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ABSTRACT
The central portion of the Agua Fria mining district
contains metavolcanic and metasedimentary rocks of the Older
Precambrian Alder Group, which is part of the Yavapai Series,
and small erosional remnants of the basalt facies of the
Tertiary Hickey Formation.
into three facies:

The Alder Group has been divided

1) chlorite schist; 2) sericite-quartz

schist; and 3) metaquartzite.
During the Mazatzal Revolution the original rocks
of the Alder Group were deformed and are now steeply dipping.
Foliation and lithologic contacts of the Alder Group have a
north to north-northeast strike, and dip steeply to the west.
Dominant joints are nearly horizontal and indicate expansion
resulting from overburden erosion.

Lineation within the folia

tion plane has a near vertical plunge, which indicates that
the least principal stress direction was vertical.

Faults

trend northeast and northwest and were avenues for migration
of hydrothermal solutions, emplacement of basalt dikes, and
drainage control.
The Mazatzal Revolution altered the original rocks
of the Alder Group to the greenschist metamorphic facies.
Into the more chloritic portions hypogene chalcopyrite, bornite,
and tetrahedrite were introduced.
x

Secondary chalcocite was

xi
deposited in fractures parallel to the foliation.

Malachite

and azurite occur as surface stains on rocks, particularly
around the Binghampton, Copper Queen, Halfmoon, and Stoddard
Mines.

The principal alterations associated with the sul

phide mineralization are sericitization, carbonatization,
pyritization, silicification, chloritization, and possibly
kaolinization.

The factors which control ore deposition are

sites where deviations from the normal north to northnortheast trend in the foliation occur in combination with
the favorable host rock of the chlorite schist facies of the
Alder Group.

The Fe/Mg ratio of the chlorite increases toward

the sulphide mineralization of the Binghampton Mine.

Higher

Fe/Mg ratios in chlorite appear to have resulted in part from
the original character of the pre-metamorphic rocks, but
hydrothermal alteration of these rocks may have been the
principal cause of the high ratios.
The principal stream in the area is the Agua Fria
River which is superimposed on the Alder Group from an eroded
higher ancestoral level.

Tributary streams are superimposed

near their confluence with the Agua Fria River and become
subsequent streams in their headward regions.

Other subse

quent streams follow the foliation in their entirety.

Conse

quent tributary streams controlled by original slope are
present.

INTRODUCTION
Location
The central portion of the Agua Fria mining district
is about 3 miles east of Mayer, Yavapai County, Arizona.

It

is bisected by the Agua Fria River which flows from west to
east.

Most of sections 6, 7, and 18, T. 12 N., R. 2 E . , and

the eastern parts of sections 12 and 13, T. 12 N., R. 1 E.
were examined during field investigations (Figs. 1 and 2).
The western boundary of the area can be reached from
Mayer, Arizona, by driving about 3 miles northeast on a dirt
road (Fig. 3).
Purpose of Study
The purpose of this study is to determine the geologic
history of the Agua Fria area as well as the possible controls
for the copper sulphide deposits at the Binghampton, Copper
Queen, Halfmoon and Stoddard Mines.

Included in this study

is a discussion of the origin of the foliation and other struc
tural features and their effect upon the present topography.
Field and Laboratory Techniques
Field work was begun in October, 1961, and was com
pleted in July, 1965, but most of the investigation was concen
trated during August, 1963 to June, 1965.
1

In this study over
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Figure 3
View of the central portion of the Agua Fria mining district,
looking northeast.
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one hundred thin sections were examined to help identify orig
inal rock types and to determine mineralogy, alterations, and
microstructures.
estimated.

The percentages of mineral species are

Also, 28 additional specimens were examined to

determine the
immersion method.

refractive index for chlorite, using the oil
The specimens were examined under white

light; accurancy of indices is estimated to be + .003.
for the

Values

refractive index of chlorite are included in the

Appendix.

Sample locations are plotted on Fig. 2.
Previous Studies

A detailed geologic investigation of the central portion
of the Agua Fria mining district has never been made.

Lindgren

(1926, pp. 146-149) studied the economic mineral deposits of
this area, in particular the Binghampton, Copper Queen, Half
moon and Stoddard Mines, but included only a limited discussion
of the general geology.
Many localities adjacent to the study area have been
investigated by other authors.

To the west, Jaggar and Palache

(1905) mapped the Bradshaw Mountain Quadrangle.

In central

Arizona, Wilson (1939) divided rocks of the Yavapai Schist
into separate units based upon lithologic character.

The Iron

King Mine, about 7 miles northwest of the study area, has been
investigated several times.

Among these studies are Mills

(1941, 1947), and Creasey (1950, 1952) .
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Rocks examined in several detailed geologic studies
in adjacent areas to the north correlate directly with rocks
in the central portion of the Agua Fria mining district.
Notable among these studies are the United States Geological
Survey Professional Papers of Anderson and Creasey (1958) in
the Jerome area, and Krieger (1965) in the Prescott and Paulden
Quadrangles.

REGIONAL LOCATION AND GEOLOGIC SETTING
Arizona has been variously divided into physiographic
provinces by a number of different workers.

Ransome (1904)

originally defined the physiographic subdivisions as follows:
The Plateau region to the northeast, the Mountain region in the
central portion, and the Desert Region to the south.

Wilson

(1962, p. 86) has essentially followed this same system in
subdividing Arizona into the following physiographic provinces:
Plateau Province, Transition Zone, and Basin and Range Province.
The Basin and Range Province has been further subdivided by
Wilson (1962, p. 86) into the Mountain Region to the north and
east, and the Desert Region to the south and west.
The Mountain Region Subprovince is a northwest trend
ing belt directly south of the Transition Zone.

The Agua Fria

mining district lies in the north-central part of this belt
and is about 15 miles east of the main Bradshaw Mountain mass
and about 25 miles southwest of the Mogollon Rim.
According to Wilson and Moore (1959, p. 91) the Basin
and Range Province has been structurally disturbed repeatedly.
Disturbances have occurred during Older Precambrian, at the
end of Younger Precambrian, between Permian and Cretaceous,
during Cretaceous and early Tertiary, during middle and late
Tertiary, and during Quaternary times.
6

Inasmuch as Older

7
Precambrian rocks of the Yavapai Series and Cenozoic volcanic
rocks are the only units in the Agua Fria area, evidence of
other episodes of crustal unrest are missing.
The prevalent structural direction in the Agua Fria
mining district is north to north-northeast as demonstrated
by the north to north-northeast trend of lithologic units and
foliation of the Yavapai Series.

The northeast direction

conforms with the trend of the foliation, isoclinal folds, and
strike faults in the Jerome area, and with the trend of the
Bradshaw Mountain belt, a larger, more regional structure.

PHYSIOGRAPHY
General
The central portion of the Agua Fria mining district
has a maximum relief of about 700 feet.

The highest portion

is located on ridges in the western part of the area, where
the elevation is slightly more than 4700 feet above sea level.
The terrain slopes generally to the east where the elevation
of the Agua Fria River is about 4000 feet.
Ridges
Ridges which characterize the central portion of the
Agua Fria mining district reflect the structure of the area and
have acquired their topographic form as a consequence of the
resistance to erosion of certain rock units within the Alder
Group.

The ridges trend north to north-northeast, parallel

ing in most places the foliation as well as lithologic units.
Between the ridges intermittent streams have been entrenched
in weaker rock units.

Generally, the least resistant rocks

of the Alder Group are those rich in chlorite, and the more
resistant rocks are those rich in silica.

Therefore, in most

places the topographically high areas underlain by the Alder
Group are the metaquartzite facies and other quartz-rich rocks.

8
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but some high places may occur where shearing along the folia
tion planes may not have been as intense.
The two highest hills in the area are capped by Ter
tiary basalts of the Hickey Formation.

Their apparent greater

resistance to erosion in comparison to rocks of the Alder Group
is essentially the result of their massive character and younger
age.
Drainage
The principal stream in the central portion of the Agua
Fria mining district is the Agua Fria River.

It flows across

the area from west to east without any obvious structural con
trol.

In its winding course, it commonly cuts the foliation

at nearly right angles.

If it does follow a pre-existing

fracture, the fracture is not recognized because no appreci
able offset of rock units occurs on adjacent sides of the river.
Because many flat-lying volcanic flows occur through
out this section of Arizona, and because remnants of these
volcanics occur in the Agua Fria area, the whole region may
have been covered by these flat-lying rocks late in the Cenozoic.

The Agua Fria River possibly initially flowed on this

volcanic surface.

Continued erosion by the river stripped che

volcanic cover and eventually the Agua Fria River became super
imposed onto the Alder Group in a direction transecting the
underlying foliation.
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Near their confluence with the Agua Fria River several
tributary streams also cut the foliation.

These tributary

streams are also probably a part of the original superimposed
drainage system.

As erosion continued and these tributary

streams cut headward and downward, they eventually cut through
the overlying basalt rocks into rocks of the Alder Group.
Here the north-trending foliation and the difference in rock
strengths began to control the tributary courses.

The posi

tions of transition from nonstructural control to structural
gontrol are indicated by an "A" on Fig. 4.
Several tributaries either did not develop on the
original basalt surface, or were too limited in erosive power
to maintain a cross-cutting position, as their courses are
entirely controlled by foliation.

Many of these tributaries

intersect the Agua Fria River essentially at right angles and
this relationship is shown on the map by isolated patches of
trellis drainage in the midst of a general dendritic pattern
(Fig. 4).
Some streams have been controlled by post-foliation
fractures in the Alder Group.

For most of their courses the

streams follow the foliation, but in some places the streams
turn abruptly at nearly 90 degrees for a short distance across
the foliation and then return parallel to the foliation.

These

short portions trend west and are aligned from valley to valley

-D R A IN A G E
F IG U R E
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which, further suggests their structural control.

Examples of

these fracture controlled streams are indicated at "B" on
Fig. 4.
Similar fracture controlled tributaries which trend
in the same western direction are indicated at "C" on Fig. 4.
Because these tributaries are short, the fractures are prob
ably not continuous.
Other tributary streams drain into the structurally
controlled streams and follow valleys which trend east-west
at nearly right angles to the structurally controlled streams.
These tributaries have developed on the flanks of the north
trending ridges.

Examples are indicated at 11D" on Fig. 4.

PETROLOGY
Introductory Statement
The following statements on composition, structure,
texture, mineralogy, and petrogenesis of rocks and minerals
in the central portion of the Agua Fria mining district are
based on megascopic examination in the field and laboratory
and on microscopic examination of over one hundred thin sec
tions.

From this examination the deformational history,

conditions of alteration, and original composition are inter
preted for rocks which are now the metamorphics of the Yavapai
Series.
Yavapai Series
The principal rock unit within the area of study is
a portion of the Alder Group of the Yavapai Series.

Jaggar and

Palache (1905) originally defined these metamorphic rocks as
Older Precambrian and called them the Yavapai Schist.

They

considered these rocks to be sedimentary in origin and cor
related them with the Vishnu Schist of the Grand Canyon.
Lindgren (1926) later recognized metamorphosed volcanic rocks
and suggested that the Yavapai Schist is the same formation as
the Pinal Schist of southeastern Arizona and the Vishnu Schist
of the Grand Canyon region.

Anderson and Creasey (1958, p. 45)
13
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recognize this possibility; however , because individual litho
logic units cannot be traced from one region to another, the
correlation should be questioned.
Between 1926 and 1958 only minor changes in the def
inition of this rock unit were suggested.

Anderson and Creasey

(1958, p. 9) discuss these changes and renamed the Yavapai
Schist the Yavapai Series.
Jerome into two groups:
Group.

They divide the Yavapai Series at

The Alder Group and the Ash Creek

In the Prescott area, which is adjacent to the central

portion of the Agua Fria mining district, only the Alder Group
can be identified (Krieger, 1965, p. 7).
Alder Group
General Description:

The Alder Group, according to

Anderson and Creasey (1958, pp. 20-32), consists of flows of
basalt, andesite, and rhyolite, as well as tuffaceous sedimen
tary rocks.

These authors divide this group into six formations,

based on lithologic characteristics.

Only two of the forma

tions, the Spud Mountain Volcanics unit and the Iron King Volcanics units, may be in the area of study.

The Spud Mountain

Volcanics unit is named for rocks exposed at Spud Mountain
(Anderson and Creasey, 1958, p; 22); and the Iron King Volcanics
unit, which is probably the youngest formation of the Alder
Group, is named for rocks exposed in Iron King Gulch (Anderson

15
and Creasey, 1958, pp. 26-27).

The contact between the older

Spud Mountain Volcanics unit and the younger Iron King Volcanics unit is placed where the tuff, typical of the Spud
Mountain Volcanics unit, predominates over the lava, typical
of the Iron King Volcanics unit (Anderson and Creasey, 1958,
p. 27).

