-northwest-
trending London fault on the west. This fault brings
barren Pennsylvanian shale, arkose, and siltstone in
contact with the ore-bearing carbonate rocks.

Silicification of the carbonate rocks was preceded
by the formation of vein quartz that fills faults and
small fractures. Several distinct types and ages of
jasperoid were distinguished in the area, and they
exhibit both abrupt and transitional contacts with
their host rocks (Butler and Singewald, 1940, p.
820-828). The jasperoid forms lenticular bodies
parallel to the bedding and silicified breccia zones
along major faults, which locally act as ‘“feeder
dikes” to the lenticular bodies. Butler and Singewald
recognized four types of jasperoid, which they desig-
nated as coarse euhedral, coarse granular, fine
granular, and nodular. These types grade transi-
tionally into each other and exhibit a crude regional
zonation outward from a core of coarse euhedral
jasperoid to a peripheral zone of nodular jasperoid.
They (p. 828-831, 835-836) believed that this tex-
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FIGURE 40.—Map showing the location of jasperoid-bearing areas in Colorado.

tural gradation reflected a change from relatively
dilute and relatively low temperature silica-bearing
solutions precipitating quartz to form coarse
euhedral jasperoid, through successively hotter and
more concentrated silica solutions to a hot, highly
supersaturated solution, which precipitated silica
gel that later crystallized to form the aphanitic
nodular type of jasperoid.

The coarse euhedral jasperoids are restricted to a
small area at the southeast end of the larger
jasperoid-bearing area. This rock resembles fine-
grained quartzite and 1is transitional into the
recrystallized dolomite host rock through a zone
characterized by skeletal quartz crystals or dissemi-
nated quartz prisms in the dolomite gangue. In thin
section it shows a coarse reticulated texture with
carbonate particles in the laths, which are cemented
by, and locally overgrown with, clear quartz. Late
clear coarse quartz also forms veinlets and drusy
coatings of cavities and vugs. Relict inclusions of
dolomite and grains of barite partly replaced by
jasperoid are common. Flakes of sericite are locally
abundant, and late ferruginous carbonate replaces
some of the jasperoid. This type of jasperoid is
closely associated with, and grades into, baritic sul-
fide ore consisting largely of galena, sphalerite, and
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pyrite in a gangue of barite, dolomite, and jasperoid
(Butler and Singewald, 1940, p. 808, 821-823).

Euhedral jasperoid grades into coarse granular
jasperoid consisting of sparse, poorly terminated
quartz laths embedded in a groundmass of relatively
coarse anhedral quartz grains. This type also con-
tains relict inclusions of carbonate host, but it lacks
the carbonate particles that characterize the euhedral
variety. The coarse granular jasperoid grades out-
ward into fine granular jasperoid with the disappear-
ance of quartz laths and gradual diminution in
grain size. This type could have formed either by
the crystallization of colloidal silica or by the rapid
precipitation of gquartz from solution at abundant
centers of nucleation. Both barite and the early
quartz laths show strain, brecciation, and corrosion
by the granular matrix quartz (Butler and Singe-
wald, 1940, p. 826-827, 831).

The fine granular jasperoid is transitional out-
ward into nodular jasperoid that consists of nodules
of fine-grained jasperoid quartz in a matrix of
aphanitic cherty-looking quartz whose average grain
size is a few thousandths of a millimeter. The nodules
lack spherulitic or chalcedonic banding, but they
commonly contain carbonate particles that are seg-
regated in the cores of some nodules and concen-
trated in the rims of others. Both nodules and matrix
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are cut by veinlets of late coarse clear quartz. This
nodular jasperoid, which is most abundant on the
outer fringes of the jasperoid area, characteristically
exhibits sharp contacts with the host rock and is
thought to represent the recrystallization of a silica
gel deposited by hot solutions highly supersaturated
with silica (Butler and Singewald, 1940, p. 824-825).
Ore bodies associated with this type of jasperoid
apparently consist of pyrite, sphalerite, and galena
and subordinate tennantite, argentite, and chalcopy-
rite, although this relationship is merely inferred
and not directly stated by Butler and Singewald.
They did state that this assemblage of ore minerals
is characteristic of the nonbaritic ores and that
barite is abundant in the euhedral jasperoid and not
in the nodular jasperoid.

KOKOMO DISTRICT
(7, fig. 40)

The Kokomo district is a few miles north of
Climax, near the south end of the Gore Range in
Summit County. The White Quail Limestone Mem-
ber, one of several limestones in a thick section of
siltstone, shale, and arkose in the Pennsylvanian
Minturn Formation, is the host rock for lead-zinc
sulfide replacement deposits along northeast-trending
faults and fractures. Masses of jasperoid are closely
associated with some of these ore bodies, and, in
places, jasperoid quartz forms the matrix for silice-
ous ore.

