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ABSTRACT

The formation of the Sar Cheshmeh porphyry Cu-Mo

deposit is related to the culmination of calc-alkaline igneous

activity in the Kerman region.
The deposit comprises a suite of Late Cenozoic

intrusive sub-volcanic and extrusive rocks emplaced into a

folded series of Eocene andesitic lavas and pyroclastic
sediments.

The earliest stage of magaiatism was emplacement of

a large granodiorite stock about 29 m.y.b.p.

This was followed

by intrusion of two separate porphyritic bodies at 15 (Sar

Cheshmeh porphyry) and 12 m.y.b.p.

(Late porphyry) and a

series of sub-volcanic dikes between 12 and 9 m.y.b.p.

Magmatic activity terminated with multi-phase extrusion of
a Pelean dacitic dome complex between 10 and 2.8 m.y.b.p.

The country rocks and the earlier porphyritic

intrusions are pervasively altered to biotite-rich potassium
silicate (metasomatic and hydrothermal) sericite-clay, phyllic
and chlorite-clay, argillic assemblages.
to an extensive propylitic zone.

These grade outwards

Within the ore body, the

later intra- and post-mineral dikes only reach the propylitic
grade.

At least three different sets of quartz veins are

present, including a sericite-chlorite-quartz set which

locally retrogrades pervasive secondary biotite to sericite.
In the hypogene zone, metasomatic and hydrothermal

alteration is related to all stages of magmatism but copper

mineralization and veining are restricted to a period of 15
to 9 m.y.b.p. related to the early intrusive phases.

iv

The copper mineralization and silicate alteration do
not fit a simple annular ring model but have been greatly

modified by, 1. The existence of an ititial, outer ring,
of metasomatic alteration overprinted by an inner, ring of

hydrothermal alteration and,

2.

later extensive dilating

effects of intra- and post-mineral dikes.
The hydrothermal clay mineral assemblage in the hypogene zone is illite-chlorite-kaolinite-smectite (beidellite)

Preliminary studies indicate that the amount of each of these
clays varies vertically and that hydrothermal zonation of

clay minerals is possible.

However, these minerals alter to

illite-kaolinite assemblages in the supergene sulfide zone
and to more kaolinite-rich assemblages in the supergene leached
zone.

Hydrothermal biotite breaks down readily in the super-

gene zone and is not well preserved in surface outcrops.

The distribution of copper minerals in the supergene

sulfide enrichment zone is only partly related to rock type

being more dependent on topography and the availability of
fractures.
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CHAPTER

1

INTRODUCTION

General Statement

Although the overall geology, alteration and

mineralization at Sar Cheshmeh has been described previously
by Waterman and Hamilton,

(1975)

»

this work represents the

first detailed study of relationship of the hypogene silicate

alteration and mineralization patterns to those in the
supergene, and the modification of these patterns by the

structural dilation

effects of the late intra-and post-

mineral dikes.

Location and Access
The Sar Cheshmeh porphyry deposit is situated in

Southern Iran at Latitude 30°N, Longitude 56°E (Fig. 1.1).
The orebody is a major porphyry copper deposit

covering an area of 1,8 km

.

The deposit is situated near

the axial part of an elongated Cenozoic volcanic-sedimentary

complex that forms a prominent NNW-SSE mountain belt (Waterman
and Hamilton, 1975)
The Sar Cheshmeh mine site is SI kilometers

South-Southwest of Rafsanjan with access via a secondary road
about

2

kms southeast of Rafsanjan along the main highway

to Kerman,

Regional Geology
The orebody lies within a group of deeply dissected,
-

1 -

2 -

•v.^\_
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Figure 1.1

General Map of Iran Showing the Location
of Sar Cheshmeh Deposit.

\

k<^^

-

3 -

Late Tertiary volcanic rocks bordered by the wide alluvial

Rafsanjan and Sir jan-Khatuna"bad plains. Altitudes range up to
2,500 meters.

Owing to the rapid erosion of the relatively

soft, highly altered and fractured rocks of the orehody,

a basin has formed around the deposit.

This basin is now

deeply incised by the flat-bottomed valleys of three major

rivers (Morespan, Olang and Sar Cheshmeh)

Intrusions of Late Tertiary age, some of which are

associated with copper mineralization (Bazin and Hubner, 1969;
Dimitrijevic, 1973), occur near the axial portion of anticlines
that have folded the volcanic sequence.

Previous Geological Work
The earliest mining activity at Sar Cheshmeh is

represented by ancient excavations in high grade copper
ore (probably in search of turquoise) and the remains of old

smelter works and slags.
In 1966, large-scale exploration was initiated by

the Kerman Mining Company.

Underground drilling by The

Geological Survey of Iran, reported the extension of copper

values to a depth of 150 meters.
In 1969. The Selection Trust Company optioned the

property from the Kerman Mining Company.

They carried out

extensive field examination, drilled 148 vertical diamond
drill holes (22,175 meters) and excavated 7,900 meters of

tunnels in the general area of mineralization (Selection
Trust, 1970)

-

l^

-

In late 1970, the government nationalized all copper

deposits in Iran, and now the Sar Cheshmeh copper mine is
operated

ty the National Iranian Copper Industries Cor-

poration.
A brief summary of the geology and conclusions of
the early works on the Sar Cheshmeh copper deposit can be

found in the feasibility reports of Selection Trust Company
(1970) and the Iran Anaconda Company for the Sar Cheshmeh

Project (1973).

Geology of the Mine Area
The Sar Cheshmeh porphyry copper deposit, about
2,000 meters long and 90O meters wide,

is enclosed by an oval

stock of Late Tertiary granodiorite porphyry (Sar Cheshmeh

porphyry) which has intruded a folded series of Early

Tertiary andesitic lavas, pyroclastic rocks and tuffaceous
sediments.
A porphyritic intra-mineral (Kirkham, 1971) plug
(Late Porphyry) has been intruded in the core area of the

principal stock.

According to Dimitrijevic (1973A), Bazin

and Hubner (I969), and Waterman and Hamilton (1975)

1

the Late

Tertiary granodiorite porphyry and this porphyritic intramineral plug are genetically related to each other.
A series of late intra-mineral dikes of variable

composition and age cut the porphyries and surrounding
peripheral andesitic rocks.

During the early stage of intrusion and alteration,
at least three types of quartz veins were emplaced.

-

5 -

Late magmatic events involved intrusion of post-

mineral dikes of variable composition and age which cut the

pre-existing sequence in the Sar Cheshmeh complex.
A general geological map of Sar Cheshmeh (Fig. 1.2)

shows those porphyries and dikes are concentrated on the north

limb of an east-plunging anticline that has folded the Early

Tertiary sequence of andesites and associated volcanic
sediments. The axis of this anticline is located south of Fig. 1.2.

Significant hydrothermal alteration and hypogene

mineralization occurs in the granodiorite porphyry and the
peripheral volcanic rocks.

However, copper mineralization

in the core area of the porphyry and the intra-mineral

intrusive plug is low.

The early, intra-mineral, dikes are

moderately altered but weakly mineralized, whereas the later
dikes are unmineralized and only weakly altered.
The magmatic cycle ended with extrusion of a

Quaternary pelean dome complex in the northern part of the
mine area.

Dacite flows, crystal tuffs, ignimbrites as ash

flows are associated with this dome.

The final phase of

igneous activity was the deposition of pockets and sheets of

hydrothermal calcareous tufa around hot springs, some of
which are still active.
The generalized geological history of the Sar

Cheshmeh porphyry copper deposit, synthesized from published
work (Waterman and Hamilton, 1975; Dimitri jevic, 1973B;

Selection Trust, 1970), and Personal Communications with
Mr. R. L. Hamilton, Dr. S. J. Haynes, Dr. W. Atkinson, and
Mr. D. Hruska,

is as follows.

-

I

-

6 -

Folding and faulting of Eocene andesitic

volcanic and volcano-clastic rocks.

Probably associated with

this tectonism was intrusion of a large granodiorite of near

batholith dimensions (Waterman and Hamilton 1975)

which

K/Ar age

outcrops to the north and west of the orebody.

determination indicates it was intruded 29 '1+0

f

'5

m.y.b.p.

II - Intrusion of the microgranite porphyry

stock,

(Sar Cheshmeh porphyry).
Ill - Intrusive shattering of the stock and

surrounding volcanic rocks, with metasomatic and hydrothermal

alteration and mineralization, accompanying emplacement of a
porphyritic intra-mineral plug (Late porphyry) into the Sar
Cheshmeh porphyry stock.
IV - Fracturing and faulting followed by intrusion

of weakly mineralized porphyritic dikes (Late intra-mineral

porphyries)
V - Dilation of the intrusive stocks accompanying

introduction of steeply eastward dipping post-mineral dike
swarms along the same NNW trend as the intra-mineral dikes,

resulting in the present oval shape of the deposit.
VI - Emplacement of small pebble dikes and breccia

pipes possibly related to extrusion of the dacite dome complex.
VII

-

Erosion and formation of supergene copper

sulfide enrichment blanket by downward movement of meteoric
water.

-

7 -

The main purpose of the present research is to

define and determine the following:
1 -

The individual igneous rock types.

2 -

Their age relations.

3 -

The alteration products of each rock type

resulting from

hydro thermal hypogene processes.

k - The alteration products of each rock type

resulting from supergene processes.
5 - The

distribution of ore assemblages in relation

to individual dikes, hydrothermal alteration

patterns and supergene alteration patterns.
6 -

Comparing the results of this study with

previously published porphyry copper research.
It is hoped that this study would enable correlation

between parameters for copper mineralization and hypogene

alteration at depth with the supergene alteration patterns
exposed at surface.

Field Methods

During a four-month period in the summer of 1976,
the writer mapped a selected area which traverses the western

portion of the orebody from north to south (1100 meters) in
a band 400 meters wide at a scale of 1:1000.

Twenty-five

hand specimens were collected from surface outcrops during
surface mapping.

Fifteen diamond drill cores were relogged

and a total of 422 samples were taken both from the dike

contacts and their intervals.

In addition, three tunnels

were mapped and 46 samples were collected from them.

-

8 -

Laboratory Studies

Twenty-four fresh samples were chosen for K/Ar
age determinations to ascertain the ages of intrusion and

hypogene alteration assemblages.
analysed for their major elements.