A metamorphic rock unit with textural and structural

uniformity over widths of hundreds of feet is presumed to be a
former lava by Anderson and Creasey (1958, p. 27), whereas
rock units which do not possess textural and structural uni
formity are presumed to be former tuffs.
At the type locality in the Jerome area, the Spud
Mountain Volcanics unit consists of andesitic breccia and tuff,
rhyolitic tuff, and andesitic and basaltic flows whereas the
Iron King Volcanics unit generally consists of andesitic
tuffaceous sedimentary rocks and basaltic and perhaps andes
itic flows (Anderson and Creasey, 1958, p. 21 and p. 27).
The thickness of the Alder Group in the area mapped by
Anderson and Creasey (1958, p. 20) is 20,000 feet or more and
may be as much as 30,000 feet.

Isoclinal folding in some

areas produces bed repetition so that outcrop width does not
represent true formation thickness.
The Spud Mountain Volcanics unit outcrops about 3 miles
north of the area of study, and the Iron King Volcanics unit
outcrops about 4 miles northwest of the area of study (Anderson
and Creasey, 1958, Pi. 1).
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Rocks which compose the Alder Group in the central
portion of the Agua Fria mining district are volcanic flows
and pyroclastics of acidic (rhyolites), intermediate (dacites
and latites) and basic (andesites and basalts) composition,
as well as a sedimentary metaquartzite.

Tops of beds in the

study area cannot be distinguished because pre-existing primary
structures have been destroyed by deformation and recrystal
lization and therefore, anticlines and synclines cannot be
positively identified.

Lithologic similarity of repeated

metaquartzite outcrops however, suggests possible isoclinal
folding in the Agua Fria area.

Only a small portion of the

total section of the Alder Group is included in the area of
study.
The strike of the foliation in the Spud Mountain Volcanics unit projects in a direction which is parallel to the
strike of the foliation and to lithologic contacts of the
metamorphic rocks in the northern part of the area of study.
This indicates that rocks of the Spud Mountain Volcanics unit
may connect with and be stratigraphically equivalent to the
metamorphic rocks in the central portion of the Agua Fria
mining district.

However, because lava appears to be more

abundant than tuff in the metamorphic rocks of the central
portion of the Agua Fria mining district, a textural similar
ity with the Iron King Volcanics unit is suggested.

Therefore,

because it is not known with certainty if the metamorphic rocks
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of the central portion of the Agua Fria mining district are
equivalent to the Spud Mountain Volcanics unit or to the Iron
I

King Volcanics unit or to a new unit, it has been decided to
use the more general term Alder Group for these rocks.
Because intense deformation and recrystallization dur
ing metamorphism destroyed original textures and structures,
only with great difficulty can igneous flows be separated from
sedimentary rocks of the same composition which may exist.
Because the foliation parallels lithologic contacts, it also
parallels the bedding of any possible sedimentary rock unit.
Whether the foliation planes follow zones of weakness inherent
in possible bedding, or whether they resulted only from shear
ing produced by stress metamorphism cannot be determined.

For

many rocks, their genesis is in doubt because no microscopic
or megascopic relict structures or textures of unquestionable
sedimentary or volcanic origin can be observed.

The only

rocks of the Alder Group that are identified with any confi
dence as being metasediments are the dark red metaquartzites,
which are located generally on the far eastern and far western
sides of the study area.
Anderson and Creasey (1958, pp. 2 6 "and 27) describe
pillow structures and amygdules in some exposures of the Spud
Mountain Volcanics unit and the Iron King Volcanics unit which
suggest part submarine and part subaerial origins for these
rocks, but evidence is not conclusive in the central portion
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of the Agua Fria mining district.

Megascopically, the only

clearly recognizable igneous structures in the Agua Fria area
are volcanic bombs which are restricted to only a few zones
(Fig. 5).

The presence of volcanic bombs with characteristic

tails suggests a subaerial deposition for these units.

The

metaquartzites may indicate a terrigenous origin for some
rocks because they may represent former well-sorted, fine
grained sandstones deposited by streams flowing over the volcanics prior to their burial and deformation.

However, the

metaquartzites more likely represent a series of near-shore
marine sandbars or beach deposits because of the well-sorted
and fine-grained nature of the rock unit.

During deformation

these sandstone lenses were metamorphosed and tilted to a near
vertical position.

Subsequent differential erosion has pro

duced the present outcrop pattern of isolated resistant
metaquartzite masses.
Thus, there is conflicting evidence for the kind of
environment in which these rocks were deposited.

It may be

that both submarine and subaerial deposition occurred in a
fluctuating shallow eugeosyncline which was subsiding in pulses.
Such an environment could account for the tremendous thickness
of rock which composes the Yavapai Series.

The pillow struc

tures may have developed when a flow was extruded under water
during the time of sea transgression, whereas, regression and
subaerial deposition is indicated by the volcanic bombs and

19

Figure 5
Volcanic bombs in the dark green chlorite schist subfacies
in the central part of section 6.

■

i

20
amygdules.

The metaquartzite may represent either submarine

or subaerial deposition.
The rocks of the Alder Group in the central portion of
the Agua Fria mining district are characterized by albite,
muscovite, and quartz; and in particular by green minerals
such as chlorite and to a lesser extent, epidote.

This mineral

assemblage is typical of the quartz-albite-muscovite-chlorite
subfacies which is the low temperature limit of the greenschist
facies as defined by Turner and Verhoogen (1960, p. 531).
These minerals of the greenschist facies are products of low
grade regional metamorphism and are formed at temperatures
from 300-500° C, and pressures from 3,000 to 8,000 bars.

Be

cause rocks of this area belong to the quartz-albite-muscovitechlorite subfacies, they probably developed at about 300° C or
the lower temperature limit of the greenschist facies (Turner
and Verhoogen, 1960, pp. 534-535).
Petrography of the Alder Group;
Chlorite Schist Facies:

The chlorite schist unit

is an extremely variable rock both in texture and in color.
The texture grades from fine to coarse and the color ranges from
light to dark green.

The criterion for placing a rock in this

group is based solely on the green color observed in the field.
In all specimens this facies displays excellent foliation, both
megascopically and microscopically (Fig. 6).
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Figure 6
Chlorite schist facies near Binghampton Mine
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Light Green Chlorite Schist Subfacies:

The

light green chlorite schist grades texturally from fine to
coarse.

Mineral assemblages are generally uniform, and this

unit differs from the dark green chlorite schist unit princip
ally in relative percentages of chlorite and epidote.
In some hand specimens of light green chlorite schist,
porphyroblasts of quartz can be observed, but most contain
porphyroblasts of feldspar.

Generally, however, the minerals

are too fine-grained to identify even with a hand lens, and
mineral identification must be done with a petrographic micro
scope.
In thin section the light green chlorite schist con
tains from 10-20 percent chlorite, up to 15 percent epidote,
up to 10 percent quartz, from 10-20 percent sericite, up to
10 percent carbonate, up to 50 percent feldspar, and minor
amounts of hornblende, apatite, biotite, magnetite, and opaque
red iron oxides (Fig. 7).
The chlorite appears as elongated flakes parallel to
the foliation of the schist.

The flakes are commonly wedge-

shaped, and the ends are frayed out into other minerals of the
schist.

In some other specimens the chlorite appears as iso

lated irregular aggregates, many of which are oriented paral
lel to the direction of foliation.
Relict biotite has been intensely chloritized.
Hornblende is rare and has been altered to chlorite
along grain fringes.

Figure 7
Three component diagram of the schist facies of the Alder
Group in the central portion of the Agua Fria mining dis
trict.
The mineralogic composition of each sample collected is
represented by a point on the diagram.
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Quartz is either very fine-grained and forms part of
the groundmass, or more rarely is scattered throughout the
fine-grained groundmass as large porphyroblasts.
The quartz porphyroblasts are observed in thin sec
tion to have a preferred optical orientation.

Many , but not

all, porphyroblasts show simultaneous extinction parallel to
the foliation.

When a quartz grain shows extinction not

parallel to the foliation, the grain has been rotated, as is
indicated by the "swirling effect" of the groundmass around
it (Fig. 8).

The "c" crystallographic axis of these oriented

quartz porphyroblasts is generally within the foliation plane
(Fig. 9).
The groundmass is composed of sericite for the most
part, but also contains feldspar and quartz.

Most sericite

has crystallized parallel to the foliation (Fig. 10); some
sericite fills fractures and zones of shattering in the quartz
porphyroblasts (Fig. 11).

In many porphyroblasts the sericite

is concentrated in the cores of the porphyroblasts where
shattering is more intense.
Fine-grained epidote occurs in the light green chlorite
schist as isolated masses, particularly in and around plagioclase and as a fracture filling in quartz together with sericite
and carbonate minerals.
Plagioclase occurs as intensely altered porphyroblasts
and also as tiny grains associated with quartz and sericite
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Figure 8
Photomicrograph of a fractured and rotated quartz porphyroblast.
Note the "swirling" of the groundmass around the outer edge
of the quartz porphyroblast.
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Figure 9
Photomicrograph of the "c" crystallographic axis of a quartz
porphyroblast oriented parallel to the foliation.
The groundmass is principally sericite, with some quartz.
(X 60). With mica plate.
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Figure 10
Photomicrograph of sericite concentration parallel to the
foliation.
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Figure 11
Photomicrograph of sericite concentration along fractures in
a quartz porphyroblast. (X nicols)
(X 60)
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in the groundmass.

Positive identification of the feldspar's

composition in the matrix, however, is difficult because of
its alteration to sericite and clay.
The original plagioclase porphyroblasts were oligoclase (Abyg-Angg) and labradorite (Ab^Q-Angg), which have been
recrystallized to albite (Ab9Q-An10), calcite and epidote.
Tne albite crystals have grown around smaller epidote grains
maintaining optical continuity (Fig. 12).
Some plagioclase porphyroblasts have also been intense
ly altered to sericite (Fig. 13) and, more rarely, to clay,
minerals.

Determination of the composition of original por

phyroblasts is difficult because of the alteration, but enough
unaltered grains can be found to estimate the principal compo
sition.

This estimation is made oh the basis of the mineral

grain's relief, optic sign, and on maximum extinction angle as
indicated by the Michel-Levy statistical method.

The plagio

clase is generally untwinned; however, sufficient twinned
crystals are present to make the composition determination
possible.
,

The feldspar porphyroblasts do not demonstrate the

same consistent parallel optical alignment with the foliation
as do the quartz porphyroblasts.

However, the long dimensional

axis of individual albite porphyroblasts tend to parallel the
foliation and commonly, the polysynthetic twinning also is
parallel to this plane.
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Figure 12
Photomicrograph of epidote and albite occurring as alteration
products of a calcic plagioclase in the chlorite schist facies.
(X nicols)
(X 60)
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Figure 13
Photomicrograph of a sericitized relict feldspar in the
chlorite schist facies.
(X nicols)
(X 60)
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Carbonate minerals occur in all rocks of the Alder
Group and are generally calcite, ankerite, and siderite;
dolomite is less common.
Ankerite is the principal carbonate mineral at the
Iron King Mine (Krieger, 1965, p. 105) and is very common in
the Agua Fria area in and near the Binghampton, Copper Queen,
Halfmoon and Stoddard Mines.

Lindgren (1926, p. 147)

described a crystalline limestone lens about 300 feet long
and 15 feet wide in the vicinity of the Binghampton and Copper
Queen Mines.

The present work in the area shows this same

lens to be a much smaller series of ankerite masses.

Each

individual mass occurs in weathered outcrop as a dark brown
lenticular unit as much as 3 feet wide and 15 feet long.
fresh exposure, the ankerite is light tan to white.

Oh

The

ankerite masses are coarsely crystalline and individual crys
tals are as much as 2 mm. in diameter.
Siderite appears as a very fine-grained dark brown
carbonate, principally in the areas of sulphide mineralization
Calcite and dolomite are found throughout the area
with no apparent preferred location.

They occur as post

foliation vein fillings of limited dimension that extend paral
lei to, as well as transverse to, the foliation.

Horizontal

joints are filled with calcite which may have been deposited
by circulating groundwater.

Fractures within quartz porphyro-

blasts in some places are filled with carbonate.
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Dark Green Chlorite Schist Subfacies:

The

dark green chlorite schist is very similar to the light, green
chlorite schist except in color.

The color variation is a

function of the quantity of chlorite, epidote, and other green
minerals in the rocks as compared to sericite and other non
green minerals.
In hand specimen, the dark green chlorite schist grades
texturally from coarse- to very fine-grained.

It is generally

not porphyroblastic; however, some rock units contain large
volcanic bombs as much as 6 inches long in their maximum
dimension (Fig. 5).

These bombs are found only in the dark

green chlorite schist, but not all dark green schist layers
contain bombs.