The ore zone was argillized before it was silicified,
and silicification preceded deposition of the sulfides.
Limestone beds above and below the ore zone show
no visible alteration, suggesting that the mineraliz-
ing solutions moved updip from their feeding chan-
nels for some distance in the ore zone before reacting
to form the ore bodies and their associated altera-
tion (A. H. Koschmann, oral commun., 1959).

Kokomo jasperoid, where unoxidized, is typically
medium to dark gray, coarse grained, vuggy, and
heavily impregnated with pyrite, which ranges from
tiny disseminated grains to masses an inch or more
in diameter, and locally forms a network of veinlets
cutting the quartz. Much of the pyrite is euhedral,
with striated cube faces predominating, although
these are locally modified by octahedral and pyrito-
hedral faces. Breccia fragments of light-gray soft
friable argillized wallrock are commonly incorpo-
rated in the jasperoid. Masses of coarse-grained cal-
cite cement the jasperoid fragments in places, and
most vugs in the jasperoid are encrusted with
prismatic quartz erystals associated with pyrite and
younger dark sphalerite.

In thin section the jasperoid quartz is coarse

grained, and it has a heterogeneous texture that
grades from reticulated to xenomorphic. Many
quartz grains contain carbonate particles, and some
of the larger quartz grains have zone inclusions of
allophane. Flakes of sericite, penecontemporaneous
with the matrix quartz, are abundant. Pyrite, galena,
and sphalerite inclusions are all younger than jas-
peroid quartz and seem to have formed in approxi-
mately the order in which they are listed. Veinlets
of calcite and of quartz cut both the sulfides and the
jasperoid.

Spectrographic analyses of two jasperoid samples
from Kokomo show abnormally high concentrations
of Fe, Mn, Ag, Bi, Ge, Pb, and Zn, and thus confirm
that it is a favorable jasperoid.

LA PLATA DISTRICT
(8, fig. 40)

The La Plata district is in western La Plata
County, about 20 miles northwest of Durango. Com-
plex gold and silver ore has been mined, largely from
vein deposits in sedimentary rocks that range in age
from Pennsylvanian to Cretaceous, in an area cut by
many dikes and sills of Tertiary felsic igneous rocks.
The sedimentary rocks, which consist largely of silt-
stone, shale, and sandstone, are commonly silicified
adjacent to the veins in zones as much as 3 feet thick.
This silicification ranges in intensity from cementa-
tion to nearly complete replacement (Eckel, 1949,
p. 77).

The Jurassic Pony Express Limestone Member of
the Wanakah Formation has been largely replaced
by sugary quartz and pyrite on Jackson Ridge, par-
ticularly on the slope south of Rush Basin (Eckel,
1949, p. 111). Hydrothermal alteration and subse-
quent mineralization in the district closely followed
intrusion of the Tertiary igneous rocks and are
probably genetically related to the intrusives.

PANDO AREA
(14, fig. 40)

The Pando area of central Colorado is west of
Kokomo, north of Tennessee Pass, and south of Red
Cliff. It comprises about 50 square miles bounded
approximately by the valleys of the Eagle River and
Homestake Creek on the west, the east fork of the
Eagle River on the south, the crest of the Gore Range
on the east, and the divide south of Turkey Creek
on the north. It is in Eagle County and includes the
Camp Hale Military Reservation. A few small mines
and prospects in pre-Pennsylvanian rocks in the
western part of the area produced some oxidized
lead, silver, and gold ore before 1900; but these
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mines and prospects are now idle, and there is no
mining activity in the area at present.

The Devonian Dyer Dolomite Member of the
Chaffee Formation and the hydrothermally dolomi-
tized Mississippian Leadville Limestone overlying it
have been extensively replaced by jasperoid at many
places along the valley of the Eagle River from its
confluence with the East Fork of the Eagle River
northward to the north boundary of the Pando area.
Scattered bodies of jasperoid are also found in carbo-
nate beds in the thick pile of dominantly clastic
sedimentary rocks of the Pennsylvanian Minturn
Formation overlying the Leadville Limestone to the
northeast.

The jasperoid bodies of this area, together with
those of the adjoining Gilman district (5, fig. 40),
were first described by Crawford and Gibson (1925,
p. 56-59), and their observations have been sum-
marized in my secfion on the Gilman district (p.
78). Tweto (1953), in a more recent study of these
rocks, pointed out the association of jasperoid with
previously hydrothermally dolomitized and brecci-
ated rock, particularly in the permeable Gilman
Sandstone Member of the Leadville Limestone and
the adjacent dolomite beds of the Dyer below and the
Leadville above. This zone and local channels in the
old karst erosion surface at the top of the Leadville
served as major conduits for the silicifying solutions.

Carbonate beds in the Pennsylvanian Minturn
Formation are also strongly jasperoidized along
faults near the heads of Cataract and Pearl Creeks
and on North Sheep Mountain.