These samples were also

Sixteen of the apparently

fresh samples were found to he unsuitable for age determina-

tion due to the effects of supergene alteration.
Rock samples from surface outcrops, tunnels and

diamond cores were assayed for total acid soluble Iron
(sulfide plus oxide form), total copper (sulfide plus oxide)

and copper in oxide state (See Appendix 1)

.

Also,

samples

from D.D.H. No 149 were analysed for total sulfur in the

sulfide state.
A total of

i|-30

rock and core samples were cut for

thin sections and studied microscopically to determine their

mineralogy and modes.

X-ray diffraction was used to study

the distribution of phyllosilicate minerals.

X-ray fluorescence

spectrography was used to determine whole rock and clay
mineral compositions.

CHAPTER II

GEOLOGY OF THE THESIS AREA

General Statement

This study is concerned with that part of the
area,

exposed in the western part of the main Sar Cheshmeh

orebody, delineated by mine grids 1100 to 150OE and

l^J-OO

to 250ON (Fig.l .2)

The reasons for choosing this study area are as
follows:
I

-

The east part of the deposit was under active

development and the surface had been stripped.
II - The study area contained most of the rock type

and

hypogene zones present in the mine, it was underlain

by several previously mapped tunnels, and the original

topography had not been disturbed by mine operations.
Ill - Cores of fifteen diamond drills were available

for relogging and sampling.

Between August and October, the writer completed a
surface map of this area (Fig. 2. 2) which is generally similar
to those made by R. H. Hamilton- et al. (1975),

for Sar

Cheshmeh.

Difficulties were encountered while mapping the study
area.

Leaching, weathering and the masking of fracture surfaces

by limonite caused problems in delineating and determining

rock types.

In addition, features of the groundmass were

obscured by alteration and leaching of the silicate minerals

making identification of the original rock-types of many
-

9 -

-
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specimens ambiguous.
In addition to the surface mapping, tunnel No. 20,

part of tunnel No. 19

»

and tunnel No. 5f were mapped and

sampled (Fig. 2. 3 and 4).

These tunnel maps were used for

completing the interpretation of the surface geology and

completion of a cross-section from the study area.

According to Stringham (I96O), sharp, regular
contacts between rock types are generally indicative of

passive emplacement where rocks display little variation in

grain size, while gradational, irregular contacts are generally
indicative of forceful emplacement where chilled border phases
are present.

The Sar Cheshmeh stock in the study area is composed
of microgranite.

The contact with the enclosing andesite

is sharp but undulating.

The texture and grain size is

variable mainly as a result of later hydrothermal or metasomatic alteration.
The Late Porphyry plug (Fig. 1.2) displays a
sharp to gradational contact with the Sar Cheshmeh porphyry.

The former contains numerous xenoliths of country rock and

xenoliths of a chilled border phase and/or igneous breccia
at its contact.

The Sar Cheshmeh stock and Late Porphyry plug

both are cut by porphyritic intra-mineral dikes, which are

divisible into at least four petrographic types: 1) Early

Hornblende Porphyry,
3)

2)

Feldspar Porphyry, and

Late Hornblende Porphyry,
^l-)

Biotite Porphyry.

-

12

-

The contact of the Sar Cheshmeh Porphyry with
the Early Hornblende Porphyry is gradational and irregular,
there being no distinctive contact between these in the
study area.

For the purposes of this study the writer has

included the Early Hornblende Porphyry with the Sar Cheshmeh

Porphyry
The other dikes (Late Hornblende Porphyry, Feldspar
Porphyry, and Biotite Porphyry) have sharp regular contacts

against the Sar Cheshmeh stock, Late Porphyry plugs, Early

Hornblende Porphyry dike and with each other.

All display

chilled margins and were forcefully emplaced.

Indications of the relative ages of the rock types
was obtained from their cross-cutting relationships.

These

data have been incorporated in the cross-section of the study

area (Fig. 2. 5) which is based on information from fifteen
diamond drill holes, extrapolations from the surface map,
and the 2^00 level map of Waterman and Hamilton (1975)

Rock Types
In this study, the writer has used Waterman

and Hamilton's (1975) rock classification.

In the study

area six principal igneous rock types occur.

Andesite

Andesite flows and andesitic sediments with
variable colours and alteration are the host rocks for
the Sar Cheshmeh intrusive.

These outcrops are at the

-
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Plate 2.2.
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Sharp contact "between Sar Cheshraeh porphyry and
andesite (arrow is 10 cm.)

A sample of fractured,
andesite.

silicified and oxidized

18

-

-

north and south of the mapped area.

In the contact zone,

with the Sar Cheshmeh intrusive, the andesite has been replaced
by fine-grained brown biotite (hydrothermal) and is silicified

and strongly veined.

The andesite contact with the Sar

Cheshmeh intrusive is irregular but sharp (Plate 2.1 and 2.2).

Sar Cheshmeh Porphyry Stock

Field observations and cross-cutting relationships
(Fig.

2.5)

>

indicates that Sar Cheshmeh Porphyry is the

earliest intrusion in the orebody.

It contains variable

sized phenocrysts of plagioclase, biotite and hornblende in

an aplitic groundmass (Plate 2.3).

silicified and veined.

It is strongly fractured,

The alteration assemblages of this

intrusion are argillic, sericitic and biotite.

Late Porphyry Plug

This rock is generally fine to medium-grained and
commonly displays a felty groundmass due to orientated needles

Inclusions of granodiorite, andesite, quartz

of hornblende.

veins and commonly inclusions of Sar Cheshmeh Porphyry
are characteristic of this rock.

Also,

it is less fractured

than the Sar Cheshmeh Porphyry and sharp irregular contacts
are visible.

Normally it is argillized, weakly sericitized

and biotitized (Plate 2.^).

Early Hornblende Porphyry Dike
This dike was intruded during the waning stages of

mineralization.

It is very similar in composition to the

- 19 -

Sar Cheshmeh porphyry but differs from Sar Cheshmeh by amount
of mineralization,

sparse quartz veining, weak potassium-

silicate alteration and aphanitic texture.

Phenocrysts of

hornblende, usually biotitized,are frequently visible.
however,

Often

it is indistinguishable from the Sar Cheshmeh

Porphyry into which it grades.

Sericitic and argillic altera-

tion are characteristic.

Late Hornblende Porphyry Dike

This is the first of several major northerly trending
intra-mineral dikes which cut the orebody as well as the

previously described rocks.

Few megascopic veins were observed.

The groundmass is aphanitic to glassy with large phenocrysts
of plagioclase and hornblende which are occasionally altered to

biotite.

This dike type invariably truncates the earlier
rocks with very sharp and distinctive contacts.

Propylitic

alteration is common but in some rocks it is weakly argillized, probably due to supergene alteration and/or contact

relations (Plate 2.5).

Feldspar Porphyry Dike
This weak late intra-mineral dike is difficult to

distinguish from the chilled margin phase of the Late Hornblende porphyry.

However it contains less hornblende and

quartz phenocrysts than the Late Hornblende porphyry.

Dikes of Feldspar porphyry cut the Late Hornblende porphyry

-
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V.t^i

Plate 2.3

A sample of Sar Cheshmeh porphyry in oxide zone.

Plate Z.k

A sample of Late porphyry in oxide zone (hlack
is delafossite)

-
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Plate 2.5

A sample of Late HornlDlende porphyry
mineral) dike.

Plate 2.6

A sample of Feldspar porphyry (intra-mlneral)
dike.

(

Intra

-
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TABLE 2.1

Sample No

LIST OF SAMPLES FOR INTRUSIVE AND ALTERATION AGE
DETERMINATION.

Hole

Rock Types

Dei3th

Feldspar porphyry

1.

977

81.60- 82.30

2.

977

347.70-351.80

Andesite

3.

967

291. 80-292. 00

Late Hornblende por.

967

591.10-594.00

Andesite

5.

967

310.00-311.00

Late Hornblende por.

6.

976

242.00-244.00

Andesite

7.

976

323.10-323.90

Andesite

8.

976

321.50-323.10

9.

965

104.90

Granodiorite

10.(Z-16)

965

477. 80-479. 80

Sar Cheshmeh por.

11.

965

104.00

Late Hornblende por.

12.

965

47.50

13.

973A

579.50-582.50

Early Hornblende por,

li^.

973A

330.20-333.80

Biotite porphyry

15.(Z-2)

973A

176.50-179.40

Biotite porphyry

16.

973A

550.20-552.50

Late Hornblende por.

17.

974

589.50-594.30

Andesite

18.

974

533.^0-539.00

Biotite

19.

440

143.00-145.00

Late porphyry

20.

Granodiorite from crusher site (outside of mine area)

21.(Z-17)

Granodiorite from Archandar

(outside of mine area)

22.

Andesite from Morespan valley

(outside of mine area)

23.(Z-20)

Late dacite from dacite dome

(outside of mine area)

24.(Z-19)

Early dacite from dacite dome

Late porphyry

-

with sharp contacts.
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The alteration pattern in this rock

is propylitic and/or argillic (Plate 2.6).

Biotite Porphyry Dike
The last dike system is called Biotite Porphyry.
It occurs as thin post-mineral dikes in the mapped area

with light brown to medium-gray colours in hand specimen.

Biotite and hornblende phenocrysts predominate in a finegrained, glassy feldspathic groundmass.

It is normally

stained with copper oxides and commonly has a green colour.
Its contacts with all earlier rock types are sharp and

Vesicles are abundant and display weakly-developed

regular.

orientation and flow structure.

Alteration is weak propylitic.

Relative Age Relations and Geochronology
No fresh or hydrothermally unaltered samples are

present in the diamond drill cores from the study area, so
fresh samples for dating were selected elsewhere in the

mine area.

Twenty-four samples (Table 2.1) were chosen initially
from diamond drill holes (Fig. 2. 6).

The K/Ar determinations

of the eight freshest samples are listed in Table 2.2.

The factors which might influence the concentration
of Ar

in the minerals of igneous rock are listed as follows*.
1.

Atmospheric contamination, which is the major

contributing factor to the overall error in measurement of
the volume of Ar

-
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2.

Argon can be lost by processes such as meta-

morphism, subsequent to crystallization from a primary magma.
3.

Intrusive rocks usually cool slowly so that the

age determined may only represent the time when the mineral
analysed, passed through its argon blocking temperature.
k.