The bombs are confined to isolated agglomeratic

zones trending north throughout the central part of the area
(Fig. 2).

Individual volcanic bombs appear to have their

direction of maximum elongation randomly oriented in the plane
of foliation.
The dark green chlorite schist displays excellent folia
tion which trends north to north-northeast as does the foliation
of other units of the Alder Group of this area.
Mineralogically, the dark green chlorite schist con
tains up to 30 percent pyroxene (augite), 25-50 percent
chlorite, up to 25 percent albite, traces of labradorite, up
to 20 percent epidote, 5 to 15 percent carbonate, and minor
amounts of quartz, magnetite, and clay minerals (Fig. 7).
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In many specimens a moderate percentage of the rock •
is pyroxene and in all specimens the pyroxene has altered ex
tensively to chlorite and clay.

The clay gives a very "sooty"

appearance to the pyroxene in thin section.

In some sections

the pyroxene appears as crystalline masses embedded with
plagioclase laths, typical of an ophitic to diabasic texture.
Chlorite is an appreciable part of the dark green
schist and in thin section commonly displays parallel extinc
tion.

Most chlorite is the variety prochlorite as indicated

by its common association with magnetite, an index of re
fraction of

1.600 to 1.632 and its optically positive char

acter (Kerr, 1959, p. 396).

To a lesser degree, the chlorite

variety pennine, typified by a "Berlin Blue" interference
color, and a lower refractive index (N^ = 1.580) occurs in
some specimens.

Very rarely, some of the chlorite is gray,

which may indicate the variety chamosite; however, this variety
would be unusual in this rock facies, as it is generally
associated with sedimentary rocks.

The association of chlorite

and magnetite is natural because in the alteration of pyroxene
to chlorite, excess iron generally precipitates as magnetite
or hematite.

Some iron was probably used in the development

of epidote.
The chlorite does not always have a preferred orienta
tion parallel to the foliation, but commonly occurs as isolated
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wisps which represent alteration products of pre-existing
ferromagnesian minerals.
Epidote occurs with albite and calcite around altered
plagioclase porphyroblasts.
As in the light green chlorite schist subfacies the
plagioclase feldspars in the dark green chlorite schist sub
facies consist predominantly of albite (Abyg-An^g), but traces
of labradorite (Ab^g-Angg) do occur.

In all specimens the

plagioclase is intensely altered to sericite and clay (Figs.
13 and 14), and only with difficulty can the composition be
determined.
In some thin sections clay is an alteration product
of both pyroxene and plagioclase, and it also forms within
chlorite.
The carbonate minerals, as observed in thin section,
occur as stringy masses of crystalline aggregates of ankerite,
siderite, calcite, and possibly dolomite.

Ankerite and sider-

ite are localized in areas of sulphide mineralization.

Calcite

and dolomite are ubiquitous.
Quartz in the dark green chlorite schist is a minor
constituent.

It does not form porphyroblasts as it does in

the light green chlorite schist and the sericite-quartz schist,
but instead, it is part of the fine-grained matrix.
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Figure 14
Photomicrograph of sericitized feldspar, imbedded in a mass
of chlorite, in the dark green chlorite schist subfacies.
(Plane light)
(X 60)
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Sericite-Quartz Schist Facies:

This facies of the

Alder Group occurs as a light tan, reddish-brown or brown rock.
It commonly forms ridges and topographic high points in the
Agua Fria area and displays excellent foliation, trending
generally north to north-northeast.

Its resistance to erosion

is a result of its high silica content which is characteristic
of this facies.
The sericite-quartz schist facies and the chlorite
schist facies are distinguished in the field on the basis of
color, and the color difference is a reflection of their dif
ferent mineral compositions (Figs. 15 and 16).
Rocks within this facies have coarse- to fine-grained
textures and some are porphyroblastic.

The porphyroblasts

are quartz and feldspar; the matrix generally is a dense
aggregate of quartz, feldspar, sericite, and carbonate mine
rals.
In thin section, rocks of this facies contain the
following minerals:

10-40 percent quartz, 20-85 percent

sericite, 10-40 percent feldspar, 10-20 percent carbonate
minerals, up to 10 percent chlorite, up to 10 percent biotite,
up to 10 percent iron oxide, and minor amounts of opaque and
clay minerals (Fig. 7).
The quartz occurs as coarse porphyroblasts as well as
fine grains in the matrix.
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A.

B.

View looking north in the northwestern part of section 6

View looking south in the southwestern part of section 6.
Figure 15

Sericite-quartz schist facies.
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Figure 16
Chlorite schist facies in background; sericite-quartz schist
facies in foreground. View looking east in the central part
of section 6.
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The quartz porphyroblasts have been fractured and
rotated (Fig. 8) and exhibit undulatory extinction (Fig. 17).
The fractures have been filled with a fine-grained matrix
which consists in part of quartz and feldspar, but is composed
principally of sericite (Fig. 11).
In many thin sections of the sericite-quartz schist,
the matrix is 75 percent of the rock or more; as much as 50
percent of the matrix may be quartz.

The matrix quartz, however,

does not show the deformation observed in quartz porphyroblasts.
The matrix quartz is not fractured, and generally does not show
undulatory extinction typical of porphyroblasts.
In addition to the quartz porphyroblasts and matrix
quartz there are lenticular pods and veins of quartz which
are scattered throughout the rock and cut the foliation.

This

quartz has granoblastic texture in thin section and comprises
a large part of the fine-grained quartz typical of the sericitequartz schist facies (Fig. 18).
Sericite is a major component of most rocks assigned
to the sericite-quartz schist facies.

It appears as large

masses of individual flakes or as long wispy aggregates which
have a tendency to fray out toward their ends.

The flakes

have been incorporated in fractures within the quartz por
phyroblasts (Fig. 11) and around porphyroblast boundaries (Fig.
19).

Sericite is also "draped" around porphyroblasts where

41

Figure 17
Photomicrographs of quartz porphyroblasts demonstrating
undulatory extinction in the sericite-quartz schist facies.
(X nicols)
(X 60)

A.

Granoblastic hydrothermal quartz vein cutting the folia
tion in the chlorite schist facies. (X nicols)
(X 60)

3.

Granoblastic hydrothermal quartz mass adjacent to a relict
quartz porphyroblast in the sericite-quartz schist facies.
(X nicols)
(X 60)

Figure 18
Photomicrographs of granoblastic hydrothermal quartz.
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B
Figure 18
Photomicrographs of granoblastic hydrothermal quartz.
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Figure 19
Photomicrograph of sericite concentration along the boundaries
of quartz porphyroblasts in the sericite-quartz schist facies.
(X nicols)
(X 60)
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the porphyroblasts appear to have been rotated (Fig. 8).
Generally, the sericite is aligned parallel to the foliation
(Fig. 10), but in some specimens the flakes show no preferred
orientation (Fig. 13).
In some rocks of this facies, plagioclase feldspar is
abundant, occurring as large porphyroblasts and as a fine
grained matrix with orthoclase, quartz, and sericite.

In many

specimens feldspar is inferred as having once been in the matrix
because of the abundance of sericite.

Inference as to original

mineralogy is based upon relict feldspars in other rock speci
mens which have been partially sericitized.
Two varieties of plagioclase occur as porphyroblasts
in this facies of the Alder Group:
andesine (Ab^Q-An^g).

albite (Ab^Q-An^g) and

Both plagioclase feldspars, generally,

have been intensely altered to sericite, and, therefore, do
not have a fresh appearance in thin section.

No contemporan

eous genetic relationship between these two plagioclase mine
rals can be observed.
Orthoclase feldspar occurs as fine-grained matrix
which has been intensely altered to sericite.
The carbonate minerals, ankerite, siderite, calcite,
and possibly dolomite, are important constituents of rocks of
this unit.

Biotite and chlorite are less abundant but epidote

which occurs in the chlorite schist facies is absent in this

45
facies of the Alder Group.

The biotite occurs as long crys

talline aggregates parallel to the foliation.

The opaque

minerals, magnetite and hematite, occur as discrete 0.15 mm.
blebs scattered throughout the thin sections and comprise
only a very small percentage of the rocks.
Metaquartzite Facies:

The metaquartzite is de

fined as a reddish-brown, compact, quartzose unit.
This facies of the Alder Group is found generally in
the far eastern and, to a lesser extent, in the far western
parts of the area, and units of this facies extend from the
southern to the northern boundary.

The metaquartzite units

occur as isolated tabular masses up to 50 feet long and 20
feet wide and parallel the regional foliation.

Because meta

quartzite masses are dense and resistant to erosion, they.are
excellent ridge-formers (Fig. 20).
Megascopically, this rock is generally dark reddishbrown, fine-grained, and massive and has no apparent foliation.
Locally, it is fractured and the fracture zones are filled
with white quartz of hydrothermal origin; the white quartz
gives the rock a lighter color.

Microscopically, this rock

contains about 95 percent quartz and 5 percent hematite.

The

quartz grains are elongated perpendicular to the east-west
direction of maximum stress and show no preferred optical ori
entation, but they do exhibit undulatory extinction.
suturing occurs along quartz grain contacts (Fig. 21).

Little
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Figure 20
Metaquartzite facies in background; hydrothermal quartz in
foreground. View looking east in the northwestern part of
section 7.
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Figure 21
Photomicrograph of the metaquartzite facies.
(X 60)

(X nicols)
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Hematite fills interstices between quartz grains and
may be the original cementing material.
No traces of sericite, clay, or carbonate mineral
alteration occur even along boundaries of individual quartz
grains.”
Aside from interstitial hematite, the metaquartzite
is composed entirely of quartz (Fig. 21).
Petrogenesis of the Alder Group:
General Statement:

Rocks of the Alder Group in

the central portion of the Agua Fria mining district are meta
morphosed volcanic flows and pyroclastics of rhyolitic to
basaltic composition and a sedimentary metaquartzite; other
metasedimentary rocks may occur, however, they have not been
positively identified.

Rocks of the Alder Group display

excellent foliation and the volcanic rocks show retrograde
metamorphism which has changed the mineralogy of former higher
temperature rocks.

The principal metamorphic minerals are

chlorite, albite, muscovite, and quartz; this assemblage is
typical of the lower temperature limit of the greenschist
facies as defined by Turner and Verhoogen (I960, p. 531) .
Rocks of the Alder Group in this area have developed their
foliation as a result of shearing and mineral growth in res
ponse to stress.

Some mineral grain alignment may represent
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relict parallelism in flow structures of the original rock;
however, this alignment does not account for the complete
parallelism that exists with some sericite and chlorite.
Mineral Genesis:

Chlorite, the principal constit

uent of the dark green chlorite schist subfacies, is not as
abundant in the light green chlorite schist subfacies and the
sericite-quartz schist facies.

Generally, the long dimension

of individual chlorite grains is parallel to the foliation.
This parallelism is in response to stress and may have resulted
from chloritization of either primary or secondary ferromagnesian minerals such as biotite, hornblende or pyroxene during
dynamic metamorphism of the original rock.

In other speci

mens the chlorite appears as isolated irregular aggregates
which have remained after the alteration of pre-existing
ferromagnesian minerals.

This lack of preferred orientation

in the second group suggests that some chlorite was formed
after dynamic metamorphism and represents hydrothermal altera
tion at the time of sulphide mineralization.

Kothavala (1963,

p. 94) suggests that in the Jerome area chlorite has developed
by low grade metamorphic processes as well as by hydrothermal
alteration.
Pyroxene is probably a relict mineral of the original
rock prior to metamorphism, as pyroxene is not normal to the
greenschist facies.

Because relict pyroxene can be found in
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some sections, its alteration along with hornblende and biotite, probably provides the major source for the extensive
chlorite in the dark green schists.

The only relict high

temperature ferromagnesian silicates in these rocks are
pyroxene, hornblende and biotite.
Biotite has undergone incomplete alteration to chlorite
and in nearly all specimens biotite has extinction parallel to
the foliation.

Biotite may be a primary mineral of the orig

inal rock, or it may be a secondary alteration product, derived
from a pre-existing ferromagnesian mineral during metamorphism.
If biotite is primary, it may have acquired its parallel
orientation to the lithologic contacts and foliation by orig
inal flow alignment at the time of volcanic deposition, or
secondarily by shearing during metamorphism.

If biotite is

secondary and developed during metamorphism, the parallel growth
may be a natural result of recrystallization during the im
posed stress environment, and chlorite, altering from biotite,
would represent retrograde metamorphic conditions.

No petro

graphic methods are known which distinguish whether biotite is
primary or secondary.

Because secondary biotite is indicative

of a higher grade metamorphic facies and because other second
ary minerals suggesting a higher metamorphic environment are
not present, the biotite appears to be a primary constituent of
the original rock, and represents original flow alignment or
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was sheared into parallelism with the foliation during the
period of stress.