Silicification that resulted in the formation of
jasperoid seems to represent a late barren stage in a
long period of hydrothermal alteration that began
with pervasive conversion of the Leadville Lime-
stone into fine-grained dolomite, with subsequent re-
crystallization of the dolomite into ‘‘zebra rock,”
sanding of the dolomite along channels, and breccia-
tion preceding silicification. Local fracturing and
brecciation continued during silicification, which was
followed by weak local sulfide mineralization. Tweto
regarded this sequence as probable manifestations of
fringe zone mineralization leaking updip from a
major center of mineralization that lies buried be-
neath the thick section of Pennsylvanian rocks, to
the northeast of Camp Hale. The scattered areas of
alteration in the Pennsylvanian carbonate rocks may
also represent leakage upward, along strong faults,
from this same source.

Many varieties of jasperoid are present in the
area, and some of the larger bodies exhibit several
distinctive types and generations. Most of these
varieties seem to be unfavorable; but small grains of

pyrite, cerussite, and cerargyrite occur locally, and
barite is common (Tweto, 1953).

My samples from the Pando area exhibit wide
variations in appearance. Some are mottled, some
show thin alternating color bands like varves, some
are silicified breccias that contain angular fragments
of chert and older jasperoid, and some are mega-
scopically homogeneous. The samples are white
mixed with various shades of gray, brown, brick
red, yellow, or orange. Most samples have aphanitic
textures, but some are vuggy and have a saccharoidal
texture like fine-grained quartzite.

Many of the Pando samples have a homogeneous
aphanitic jigsaw-puzzle texture, which in some sam-
ples characterizes an older generation that is cut by
veinlets and masses of coarser xenomorphic quartz.
Wavy colloform banding is characteristic of some
samples. Heterogeneous textures with abrupt varia-
tions in grain size characterize a few samples, and
one of these has a strongly reticulated texture sug-
gestive of favorable jasperoid. Common accessory
minerals include hematite, pyrite, barite, chalcedony,
and late orange goethite; flakes of sericite are
scattered through the matrix in a few samples, and
much of the aphanitic jasperoid quartz is clouded
with abundant dust-sized inclusions of allophane,
carbonaceous particles, or carbonate.

Spectroscopic analyses were obtained on three
samples from the Pando area. One of these
samples is from Dyer Dolomite Member near a small
adit in the Eagle River Canyon near the north
boundary of the area; the second is from an unmin-
eralized body in the lower dolomitized part of the
Leadville Limestone in the Eagle River Canyon a
little farther south; and the third is from a body
replacing a dolomite bed in the Pennsylvanian Min-
turn Formation on a ridge south of Pearl Creek in
the east-central part of the area. The first of these
is high in Ba, Be, Na, Sr, and Ti; the second is high
in Ba, Be, Sr, Yb, and Zr; and the third shows no
abnormally high concentrations of minor elements
but is deficient in Fe, Ti, and Cr. Although none of
these samples contain high concentrations of the
indicator elements for productive jasperoid, it is
highly probable that-some of the jasperoid bodies in
the lower Paleozoic carbonate rocks along the Eagle
River valley do contain them, and a detailed study of
these bodies might outline favorable areas for ex-
ploration.

RICO DISTRICT
(17, fig. 40)
The Rico mining district is in eastern Dolores
County, in the western part of the San Juan Moun-
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tains, about 35 miles north-northwest of Durango
and 30 miles southwest of Ouray. It lies about 20
miles northward from the La Plata district (8, fig.
40) in the same part of the San Juan Mountains.
According to Cross and Ransome (1905, p. 14-15,
20), the major ore deposits of the district are blanket
replacements of limestone and shale of the Pennsyl-
vanian Hermosa Formation by silver-bearing galena
associated with sphalerite and abundant pyrite. The
sedimentary rocks in the district were intruded by
sills of monzonite porphyry in late Tertiary time at
the beginning of a domal uplift that culminated with
profound faulting. Bedding-plane faults and north-
east-trending normal faults, formed at this time,
served as conduits for later mineralizing solutions
that silicified the wallrocks and deposited the ores.
Black shale, limestone, and monzonite porphyry sill
rocks have locally been replaced by jasperoid.
Ransome (in Cross and Ransome, 1905, p. 14-15)
stated:
In the form of jasperoid (a cryptocrystalline aggregate com-
monly associated with replacement deposits) quartz occurs in
the Blackhawk mine and in the blanket of the Sambo mine.
In the former mine, also, are found spongy, cavernous
masses of rusty quartz, apparently due to the removal of
limestone, by solution, from a network of quartz stringers.

Quartz is abundant in some of the blanket breccias as a re-
placement of breccia material.

In a further description of the Blackhawk mine,
Ransome (p. 19) stated that massive sulfide ore
bodies have selectively replaced a limestone bed and
that the limestone next to the ore is commonly
changed to jasperoid.