Extraneous argon could be trapped in minute

quantities in the minerals during primary crystallization
or hydrothermal recrystallization (or primary hydrothermal

crystallization)
the main cause of atmospheric contamina-

In case 1,

tion is related to the original Ar isotope ratios at the time
of formation rather than the analytical technique.
In cases

2

and

3f

the apparent age obtained by

K/Ar measurement would be younger than the true age, but case
k

will yield an older age.

Taking account of the above possibilities, the K/Ar
ages when combined with field relationships suggest that the
samples can be divided into five groups as follows:

Late Dacite Extrusive

Biotite from the Late Dacite extrusive yields an
apparent age of 2.8+0.2 m.y.

This rock comprises fresh

phenocrysts of andesine-oligoclase, hornblende and biotite
with accessory sphene, apatite, magnetite, and zircon

in a

glassy matrix.
The age of 2.8+0.2 m.y. which was obtained from

fresh biotite can be regarded as a good estimate of its

extrusion age because it is likely that this rock cooled rapidly.

-
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Biotite Porphyry Dike

This rock lies to the north of the orebody and the
study area.

It contains phenocrysts and microphenocrysts of

plagioclase feldspar, hiotite, hornblende with accessory

magnetite and apatite in a glassy matrix.

In part, biotite

is weakly hydrothermally altered to chlorite, but hornblende
is altered to clay,

chlorite and carbonates (Plate 2.7)

A K/Ar age of 9 "310.5 m.y. was obtained from the

biotite.

This may be close to the minimum age of intrusion,

because the phenocrysts are only affected by weak hydrothermal alteration and the glassy matrix indicates the rock
cooled rapidly.

Early Dacite Extrusive

This rock is a fine porphyritic volcanic lava, which
is separated from the overlying Late Dacite by volcanic ashes.
It displays marked flow-folding and contains abundant vesicles.
It contains micro-and macrophenocrysts of plagioclase,

and rarely, hornblende.

biotite,

Magnetite occurs in both the matrix

and as inclusions in plagioclase.

The feldspars are partly

altered to kaolinite, whereas hornblende is commonly altered to
chlorite,

chalcedony, minor epidote and carbonates.

The

biotite is weakly altered to sericite and kaolinite.

Because the texture indicates the rock cooled
rapidly, the apparent age of 10.2+0.5 m.y. for separated

biotite from this rock suggests a minimum age of intrusion
or a maximum age of deuteric alteration.

11 ."If

-
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Late Hornblende Porphyry Dike

This rock was intruded after the main period of
copper mineralization.

It contains nearly fresh phenocrysts

of plagioclase, biotite, hornblende and sparse quartz.

The groundmass is composed of potassium feldspar and quartz

Accessory minerals in the ground-

with a aphanitic texture.

mass are magnetite, sphene, apatite and zircon.

Biotite is

slightly altered to chlorite, whereas hornblende is altered
to chlorite,

epidote, minor kaolinite and some carbonates

(Plate 2.5)

An apparent age of 12.1+0.6 m.y. was obtained from
separated hornblende in this rock which probably indicates
the minimum age of intrusion.

The age of 8.3+0.^ m.y. was

obtained from separated biotite in this rock which may indicate
the relative age of alteration, or more likely the effects of
the lower argon blocking temperature of biotite.

During cooling of the magma, hornblende would begin
to retain argon at a temperature higher than that required for

biotite argon retention.

If it is so,

the apparent age of

12.+06 m.y. could be a true age of intrusion.

Sar Cheshmeh Porphyry Stock

This rock consists of biotite, hornblende, plagioclase
and quartz phenocrysts.

Hornblende is altered to aggregates

of secondary biotite (hydrothermal

biotite) and muscovite.

Silicification and recrystallization of the matrix is extensive
(Plate 2.3)

-
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Taking these factors into consideration, the age of
11.1+0.6

is interpreted as the time of a moderately

m.y.

high-temperature episode of hypogene metasomatic alteration
which occurred after original crystallization.

The effects

of this metasomatism are kaolinitization and intensive

sericitization of the matrix, replacement of primary hornblende by aggregates of secondary biotite, recrystallization
(or sericitization and kaolinitization)

of primary biotite,

and introduction of disseminated sulfides, both along numerous

veins and into the matrix.

fine stockwork

Grandiorite
The oldest intrusive mass in the district is the
near batholith-sized granodiorite of variable composition
and texture, ranging from gabbro to aplite (Waterman and

Hamilton 1975)

•

The sample dated is equigranular

with

anhedral plagioclase, potassium feldspar, quartz, hornblende
and biotite.

Magnetite and zircon are the most common

accessory minerals.

Phenocrysts of plagioclase and potassium

feldspar are slightly altered to kaolinite.

Biotite is

weakly altered to chlorite but hornblende is strongly altered
to chlorite,

epidote and carbonates.

An apparent age of 29+5 m.y. was obtained from
separated hornblende/chlorite in this rock, possibly indicating
the minimum age of intrusion.

The laboratory report indicates

that the large error on hornblende/chlorite is due to

inhomogenity.

The chloritization of hornblende is propylitic

so argon may have degassed during alteration and therefore

the age of intrusion could be older.
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Discussion
In addition to the above age determinations,

Selection Trust Company submitted samples for dating by

Ar

/Ar-^^,

and K/Ar methods to F. M. Consultants Limited

(Tables 2.3 and 4)

The K/Ar age determinations (Tables 2.2 and 2.4)

always show older ages than Ar/

/kr-'^

method (Table 2.3)

i

but it is not known where Selection Trust Company obtained

these samples and how they relate to the rock classification
of Waterman and Hamilton (1975) which are used in this study.

The rock names given in Table 2.2 were summarized by Hamilton
(Personal Cummunication to Dr. S. J. Haynes)
As a result of the subsequent intrusion of later
dikes, and the silicif ication and recrystallization which

occurred during alteration of these rocks, it is commonly
difficult to make an accurate estimate of the age of intrusions
and time of alteration.

For example, the ages of altered

andesites are 8.7+0.5 m.y. and 9.2+0.9 m.y. (Table 2.3)

which indicate overprinting of early metasomatic alteration
by later events, such as hydrothermal alteration
The oldest age in Table 2.2 is 29±5 m.y., which
is the minimum age of the granodiorite intrusion, because

this rock is altered and this apparent age cannot be the
true age of intrusion.

32.
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Table 2.^
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Results of Conventional Total Degassing K/Ar Age

Determinations (Data from Selection Trust 1970).

Sample No

-
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Table 2.4 for the Sar Cheshmeh intrusive indicates
an

age of 15. 5+0. 8 m.y., but Table 2.2 and 2.4 show 10.0+0.5

m.y. and II.I+06

m.y. respectively.

Comparison of these

data indicates that initial intrusion and crystallization
of the Sar Cheshmeh porphyry took place before 15.5±0.8 m.y.

but subsequent alteration and mineralization terminated before
10. +0.5 to 11.1+0.6 m.y. ago.

The later biotite cooling ages

are younger than the hornblende age of the Late Hornblende

porphyry which clearly cuts the ore body.

It can be suggested

that either the first alteration took place during initial

crystallization and intrusion of the Late porphyry plug
(minimum intrusion age 12.1+0.6 m.y.), or that the Sar

Cheshmeh porphyry and the Late porphyry plug were altered by
the same hydrothermal events.

This later hypothesis agrees with an apparent age
of 12.1+0.6 m.y.,

obtained from the Late Hornblende porphyry,

which indicates either degassing due to intrusion of the Late
Hornblende porphyry, or degassing related to hydrothermal

processes that altered the earlier porphyries.

The younger

biotite age of the andesite, Sar Cheshmeh porphyry, and Late

porphyry plug circa

9 '5

m.y. could be due to the time argon

was retained by biotite on slow cooling of the sub-volcanic
system.

However the amount of argon degassing and/or partial

degassing would require a very detailed study which is outside
the scope of this thesis.

Accordingly the exact times of

intrusion and alteration are still unknown.
The age of 10.2+0.5 m.y. for the Early Dacite suggests
that volcanic extrusion accompanied hydrothermal and metasomatic

alteration.

This association of pelean-type volcanism with

-
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porphyry copper mineralization has not been reported before.
The Biotite Porphyry
alteration.

shows a mild hydrothermal

The apparent biotite age of 9«3±0«5 m.y. from

Table 2.2 could be the true age for initial crystallization
of this rock and the apparent age of ^,^'+l,0 m.y. may be

the age of alteration.

Because the Early Dacite has an

apparent age of 10.2+0.2 (Table 2.2), which is likely to be
the true age of extrusion, and is similar in composition to the

Biotite porphyry, the two could be related and the 1.0 m.y.
difference could be the result of slower cooling of Biotite

porphyry on intrusion.
The dates obtained by K/Ar and Ar
the Late Dacite are nearly the same.

/kv^^ methods for

The small difference

between these two methods may be due to atmospheric contaminations, thus the age of 2.8+0.2 m.y. should be indicative of

the true age for this extrusion.

Summary

The andesite and pyroclastic sediments belong to the

Razak complex which is Middle and Upper Eocene age
49 and 37 m.y.b.p.),

(between

(Dimitrijevic, 1973A)

The granodiorite was probably emplaced sometime
in the Oligocene prior to 29 m.y.b.p., but after the Upper

Eocene because it cuts the folded Razak complex.
The two oldest porphyritic rocks (Sar Cheshmeh and
Late Plug) were probably intruded slightly before 15 '5 and
12.1 m.y. ago respectively, in the Miocene.

These igneous

rocks were subsequently mineralized, and altered by metasomatism
about 15^5 to 12.1 m.y.b.p. prior to intrusion of the Late

-
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Hornblende porphyry dike.
Successive dikes were intruded in the Miocene
starting at about 12 m.y. (Late Hornblende porphyry) after

metasomatism of the earlier rocks but before 10.2 to 9.3 m.y.
(age of Early Dacite and Biotite porphyry)

.

Subsequently these

dikes suffered a very weak hydrothermal alteration which may
have been deuteric or related to extrusion of the Late Dacite
at 2.8 m.y.b.p.