A slight optical waviness of the biotite

suggests that the biotite, whether primary or secondary, was
subjected to shear during metamorphism.
Irrespective of the origin of biotite or other pre
existing ferromagnesian minerals, the chlorite, which crys
tallized during the period of stress, should have a preferred
orientation parallel to the foliation.
Clay is a common alteration product of pyroxene,
feldspar, and chlorite.

Because clay is not a metamorphic

mineral, it must be post-metamorphism, and is likely an al
teration product resulting from the same hydrothermal activity
which brought in the metallic sulphides.

It may also be

related in part to recent weathering and supergene alteration
(Metz and Rose, in Titley and Hicks, 1966).
Albite originated from the alteration of plagioclase
richer in calcium than albite as is indicated by relict
andesine and labradorite.

Under the temperature and pres

sure conditions of the greenschist facies calcic plagioclase
is not in equilibrium and with the addition of sodium and
silicon readily alters to albite and releases calcium and
aluminum (Turner and Verhoogen, 1960, p. 268).

Part of the

released calcium may combine with the carbonate radical to
form calcite, which is very abundant in the area (Fig. 22).
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Figure 22
Photomicrograph of albite and calcite occurring as alteration
products of a calcic plagioclase.
(X nicols)
(X 60)
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In the presence of water, iron, and additional silicon, the
released aluminum and part of the calcium may combine to form
epidote.

Because the conversion of plagioclase to epidote is

a metasomatic process, the optical continuity of the unreplaced
portion of the plagioclase is retained (Fig. 12).

Under meta

mo rphi c conditions albite would crystallize in a position
determined by stress, and therefore would be optically aligned
with the foliation as is commonly observed.

A simplified

reaction for this conversion is suggested as follows:
Ca-Na Flag + C02 + Si02 + Fe++— > albite + epidote +
calcite.
Some aluminum may be consumed in the production of abundant
sericite.
Epidote is more abundant in the dark green chlorite
schist subfacies than in the light green chlorite schist sub
facies; and is in lesser abundance than chlorite in all facies.
In order for epidote to form, some iron as well as aluminum
must be available.

These elements were provided by the al

teration of pre-existing ferromagnesian and feldspar minerals.
Iron is not abundant in rocks of the sericite-quartz schist
facies and seems to have been preferentially used in the de
velopment of chlorite.

The greater abundance of chlorite is

to be expected in this area because chlorite is more common
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than epidote in lower grade conditions of the greenschist metamorphic facies (Turner and Verhoogen, 1960, p. 534).
Sericite is abundant as a feldspar alteration product
in rocks of the Alder Group but particularly in the sericiteguartz schist facies.

Because some albite has been altered to

sericite, and the albite is of metamorphic origin, this seri
cite must have formed late in the metamorphic process or be
post-metamorphic.

Most sericite is optically aligned with

the foliation (Fig. 10).

This parallel growth and that of

Other micaceous minerals produces the foliation and explains
the ease in which the schist cleaves along this direction.
Some sericite flakes are randomly oriented which suggests that
such flakes may not have formed under stress, but rather
crystallized as a post-metamorphic mineral.

Therefore, two

generations of sericite are probable? the first, which is
optically parallel to the foliation, is of metamorphic origin;
the second, which is randomly oriented, is of hydrothermal
origin, and may have crystallized at the same time as the
metallic sulphides in this area.

Boundaries around quartz

porphyroblasts and fractures within may have served as zones
of increased permeability for hydrothermal solutions and,
therefore, these places are likely to be areas of increased
sericite concentration (Figs. 11 and 19).

On the basis of

sericite concentration in zones of increased permeability and
of corresponding reduction of feldspar in these zones, much
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sericite is probably of hydrothermal origin and was emplaced
after metamorphism of the.Alder Group.
Carbonate minerals in the Alder Group each appear to
have a different origin.

Ankerite bodies near the Binghampton

and Copper Queen Mines display neither foliation nor any other
deformation features which are characteristic of the other rocks
in this area; therefore, the enclosing rocks of the Alder
Group were probably metamorphosed prior to the emplacement
of the ankerite.

Localization of ankerite in areas of sul

phide mineralization suggests that ankerite is genetically
related to the sulphides and, therefore, probably of hydrothermal origin.

Siderite appears to be more widespread than

ankerite, but it may have the same origin, since it too
appears to be concentrated in zones of sulphide mineraliza
tion .
Calcite and dolomite are as abundant near sulphide
ore zones as away from them and, therefore, are not considered
to be genetically associated with sulphide mineralization.
Some calcite may have been derived through albitization of
more calcic plagioclase during low grade metamorphism, but
circulating groundwater probably deposited most of the cal
cite.

The wispy variety of carbonate paralleling the folia

tion seems to be metamorphic in origin, whereas the coarsely
crystalline variety may be material derived from nearby
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limestone terrains and deposited by circulating groundwater,
moving through fractures and along foliation.
Carbon dioxide for development of metamorphic calcite
was possibly contained in pore water in carbonate-rich sedi
ments which may have been interbedded with the volcanics at
the time of deposition.
Quartz is present in all facies of the Alder Group,
but is most prevalent in the sericite-quartz schist facies
and the light green chlorite schist subfacies.

Quartz occurs

as fine-grained material in the groundmass, as well as porphyroblasts up to 5 mm. in diameter scattered throughout the
rock.
The groundmass quartz may have originated in three "
different ways:

1) relict quartz from the original rock

(characteristic of the sericite-quartz schist facies); 2) quartz
derived from the alteration of feldspar and ferromagnesian
minerals during metamorphism; 3) post-metamorphic quartz
associated with the hydrothermal activity in this area which
also brought in the metallic sulphides.

Each of these pos

sibilities is considered below:
1)

The fine-grained character of relict quartz in

the groundmass may be explained in two different ways:

a) the

fineness may have been original, or b) the fineness may have
been the result of intense granulation of coarser grained
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material.

Within the groundmass some individual quartz grains

possess undulatory extinction, which may suggest that they
have been subjected to some stress (Fig. 17); however, undula
tion in quartz may not necessarily indicate stress.

If stress

had been intense enough to granulate individual grains, all
quartz porphyroblasts should have been pulverized, or at
least elongated to a much greater extent than is observed.

Be

cause most quartz porphyroblasts have not been shattered, the
fine-grained texture of most matrix quartz appears to be in
herited from the original rock, and the dynamic metamorphism
must not have been intense.
Grain size appears to be an important criterion which
determines the amount of grain deformation.

Finer grained

particles are less susceptible to deformation than are coarser
grained particles, because finer grained particles roll more
readily and are less likely to show undulatory extinction.
The lack of undulatory extinction, however, may be because
some matrix quartz has a different origin and does not rep
resent relict material from the original rock which was sub
jected to dynamic metamorphism.
2)

Some of the matrix quartz may have resulted from

the alteration of pre-existing minerals.

Turner and Verhoogen

(1960, p. 564) indicate that an excess of silica is produced
in sericitization of orthoclase.

Because a large amount of

sericite exists in the groundmass, a sericitization process
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offers a plausible explanation for the origin of some matrix
quartz.
Matrix quartz is associated in some specimens with
chlorite and epidote which are typical of the greenschist
metamorphic facies.

The quartz is, therefore, probably not

a relict mineral, but rather a product of metamorphism and
hydrothermal alteration (Fig. 23).

Turner and Verhoogen

(I960, p. 535) suggest a reaction which occurs under regional
metamorphic conditions and which may explain the origin of
the quartz as well as chlorite and some calcite:
Actinolite + HgO + CO2 ----> chlorite + calcite + quartz.
3)

Small quartz masses associated with hydrothermal

alteration are common in all facies of the Alder Group.

This

quartz is distinguished in thin section by its fine-grained
granoblastic texture (Figs. 18 and 23).

Megascopically this

hydrothermal quartz is milky white and fills fractures in the
Alder Group.

The quartz is fine-grained and undeformed which

suggests that it is probably post-metamorphic and represents
possibly an early phase of the hydrothermal activity which
introduced the metallic sulphides in this area.

Most quartz

of the dark green chlorite schist subfacies is probably
hydrothermal as quartz is not usually characteristic of rock
facies which are basaltic in composition.
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Figure 23
Photomicrograph of hydrothermal quartz in the chlorite schist
facies.
Note the oxidation of the iron in the chlorite along fractures
parallel to foliation.
(X nicols)
(X 60)
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Where large quartz porphyroblasts are fractured or
shattered, they are rotated, and this rotation has caused the
matrix to "swirl" around their edges (Fig. 8).

Fractures

within quartz porphyroblasts have been invaded by matrix
material of the schist, but this material appears to have a
higher concentration of sericite than the normal groundmass
(Fig. 11).

The sericite may have been emplaced in the quartz

porphyroblasts in two different ways:
1)

The sericite may have flowed plastically into the

fractures during deformation of the quartz porphyroblasts.
This suggests a metamorphic origin for the sericite, or a
hydrothermal origin in which the sericite is formed before or
contemporaneous with metamorphism.
2)

The matrix material containing feldspar flowed

plastically into fractures during deformation, and at a later
time the feldspar of the matrix was hydrothermally altered to
sericite.

The porphyroblast boundaries and fractures would

be avenues of increased permeability for hydrothermal solu
tions and for this reason would be zones of more intense
alteration (Figs. 11 and 19).
Because quartz porphyroblasts are moderately deformed,
they must have been subjected to dynamic metamorphism.

They .

were probably phenocrysts in the original rock that were
durable enough to withstand the imposed stress without being
completely destroyed.
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The "c" axis of many quartz porphyroblasts lies within
the foliation plane (Fig. 9).

This optic alignment indicates

that during dynamic metamorphism, recrystallization and
apparent rotation of the porphyroblasts occurred.

Turner and

Weiss (1963, p. 356) point out that experimental efforts to
produce patterns of similar orientation in quartz aggregates
have shown little success.

Their experimental data suggest

that the preferred orientation of the "c" crystallographic
axis in quartz is generally transverse to the direction of
shear; however, they found that some alignment parallel to
the shear direction does exist.

In the Agua Fria area the

author has found that the 11c" axis of quartz porphyroblasts
parallels the direction of shear (foliation) in more than 50
percent of the specimens examined.

Where the "c" axis of the

quartz porphyroblasts is not parallel to the foliation, the
quartz porphyroblasts in many specimens seem to be rotated
(Fig. 8) .
Magnetite in the sericite-guartz facies is probably a
relict mineral of the original rock, and hematite is probably
an oxidation product of the magnetite.

Some magnetite may

be derived from the chloritization of original ferromagnesian
silicate minerals, but the amount of ferromagnesian silicate
minerals originally in this facies seems to be insufficient
to explain all the magnetite.
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In some places, particularly in narrow belts adjacent
to small fractures in the Alder Group, rocks of the sericitequartz schist facies seem to have belonged originally to the
chlorite schist facies.
in a change in color.

A change in mineralogy has resulted
Chlorite appears to have been altered

to sericite and iron oxides (Fig. 24).

Creasey (in Titley

and Hicks, 1966, p. 61) points out that when chlorite is
subjected to hydrothermal alteration, it may alter to muscov
ite and kaolinite.
alteration.
tinuous.

Kaolinite also occurs in these zones of

The altered belts are very small and discon

Most are not more than 15 feet wide and 35 feet long.

They apparently represent avenues through which fluids have
migrated and altered the chlorite schist.
Pfe-metamorphic rocks:

The abundant sericite,

chlorite, albite, and lesser amounts of quartz, carbonate, and
epidote in the light green chlorite schist suggest that the
schist was originally an igneous rock of intermediate composi
tion.

The porphyroblasts are probably former phenocrysts, and

the matrix of this metamorphic rock is probably the modified
groundmass of an original igneous rock.

The texture of the

original rock, therefore, varied from aphanitic to porphyritic.
On the basis of its mineral composition and texture, the
original rock of this facies may have been a quartz latite to
dacite which in some places may have been porphyritic or
tuffaceous.
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B.

Oxidation along fractures parallel to the foliation.
(Plane light)
(X 60)
Figure 24

Photomicrographs of oxidation of the chlorite schist facies.
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On the basis of the mineralogic descriptions, some
estimates can be made regarding the original nature of the
rocks which are now dark green chlorite schists.

The abundant

chlorite and relict pyroxene and labradorite (Ab^Q-An^y) all
suggest a basic composition for the original rock, varying
from andesite to basalt.

Because of the fine-grained char

acter of the schist, most of these rocks are inferred to be
originally aphanitic in texture, but a few may have been
diabasic or more rarely, porphyritic.

Possibly the fine-grained

texture in some specimens may be caused by granulation, but
most grains appear to be fine because of their original small
size.