UNCOMPAHGRE DISTRICT
(23, fig. 40)

The Uncompahgre mining district is in the north-
ern San Juan Mountains near Quray, the county seat
of Ouray County. This district, like the Leadville
district (9, fig. 40), is characterized by fissure vein
deposits of copper, lead, zine, gold, and silver. The
deposits show a zonal arrangement around a center
of mineralization that developed at the intersection
of major northeasterly and northwesterly structural
trends. High-temperature pyritic gold ore was de-
posited in the core area, which is surrounded by an
intermediate zone of base-metal sulfides; this, in
turn, is surrounded by a silver belt that forms the
outer zone of commercial mineralization. Jasperoid
bodies are largely confined to this outer zone (Bur-
bank, 1940).

Jasperoid formed during a preore stage of hydro-
thermal alteration that was preceded or accompanied
by leaching of carbonate rocks, which opened up
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solution channels. This stage was followed by the
formation of ankerite, sericite, pyrite, and barite
immediately preceding the ore stage of mineraliza-
tion. During the ore stage, pyrite, sphalerite, chal-
copyrite, galena, tetrahedrite, pearceite, pyrargyrite,
rhodochrosite, and manganocalcite were deposited.
This was followed by the emplacement of late calcite,
quartz, and barite (Burbank, 1940, p. 207).

At the Mineral Farm mine, about a mile south of -
Ouray, silicification and subsequent mineralization
were localized by an unconformity between the Lead-
ville Limestone and the overlying shales and silt-
stones of the Mississippian and Pennsylvanian Molas
Formation. Small fractures in the top of the Lead-
ville were opened up by hydrothermal leaching, and
the overlying red shale of the Molas was silicified.
The larger ore bodies formed in these open channels
in the Leadville beneath the competent and im-
permeable caprock of silicified shale. The mineralized
upper part of the Leadville is coarsely clastic and
contains interbedded porous sandstone layers, indi-
cations that it was highly permeable during min-
eralization (Burbank, 1940, p. 209-210). I have three
samples of partly oxidized jasperoid from the Min-
eral Farm mine, taken from the walls of a sulfide
deposit that formed in one of these channels at the
top of the Leadville Limestone. They range in color
from light gray through light olive gray and from
grayish orange to pale yellowish brown, have a dis-
tinctly saccharoidal texture, small sparse vugs, and
visible disseminated grains of pyrite and galena.
One sample contains angular breccia fragments of
white, light-gray, and dark-gray aphanitic silica and
coarse-grained white vein quartz with disseminated
pyrite. This latter inclusion suggests that some pyrite
must be older than the matrix jasperoid.

Thin sections reveal that the sample with the most
abundant sulfides has a coarse heterogeneous reticu-
lated texture, characteristic of favorable jasperoid;
pyrite and galena in this sample show incipient
alteration to limonite and cerussite, respectively, and
the matrix quartz contains local concentrations of
allophane and carbonate particles. The other two
samples consist largely of rounded detrital-looking
quartz grains cemented by aphanitic quartz that has
a jigsaw-puzzle texture. These probably represent a
silicified sandstone bed in the limestone.

The favorable jasperoid sample is rich in Ag, Cd,
Co, Cu, Mo, Ni, Pb, Te, Zn, and Zr. The two samples
of silicified sandstone contain abnormally high con-
centrations of Ti, Ag, Cu, Nb, Pb, Te, Zn, and Zr, but
they do not yield as high a score on indicator ele-
ments as the favorable jasperoid sample.
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OTHER OCCURRENCES

White sulfide-bearing jasperoid in the Pennsyl-
vanian Hermosa Formation at the Black Queen mine,
on the south slope of Sheep Mountain in northern
Gunnison County, was reported by Vanderwilt
(1937, p. 106, 116). He also mentioned a bed of
barren white jasperoid in Pennsylvanian sedimen-
tary rocks near the head of Yule Creek in the same
area. Intensely silicified Cretaceous shale in the
Wellington mine at Breckenridge (3, fig. 40), Sum-
mit County, was described by Lovering (1934, p. 56),
who stated that “Much of the limy shale has been
strongly silicified near the veins and is converted into
black jasperoid, locally called jasper.” In the Sugar
Loaf and St. Kevin districts (21, fig. 40), Eagle
County, in the northern part of the Sawatch Range,
the widespread occurrence of “chert” dikes, zones,
and veins cutting Precambrian igneous and meta-
morphic rocks was reported by Singewald (1955, p.
260). The larger “chert” zones are as much as 350
feet wide, and Singewald ascribed their origin to
replacement of the country rock along strong faults.

Burbank (1932, p. 72) described the replacement
of Tertiary volcanic rocks by silica adjacent to faults
in the Bonanza district (2, fig. 40), Saguache County,
and (1941, p. 203) similar silicification forming
“casings” around ore channels in quartz latite of the
Red Mountain distriet (16, fig. 40), San Juan
County.