(Plio-Pleistocene)

These results indicate that the principal igneous

rocks were intruded and emplaced over a time interval

approximately between 29+5 and 2.8+0.2 m.y. ago and that major
ore mineralization extended from 15-5 to 12.1 m.y.b.p. Also

there is no direct relationship between emplacement of

porphyritic ore bearing rocks of Sar Cheshmeh and an overlying
andesitic strata volcano as has been suggested by Sillitoe
(1973) as a prerequisite for subvolcanic porphyry copper

deposits

-

rather, hydrothermal alteration appears at least

in its final stages to be directly related to the extrusion
of the Pelean type dacite dome.

CHAPTER III

PETROGRAPHY AND CHEMISTRY OF ROCKS
General Statement and Description of Procedures

Samples

were selected from each rock type and studied

with the aid of the petrographic microscope to determine the

mineralogy and major variations within each rock type.
Modal analyses were performed hy point counting, both
On

cut slabs with a stereo -microscope and thin sections with

a petrographic microscope.

The sodium cobaltinitrite-Alizarin

Red S Stain methods of Hutchison (197^) were used for the

identification of potassium feldspar and plagioclase.

A

total of 1000 counts were performed for each specimen. At

least two thin sections of each rock type were counted.

The

results for phenocrysts and groundraasses were averaged and
the percentage of each phenocryst and groundmass were calculated

for each rock type.

The counts for phenocryst compositions

were recalculated to 100 and the percentage of each phenocryst
type was determined.

In most specimens, hornblende and biotite

are the predominant ferromagnesian minerals.

For the classification of the rocks use was made of
Streck^eisen'

s

(I967)

system for volcanic and plutonic rocks

(Fig, 3*1 and 2) based on the proportions of quartz,

alkali-

feldspars and plagioclase.
In Figure 3«3 the modes (Volume percent) of quartz,

potassium feldspar and plagioclase phenocrysts are plotted
on the QAP triangle of the Streckw-eisen' s classification system.

The CIPW normative percentages of these minerals

were calculated by the method of Barth (1959) from the whole
rock chemical analyses (See rock chemistry section).

The

normative ratios are included in Figure J.k for comparison.
-
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As reported by Haynes, (1975)!
"The modal analyses do not allow for
any substitution of potassiiim in
plagioclase, nor, more importantly,
for perthitic intergrowths of orthoclase in plagioclase, (especially
cryptoperthites) "

The normative calculations determine the percentages of the

feldspar in terms of the albite, anorthite and orthoclase
end-members, and overcome the problem of perthitic intergrowth.

Potash bearing minerals such as biotite and hornblende cause
an increase in the amount of orthoclase in the norm.

The

amount of free quartz in the norm may be higher or lower than
that found in the mode, depending on the composition of both

ferromagnesian minerals and the groundmass.

Therefore, modal

analyses of rocks with coarser groundmass are more accurate
but the normative percentages of quartz, orthoclase and plagioclase for many of the porphyries are probably more valid where
the groundmass composition cannot be estimated (i.e. in

microerystalline and crypto crystalline rocks.)

Accordingly,

the true values probably lie somewhere between the modal and

normative results.
In all specimens plagioclase compositions were

determined by measuring the Y to (010) angle in sections

perpendicular to

X,

and the

Z

to

(001), and X to (010) angles

in sections perpendicular to Y,Fouque method (Heinrich I965)

the result of such determinations in each rock were averaged.
The ternary variation diagram of Albite-Anorthite

and Orthoclase (Fig.3«5) has been plotted for 21 samples of
Sar Cheshmeh volcanic and plutonic rocks.

The diagram

indicates that the majority of the rocks fall well within the
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LEGEND

Q

Late dacite (extrusive).

A

Early dacite (extrusive),

O

Biotite porphyry dike,

Q

Feldspar porphyry dike,

A

Late Hornblende porphyry dike,

^

Sar Cheshmeh porphyry.

^

Granodiorite,
Andesite,

-

Figvire 3.1

^1 -

Classification of volcanic rocks according
to their actual mineral composition
(Streclc^eisen, 1967).

Q=silica, mainly quartz

Rock Qualifiers

A"alkali-Feldspars ( AnQQ-05

Q=45-60, quartz rich

P=plagioclase AnQc-100)

Q=5-20, quartz bearing

M«44afic minerals.

F-0-10, Feldspathoid rich

(

M»75-90 mafic.

-

Figure 3.2
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Classification of plutonic rocks according to

their actual mineral composition, (Streck. eisen,

1967).

43 Plot of the average mode of phenocryst
-

Figure 3.3

composition (volume per cent) of the

Sar Cheshraeh rocks.

H

Early Hornblende porphyry

S

Late porphyry

.

k^,

-

I

Quartz

Alkali

Feldspar
Figure 3.4

c

Plagioclase

Distribution of the norms of analysed volcanic and
Plutonic rocks from

Sar Cheshmeh.

In the

QAP triangular diagram after Streck^eisen (1967).
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Orthoclase

Albite

Figure 3.5

Anorthite

Normative albite-anorthite-orthoclase ratio

for volcanic and plutonic rock of
Sar Cheshmeh.
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LEGEND

Q
^

Late

O

Biotite porphyry dike.

D
^

Feldspar porphyry dike.

dacite (extrusive).

Early dacite (extrusive).

Late Hornblende porphyry
Sar Cheshmeh porphyry

Granodiorite.
Andesite.
Alh. =

Albite.

Bi.

=

Biotite.

Ep.

=

Epidote.

Ghl. =

Chlorite.

Hb.

Hornblende

=

Orth.=
PI.

=

Orthoolase.

Plagioclase.

Qtz. =

Quartz.

Ser. =

Sericite.
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Plate 3.1

Lath of plagioclase, aggregates of fine-grained
quartz and epidote in andesite. (Crossed nicols, X^O)

Plate 3.2

Chloritization of mafics and albitization of
feldspar in granodiorite. (Crossed nicols, X^0)

.

',^>'

-

^8

-

Plate 3.3

Quartz eye, secondary biotite, and sericite
phenocrysts enclosed by leucocratic and
granular groundmass, Sar Cheshmeh porphyry.
(Crossed nicols, X40)

Plate 3.^

Large sericitized plagioclase lath in an
aplitic groundmass, Early Hornblende porphyry,
(Crossed nicols, X^O).

-
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Plate 3.5

Plagioclase and altered "biotite in felty
groundmass, Late porphyry. (Crossed nicols, X40).

Plate 3.6

Twinned and zoned plagioclase in aphinitic to
glassy groundmass, Late Hornblende porphyry dike.
(Crossed nicols, X40).

-
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Plate 3«7

Argillized plagioclase lath enclosed by felty
groundmass, Feldspar porphyry. (Crossed nicols, X40)

Plate 3*8

Weak albitization of plagioclase phenocrysts
enclosed by microcrystalline to glassy groundmass, Biotite porphyry.
(Crossed nicols, X^O).

v(.

-

Plate 3-9
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-

Laths of fresh biotite and plagioclase enclosed
by glassy groundmass, Early Dacite. (Crossed
niools, X40)

-

52 -

Calc-Alkaline field, using the boundary line of Irvine and
Baragar (1971).

A comparison of the QPA diagram (Fig. 3.^) and

the plot of Albite-Anorthite-Orthoclase (Fig. 3. 5) confirmed

that Sar Cheshmeh volcanic rocks are in fact a calc-alkaline
series, a conclusion in general agreement with the mineralogical

changes observed in thin sections which were described pre-

viously and plotted on figure 3.3 of present chapter

.

Andesite
Outcrops of andesite occur in the north and south
of the study area (Figs. 2. 2 and 2.5).

altered and metamorphosed.

They are hydrothermally

Near the contact with the Sar

Cheshmeh porphyry they are well mineralized and locally
strongly silicified.
and friable.

Generally, they are poorly cemented

In hand- specimen, the colour varies from

Strong fracturing is

brownish to buff, grey and white.

present but quartz veining is not well developed.

All the

andesites are very fine grained, varying from 0.1 mm to
2

mm in diameter (average 2.5

nmi)

.

The distinguishing features of andesite in the field
are grain size, the presence of abundant joints and fracturing,

and characteristic colour in the various supergene zones.

For

example, the rocks are white in the leached zone, yellowish
to brown in the supergene oxide zone and light grey to

grey in the enriched sulfide zone.

In the hypogene zone they

are dark grey to dark brown and contain abundant chlorite
veins.

In thin section, the plagioclase forms hypidiomorphic

laths which are mostly argillized and saussuritized. The An
content of these laths ranges from 25 to S5 percent
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(average An,,-)

.

The mafic minerals have been replaced by

fine-grained aggregates of brown biotite.

The pleochroism is

are euhedral to subhedral in shape.
X = pale yellow - brown,

Z

=

brown

These biotites

-

green.

Patches of

secondary fine grained quartz and interlocking aggregates of
are present.

orthoclase

These fill the interstices between

plagioclase and the other minerals.
chlorite veinlets cut the rock.

Secondary quartz and

Accessory minerals are not

common in these specimens but a few small apatite and magnetite

grains were observed (Plate 3-1)

Granodiorite

These specimens were taken from a large outcrop
around the crusher site (Fig. 1.2), and from the Archandar
area.

The crusher site specimens are finer grained than the

Archandar granodiorite (Sample No. 17 from Archandar and No. 18
from crusher site)

,

but they have the same composition

indicating that the rocks at the crusher site probably

represent a chilled phase of the Archandar granodiorite.

The

average composition from two modal analyses (Table 3.1) are

plotted in Figure

3- 3'

These two fresh granodiorite speci-

mens are pinkish grey-green, weathering to green-grey.
Both specimens consists of euhedral to subhedral

plagioclase phenocrysts set in an idiomorphic seriate fabric
of fine grained plagioclase, hornblende, biotite and quartz.

In thin section the Archandar granodiorite shows well developed

plagioclase phenocrysts (3 to 5
twins.

nun

in diameter) with albite

Usually these phenocrysts are not zoned and their An

-

content ranges from 12 to
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7.^% "but

average Anpp.

These pheno-

crysts are slightly fractured, argillized and, when in contact

with K-feldspars they are myremekitized.

Quartz grains are

present as moderately fractured anhedra (0.5

Hornblende is euhedral to subhedral

(1 - ^

and tend to be interlocked with feldspars.

-

3 inm in diameter.

mm in diameter)
It commonly alters

to chlorite and is locally rimmed with epidote and minor car-

bonate.