This is suggested by the fine-grained relict labrador

ite and pyroxene.

The rare porphyroblasts in the schist seem

to be relict phenocrysts of the original rock.

Supporting

evidence for a volcanic origin is the presence of volcanic
bombs and agglomerates in some layers (Fig. 5).
The small amount of ferromagnesian silicate minerals
and the abundance of minerals rich in silica suggest that the
sericite-quartz facies may have been originally a volcanic rock
of felsic composition.

The coarse texture and abundant por

phyroblasts in many specimens suggest that some rocks were
porphyritic and some were aphanitic.

Thus, the original rock

units may have been rhyolites or quartz latites, some of which
may have been porphyritic or tuffaceous.

A sedimentary origin

is also possible for some of the rocks in this facies.

The
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composition diagram of rocks in the Alder Group is plotted on
Figure 7.
Because of the purity and because the grains are equidimensional, the original rock of the metaquartzite facies
may have been a well-sorted, fine-grained sandstone.

The

several metaquartzite lenses may represent stream deposits
of a former drainage system which existed on the volcanics, or
the lenses may represent a series of near-shore marine sand
bars or beach deposits.

At a later time, subsequent volcanic

flows covered these deposits.

Because the metaquartzites are

contemporaneous with other rocks of the Alder Group, they all
have been subjected to the metamorphic and hydrothermal
conditions which were imposed on the formation as a whole.
The metaquartzite units are not products of metamorphic dif
ferentiation because of their size and because they are not
enclosed by rocks unusually deficient in silica which would be
expected if a differentiation process had occurred.
Mafic Volcanic and Hypabyssal Rocks
The mafic rock units are intrusive and extrusive
igneous rocks which are post-Alder Group and which occur as
isolated masses throughout the area.
Dikes seem to be more abundantly localized around the
mines in the area of study, but they are not restricted to
these localities.

The dikes are small masses having a maximum

width of 5 feet and a maximum exposed length of 30 feet.

Dikes
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possibly represent feeder vents for the flows.

The mafic

dikes and flows are the youngest rocks in the area and have
not been subjected to dynamic metamorphism.

This is indicated

by their lack of foliation and their discordance to all older
foliated rocks, cutting them as dikes (Fig. 25) or resting on
them with an angular unconformity.
The mafic extrusive rocks are found only in the north
western part of section 18, and the northeastern part of
section 13.

Feeder vents to these flows were not observed

and may be covered by the flows.

Because of their resistance

to erosion and recent age, the flows occupy a topographically
high position.
The mafic rock on the northern boundary of sections
13 and 18 appears to be a breccia pipe.

Peripheral zones of

the mass are fragmented, which suggests partial solidification
prior to emplacement, whereas the central portion is dense
and appears to have been fluid at the time of emplacement.
Megascopically, most mafic extrusive rocks are black
and very fine-grained.

A few are porphyritic and contain

large phenocrysts of biotite which comprise as much as 10 per
cent of the rock.

On weathered surfaces the rocks are stained

yellow.
These mafic extrusive rock units consist of 15-60
percent labradorite, 10-40 percent augite, up to 50 percent
magnetite, up to 10 percent biotite, up to 5 percent sericite.
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Figure 25
Mafic intrusive into the Alder Group.
The intrusive cuts the foliation in the lower part of photo
graph and parallels the foliation in the upper part. Located
in the southern part of section 7.
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and traces of chlorite, epidote, calcite, and clay.

Pyroxene

(augite) and magnetite fill the interstices between plagioclase (labradorite) laths (Fig. 26) in a typical diabasic
texture.

The labradorite is fresh and commonly displays poly-

synthetic twinning.

Augite in some specimens is commonly altered

slightly to clay, chlorite, and sericite.

Most magnetite is

primary, but some secondary magnetite has developed where a
small amount of the ferromagnesian minerals has been chloritized.
Although the mafic rocks are generally not intensely
altered, a small mass in the southern part of section 7 (Fig. 2)
is an exception.

Here a dike of mafic rock, 18 inches wide,

intrudes a dark green chlorite schist (Fig. 25).

Pyroxene "in

the mafic rock has been intensely altered to clay and much of
the plagioclase has been converted to sericite.

The alteration

of this mafic rock possibly is the result of chemical changes
which occurred during processes which produced chalcocite
enrichment adjacent to the mafic dike.
On the basis of similar lithology, mafic rocks of
diabasic texture and composition in the Agua Fria area are
possibly related genetically to the basalt facies of the
Hickey Formation in the Jerome and Clarkdale areas, and to
other basic volcanics in the Mogollon Rim area.

The Hickey

Formation is considered to be Tertiary (tentatively Pliocene)
in age by Anderson and Creasey (1958, p. 56) and, therefore.
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Figure 26
Photomicrograph of the mafic rock facies.
Augite and magnetite fill the interstices between labradorite
laths in a diabasic texture.
(X nicols)
(X 60)
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in the Ague Fria area the mafic rocks may also be Tertiary in
age.

No other rocks of this composition have been described

in central Arizona which are not assigned to this age.
Anderson and Creasey (1958, p. 56) suggest that volcanics of
the Hickey Formation occur south of Dewey, Arizona, which is
only about 10 miles north of the area of study.

STRUCTURE
General
The principal structural elements in the central por
tion of the Agua Fria mining district are the lithologic
contacts (Fig. 2), foliation, lineation, joints, shear zones,
some apparent strike-slip faults (Fig. 27), and possibly iso
clinal folds.

The lithologic contacts, foliation, and possible

folding developed during Older Precambrian time.

The joints,

shear zones, and strike-slip faults are post-foliation (Older
Precambrian) and pre-Tertiary; they may be Precambrian in age.
These structures are pre-Tertiary in age because the Tertiary
volcanics have not been disturbed by these structures, but
instead the structures control the sites for the intrusion of
basalt dikes.

However, because of the absence of Younger

Precambrian, Paleozoic, and Mesozoic rocks in the study area,
a more precise age evaluation for these structures cannot be
made.
Lithologic Contacts
The individual facies of the Alder Group in the central
portion of the Agua Fria mining district represent a series of
stratified volcanic and sedimentary rocks which are steeply
dipping.

Lithologic contacts between facies have a north to
71
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north-northeast strike (Fig. 2) which is parallel to the foli
ation and the long axis of the Bradshaw Mountain mass.
Foliation
The central portion of the Agua Fria mining district
is characterized by foliation which strikes north to northnortheast and dips steeply to the west (Fig. 27).

The folia

tion under dynamic low-grade metamorphic conditions develops
at right angles to the maximum stress.

Hillside slump (Fig.

28) and post-foliation fracturing (Fig. 27) in some places
cause the foliation to deviate from the normal strike and dip.
The foliation parallels lithologic contacts and, there
fore, may also parallel bedding within any sedimentary rock
unit that may be present.

Whether the foliation planes follow

zones of weakness inherent in possible bedding or whether they
resulted only from shearing produced by stress metamorphism
cannot be determined.
The long axis of the Bradshaw Mountain mass also has
a north to north-northeast trend.

Anderson (in Titley and

Hicks, 1966, p. 7) states that in Arizona the Older Precambrian
foliation south of the Mazatzal Mountains trends northeast;
northwest of the Mazatzal Mountains the trends are northwest,
north, and northeast; and at the Grand Canyon and within the
Colorado Plateau the prevailing foliation trend is northeast.
Norman E. Lehman (oral communication) points out, however.
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Figure 28
Hillside slump near the Binghampton Mine, causing the folia
tion to deviate from the normal dip.
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that generally the foliation of Older Precambrian rocks is
parallel to the long axis of Older Precambrian intrusive
bodies in Arizona, particularly along the central Arizona
structural belt (Mayo, 1958, p. 1170).

Anderson (in Titley

and Hicks, 1966, p. 7) indicates that near Jerome, about 25
miles north of the Agua Fria area, the Alder Group is char
acterized structurally by foliation, strike faults, and iso
clinal folds parallel to the foliation, and that much of the
section is exposed in an overturned anticline and overturned
pyncline striking north-northeast.
Folding
In the central portion of the Agua Fria mining district
parallelism between lithologic contacts and foliation suggests
a possible genetic relationship between the two.

The paral

lelism could result from the formation of isoclinal folds whose
axial planes were parallel to the foliation.

If the folding

did occur, then both the isoclinal folds and the foliation
would develop at right angles to the maximum stress imposed
during dynamic metamorphism and subsequent erosion of the
anticlinal crests would expose a series of steeply dipping
rocks.

Their geometry would produce parallelism between

lithologic contacts, fold-axial planes, and foliation.

Pres

ence of isoclinal folds in other rocks of the Alder Group at
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Jerome supports this possibility (Anderson, in Titley and
Hicks, 1966, p. 7).
Lineation
Generally, the linear elements within the rocks of the
Alder Group in the central portion of the AgUa Fria mining
district are elongated quartz and feldspar porphyroblasts, but
other linear elements include slickensides which resulted
from differential movement.

Lineation lies within the plane

of foliation, trends generally east-west, and plunges nearly
vertically to the west, essentially the same as the dip of
the foliation (Figs. 27 and 29).
The orientation of the lineation suggests that the
minimum stress direction during deformation was nearly verti
cal.

The vertical direction, therefore, would offer least

resistance to movement and if folding occurred, would result
in vertical stretching.

This stretching would be expected if

horizontal stress were applied to form the foliation, lineation
and possible isoclinal folds.
Joints
All rocks in the central portion of the Agua Fria
mining district, particularly the various facies of the Alder
Group, are intensely jointed.

The strike of the joints does

not show a consistent regional pattern, but many joints dip
at low angles (Figs. 27 and 30).

Of the joints measured, about

Figure 29
Point diagram of the plunge of the lineation in the Alder
Group. Eighty-one poles plotted.
(See Turner and Weiss,
1963, pp. 53-54)
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Figure 29.

Point diagram of the plunge of the lineation.

Figure 30
Point diagram of the joints in the Alder Group. Forty-seven
poles plotted on the lower hemisphere.
(See Billings, 1954
pp. 108-111)
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Point diagram of the joints.
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65 percent dip at 35 degrees or less.

These joints may be the

result of expansion due to the removal of overburden.

Many of

these joints are filled with calcium carbonate which may have
been deposited by groundwater.

Joints that have a dip greater

than 35 degrees generally strike northwest (Fig. 30).
Faults and Shear Zones
The central portion of the Agua Fria mining district
probably has more faults than can be directly observed.

The

difficulty of recognizing faults is due primarily to the lack
of precise marker beds which allow dislocation to be directly
determined.

Also, because shearing appears to have produced

slickensides along foliation planes at the same time that the
foliation was being formed, and because these slickensides are
so abundant throughout the area, it is not possible to dis
tinguish these slickensides from post-foliation faulting,
which may have paralleled the foliation.
The metaquartzite unit of the Alder Group is the only
reliable marker.

In the Agua Fria area individual metaquartz

ite beds have been offset in several locations in the south
western part of section 18 (Figs. 2 and 27).

Only horizontal

strike-slip components of movements on these faults can be
observed because present exposures prevent the determination
of any vertical components of movements.

Six possible strike-

slip faults are mapped; four strike northeast and have a left
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lateral movement and two strike northwest and have a right
lateral movement.

The fault planes were not observed because

of cover by alluvium and the only indication of movement is
the dislocation of a metaquartzite marker bed.

Horizontal

dislocations on these faults range from 50 to 150 feet.

These

faults are all post-foliation as shown by the deviation in the
foliation adjacent to the faults.

The positions of the faults

are inferred (Fig. 27).
Other northeast and northwest faults occur throughout
.the area.

Displacements along these fracture zones cannot be

determined as there are no marker beds to demonstrate the
amount of dislocation.

These faults range in dip between 55

degrees and 80 degrees and appear as zones of shattering as
much as 10 feet wide and 50 feet long.

They have served as

avenues for movement of ore fluids as well as loci for the
accumulation of copper sulphides.

This is particularly the

.situation in the Binghampton area, where concentration of ore
appears to be controlled by a fracture which strikes N35W and
dips 70 degrees SW (Fig. 27).
Several faults are inferred from deviations in the
trend of the foliation.

These inferred structures are in the

central portions of sections 6 and 7 (Fig. 27).

They trend

west-northwest, are post-foliation, and appear to have a right
lateral horizontal movement, as interpreted from the drag of
the foliation.
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A possible fracture zone, also trending west-northwest,
is located in the central part of section 6.

The existence of

this fracture zone is speculative; the evidence is based solely
on an alignment of subsequent streams which deviate from their
normal north-south direction of flow parallel to the folia
tion.

The zone of weakness is not a less resistant rock unit

because the zone crosses lithologic contacts and is not
parallel to them.