Replacement of limestone by silica, adjacent to
sulfide replacement deposits in limestone, in the
Quartz Creek (15, fig. 40), Tincup (22), and
Monarch-Tomichi (12) districts, Gunnison and Chaf-
fee Counties, was noted by Dings and Robinson
(1957, p. 60, 63-64, 69). Behre (1953, p. 99, 100)
mentioned jasperoid in densely packed anhedral
grains replacing the groundmass of porphyry near
some ore bodies and also replacing carbonate rocks,
particularly the Leadville Limestone, on the west
slope of the Mosquito Range (13, fig. 40), Lake
County, east and southeast of the Leadville district.

Jasperoid is also mentioned by Heyl (1964, p. C25)
as a gangue mineral in oxidized zinc veins of the
Massadona-Youghall deposit (11, fig. 40) in central
Moffat County near the Yampa River. Brecciated
upper Paleozoic limestone is both replaced and ce-
mented by large masses of jasperoid that form the
principal gangue of an oxidized zinc-lead replace-
ment ore body at the Doctor mine in the Spring
Creek district (20, fig. 40) north of Gunnison in
Gunnison County (Heyl, 1964, p. C25, C28, C29).
Heyl (written commun., 1967) also reported the
presence of abundant jasperoid associated with oxi-
dized zinc and lead deposits in the Lenado district

(10, fig. 40), Pitkin County, north of Aspen, the
Sedalia district (18, fig. 40), Chaffee County, on the
Arkansas River north of Salida, and the Carbonate
district (4, fig. 40) on the White River Plateau in
eastern Garfield County.

GEORGIA
CARTERSVILLE DISTRICT
(1, fig. 41)

An economically important mining district in
Georgia that contains large bodies of jasperoid is
the Cartersville iron and manganese district about
40 miles northwest of Atlanta in Bartow County in
the southern Appalachian Mountains. The Carters-
ville district is largely underlain by folded and
slightly metamorphosed shale, limestone, and dolo-
mite of Cambrian age. The rocks were apparently
folded in Carboniferous time; folding was closely
followed by high-angle faulting and fracturing.
These faults and fractures later served as conduits
for hydrothermal solutions that formed fissure vein
and replacement deposits of jasperoid, hematite,
barite, siderite, pyrite, and base-metal sulfides. Deep
weathering accompanied by supergene alteration and
enrichment, during the Tertiary Period, produced
commercial deposits of manganese oxide and brown
iron ore (Kesler, 1950, p. 1-2).

Jasperoid bodies are not restricted to any one
stratigraphic zone, although they are confined to
carbonate rocks or to residual clay underlain by
carbonate rocks in the vicinity of faults and frac-
tures. They decrease in size and abundance from east
to west across the district. Residual clays derived
from weathering of carbonate rock contain irregu-
larly distributed bodies of jasperoid ranging from
small nodules to masses 20 feet in diameter.

Jasperoidization is related to deposition of pri-
mary ore and gangue minerals. Local preservation of
original carbonate bedding textures and fossils in
jasperoid gives clear indication of its replacement
origin. Angular inclusions of barite and sulfide-
bearing vein quartz in jasperoid matrix show that
some silicification took place subsequent to sulfide
mineralization. However, similar inclusions of dense
fine-grained jasperoid in a matrix of coarse-grained
jasperoid also show that there was more than one
period of silicification. Primary ore and gangue
minerals consisting of sulfides, barite, vein quartz,
and carbonate were introduced by hydrothermal so-
lutions moving upward along faults and fractures.
The deposition of these minerals preceded renewed
faulting and Dbrecciation, which was followed by
silicification in the form of jasperoid of both vein
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1. Cartersville 5. Haile 8. Eastern Tennessee
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3. Howie and Whitney 7. Central Tennessee 10. Austinville

4. Brewer

F1GURE 41.—Map showing location of jasperoid-bearing areas in Georgia, North Carolina, South Carolina, Tennessee,
and southwest Virginia.

carbonate and wallrock carbonate (Kesler, 1950, p.
49-50).

Some jasperoids of the Cartersville district are
thinly bedded and aphanitic, but most are massive
and have a saccharoidal texture. The fresh rock is
light to dark gray; but in the zone of alteration, and
particularly in the residual clay, it is commonly
heavily stained and colored by oxides of iron and
manganese. Much of this weathered jasperoid con-
sists of porous friable masses of ocherous quartz,
coated with minute euhedral supergene quartz crys-
tals; unweathered jasperoid does not contain these
crystals. Coarse-grained massive jasperoid commonly
contains angular breccia fragments of aphanitic
jasperoid, and locally it also contains disseminated
grains of pyrite, chalcopyrite, and tennantite.
Coarser textured jasperoid replaced coarse vein
carbonate; aphanitic jasperoid replaced carbonate
host rock. Near the close of jasperoid deposition a
late generation of crystalline barite, pyrite, and

hematite was locally deposited as crystals lining vugs
in the jasperoid.