The pleochroic formula is X * pale yellow, Y * pale

brown, and

apple green, and 2V

=

Z

=

80 -85

.

Minor amounts

of biotite are present as subhedral crystals (0.5

in diameter)
Z =

-

1.5

nun

The pleochroic formula is X = pale brown,

.

dark brown.

Biotites are commonly partly or completely

altered to chlorite.

Orthoclase appears to have crystallized

at a relatively late stage, because it only occurs in the

interstices between the other minerals.

Magnetite, apatite

and zircon are the most common accessory minerals and gen-

erally occur as inclusions in hornblende and biotite.

minor epidote

-

calcite vein was observed

One

(Plate 3-2).

Sar Cheshmeh Porphyry

This rock is leucocratic and granular with a
groundmass of variable grain size.
eloped and quartz veining is common.

Fractures are well devIt weathers to rounded

fragments of white or light brown colour.

Some prominent

outcrops with malachite and azurite are present in the study
area.

The average modal composition from two less altered

samples (Table 3«1) is plotted in Figure 3.3.

They correspond

to the composition of a granite (quartz monzonite)

.

In

-
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thin section, plagioclase phenocrysts are highly altered,
but remnants display albite twins and oscillatory zonation.

Rounded irregular quartz grains of varying size exhibit
corrosive margins with orthoclase.

These quartz grains are

strained and appear to be slightly resorbed and sealed with

orthoclase and/or with fine grained quartz.

The quartz

eyes are fractured and exhibit undulatory extinctions.

Biotite (1-4 mm in size) is fringed by quartz grains and shows
sericitic alteration along cleavages.

A reaction rim normally

exists at the margin with neighbouring quartz and orthoclase
grains.

Biotite flakes are often curved and many of them are

argillized along their cleavages.

Commonly, biotite encloses

small grains of apatite and zircon.

The pleochroic formula

is X = pale brown to pale yellow, Z = brown to dark brown.

Hornblende is nearly completely altered to secondary biotite,
sericite and chlorite but relics are visible.
The groundmass shows an aplitic texture which is

mostly composed of quartz and minor orthoclase.
this rock is strongly recrystallized.

The fabric of

Pyrite, chalcopyrite,

and molybdenite are the most abundant ore minerals.

minerals are zircon,

Accessory

apatite magnetite and leucoxene.

Generally the latter are restricted to ferromagnesian minerals
(Plate 3.3)

Three types of quartz veinlets were observed in the
Sar Cheshmeh porphyry.

Further studies of these veinlets

is presented in the section on alteration £.nd mineralization.

-

se

-

Early Hornblende Porphyry Dike

Specimens of this dike were collected from tunnels
No. 19 and 5 (Figs. 2.3 and 2.^).

This rock is very similar

to the Sar Cheshraeh porphyry in composition and is gradational
to it but differs in the amount of hornblende, number of

fractures, number and type of quartz veins, and the presence
of hydrothermal biotite, weak potassium-silicate alteration

and texture of the groundmass.

The average composition from

five (nearly fresh) modal analyses (Table 3«li Fig* 3*3) indicates

the Early Hornblende porphyry is a dacite in composition.

Plagio-

clase phenocrysts (1-12 mm in diameter) are highly altered but

remnants display albite twins and weak oscillatory zonation.

Fractured quartz eyes exhibit undulatory extinction.
Biotite crystals (2-4 mm in diameter) are strongly
altered to chlorite and minor sericite in fractures and cleavages.

Inclusions of zircon, apatite, orthoclase, minor

epidote,

iron oxide and leucoxene also occur in biotite.

pleochroic formula is X
brown.

=

pale brown,

Z

=

The

dark brown to redish

Hornblende crystals (1-4 mm in diameter) are argillized

but in some places they are altered to secondary biotite.

The groundmass displays aplitic texture that is
finer than that observed

in the Sar Cheshmeh porphyry, with

abundant quartz and minor orthoclase.

Accessory minerals

are rounded zircon and euhedral to subhedral apatite.

Two different types of quartz veinlets were observed
in Early Hornblende porphyry,

section (Plate 3.4)

(See alteration and mineralization
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Igneous Breccia
In the eastern part of the thesis area (Fig. 2.2)

and in tunnels No. 19 and 5 (Fig. 2.3 and 2.4), Sar Cheshmeh

porphyry has been intruded by a plug of Late porphyry.

The

contact of these units is marked by an igneous breccia which
ends sharply but irregularly against the contact with the

Sar Cheshmeh porphyry, although it grades into the Late

porphyry.

The breccia contains disoriented angular and

subrounded fragments of andesite, Sar Cheshmeh porphyry and
granodiorite.

Sparse quartz veins are present.

Fragments of

Early hornblende porphyry have been reported from the breccia
elsewhere in the mine area.

The breccia cement is composed

of plagioclase laths, thin biotite books,

sparse potassium

feldspar phenocrysts and rarely scattered quartz eyes.

All

the fragments are mineralized and magnetite, pyrite and chalco-

pyrite are common in the groundmass of the cement.

The colour

and texture of the groundmass varies from place to place and

appears to be dependent on the type and number of fragments.

Rounded fragments are partly assimilated by the groundmass.
This breccia appears to be directly related to intrusion of
the Late porphyry because breccia pipes located elsewhere
in the mine area are ovoid in shape and contain fragments of

Late hornblende porphyry.

Late Porphyry

Core samples of this rock type are available from dia-

mond drill holes No. 140, 238, 2?? and 120, and also from
tunnels No. I9 and 5« The colour of fresh specimens varies from
dark green to dark grey, the rocks weather to light grey.

The

I

t

-
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texture of the groundmass also varies with the type of

xenolith and the volume of fragments that were assimilated.
The rock contains phenocrysts of plagioclase, hornblende and

laths of biotite, and occasional quartz.

Minor, normally

barren, quartz veins are visible in hand specimens.

The

modal average composition from six of the least altered
samples (Table 3«1» Fig- 3«3)> indicates this rock is a

monzonite in composition.

Disseminated pyrite, chalcopyrite

and magnetite occur in both the groundmass and the xenoliths.

Plagioclase phenocrysts (1

-

3*5

nrni

in diameter) display well

developed albite twins and are zoned.

Alteration to clay

minerals, minor sericite, chlorite and epidote along cleavage

and fracture planes is characteristic.

Adjacent to fine-grained orthoclase, quartz eyes
(2-3

in diameter) appear slightly resorbed.

nmi

They are

fractured, but do not show undulating extinctions.

Biotite crystals (2-^ mm in diameter) are euhedral
to subhedral and largely altered to chlorite,

Most crystals contain inclusions of apatite, magne-

sericite.

tite and epidote.
Z =

clay and minor

The pleochroic formula is X = pale yellow,

brown.

Hornblende crystals (1-4 mm in diameter) are
partly altered to chlorite and locally to epidote and
calcite.

The pleochroism is X = colourless to pale yellow,

Y = brown,

shows

Z

=

olive green and 2V

=

65 -85

.

The groundmass

a foliated and felty texture which is composed of ortho-

clases acicular hornblende, quartz and fine-grained biotite
(Plate 3.5)
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Late Hornblende Porphyry Dike

Specimens of this dike vary in colour from light
The rocks weather to light and/or dark

green to dark green.
grey.

They are characterized by the presence of phenocrysts

of large euhedral plagioclase, biotite and hornblende.

Pinkish orthoclase phenocrysts are common.
is very fine grained.

The groundmass

Stained thin section study indicates

that it composed of about 80 percent plagioclase, 15 percent

The average modal composi-

quartz and 5 percent hornblende.

tion from nine of the least altered rocks (Table 3.1, Fig. 3.3)

corresponds to a latite.

Plagioclase phenocrysts (0.5-10 mm in diameter)
have well developed euhedra and subhedra exhibiting complex

oscillatory zonation and commonly complex twin relations.

They

are ordinarily fresh, but some are weakly argillized along
The plagioclase composition ranges

fractures or their margins.
from An^

„

to An

^^^

(average An-,0)

.

Sparse, moderately

fractured, unstrained quartz eyes and anhedral quartz grains
are present.

Biotite crystals are rare.
1

Their size ranges from

Some of the flakes are argillized

mm to 3.5 mm in diameter.

around their margins and show a slight reaction rim of clay
and sericite against surrounding orthoclase and quartz grains.

Hornblende crystals

(1 to 6

mm in diameter) comprise 5 to

They are frequently saussuritized.

10 percent of the rock.

Their pleochroic formula is X
Y = pale brown, brown,

80°-88°.

Z

=

pale yellowish green,

= olive or

apple green and

2V =

The groundmass exhibits a glassy texture which is

-
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Accessory minerals

mostly composed of orthoclase and quartz.

are magnetite, apatite and sphene (Plate 3.6).

Feldspar Porphyry Dike

This rock resembles the Late Hornhlende porphyry.
The outcrops show a variation in amount of plagioclase and
The amount of hornblende and biotite in this rock

grain size.

is less than that of the Late Hornblende porphyry.

Some

outcrops show lineation of hornblende crystals and vesicular
cavities.

The average composition from the modal analyses

of seven slightly altered samples (Table 3.1, Fig. 3. 3) is

that of an andesite.

Sparse plagioclase

(An2^_2|,t)

phenocrysts

(2-9 mm in diameter) are euhedral or subhedral to occasionally

rounded.

They are completely argillized. Small quartz grains

are present and are strongly resorbed by very fine-grained

Hornblende and biotite are completely

glassy material.
saussuritized.

The groundmass displays a foliated, felty

texture composed mostly of altered orthoclase.

minerals are magnetite, apatite and sphene.

Accessory

Numerous ortho-

clase-quartz-chlorite veinlets are observed in this rock
(Plate 3.7).

Biotite Porphyry Dike
This rock occurs in numerous thin dikes throughout
the area studied.

Core samples of this rock were collected

from diamond drill holes No. 22? and 238 (Fig. 2.5)

This

rock is easily recognizable in the field by its colour and
the fresh appearance of the minerals.

It weathers to fine
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At surface, the feldspar exhibits a green

powdery fragments.

colour when adjacent to rocks rich in copper.