There is no suggestion as to whether horiz

ontal or vertical displacement occurred on this inferred frac
ture zone (Fig. 27).
The above fault and fracture zones have affected the
migration of ore fluids, locations of basalt dikes, and
drainage in the central portion of the Agua Fria mining dis
trict.

ECONOMIC GEOLOGY
Metallic Deposits
General
Lindgren (1926) describes the geology and mineral
deposits of the Jerome and Bradshaw Mountains quadrangles which
include the Agua Fria district and the contained Binghampton,
Copper Queen, Stoddard and Halfmoon Mines.
the early mining operations to 1923.

Lindgren discusses

From 1923 to 1960, little

activity occurred in this district; however, from 1960 to 1968,
several mining companies examined the area and the United
Comstock Lode drilled about 10,000 feet of exploratory holes.
In 1968, local prospectors were reworking the mine dumps and
removing some ore from the Copper Queen Mine.

The Copper

Queen Mine is the only accessible mine in the central portion
of the Agua Fria mining district.
The following discussion of the mines in the central
portion of the Agua Fria mining district has been abstracted
from Lindgren (1926, pp. 146-148).
Binghampton Mine:

The Binghampton Mine has a 600-

foot shaft, a 3-compartment

1000-foot shaft, 1000 feet of

adit, and about 4,000 feet of other workings.

Ore was shipped

from August, 1916 to March, 1919 and for short periods during

81

82

1920 and 1923.

By 1922, 150,000 tons of 3 percent copper ore,

which also carried 2 ounces of silver per ton, were produced.
About 8,000,000 pounds of copper concentrate were sold.

The

concentrate contained 33,197 ounces of silver, about 200
ounces of gold and about 25 percent copper.
Three shoots contain the ore.

These shoots are up to

100 feet long and in places more than 10 feet wide.

The

shoots occur where quartz, carbonate, pyrite, chalcopyrite
and tetrahedrite have replaced the schist.
galena are rare.

Sphalerite and

The secondary enriched zone was thin, and

generally absent.
Copper Queen Mine:

The Copper Queen Mine has two

tunnels which are 593 and 600 feet long, a 500-foot inclined
shaft, and about 8,000 feet of other workings.

Two ore

bodies are said to exist at the 900-foot level which are 7
to 12 feet wide and contain chalcopyrite and tetrahedrite
with some gold and silver.
Stoddard Mine:
oxidized ore.

The Stoddard Mine shipped mostly

Extensive upper workings, a lower 700-foot

tunnel, and a 300-foot wenze occur.

The last work was done

in 1919 and the mine was closed in 1922.

Since then the

workings have been inaccessible.
The ore body is oxidized.down to the tunnel level and
appears to have a tapered form.
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Halfmoon Mine:

The Halfmoon Mine has a vertical shaft

535 feet deep and drifts from the 500-foot level.

Economic

minerals consist of chalcopyrite, chalcocite, and tetrahedrite.
Alteration
Alteration related to the mineralization in the cen
tral portion of the Agua Fria mining district is widespread
and locally very intense.

Alteration minerals consist of

quartz, pyrite, ankerite, sericite, and chlorite.

Except for

chlorite, this suite of alteration minerals is found in the
Iron King Mine, six miles north of the study area (Creasey,
in Anderson and Creasey, 1958, p. 158).

Kaolinite may also

be a product of hydrothermal alteration in the area of study.
The vein mineralization can be divided into several
distinct episodes.

The paragenesis is as follows:

quartz,

ankerite, and finally copper sulphide minerals (Fig. 31).
Silicification in the central portion of the Agua
Fria mining district is very widespread.

Small quartz masses

up to 15 feet long occur in lenses and veins which cut or
extend parallel to the foliation of the schist (Fig. 20).

In

thin section, the quartz occurs in veins of granoblastic tex
ture, both concordant and discordant to the foliation of the
schist (Fig. 18).
areas.

Tourmaline occurs with the quartz in some

Silicification seems to be the first alteration episode

in the area of study (Fig. 31).
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Figure 31
Paragenesis of quartz, ankerite, and chalcopyrite along a
fracture cutting the foliation of the chlorite schist facies.
(X 10)
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During the second episode of hydrothermal alteration
ankerite and siderite were deposited.

These minerals occur

only in areas of copper sulphide mineralization.

The factor

determining which of these two minerals is deposited may
possibly be the availability of iron and magnesium (and
in the ore bearing fluids or from the country rock.

Both

carbonates were introduced probably by hydrothermal fluids
after metamorphism of the schist.

This is suggested by the

lack of deformation of ankerite bodies which are found near
the Binghampton Mine as well as by post-foliation fracture
filling by ankerite (Fig. 31).
Sericitization is the most ubiquitous alteration and
thin section analysis suggests that it developed during two
periods.

In the first period the sericitization is considered

to be metamorphic in origin and results from the alteration of
feldspar to sericite.

This sericite occurs in flakes which

are an integral part of and are everywhere parallel to the
foliation.

Superimposed on this sericite and on the folia

tion are wispy flakes of sericite which are arranged in random
orientation with respect to the foliation.

This randomly

oriented sericite occurs as isolated blebs around boundaries
and within fractures of quartz porphyroblasts (Figs. 11 and
19).

Creasey (in Anderson and Creasey, 1958, p. 158) states

that sericite and ankerite were involved with the mineraliza
tion during two separate periods at the Iron King Mine.

The
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first period was before deposition of the ore minerals and
was accompanied by quartz and pyrite, and the second genera
tion occurred after the ore minerals had been deposited.
Turner and Verhoogen (I960, p. 577) point out that
hydrothermal metasomatism of feldspars produces sericite and
other alteration products.

They also suggest (1960, p. 564)

possible chemical reactions in which sericite is produced
from orthoclase by hydrothermal metasomatism:
6KAlSi308 + 4H20 + C02 + SAlgOg — >

4KAl3Si301 0 (OH)2 +

k 2C03

+ 6si02

Therefore, orthoclase, in the presence of water, carbon dioxide,
and aluminum oxide could be converted to muscovite (sericite),
potassium carbonate, and silica.

Kothavala (1963, p. 49)

describes essentially the same possible chemical reaction at
the Jerome ore body.
In addition to the genesis of sericite, this equation
also accounts for other minerals which are found in thin sec
tion, such as abundant carbonate minerals and quartz.
In the central portion of the Agua Fria mining district,
thin section analysis suggests that chlorite developed during
two periods.

In the first period the chlorite is considered

to be metamorphic in origin and results from the alteration
of pre-existing ferromagnesian minerals.

This chlorite develops
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in parallel orientation which determines the foliation.

In

other specimens the chlorite appears as isolated irregular
aggregates which have remained after the alteration of other
ferromagnesian minerals.

This lack of preferred orientation

suggests that some chlorite was formed after metamorphism and
probably represents hydrothermal alteration.

This is also

suggested by Kothavala (1963, pp. 94-95) at the Jerome Mine.
The relationship of chlorite to other alteration minerals is
not known.
•

West of the Stoddard Mine in the dark green chlorite

schist subfacies is a zone of kaolinite, sericite, and red
iron oxide, which is about 15 feet wide and 35 feet long.
This zone is white with small patches of red iron oxide stain
ing the surface.

Creasey (in Titley and Hicks, 1966, p. 61)

points out that when chlorite is subjected to hydrothermal
alteration, it may alter to muscovite and kaolinite? however,
Creasey (in Anderson and Creasey, 1958, p. 159) suggests that
at the Iron King Mine kaolinite is a weathering product be
cause it is only found on the surface.

Chlorite provided the

iron for the oxidized stain.
West of the Copper Queen Mine and south of the
Binghampton Mine, the dark green chlorite schist subfacies of
the Alder Group is intensely altered.

Here, very fine-grained

pyrite and sericite occur in a zone about 100 feet wide, and
150 feet long.

This zone is generally white, but large
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patches of yellow limonite stain the surface (Fig. 32).
Chlorite is oxidized and sericitized and pyrite is oxidized
producing the present coloration of the outcrop.
Ore Deposition
The deposition of chalcopyrite, bornite and tetrahedrite represents the final phase of mineralization, after
the deposition of the alteration minerals, in the central
portion of the Agua Fria mining district (Fig. 31).

Small

stringers of secondary chalcocite occur in fractures parallel
to the foliation adjacent to the primary chalcopyrite, bornite,
and tetrahedrite.

Malachite and azurite stain the rocks

around the primary mineralization.
Ore Controls
Foliation in the central portion of the Agua Fria
mining district generally trends north to north-northeast
(Fig. 27).

Locally, the foliation deviates sharply from this

regional direction and shows many diverse orientations in no
preferred direction.
of the area of study.

Figure 33 is a foliation deviation map
The locations of points on the folia

tion deviation map (Fig. 33) represent the same places where
attitudes of foliation were measured and plotted on the struc
ture map (Fig. 27).

If a foliation attitude at each place of

measurement on the structure map (Fig. 27) had a strike which

I
I
I
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Figure 32
Pyrite and sericite alteration of the dark green chlorite
schist subfacies near the Binghampton Mine.
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deviated from true north by more than 5 degrees, then a posi
tive or negative numerical value of each deviation was plotted
at the corresponding point on the foliation deviation map
(Fig. 33).

Positive values represent eastward deviations and

negative values represent westward deivations.

Isogonic

lines are drawn to connect points of equal value to emphasize
the foliation deviations.

Some of the zones of foliation

deviation resulted from post-foliation fractures which cut
the regional foliation at oblique angles and disrupt the nor
mal foliation trend.
Sulphide mineralization appears to be coincident
with zones of foliation deviation.

The Binghampton and

Copper Queen Mines located in the northern part of section
6 , the Stoddard Mine located in the western part of section
17, and the Halfmoon Mine located in the northern part of
section 7 are found where the foliation deviates from the
regional north direction (Figs. 2 and 33).

Other areas of

foliation deviation are found in the south-central part of
section 6, the northeastern part of section 12, the central
part of section 7 and the central and western part of section
18 (Fig. 33).

These areas do not represent known ore bodies

but there is malachite staining on the rocks in the areas and,
therefore, may be locations of consideration in future explore
tion.

Some isolated deviations in the foliation occur through

out the area, but they do not appear to be significant.
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The sulphides are localized along foliation- as well
as post-foliation-fractures.

For example, at the Binghampton

Mine a fracture zone which contains the sulphide concentra
tion trends northwest, whereas the foliation of the adjacent
country rock trends north-northwest (Fig. 27).

This north-

northwest foliation trend is a local deviation from the
regional north to north-northeast trend of the foliation.

The

cross-cutting fractures with sulphide values (Fig. 31) indi
cate a post-foliation age for the mineralization.
•

The massive sulphide veins of the nearby Iron King

Mine are along shears which parallel the regional foliation,
according to Creasey (in Anderson and Creasey, 1958, p. 157) .
Concentrations of copper sulphides are parallel to the folia
tion in most ore zones in the Copper Queen Mine, as indicated
by Fig. 34.
A second control for the concentration of copper sul
phide mineralization in the central portion of the Agua Fria
mining district appears to be lithologic because all copper
sulphide ore is concentrated in the dark green chlorite
schist subfacies of the Alder Group.

Although the more

acidic rocks show essentially the same amount of deformation
and the same degree of perfection of foliation, the acidic
rocks do not seem to provide a favorable chemical environment
for precipitation of the copper sulphides.
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Ore Genesis
The author believes concentrations of copper sulphides
in the central portion of the Agua Fria mining district were
formed after the deformation of the Alder Group.

This rela

tive age relationship is determined by the localization of
copper sulphides along the foliation and post-foliation frac
tures in these rocks (Figs. 31 and 34).
If the ore mineralization is post-deformation, there
are two possible sources for the copper sulphides:

1) the

metallic components may have been deposited originally with
the enclosing volcanic and sedimentary rocks, and concentrated
later, producing a diplogenetic origin; or 2) the copper sul
phides may be epigenetic in origin, introduced from a con
cealed igneous intrusive mass.

Both of these genetic

possibilities are considered below.
Diplogenetic Origin:

The concentration of possible

syngenetic metal values after deposition of original volcanic
and sedimentary rocks may produce an apparent epigenetic
origin for the sulphide deposits.

Lovering (1963) attempts

to define this situation by suggesting the term "diplogenetic"
for those ores having both a syngenetic and epigenetic origin.
He also advocates the term "lithogene" for the process of
mobilization of elements from a solid rock and their trans
portation and redeposition elsewhere.
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Several authors have advocated a diplogenetic origin
for many of the large ore deposits of the world.

King and

Thomson (1953) support this theory for the ore genesis at
Broken Hill, Australia, and suggest that the metallic elements
contained within the original sediments were concentrated by
subsequent regional metamorphism.