In thin section, jasperoid typically consists of
minute anhedral interlocking grains of quartz,
though locally the coarser textured variety faithfully
preserves the form and even the cleavage of the
coarse vein carbonate it replaced (Kesler, 1950, p.
48, pl. 13D).

OTHER OCCURRENCES

Pardee and Park (1948, p. 131-140) described
some lode gold deposits in Precambrian schists and
associated felsic intrusive rocks in Lumpkin County
in northern Georgia, in which the gold occurs in ir-
regular veins and lenticular masses in silicified wall-
rock. Both the schists and associated intrusives are
locally replaced by, as well as impregnated with,
silica; however, most of the quartz lodes appear to
be fracture fillings rather than replacement bodies.
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FIGURE 42.—Map showing location of jasperoid-
bearing areas in Idaho and Montana. 1, Bay-
horse; 2, Challis; 3, Lemhi; 4, Skull Canyon;
5, Phillipsburg.

IDAHO

A search of the literature has failed to reveal any
description of replacement bodies of jasperoid in the
mining districts of Idaho, although the existence of
such bodies in Paleozoic carbonate rocks of Custer
County may be inferred from references in various
reports. Umpleby (1917, p. 80) stated that the cop-
per veins in Skull Canyon (4, fig. 42) near Mackay,
are composed of heavily iron stained jaspery mate-
rial enclosing irregular lenses and slabs of limestone
and large bunches of hematite. Ross (1937, p. 101)
wrote of the lead-silver replacement deposits in
Custer County in the Bayhorse Dolomite near the
town of Bayhorse (1, fig. 42): “Commonly the rock
in and near the ore is more or less completely silici-
fied, silicification being evidently one of the earliest
and volumetrically one of the greatest effects of the
mineralizing solutions.” In a report on fluorspar
deposits in this same formation in Custer County
near Challis (2, fig. 42), Anderson (1954, p. 11)

mentioned, but did not describe, silicified ledges of
dolomite.

It seems logical that jasperoid should also occur
with the lead and zinc replacement deposits in
Paleozoic carbonate rocks in Lemhi County; how-
ever, the only “jasperoid” mentioned in association
with ore deposits in Lemhi County (38, fig. 42) is in
Precambrian quartzite of the Belt Supergroup. Sharp
and Cavender (1962, p. 21, 22, 25, 40) discussed
copper-gold-thorium vein and replacement deposits
in micaceous quartzite associated with ‘“‘dense brown
jasperoid” formed by the silicification of hydrous
iron oxide gangue.

ILLINOIS, IOWA, KENTUCKY, AND WISCONSIN

Three districts in which base-metal sulfide ore
deposits are locally associated with jasperoid have
been reported in the region that comprises Illinois,
Towa, Kentucky, and Wisconsin. (1) The upper
Mississippi Valley zinc-lead district (8, fig. 43) in
southwestern Wisconsin and northwestern Iowa,
where zones of thin veins, breccias, and replacement
deposits of sphalerite, galena, pyrite, and barite are
found in carbonate rocks of Ordovician age. (2) The
Kentucky-Illinois district (2, fig. 43), in northwest-
ern Kentucky and adjacent parts of southeastern
Illinois, in which many fissure veins and a few re-
placement deposits of fluorite are associated with
sphalerite, barite, galena, and jasperoid in Mississip-
pian carbonate rocks. (3) The central Kentucky min-
eral district (1, fig. 43), where barite, fluorite, and
base-metal sulfide veins cut Ordovician limestone,
and where breccia fragments of limestone in some
of these veins are locally replaced by jasperoid.

UPPER MISSISSIPPI VALLEY DISTRICT
(3, fig. 43)

Siliceous replacement of carbonate rocks in this
district is confined to the sulfide ore bodies and the
wallrock adjacent to them. Jasperoid is most
abundant in dolomite of the Lower Ordovician
Prairie du Chien Group. The overlying Ordovician
St. Peter Sandstone has been locally silicified along
major faults and fracture zones; the carbonate rocks
of the Ordovician Platteville and Decorah Forma-
tions and the Galena Dolomite, above the St. Peter
Sandstone, have been replaced by jasperoid to a much
smaller degree than those of the Prairie du Chien
Group, generally within, and adjacent to, the larger
sphalerite ore bodies. Jasperoid is most prevalent
along faults, shears, and shatter zones, extending
outward from these channels along selected beds for
short distances. In the Galena Dolomite, dark-gray
pyritic jasperoid locally forms overgrowths on older
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FIGURE 43.—Map showing location of large jasperoid-bearing mining districts in Illinois, Iowa, Kentucky, Wis-
consin, and southeastern Missouri. 1, Central Kentucky; 2, Kentucky-Illinois; 3, Upper Mississippi Valley;

4, Southeastern Missouri.

sedimentary chert nodules in intensely mineralized
areas. Silicified zones in the Platteville and Decorah
Formations are notably more abundant in the south-
ern part of the district than in the northern part.
Where the larger reverse faults flatten along bedding
planes, the wallrock is commonly replaced by jas-
peroid in ore bodies. In such areas, as in the Tri-
State district, all the lithologic units that are cut by
the faults are replaced by gray or brown jasperoid

or by white “cotton rock,” but, unlike the Tri-State
district, jasperoid is very abundant in only a few
deposits.