The size of

of vesicles within an individual

phenocrysts and the abundance

The average composition from six modal

outcrop is variable.

analyses (Table 3«lf Fig. 3«3) corresponds to latite-andesite
This rock is composed of phenocrysts of plagioclase (Anpp_„o)i
biotite, hornblende and minor quartz set in a glassy groundmass.

Biotite and hornblende phenocrysts predominate.

Plagioclase

phenocrysts (1-6 mm in diameter) are euhedral or subhedral
and exhibit albite twins and oscillatory zonation.

slightly fractured and altered.

They are

Quartz eyes are not observed

in this rock but a few anhedral quartz grains and fine

aggregates of quartz are present.

Biotite crystals (0.5-5 mm

in diameter) are usually fresh and enclose inclusions of

The pleochroic formula

quartz, orthoclase and opaque minerals.
is X = pale brown,

Z

= dark brown.

Hornblende occurs as

isolated grains which are slightly saussiritized.
chroism is X

=

green, and 2V =

pale yellowish brown, Y
'75

-85

•

=

brown,

Z

The pleo=

brownish

The groundmass is very fine grained

with oriented microphenocrysts of plagioclase and displays
a hypocrystalline texture.

occur as accessory minerals.
in this rock.

Magnetite, zircon and apatite

Quartz veinlets were not observed

(Plate 3.8).

Early Dacite Extrusive
This extrusive body occurs in north eastern part
of the orebody.

It is overlain by ashes and the Late Dacite.

The specimens of this rock were mostly collected from N3900,

-

EZ-lJ-OO
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and survey point S-200 (Fig. 1.2).

zable by its colour, abundant vesicles

This rock is recogniand fresh appearance
It weathers to rounded

of the biotite and plagioclase minerals.

boulders and fragments.

Outcrops display flow foliation of

biotite crystals and vesicles.

The average composition from

two modal analyses (Table 3.I, Fig. 3.3) corresponds to a

dacite (Plate 3.9)

This rock is composed of plagioclase phenocrysts,
biotite and minor hornblende crystals.

plagioclase phenocrysts (0.5-3

nim

In thin section

in diameter) are euhedral to

subhedral and displays both normal twins and oscillatory

They are mostly fresh but rarely are fractured.

zonation.

Quartz grains or quartz eyes were not observed in these

Fresh elongated crystals of biotite (0.5-2 mm

specimens.

in diameter) are present which comprise about 5 to 10

percent of the rock.
or less oriented.

brown,

Z

=

Acicular crystals of biotite are more

The pleochroic formula is X = yellowish

dark reddish brown (cherry colour) and 2V

= 1

.

Hornblende crystals (0.1-2 mm in diameter) are usually fractured
and filled with carbonates and locally minor epidote.

chroism is X = yellow, Y = greenish brown,
2V = 85°- 88

.

Z =

The pleo-

red brown, and

The groundmass is very fine grained and usually

displays a glassy texture.

accessory minerals.

Magnetite and minor sphene are the

No quartz veinscut this rock.

(Plate 3'9)»

Late Dacite Extrusive
The specimens of this rock were collected from
N3950, E2800 and N4000 E2800 (Fig. 1.2).

Flow features are

-
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present in outcrops. This rock is easily identified in the
field because of its colour and the fresh appearance of pheno-

crysts of plagioclase, biotite and hornblende.

The average

composition from two modal analyses (Table 3.1, Fig. 3.3)
corresponds to a dacite.
The groundmass is a porphyritic glass.

fresh phenocrysts of plagioclases (1-5

range from oligoclase to andesine.

nun

It contains

in diameter) which

Normal twining and

These

oscillatory zonation are present in these phenocrysts.

phenocrysts are more or less fractured.

Inclusions of small

biotite and hornblende were observed in the plagioclase
phenocrysts.

Biotite crystals (0.5

fresh but they are kinked and bent.
is X = brass yellow,

Z

= dark

-

3 nun in

diameter) are

Their pleochroic formula

brown to black and 2V

Biotite encloses very small crystals of plagioclase.

-

1 -2

.

Horn-

blende crystals are fresh and enclose small crystals of
The pleochroic formula is X = light brown, Y =

biotite.
brown,

Z

=

dark brown to black and 2V = 85 -90

.

Plagioclase,

hornblende and biotite with accessory magnetite, sphene,
apatite and zircon, are set in a matrix of fresh glass.
No quartz veins were observed in this rock.

Summary
The rocks from the area investigated are similar
to those from other porphyry copper deposits.

In particular,

they resemble rocks from El Salvador, Chile (Gustafson and
Hunt, 1975) and Bingham, Utah(Bray, I969)

As a result of the intensive degradation, silicification

-
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and recrystallization that occurred during the alteration
of these rocks,

it is difficult to make an accurate estimate

of the original matrix grain size and compositions.

fresh rock samples,

Even in

many of the rocks have a glassy or

crypto-crystalline matrix.
However, in terms of Strecheisen' s (I967) rock

classification, the rocks appear to

"be

restricted to porphy-

ritic dacite, latite, latite-andesite, latite-hasalt, monzodiorite and granite porphyry.

The broad geological history of the area as represented

"by

the available samples, appears to be dominated by re-

peated calc-alkaline magmatic intrusion accompanied by and

alternating with episodes of hydrothermal metasomatic activity.

-

(^5
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PETROCHEMISTRY

Introduction
The rocks in the Sar Cheshmeh area were analysed
for major elements to determine the relationship between
the source magmas of the extrusives,

intrusives and dikes.

The rocks submitted to Teledyne Isotopes for

K/Ar dating were analysed for major elements SiOp, Al 0„,
FeO, FegO^, MgO, CaO, NagO, KgO, TiO^, MnO

P^O^ (Table 3.2).

,

The analytical sample numbers and locations shown in Table 3.2
have previously been described in Table 3*1

Unfortunately

•

the analytical procedures used by Teledyne for these samples

was not given.

Twelve rock samples were also analysed for

the major oxides SiOg, AlgO-,, TFegO^, MaO, CaO, NapO

,

K^O,

TiOg, MnO, and P^O^ with a Phillips (Pw 1^50/20) X-ray

fluorescence spectrograph at Brock University.

These oxides

(Table 3.3) were determined using standard rocks, AGV, GSP,
BCR, and ROM for calibration and methods currently used at

the X-ray laboratory at Brock University.

sample numbers for Table 3.3 correspond to

The analytical
the

specimen

numbers and their locations in Figures 1.2 and 2.6, respectively.

Total FeO was calculated

factor (0.8998)
ager

previously

(1971» Fig. 2)

the conversion

conversion

presented by Irvine and Bar-

and total FegO^

factor of 1.11

For plotting data,

using the

was calculated using

where it

was necessary.

the actual values were recalulated to

100 percent less volatiles

(Appendix II).
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TABLE 3.3 MAJOR ELEMENT ANALYSES OF SAR CHESHMEH
VOLCANIC AND PLUTONIC ROCKS AT BROCK
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TABLE 3.3(C0NTINUED)

SAMPLE NO.
AND
ROCK TYPE
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Rock Chemistry

Harker variation diagrams of AlpO„, TFepO^, Na^O,
KpO, CaO, MgO, TiOgt MnO, PgO^ and (NagO + KgO), plotted

versus SiO„ are presented in Figures 3,2to3.9. The data show
scattered patterns, as is typical of such plots for plutonic
rock (Bateman

al. I963; Ross,

et

I969; Bateman and Dodge,

I97O; Lee and Jan Loenen, 1971; Tilling, 1973)

intrapluton chemical variations which tend

i

reflecting

to diffuse and

obscure major compositional trends defined by interpluton
variation.

However, the composite diagrams, are useful in

showing the overall variations of existing rocks in the study

area and detect systematic variations between the intrusives
and extrusives.
If all samples of intrusives and extrusives are

considered together, the trends of oxides

are continuous and

well defined, and are clearly characteristic of the calc-

alkaline suite.

As SiOp increases, AlpO„, KpO, TiOp, Na^O,

and (KgO + NagO) increase, while TFCgO^, CaO, and MgO

decrease and MnO and

PpOc-

remain constant.

In all the oxide

plots, the extrusions are clearly enriched in SiO^, while

dikes have intermediate SiO_ contents, and the major intrusion,

except the Sar Cheshmeh porphyry, have low SiOp contents.

Relationships between dikes are more complex and it is
difficult to determine clear trends.

It is clear that the

Sar Cheshmeh porphyry intrusion has higher SiOp and KpO, but

lower TFepO„ than the granodiorite and the dikes (Figs. 3.7
and 3 •9).

However,

in the case of other oxides the Sar

Cheshmeh porphyry appears to be similar to the other porphyries.

^

-
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LEGEND

Q

Late dacite (extrusive),

A

Early dacite (extrusive).

O

Biotite porphyry dike,

Q

Feldspar porphyry dike,

A

Late Hornblende porphyry dike,

^

Sar Cheshmeh porphyry,

^

Granodiorite,

B

Andesite,
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and plutonic rocks.
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These diagrams show that the plutonic and volcanic rocks

follow a similar petrochemical pattern from andesite-granodiorite to rhyolite and dacite.

Therefore, they were

probably derived from the same magma chamber

or a similar

source.

The AFM diagram for the volcanic and plutonic rocks
(Fig.

3.14) shows a well defined calc-alkaline trend.

All

extrusives are low in FeO and MgO and separated from the
intrusions.

All the dike intrusives are low in MgO and inter-

mediate in FeO and alkalis.

Samples of hydrothermally altered

biotitized andesite (No. 7) and sericitized andesite (No. 8)
lie on the iron-rich side of the boundary.

In comparison with

the trend of average Atacama(Chile) calc-alkaline volcanic

and plutonic rocks (Zentilli, 197^; Haynes, 1975) the

unaltered Sar

Cheshmeh rocks clearly fall on a similar trend.
The CaO-KpO-NapO ternary diagram (Fig. 3. 15) indicates
the rocks can be divided into three main groups: 1.

intermediate KpO and CaO;
3.

2.

Low MgO,

Intermediate NapO, K^O and

High NapO, low K„0 and CaO.

This diagram also suggests

that with decreasing age of emplacement CaO and K^O decrease

while Na^O increases during fractionation of magma.
Figure 3.I6.I shows high concentration of MgO and low

concentration of Al^O^ in the early intrusions, but during
continued fractionation Mgo content decreases and AlpO
increases.