Mendelsohn (1961) and

other geologists who have studied the Rhodesian copperbelt
argue that the ores were deposited with the host sedimentary
rocks and that some ores were mobilized during metamorphism.
Metallic sulphides and residual fluids may become
mobilized from the enclosing rocks by heat from a nearby
magma, and an outside source for the copper is not necessary.
Goldschmidt (1954, p. 174) points out that average American
magmatic rocks contain about 70 ppm copper.

On this basis, a

rock volume of one. square mile by 500 feet thick contains
about 93,000 tons of copper.

Mobilization and concentration

of a portion of this copper could explain the copper mineral
ization in the mines of the study area.
Epigenetic Origin;

The mineralization in the central

portion of the Agua Fria mining district may be epigenetic in
origin, and the copper sulphide bearing fluids may be from a
source outside the host Alder Group.

In this situation, the

mineralizing solutions which brought in the metallic sulphides
would be genetically related to igneous activity in depth or a
short distance from the area.
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Considering both general mechanisms for genesis of
the mineralization in the area of study, the author believes
that the Bradshaw Mountain mass is an essential component. *
This granotoid mass is not known to underlie the area of
study; however, a portion of the mass crops out about 4 miles
north of the study area.
The Bradshaw Mountain mass has intruded rocks of the
Yavapai Series and may have been intruded during the deforma
tion period in the Agua Fria area.

At this time enormous

quantities of heat were released during crystallization of
this mass, sufficient possibly to mobilize metallic components
and fluids contained within the original Alder Group of the
Yavapai Series.

The metallic components and fluids could

have moved to cooler lower pressure areas such as fractures
in the chlorite schist where the environment was chemically
favorable for precipitation.

Mobilized fluids would produce

the widespread intense hydrothermal alteration, and the
metallic elements would produce the sulphides.
On the other hand, the Bradshaw Mountain mass may have
supplied the necessary components for alteration and mineral
ization in the last stages of its crystallization.

The

metallic sulphides would, therefore, be epigenetic to the
enclosing Alder Group.
Both general methods (diplogenetic and epigenetic)
for the source of the metallic components seem to fit the
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observed data and it is not possible at this time to resolve
which hypothesis is the most likely.
The origin of the sulfur for the formation of the
copper sulphides may or may not have come from the same
source as the metals.
sulfur are as follows:

Therefore, the possible sources of the
1) the sulfur may be syngenetic and

formed in place with the host rock; 2) the sulfur may have
been contained within the original sediments of the Alder
Group and migrated to present sites under an accelerated ther
mal environment; or 3) the sulfur may be from a magmatic
source.

A sulfur isotope study of the copper sulphide minerals

may be useful in determining the source of the sulfur; however,
at this time, there is not enough information available to do ,
other than suggest the above possibilities.
Chlorite Refractive Index Study
In an area of about one-fourth square mile around the
Binghampton Mine, 28 samples of chlorite schist were collected
from surface exposures for refractive index studies.

Samples

were collected along north-south and east-west traverses across
the Binghampton Mine and samples from an additional east-west
traverse about one-fourth mile south of the mine were col
lected.

Adjacent to the mine the samples were taken about 50

to 100 feet apart; more than 1000 feet away from the mine,
samples were taken 100 to 200 feet apart (Fig. 2).

Rock facies
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with visible chlorite were the only units sampled.

The

traverse directions were selected in order to gain samples
within, or close to, the schist strata containing the mine
ralization and in order to sample across the foliation of
the schistose units.
refractive indices of chlorite in the Binghampton
Mine area generally increase toward the copper sulphide
mineralization.

A maximum N^ index of 1.632 was noted partic

ularly near the ore zone and a minimum of 1.580 was observed
about one-fourth mile west of the mine (Fig. 2, Appendix).
According to Winchell and Winchell (1951, p. 385) the Fe/Mg
ratio in chlorite increases as the

index of refraction

increases, and therefore, the Fe/Mg ratio in chlorite appears
to increase toward the ore zone.

Two examples of high Fe/Mg

ratios that occur away from known sulphide ore may indicate
unknown mineralization.
Winchell and Winchell (1951, pp. 387-388) state that
oxidation of Fe+^ to Fe+^ seems to occur readily in chlorite.
The Winchells also point out that chlorite

Up

refractive in

dices generally increase with an increase in Fe+^/Fe+ ^ ratio,
as well as with an increase in Fe/Mg ratio.

Without chemical

analyses, there is no way of knowing whether the increase in
indices near the mine is due to oxidation of Fe+^ to Fe+^ or
to an increase in the Fe/Mg ratio.
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Although weathering of chlorite at surface exposures
may produce some oxidation of Fe+^ to Fe+^, all surface
samples probably have undergone the same amount of oxidation.
Therefore, the decrease in Fe/Mg ratio or in Fe+^/Fe+^ ratio
away from the mine, as suggested by the decrease in refractive
indices, appears to be significant and unrelated to surface
weathering.

However, in the following discussion, the Fe/Mg

ratio will be considered to be the dominant factor in influenc
ing refractive index.
The host rock for ore at the Binghampton Mine is the
most chloritic portion of the chlorite schist facies of the
Alder Group.

These rocks texturally are fine- to medium

grained and contain few porphyroblasts.

Rocks of intermediate

to acidic composition which contain lesser quantities of
chlorite are not favorable host rocks in the study area.
Chlorite of the more chloritic facies of the Alder Group has
the highest Fe/Mg ratio as shown by the highest

refractive

index; the Fe/Mg ratio in chlorite is lower in those rocks
which contain less chlorite.

The higher concentrations of

chlorite and higher Fe/Mg ratios in chlorite may have re
sulted from processes which were 1} pre-metamorphic, 2)
metamorphic, or 3) post-metamorphic.

Each of these possibil

ities is considered in the following section on the basis of
observed relationships in rocks of the Alder Group in the
central portion of the Agua Fria mining district.
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1)

Concentration of chlorite and high Fe/Mg ratios

of chlorite in rocks adjacent to the Binghampton Mine and
lower concentration and lower ratios away from the mine may be
a primary feature and an inherited character of the original
rock prior to metamorphism.
If the chemical composition of the chlorite is an
inherited character from pre-metamorphic rocks and if wide
spread differentiation during metamorphism was not a signific
ant process, then:
a)

sharp contacts should exist between rock

facies of the Alder Group.

In the central portion

of the Agua Fria mining district, facies of the Alder
Group generally have sharp contacts.
b)

Consistency should exist in the Fe/Mg ratio

of chlorite within a single facies of the Alder Group.
Generally, the higher Fe/Mg ratios of chlorite in
rocks of the Alder Group occur in the dark green
chlorite schist subfacies which trends north-south
through the Binghampton Mine (Fig. 2).

Within this

subfacies however, the highest Fe/Mg ratio in chlorite
is generally adjacent to the Binghampton Mine.
The host facies for mineralization at the Binghampton
Mine, therefore, may have provided a more favorable chemical
environment for precipitation of copper sulphide and thus be
an ore control.
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2)

Concentration of chlorite and high Fe/Mg ratios

of chlorite in rocks adjacent to the Binghampton Mine may be
partly a product of metamorphic segregation of an original
homogeneous rock body.

Bayly (1968, p. 283) states that

chemical inhomogeneity of an original homogeneous rock can
occur under metamorphic conditions.

Bayly discusses the mi

gration of quartz and feldspar into zones of low-pressure in
a metamorphic rock.

On this basis, positions occupied by

the sericite-quartz schist facies of the Alder Group may have
represented zones of lower pressure into which potassium,
sodium, and silicon migrated during metamorphism.

Zones

deficient in these components and richer in ferromagnesian
minerals would be zones presumably of higher pressure in which
iron, magnesium, and calcium remained behind during metamor
phism.

„
If large scale metamorphic differentiation had been

a significant process of chemical concentration in rocks of
the Alder Group, ionic migration would probably have produced
gradational contacts between facies.

Because facies contacts

are generally sharp, large scale metamorphic differentiation
does riot appear to be an important process in rocks of this
area.
3)

Concentration of chlorite and high Fe/Mg ratios

of chlorite in rocks adjacent to the Binghampton Mine may
have resulted at the same time as the introduction of the
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iron-rich fluids■which deposited the copper-iron-sulphides
(chalcopyrite and bornite)

and therefore, be post-metamorphism.

,

In rocks of the Alder Group in the central portion
of the Agua Fria mining district the facies distribution in
section 6 is about 20 percent sericite-quartz schist, 60 per
cent light green chlorite schist, and 20 percent dark green
chlorite schist.

The average chemical compositions of these

facies are given on Table 1.

Chemical compositions were

determined by estimating mineral volume percentages in thin
section.

After converting mineral volume percentages to

mineral weight percentages, the weight percentages of chemical
components were determined on the basis of theoretical chemi
cal analysis (Dana and Ford, 1932 and Foster, 1962).

Also

given in Table 1 are average chemical compositions of shales
(Barth, 1962, p. 37) and Oregon basalts (Barth, 1962, p. 183).
Because relict volcanic bombs and agglomerates occur
in some layers of the chlorite schist facies of the Alder
Group, the original rocks are assumed to be volcanics of
andesitic to basaltic composition; but positive genesis deter
mination is not possible.

A sedimentary shale is also possible

as a pre-metamorphic rock of the chlorite schist facies, al
though no relict sedimentary structures and textures were
observed.
On the basis of rock compositions in Table 1, chloritic
rocks of the Alder Group contain more AlgOg, H 2O, FeO, and

TABLE 1
Average Chemical Composition of Rock Facies

1. Sericite-Quartz
Schist
V.P.
W.P.
46.2%
45%
Sericite
Chlorite

25%

25.5%

Quartz

15%

14.2%

Orthoclase

5%

4.6%

Albite

5%

4.7%

Andesine

5%

4.8%

2. Light Green Chlorite
Schist Subfacies
W.P.
V.P.
32.5%
35%
Chlorite

Si02 A120

K20

51%

6.4% .55% 4.9% 2.1%

26%

31.5% 20.9% 3.7%

Na20 FeO

Fe203 MgO

17.6% 6.1%

CaO H20

3.2% .8% 4.7%

C02

Total

99.69%

6.3% 4.9%5.4% 3.9% 100.3%

33%

35%

Quartz

10%

8.7%

Magnetite

10%

16.9%

Calcite

10%

8.9%
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Sericite

TABLE 1— Continued

Si02

3. Dark Green Chlorite
Schist Subfacies
V.P.

W.P.

Chlorite

60%

59.5%

Sericite

20%

18.1%

5%

4.4%

15%

18.0%

Quartz
Epidote

AI2O3 K20

33.1% 21.6% 2.3%

Na20 FeO

19.3% 11.1% .8%

4. Average Oregon Basalts
(Barth, p. 183)
50.6% 13.9% 1.3% 3.0%11.8%
Ti02 = 3.0%
5. Average Shale (Barth,
p. 37)

CaO H20

C02

4.1%7.9%

99.9%

SOg = 0.6%
Organic

V.P. = Volume Percent

100 .2%

P 2 0 3 — 0.8%

4.0% 2.4% 3.1%5.0% 2.6%

P205 = 0.2%

Total

100 .0%

2.4% 4.7% 8.3%

MnO = 0.2%

58.1% 15.4% 3.2% 1.3%2.5%
Ti02 = 0.7%

Fe203 MgO

0 .8%

W.P. = Weight Percent
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Fe20g and less Si02 than the average shale or Oregon basalt.
The average shale contains less CaO and the Oregon basalt con
tains more CaO than the chloritic rocks of the Alder Group.
Other components contained in all rocks have about the same
concentration.

No percentage estimations of Ti02, MnO, and

P o0r in minerals of the chlorite schist were made because com/. s
positions of the chlorite schist were based on mineral percent
ages in thin section and their theoretical compositions and not
on actual bulk chemical analyses of the rock.
If original rocks were basaltic in composition and if
replacement were volume for volume, some alumina, water, fer
rous iron, and ferric iron must have been added from an outside
source at the same time that silica and lime were removed.
The additional alumina produced sericite, the addi
tional iron produced chlorite, and the additional water was
used in the production of both sericite and chlorite.

Some

of the original minerals in rocks of the Alder Group probably
supplied other needed components for production of sericite
and chlorite.
Lime removed from rocks of the Alder Group during
alteration may be accounted for by the abundant calcite
throughout the area of study. ’The carbon dioxide, which may
have precipitated the released lime, may have been provided
by possible pre-metamorphic sediments in the Alder Group.
Barth (1962, pp. 313-314) states that low-grade regional
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metamorphism tends to release carbon dioxide and water from
sediments, and that circulating carbonate-bearing solutions
are almost always present in lime-rich rocks.

Most loss of

lime may be metamorphic and pre-hydrothermal.