Jasperoid is massive, dense, locally banded, brown
or gray, and, because it commonly preserves both the
color and texture of the host rock so faithfully, it
can be distinguished from unaltered rock only by its
superior hardness. At one locality (the Hoskins
mine), jasperoid preserves the original appearance
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not only of the carbonate rocks but of interbedded
carbonaceous shale as well. Thin sections of jasperoid
show a grain-for-grain equal volume replacement of
the host rock (Heyl, and others, 1959, p. 101-105).

KENTUCKY-ILLINOIS DISTRICT
(2, fig. 43)

Jasperoid in western Kentucky was first reported
by Smith (1905, p. 128, 139-140). He noted its re-
placement of limestone adjacent to fissure veins and
of breccia fragments within the veins and concluded
(p. 139): “This silicification of limestone by quartz
is believed to be related to the process of fissure
filling, and not to be a common characteristic of the
limestones of the distriet.”

According to Fohs (1910, p. 382, 384), fluorite,
barite, zine, and lead veins and a few replacement
deposits in Mississippian limestone are irregularly
distributed through an area about 80 miles long, east
and west, by about 50 miles wide, north and south.
Most of the production from this district has come
from mines in Caldwell, Crittenden, and Livingston
Counties in Kentucky and in Hardin, Pope, and
Saline Counties in Illinois. Jasperoid and fluorspar
are associated both genetically and spatially with
many of these deposits. The jasperoid and fluorspar
probably were deposited penecontemporaneously, at
least in part. In some localities, laminated limestone
is replaced by alternating bands of jasperoid (or
quartz) and fluorspar.

Hardin (1955, p. 24) estimated that 5-20 percent
of the limestone within 10 feet of many of the veins
had been replaced by cryptocrystalline quartz. He
believed that this silicification largely preceded the
deposition of fluorite.

The paragenesis of ore and gangue minerals from
this district and the composition of their primary
fluid inclusions have been studied by Hall and Fried-
man (1963). They believed that several recognizable
generations of fluorite preceded the deposition of
vein quartz and sulfides, which was followed by
deposition of late fluorite, calcite, barite, and with-
erite. They concluded (p. 902) that the fluids trapped
in the early fluorite are mainly connate brines, that
a water of different and possibly magmatic origin
was introduced during the quartz-sulfide stage, and
that the composition of the fluid returned to that of
a normal brine during formation of the late gangue
minerals.

Silicified breccia pipes and dikelike bodies are
present near the center of Hicks dome, a broad struc-
tural dome in western Hardin County, Ill. The host
rock of these breccia bodies is cherty Devonian lime-
stone, and in drill-core samples below the zone of

oxidation, the bodies consist largely of angular
breccia fragments of chert and partly silicified host
rock in a matrix of fine-grained iron-stained micro-
crystalline quartz, with accessory fluorite and apatite
and minor sulfides. Locally, this breccia is slightly
radioactive, although no uranium minerals have been
recognized in it. The breccias are considered to be
explosion breccias formed by the explosive venting
of steam and hot gases possibly related to deeply
buried igneous intrusive rocks (Brown and others,
1954 ; Bradbury and others, 1955, p. 1-8).

CENTRAL KENTUCKY DISTRICT
(1, fig. 43)

This district covers an area of about 3,600 square
miles extending from Owen and Henry Counties on
the north to Lincoln County on the south and from
Bourbon and Clark Counties on the east to Anderson
and Mercer Counties on the west. This large area
roughly follows the trend of the Cincinnati arch and
is best developed near the Lexington dome.

Ore deposits within the district consist largely of
fracture fillings in veins or of breccia-zone replace-
ments along numerous faults and fractures. These
deposits show a zonal arrangement outward from a
central zone characterized by fluorite, calcite, and
black sphalerite through a transition zone of fluorite,
barite, calcite, and both light and dark sphalerite, to
a broad peripheral zone of barite, galena, and light-
colored sphalerite with little luorite (Jolly and Heyl,
1964, p. 597, 605, 615). The host rocks for these
deposits are of Ordovician age and consist largely of
limestone.