The dike intrusives have intermediate concentrations

of MgO and AlpO^ while the extrusives contain high AlpO„ and

low MgD

.

Figure 3-16.2 shows a high concentration of CaO

and MgO for the major intrusives, intermediate concentrations
for the dikes and low for the extrusives.

Figure 3«17 shows

-
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a relatively high concentration of TFe^Oo and very low MgO

and TiOp for the extrusives, high MgO and TiO^ values for the

granodiorite intrusive and intermediate values for dikes.
It appears that the MgO,

CaO TFegO^, TiOg and MnO

content of magma was higher in the beginning and tended to

This corresponds with the higher

decrease with fractionation.

contents of f erromagnesian minerals in the oldest intrusives

than the younger ones.

The AlpO^ content in these rocks

was initially high and remained high during fractionation
as is characteristic of the calc-alkaline series.

Figure 3.l6, 3.1? and 3. 18 are compared with those
of Jolly (1975, 1976, 1977, 1978) which show continuous

depletion of MgO during fractionation.

In these diagrams the

data can be subdivided into three groups:

Low MgO which

1.

Intermediate MgO values

corresponds to the extrusives;

2.

are relating to the dikes;

High MgO values are corres-

3*

ponding to the host rock and granodiorite intrusive.

Depletion

of MgO is related to the age of these groups but the Sar

Cheshmeh porphyry is the only exception.

These diagrams

suggest that the magmas became more felsic with time and

successively produced the present volcanics and plutonics.

Potash Index
The SiOp variation diagram (Fig. 3.

9)

»

indicates

that the potash- silica ratio increases systematically with

increasing SiO^. Examination of Figure 3*9 shows that a
straight line can be drawn through the points, and that
this line would intersect ^5 SiOp at zero KpO

.

The term

-
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"Potash Index" has been designated by Bateman and Dodge (I970)
for the ratio 10^ X K20/Si0

- k5,

as applied to the rocks of

the Central Sierra Nevada batholith.

They related a progressive

increase in the potash ratio of plutonic and volcanic rocks

horizontally away from associated oceanic trenches and vertically away from underlying Benioff zones.

Zentilli (19?^) has

shown that the Atacama (Chile) volcanic series do intersect
at ^5 percent SiO-.

The potash index for the volcanic and plutonic

rocks of Sar Cheshmeh are plotted (Figs. 3.I9.I and 3.I9.2)
versus SiOp and MgO.

The average potash index for andesite

samples is 403i for granodiorite and Sar Cheshmeh porphyry

samples it is
it is 213i

24-5»

for Hornblende porphyry dike samples

for feldspar porphyry dike sample it is 1^6, for

Biotite porphyry dike it is 157 and for dacite samples, 142.
(Tables 3.2 and 3.3)

-

-
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CHAPTER IV

Clay Mineral Assemblages and Their Variation Within
the Hypogene and Supergene Zones

Introduction
Most porphyry copper deposits in the Southwest

United States, Canada, and other parts of the world which
are hydrothermally altered have been studied in detail and

their alteration zones have been designated by means of the
clay mineral assemblages, Lowell and Guilbert 1970
1973f Sillitoe et

al. 1971,

and Hollister 1975.

»

Sillitoe

Also

lateral and vertical variations of the clay minerals are

indicative of copper distribution within the hypogene and

Among the studies pertinent to

supergene enrichment zones.

porphyry copper deposits are those of Schwartz (19^7» 1953).
Creasey (I969)

,

Hemley et

(1967), Jambor et

al.

al. (1975)

(196^), Mayer and Hemley

and others.

There are problems with subdivision of ore bodies
on the basis of clay minerals:

1)

None of these models gen-

erally apply to all porphyry copper deposits;

2)

The clay

minerals were not specifically identified for each of the
different zones of hydrothermal alteration;

3)

There is no

generally accepted model for the reactions or series of
reactions in terms of temperature, pressure, bulk chemical
composition of the solid phase and the composition of the
aqueous solution.
Clay Mineralogy
Part of the aim of this study was to determine the
clay mineral assemblages within each rock type and the vertical

93 -

-

variation of clay minerals within the hypogene, supergene
enrichment, leached zone of the Sar Cheshmeh porphyry stock

and Late Hornblende porphyry dike.

The results are compared

with El Salvador, Chile (Gustafson and Hunt, 1975) and San
Manuel, Arizona (Lowell and Guilbert, I970).

Sample Selection and Preparation
The samples for study are those which were presented
for age determination and major oxides analyses (Table 2.1).

Additional samples from D.D.H. I30 and D.D.H.

14-0

have also

been studied, in an attempt to define vertical variations of
clay mineral assemblages within different zones of hydro-

thermal alteration.

The laboratory methods employed are

standard techniques (e.g. Brown I96I, Berry 197^i Carroll
1970, Carter, Harward

and Young I963)

Mounts for X-ray differation (X.R.D.) analyses
were made by preparing

samples of sizes

/'I /fm.

Two sets

of oriented sedimented samples on glass slides were prepared from

rock samples and allowed to air-dry overnight.

The remainder

of each sample was evaporated to dryness in a cool (80 C)

thermolyne oven.

These dried samples were then disaggregated

by means of an agate mortar and pestle and then were packed
into aluminiiom holders for random oriented X.R.D. analyses.

X-ray diffraction

from one set of oriented air-

dried slides were produced with a Picker Nuclear diffracto-

meter using (Ni-f iltered)

Cu.K

radiation.

These slides were

then heated to 350°C for one hour, allowed to cool to room

temperature and re-X-rayed.

The heating procedure was repeated

94 -
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LEGEND
(a) X-Ray

diffraction

<

pattern of granodiorite

(X-17).
(b)

X-Ray diffraction, pattern of Sar Cheshraeh

porphyry {D.D.H.130, G33).
(c)

X-Ray diffraction

pattern of Late

porphyry (D.D.H.965).
(d)

X-Ray diffraction

pattern of Late Hornblende

porphyry (D.D.H.967).

S = smectite

Chi = chlorite
I

*»

illite

K = kaolinite
PI = plagioclase

Sp = k-spar
Ca

= calcite
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X^R.D. Traces for Glycolated Samples
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LEGEND
(a) x-R.D.

pattern of Feldspar porphyry-

CD. D.H. 977).

(b) x-R.D,

pattern of Biotite porphyry

(D.D.H.973A).
(c)

x-R.D. pattern of Early dacite (Z-19),

(d) x-R.D.

pattern of Late Dacite {Z-20).
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X-R.D. Traces for Glycolated Samples
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for 520 C and the oriented slides again X-rayed.
The other set of air-dried slides of oriented samples

was placed in a glass container saturated with ethylene glycol
fumes for 2k hours and then x-rayed.

Identification
First, the powder packed samples (randomly oriented)

were examined by a process scanning the values of 20 of the

diffractometer to determine major reflections.

The oriented

glass slides were then utilized for more detailed investigations.
The x-ray diffraction patterns were identified and

interpreted with aid of various publications such as Berry
(197^), Brown (I96I), Carroll (1970), Thorez (1975)

1

Eberl and

Hower (1977), and the A.S.T.M. File.
The X-R.D. patterns of the oriented less than lA m

air-dried mount (z-17) of granodiorite sample showed reflections
at 1^.25, 10,

8.J^0,

7.18, 4.7^.

3.55, 3.33 A

(Fig. ^.l.a.).

o

The identification of 14 A reflections is not a simple matter
since chlorite, smectite and Mg-vermiculite all have (001)

reflections near 14 A.

Because the basal spacing in expandable

clay minerals is controlled by the degree of hydration, glycol

was used to determine if any such minerals were present.

A

sharp (001) reflection at approximately 17 and 14 Angstroms

for the glycolated sample resulted (Figs. 4.1.

a

and 4.1.b).

Vermiculite may show an expansion to I7 A as well as smectite
but chlorite is not affected by ethylene glycol.

For distinction between minerals such as vermiculite,
chlorite and kaolinite the slides were heated to 350°C.

-
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Because the inter-layer water is loosely held in
o

vermiculite, heating will cause a collapse to 10 ^.
case of chlorite for (002), (OO3),

kaolinite for (001)

,

(002)

,

(00^1-)

In the

reflections and

(OO3) reflections,

the oriented

air-dried slides were X-rayed by slow scanning method "between
2^-26° 29.
(004)

The 3.5^- and 3.58 A peaks were identified for
The

of chlorite and (002) of kaolinite respectively.
o

presence of a reflection at approximately 4.? A indicates a
(003) reflection of chlorite, hut if the chlorite is iron-

rich, the (003) as well as the (001) reflection are both weak,

making it difficult to determine whether kaolinite or chlorite
is present (Grim, I968)

The oriented slides were heated to 520 C before the

kaolinite layers were destroyed, but chlorite was not
affected.

The residual was again subjected to X-ray, analysis

produced. Chlorite may show reflections of equal intensity
but the (002) reflection at 7 A is usually more intense

than the (001) reflection at

1^1-

On the other hand, vermi-

A.

culite shows a very intense 14 A reflection while the sub-

sequent reflections are all weaker (Grim, I968)

.

Iron-rich

chlorites exhibit weak odd-numbered reflections and strong

even-numbered reflections (Brow, I96I)

.

A comparison of

the 7 and 14 A reflections of Mg-rich chlorites reveals

reflections with an intensity ratio of 1:1 whereas ironrich chlorites are 3:1 (Grim, I968)

.

From the results

obtained by X-R.D. measurements, the chlorites present here
show weak odd reflections and relatively strong even-numbered

reflections, suggesting an iron-rich chlorite.

Also,

it was

-
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concluded that vermiculite was not present in these samples.
The

7

A reflection may indicate the presence of

kaolinite as well as chlorite.

Kaolinite reflections
o

approximately at
(001),

(002),

7 .2,

3 •58

and 2.38 A corresponding to the

and (OO3) reflections, while chlorite reflec-

tions appear at 1^,

7.

3.5^ A.

Thus the kaolinite (001)

reflection may be confused with the chlorite (002) reflection
especially if the 1^ A (001) reflection is not pronounced
as would be the case of an iron-rich chlorite.

HCl treatment

removes inter-layer water which would be present in vermiculite or smectite, and destroys chlorite; therefore, any
o

reflection remaining at

7

and 3«5 A after this treatment

would indicate the presence of kaolinite.