Barth (1962,

p. 302) states that low-temperature metamorphism of basic
igneous rocks is almost always accompanied by an appreciable
loss of CaO.
Silica removed from rocks of the Alder Group during
hydrothermal alteration may be accounted for by the post
foliation quartz veins found throughout the area of study.
These hydrothermal quartz veins are localized not only around
areas of known copper mineralization, but occur throughout
the area of study and are both concordant and discordant to
the foliation of the schist.
Metasomatism associated with hydrothermal alteration
in rocks of the Alder Group is assumed to have occurred
essentially on a volume for volume basis (Gresens, 1967, pp.
50-51).

If theoretical compositions of plagioclase (labra-

dorite to oligoclase) and muscovite are used in calculating
the chemical changes in the sericitization of plagioclase,
a volume for volume replacement of plagioclase by muscovite
in rocks of the Alder Group would require the addition of
aluminum.
Gresens (1967, p. 53) presents the following equation
in which a volume for volume replacement and aluminum
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immobility are assumed:
100 g. hornblende + 6.25 g. anorthite + 2.29 g TiOg +
0.6 g. Fe -t- 4.4 g. MgO ----- >

92.3 g. chlorite +

18.5 g. Si02 + 9.6 g. CaO + 0.24 g. MnO.
If this equation is related to rocks of the Alder
Group, the addition of iron to hornblende and plagioclase
under conditions of hydrothermal alteration would produce
chlorite and provide excess silica and lime.

This reaction

and the sericitization of plagioclase are characteristics
observed in the rocks of the Alder Group in the area of study.
In summary, the high Fe/Mg ratios in chlorite of rocks
of the Alder Group adjacent to the Binghampton Mine appear to
have resulted in part from the original character of the pre
met amorphic rocks, but the superimposed hydrothermal alteration
of these rocks may have been the principal cause of the high
ratios.

Metamorphic differentiation does not appear to be

significant in rocks of the Alder Group in the area of study.
Nevertheless, whatever the source of the increased
Fe/Mg ratios near sulphide mineralization, a high Fe/Mg ratio
in chlorite in combination with a foliation deviation may be
a prospecting tool in the rocks of the Alder Group.
In the Jerome area, Anderson and Creasey (1958, pp.
119-120) also note an increase in the iron content of the
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black schist toward the massive sulphide ore body. . Their
conclusion was drawn from bulk specific gravity determinations
of three underground samples of the

black schist.

Anderson

and Creasey found that Si02 and CaO were lost and AlgOg, FeO,
MgO, and 1^0 were gained in the conversion of quartz-porphyry
to black schist; these chemical changes are essentially the
same as those calculated for the conversion of basalt and/or
shale to a dark green chlorite schist in the central portion
of the Agua Fria mining district.
Kothavala (1963, pp. 66-67) disagrees with the con
clusions of Anderson and Creasey and suggests that the Fe/Mg
ratio generally decreased toward the massive sulphide ore
body, and that iron-rich chlorite increased toward mineraliza
tion only where the chlorite occurs near hematite-rich tuffs.
Although there are hematite-bearing rocks in the central
portion of the Agua Fria mining district no correlation appears
to occur between hematite-bearing rocks and an increase in the
Fe/Mg ratio in chlorite toward mineralization.
(1963, p. 98) based his conclusions on

Kothavala

refractive indices

of 400 chlorite samples representing most of the formations
of the Jerome area; samples were collected from drill cores
and surface exposures.
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Nonmetallic Deposits
Throughout the central portion of the Agua .Fria mining
district are quarries for mining building stone.

The pre

ferred building stones are the sericite-quartz schist facies
and light green chlorite schist subfacies of the Alder Group.
Generally these rocks have been silicified, which increase
their durability and usefulness for the building industry.
The inherent weakness of the schist along the foliation
I

direction makes quarrying relatively easy.

Many now buildings

in southwestern United States are faced with these rocks.

GEOLOGIC HISTORY
In the central portion of the Agua Fria mining dis
trict, rocks are exposed which were deposited during Older
Precambrian and Tertiary time intervals.

Rocks representing

portions of the great intervening time span were probably
also present, but have been removed by erosion.
According to Damon (in Titley, 1968, p. 9) the prin
cipal orogenic disturbances in Arizona during Older Precambrian
were the Arizonan Revolution (1,630 to 1,760 m. y. ago) and
the Mazatzal Revolution (1,370 to 1,450 m. y. ago).

Damon

states that there is abundant evidence for a series of
magmatic— thermal and metamorphic events which represents
each of these periods of unrest.
According to Anderson (in^ Titley and Hicks, 1966,
p. 4), who bases his hypothesis upon the work of Philip M.
Blacet of the United States Geological Survey, a granodiorite
gneiss in the Prescott area is clearly older than rocks of
the Yavapai Series.

Fragments of the granodiorite gneiss

occur within a basal conglomerate considered to be part of
the Yavapai Series.

Anderson points out that two ages have

been suggested for the granodiorite gneiss.

The younger age

of 1250 million years ago indicates the age at which mica
recrystallized during deformation of the Yavapai Series.
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It
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is based on the K-Ar and Rb-Sr methods of geochemical dating.
The older age of 1700 million years is based on lead isotopes
from zircon.

This older age is more closely in agreement

with the stratigraphic relations of the granodiorite gneiss
to the Yavapai Series as observed in the field and is probably
the correct age for the granodiorite gneiss.

The granodiorite

gneiss was, therefore, deformed during the Arizonan Revolution
as proposed by Damon (in Titley, 1968, p. 9).
According to Wilson (1962, pp. 10-11) the earliest
recognizable geologic feature in Arizona is an Older Precambrian geosyncline which probably had a northeast trend
across the North American continent approximately two billion
years ago.

Into this geosyncline was deposited the original

sediments and volcanics of the Yavapai Series.

This basin of

deposition was eugeosynclinal because volcanics as well as
sediments were deposited.

At the end of the Older PreCambrian,

the Mazatzal. Revolution deformed the Yavapai Series in the Agua
Fria area into a series of steeply dipping beds.

At this same

time the granitoid mass which now forms the Bradshaw Mountains
to the west was intruded as well as other granitic to gabbroic
batholiths throughout Arizona (Wilson, 1962, p. 11).

The

copper sulphide mineralization seems to be genetically related
to the intrusives of this period.
No record of Younger Precambrian, Paleozoic, and
Mesozoic rocks is preserved in the area, but their history
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has been interpreted in other regions of Arizona (Wilson and
Moore, 1959, p. 91).

Thick sequences of marine and continental

Paleozoic deposits are on the southern margin of the Mogollon
Rim, about 18 miles north of the area.

Outcrops of Triassic

Shinarump Conglomerate, 80 miles northeast of the area sug
gest that the source of its clastic material is south of the
Mogollon Rim (H. W. Peirce, oral communication).

This suggests

that in the early Mesozoic, the area immediately south of the
Mogollon Rim, including the Agua Fria area, had a positive
character.

Therefore, no Triassic or possibly Jurassic and

Cretaceous rocks were deposited here, but instead older rocks
were being eroded away.

Anderson (1966, p. 13) indicates that

rocks in the Basin and Range Province west and south of the
Colorado Plateau have been more deeply eroded than rocks on
the Colorado Plateau, and therefore at one time, the Basin
and Range Province must have been topographically higher than
the Plateau.

Anderson also states (1966, p. 12) that the

Colorado Plateau and Basin and Range Province were developed
as physiographic land features during the Cenozoic Era.
During Tertiary time in the central portion of the
Agua Fria mining district, intrusive and extrusive rocks of
basaltic composition were emplaced.

In the Jerome area to the

north, Anderson and Creasey (1958, p. 56) have identified
basaltic volcanics which are defined as a facies of the
Tertiary Hickey Formation.

This formation covers a large
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part of the Mayer Quadrangle in which the Agua Fria mining
district is located.
Since the basalts of the Hickey Formation were
deposited, the central portion of the Agua Fria mining dis
trict has undergone much erosion.

The present drainage

system which includes the Agua Fria River and its tributaries
possibly developed initially on the surface of the basaltic
flows.
erosion.

These flows have been almost entirely removed by
During this process the initial stream pattern which

developed on the basalt surface may have been superimposed
onto rocks of the Alder Group.

As the basaltic overburden

was removed, subsequent and consequent streams developed on
the underlying Alder Group as tributaries to the Agua Fria
River which is the principal superimposed stream.

The streams

ultimately created the present physiographic landscape.

CONCLUSIONS
Megascopic and microscopic examination of rocks in
the central portion of the Agua Fria mining district suggest
the following conclusions:
1.

The original volcanic and sedimentary rocks of

the Older Precambrian Alder Group were intensely deformed into
a series of steeply dipping beds and were metamorphosed to
rocks of the greenschist facies during the Mazatzal Revolution.
Foliation and lithologic contacts trend north to northnortheast.

Deformation of the Alder Group may have occurred

at the same time as the intrusion of the Bradshaw Mountain
mass.
2.

The composition of the original volcanics ranged

from rhyolite to basalt, including their porphyritic and
tuffaceous equivalents.

These rocks were deposited under

subaerial and possibly submarine conditions.
3.

The metaquartzite lenses may represent the meta

morphism of stream deposits which were part of a former
drainage system which existed on the volcanics, or the lenses
may represent a series of near-shore marine sandbars or beach
deposits.
4.

Mafic volcanic and hypabyssal rocks probably cor

relate with the basalt facies of the Hickey Formation.
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5.

The copper sulphide mineralization (chalcopyrite,

bornite, and tetrahedrite) in the Alder Group is post-folia
tion.

The components for the mineralization may have been

deposited originally with the enclosing volcanic and sediment
ary rocks and concentrated at a later time, producing a
diplogenetic origin; or the components may be epigenetic in
origin, introduced from a concealed igneous intrusive mass.
Faults and shear zones were avenues for the migration of these
components.
6.

The mineralization is confined to the chlorite

schist facies of the Alder Group where deviation from the
normal north to north-northeast direction of the foliation
exists.

The Fe/Mg ratio in chlorite appears to increase

toward the known copper sulphide mineralization of the
Binghampton Mine.

High Fe/Mg ratios appear to have resulted,

in part, from the original character of the pre-metamorphic
rocks, but hydrothermal alteration of these rocks may have
been the principal cause of the high ratios.

Metamorphic dif

ferentiation does not appear to be significant in rocks of the
Alder Group.
7.

Alteration consists of silicification, pyritiza-

tion, carbonatization, sericitization, chloritization, and
possibly kaolinization.
8.

The Agua Fria River and some of its tributaries

near their confluence are possibly superimposed streams which
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transect the foliation of the Alder Group.

These tributaries

become subsequent streams in their headward areas.
streams are subsequent in their entirety.

Other

Consequent streams

have developed on the hill slopes which are sub-tributaries
in the drainage system.
9.

Nearly horizontal joints in the Alder Group may

be expansion joints which resulted from the removal of over
burden by erosion.
10.

Nearly vertical lineation within the plane of

foliation indicates the vertical direction as the least
principal stress direction during metamorphism.

APPENDIX A
CHLORITE REFRACTIVE INDICES ON N
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Specimen #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Subfacies

Refractive

Light Green Chlorite
Schist Subfacies

1.580

Light Green Chlorite
Schist Subfacies

1.582

Light Green Chlorite
Schist Subfacies

1.632

Dark Green Chlorite
Schist Subfacies

1.611

Light Green Chlorite
Schist Subfacies

1.628

Dark Green Chlorite
Schist Subfacies

1.632

Dark Green Chlorite
Schist Subfacies

1.632

Dark Green Chlorite
Schist Subfacies

1.630

Dark Green Chlorite
Schist Subfacies

1.632

Dark Green Chlorite
Schist Subfacies

1.619

Dark Green Chlorite
Schist Subfacies

1.632

Light Green Chlorite
Schist Subfacies

<1.620

Light Green Chlorite
Schist Subfacies

1.602

Dark Green Chlorite
Schist Subfacies

1.618

Dark Green Chlorite
Schist Subfacies

1.616

Dark Green Chlorite
Schist Subfacies

1.610
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Specimen #
17
18
19
20

22
23

25
26
27
28

Subfacies

Refractive Index

Light Green Chlorite
Schist Subfacies

1.628

Dark Green Chlorite
Schist Subfacies

1.618

Dark Green Chlorite
Schist Subfacies

1.622

Light Green Chlorite
Schist Subfacies

1.620

Dark-Light Green Chlor
ite Schist Subfacies

1.622

Light Green Chlorite
Schist Subfacies

<1.600

Light Green Chlorite
Schist Subfacies

1.604

Light-Dark Green Chlor
ite Schist Subfacies

1.600

Dark Green Chlorite
Schist Subfacies

1.632

Light Green Chlorite
Schist Subfacies

<1.626

Light Green Chlorite
Schist Subfacies

1.627

Light-Dark Green Chlor
ite Schist Subfacies

1.620
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