Jasperoid is not abundant in the Central Kentucky
district, but it does occur in a few of the breccia
zones in the veins. Jolly and Heyl (1964) stated that
gray jasperoid replaces breccia fragments of lime-
stone and older ore and gangue minerals, and that
this jasperoid is probably younger than most of the
fluorite, barite, and sulfide minerals. They ascribed
the origin of these deposits to hydrothermal solu-
tions, mainly heated connate brines and a lesser mag-
matic solution fraction, ascending along faults from
a deep-seated magmatic source centered beneath the
Lexington dome,

MICHIGAN

The word ‘“‘jasperoid” was originally coined by
Spurr (1898) because of the resemblance of this rock
to the Precambrian jasper of the iron formations in
Michigan and Minnesota. Although the jasper beds
of the iron formation are now considered by Huber
(1959, p. 111-113) to be of syngenetic origin, some
Precambrian dolomites in the Michigan iron ranges
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have been extensively silicified in places, subsequent
to their lithification. Leith (1925, p. 515-516)
described silicified chert breccias in the upper part
of the Randville Dolomite on the Menominee Range
and in the upper part of the Kona Dolomite in the
Marquette district of Marquette County in the Upper
Peninsula (fig. 1). These siliceous replacements he
ascribed to the action of silica-bearing ground water
on residual chert rubble accumulating on an old
erosion surface. However, Gair, Thaden, and Jones
(1961, p. C79-C80), after a detailed study of silicifi-
cation in the Kona Dolomite, concluded that the
silicification was more probably caused by silica-
bearing solutions migrating laterally or upward
along faults and fractures.

MISSOURI

Jasperoid is abundantly associated with bedded
sulfide replacement deposits in the vicinity of Joplin,
in southwestern Missouri. These deposits are within
the big Tri-State district or province (2, fig. 36),
which has been discussed previously in the present
report. Copper, lead, and zinc sulfide deposits are
also concentrated in southeastern Missouri, in St.
Francois and Washington Counties; most of these
are vein deposits in carbonate rocks of Cambrian and
Ordovician age.

SOUTHEASTERN MISSOURI DISTRICT
(4, fig. 43)

The genesis of much of the silica in the carbonate
host rocks for the sulfide deposits in this area is
controversial. Buckley (1909, p. 51-52, 59-60) men-
tioned the association of lead deposits with pipelike,
sheetlike, and lenticular chert bodies in dolomite beds
of the Potosi, Bonneterre, and Gasconade Dolomites.
These “chert” bodies in the Potosi he described as
irregular crosscutting bodies of honeycombed chert
with drusy quartz nodules. In describing the deposits
of the Gasconade Dolomite, he (p. 60) wrote: ‘“The
horizons at which occur lens-like masses or pockets
of chert have associated with them galena, blende,
and barite.” Buckley (p. 225-226) concluded that
both silicification and later sulfide deposition in the
Potosi resulted from ground-water circulation in
Pennsylvanian or pre-Pennsylvanian time. However,
he (p. 225-233) attributed similar deposits in the
Bonneterre Dolomite to metasomatic replacement of
dolomite (by downward percolating solutions) in
post-Pennsylvanian time.

Spurr (1926, p. 974) stated that these deposits in
general are characterized by the lack of major
gangue minerals or wallrock alteration, and he at-
tributed their origin to the injection of a fluid sulfide
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ore magma. However, he (p. 975) also stated that
“silicification of wall rocks took place during the
deposition of the original sulphides.”

Ohle and Brown (1954, p. 219-221), in a paper
on the lead deposits of the main Southeast Missouri
district, ascribed the origin of the ore to aqueous
fluids that rose from a deep source and migrated
laterally along favorable structures. However, they
did not mention silicification in their discussion of
wallrock alteration. Brown (1958, p. 6-7) proposed
that hot mineralizing fluids rose from an igneous
basement along favorable structures and spread
laterally; then, as these fluids cooled and mingled
with ground water, they changed to downward-
moving mineralizing solutions that deposited the ore.
Heyl, Delevaux, Zartman, and Brock (1966, p. 952)
mentioned a marked similarity in isotopic composi-
tion of lead derived from two galena samples in this
area, one from an alkalic peridotite dike and the
other from a bedded replacement ore body in dolo-
mite.

The Cornwall copper mines, in Madison County
near the east edge of this district, have been de-
scribed by Rust (1935). They are mostly copper-
iron-zinc sulfide deposits in pockets and lenses along
favorable stratigraphic zones in massive Ordovician
dolomites. Solution of the dolomite preceded ore
deposition. The remaining pillars between these solu-
tion cavities locally collapsed forming “crush brec-
ciags”; the dolomite in these breccias was then
replaced by silica to form a dense aphanitic rock
containing abundant angular breccia fragments of
primary chert. The sulfides were then deposited in
the remaining open cavities as colloids by far-
traveling hydrothermal solutions contaminated with
ground water.

Although there is considerable argument as to the
origin of the base-metal sulfide and barite deposits
of southeastern Missouri, there seems to be general
agreement that bodies of silica replacing carbonate
rocks are associated, both spatially and genetically,
with many of them.

MONTANA

I know of only one mining distriet in Montana that
is characterized by the development of jasperoid;
this is on the west flank of the Flint Creek Range
near Philipsburg in Granite County, about 50 miles
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