According to Bradley
(1972),

and Grim (I96I), and Rosenquist

for identification of dioctahedral or trioctahedral

illite, the ratio of (001) to (002) reflections, for diocta-

hedral illite, should be less than k and for trioctahedral
illite, in the range of 5 to 10.

These ratios were examined

and the results are shown in Table ^.1.

Quartz shows a

characteristic reflection at 4.24 and 3.33 A.

Because

there is no reflection at 4.24, the 3.33 A reflection was

assigned to (003) reflection of illite.
The resultant patterns were compared with each other
for these samples.

It is concluded that reflections at 17»

8.45 and 5.65 A correspond to the (001),

(002), and (OO3)
o

planes of smectite respectively, whereas the 10, 5 and 3.33 A
correspond with the (001),

(002), and (OO3) planes of illite,
o

although in a few rocks the (002) reflection of illite at 5 A
is lost, probably due to background "noise".

The 14.30, 7.20,

-
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^,75 and 3.54 A peaks are (001),

phases of chlorite.

(002),

(003), and (004) lattice

The 7.20, 3.57 ^ peaks are the (001) and

(002) planes of kaolinite.

In some samples without smectites

the 8.40 and 3-44, 3.18, 3.00, 2.84 A peaks belong to (001)
of hornblende,

3.44 to different lattice planes of orthoclase

and andesine and 3.00, 2.84 to different lattice planes of
calcite.

The above-mentioned procedure, for identification
and interprepation of clay minerals were used for each rock
type.

Their relative percentages were determined from the

glycolated slides.

The results from figures 4.1 and 4.2 are

listed in Table 4.1.

Vertical Variation of Clay Minerals
Core samples of the Sar Cheshmeh porphyry stock
from D.D.H. I30 and the Late Hornblende porphyry dike from
D.D.H. 140 were analysed.

X-R.D. patterns were obtained from

an air-dried mount, a glycolated mount, and a mount heated
at 350°C for one hour and same samples were heated at 520 C

for one hour.
The clay minerals present were identified and

differences in the ratio of clay minerals in each sample
were obtained by measuring heights of (001) peaks for smectite
and illite.

The ratio of the (004) chlorite to the (002)
o

kaolinite were calculated and then, the height of the

reflection divided by these ratios.

7

A

The samples and calcu-

lated results are given in Tables 4.2 and 4.3.

.
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RESULTS OF X-RAY DIFFRACTION ANALYSES OF CLAY

MINERALS, LESS THAN IK m FRACTION OF THE
SAR CHESHMEH ROCKS

ROCK NAME
AND
LOCATION

Granodiorite
(Z-17)

Sar Cheshmeh

CLAY MINERAL ABOUNDANCE IN RELATIVE PERCENT

—

(Smectite)

ILLITE

KAOLINITE

MONTMORILLONITE

CHLORITE

11

13

38

38

18

19

Dioctahedral
63

(0-33)

Dioctahedral

Late Porphyry
H-965

Dioctahedral

Late Hb.

8

55

37

82

Trioctahedral
Feldspar

J?ggyry_

77

Dioctahedral

Biotite
Porphyry
)rph
H-973A
-973
Early Dacite
Z-19
Late Dacite
Z-20

15
96

no (002) reflection
75

no(002)ref

In these calculations the absorption effect was

96

25

neglected.

h-

-

TABLE

J^.2
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RESULTS OF X-RAY DIFFRACTION ANALYSES OF CLAY

MINERALS, LESS THAN lA. m FRACTION OF THE
SAR CHESHKIEH PORPHYRY STOCK

-

TABLE 4.3
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RESULTS OF X-RAY DIFFRACTION ANALYSES OF CLAY

MINERALS, LESS THAN Irtm FRACTION OF THE

LATE HORNBLENDE PORPHYRY DIKE

-
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A plot of the illite, kaolinite,

chlorite and

smectite ratios versus depth of the sampled drill holes is

given in Figs. 4.3 and 4.4 to determine if a variation
exists in the ratio of clay mineral concentration in the

various hydrothermally altered zones or variation between
hypogene, supergene enrichment and leached zones.

The

observed changes (Fig. 4.3) are due to the type of hydrothermal

alteration and weathering products.

The changes are discussed

from the nearly fresh to altered and unweathered to weathered
zones.

Smectite and chlorite intensities are less than the

illite intensity throughout hypogene, supergene enrichment
and leached zone.

Some fluctuation in the boundaries between

hypogene- supergene and supergene-leached are obvious

and

probably are due to fluctuation of water table. Sar Cheshmeh
porphyry samples carry chlorite as well as smectite in the
hypogene but other samples of this rock type do not carry
chlorite and smectite.

Thin sections of these samples, when

compared with those without chlorite, indicate that the former

contain retrograde vein assemblages while the latter lack
such veins.

It is possible that kaolinite originally present

in the hypogene zone was converted to chlorite by retrograde

vein alteration.

In the zone of supergene enrichment and the

leached zone, chlorite disappears and kaolinite becomes more
prominent.

Lack of chlorite in a sample suggests that there

are no retrograde vein assemblages or that the chlorite was

converted to kaolinite by weathering and leaching.

Low concen-

trations of smectite are present in the hypogene zone of the
Sar Cheshmeh porphyry, but the mineral disappears in supergene

.
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and leached zone, indicating breakdown by supergene processes.
X-R.D. analyses of the Late Hornblende porphyry

samples from D.D.H. m-0 (Fig.^.^) do not show major changes
in the clay mineralogy.

Thin section examination of these

samples confirms that, although this rock is not weathered,
it is hydrothermally altered to propylitic assemblages of

smectite, kaolinite, chlorite and illite.

The lack of chlorite

in the x-ray diffraction patterns of samples 1 and 2 are

probably due to the insufficient amount of chlorite in the
rock samples that were x-rayed.

According to Gustafson and Hunt (1975)

i

kaolinite

and montmorillonite are absent in the K-silicate alteration
zone of the El Salvador (Chile)

;

the propylitic assemblages

are probably contemporaneous and zonally related.

kaolinite in advanced argillic zone.

There is no

According to Lowell and

Guilbert (1970), kaolinite and montmorillonite occur in the
argillic and propylitic zones of the San Manuel (Arizona)
X-R.D. patterns of the Sar Cheshmeh porphyry show

kaolinite,

smectite, illite and chlorite assemblages in the

K-silicate zone.

The types of clay minerals and their con-

centrations vary vertically throughout hydrothermally altered
and secondary weathered zones.

The clay mineral assemblage

within other rock types vary, and are related to both

the

composition of rock and the nature of hydrotheral solution.
The x-ray diffraction data indicate

that illite,

kaolinite and smectite are present in the hypogene zone,
but that kaolinite increases at the expense of smectite

and/or illite in the supergene sulfide enrichment zone.

-
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However, it is not clear from the x-ray diffraction whether

kaolinite is forming from smectite or illite in the hypogene
zone during hydro thermal alteration.
In order to determine possible reactions, three

samples of clay concentrates were analysed for their major
oxides.

One gram of less than

lAm

fractions of granodiorite

(Z-17), feldspar porphyry (H977) and biotite porphyry (H973A)

were heated to 950 °C in a thermolyne oven for 30 minutes.
The samples were cooled to room temperature in a dry medium,

Discs of these samples

and the loss on ignition calculated.

were prepared (Appendix IV) and analysed by x-ray fluorescence
(Table

4'.4)

The results were calculated to gram equivalent,

.

cation volume per unit, and cation per unit

cell (Table ^.5)»

In addition, x-ray diffraction patterns of these samples
(Fig.

h,2.rx

i|-.l.a,

and ^.2.b) studied in detail, as a result,

because the granodiorite and feldspar porphyry

patterns are very complicated^,

diffraction

These samples were eliminated

but the x-ray diffraction pattern of the biotite porphyry is
simple and shows about 96 percent of smectite and ^ percent of

According to Creasey (1966) the formula for this

kaolinite.

reaction is:
Smectite
3Nao.33Al2.33 Si3^^^03_o(OH)2+H +3.5H2O
.

Kaolinite
3.5AI2 Si20^(0H)^+^ SiOg+Na

^=±

.

and from the major oxides chemistry the structural formula
for this sample can be written as:
*'0'$^
-0.33
\
^^^3.65^^0.02^-^0.33^^^1.32 ^^0.38'^So. 18^^0.27^
^

^

^

-0.30

+0.30
(^^.65^^0.02^10. 33^ ^^^i.32^^o.3.8'^go.i8^^o. 27), ^N^o. 15-^0.1^

-0.33

"^o*?^

-0.30
.15
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It is well known that interlayer cations in smectite

can he exchanged readily, and that exchange reactions, when

performed at room temperature, do not appear to affect the
At elevated temperatures however,

chemistry of 2:1 layers.

the 2:1 layers begin to interact chemically with the inter-

layer cations, Eberl and Hower (1977).

Higher temperature reactions of Eberl and Hower
(1977) for sodium and potassium smectites which are treated

in an identical manner in hydrothermal bombs at 2 Kbar

pressure are as follows:

K-smectite

^^2^^

.

66^10

.

34°10 °4Ko
(

Water
34^° ^^^2°
•

.

^=^

Quartz
Kaolinite
Illite
0-^3Al2Si3,2Alo^8°lo(0«)2^0.8-*-°-5^Al2Si2°5(°H^-^l-l^Si°2
ajid

for the sodium smectite:

Water
Na-smectite
( °^) 2N^0
34^° ^^^2°
^h^h 66^10 3^°10
.

.

.

Kaolinite

Paragonite
.

•

Quartz

3J^Al2Si AlO^Q ( OH) gNa+O 66AJ Si^O^ ( OH) ^+1 32Si02
.

.

The important difference between these reactions is
that, the sodium- smectite must develop,

for example, a full

mica charge of -1.0 equivalents 10-,q(0H)2 group to form a
non-expanded layer, whereas potassium smectite need only
develop an illite change of -0.8 equivalents 10-,q(0H)2.
Thus the fonnation of paragonite layers yields 9 mole

percent more kaolinite than does the formation of illite
layers.

The x-ray diffraction pattern indicates no para-

gonite and/or pyrophillite in these chemically analysed

-

m
<
EH

Ill

-
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RESULT OF MAJOR OXIDES ANALYSIS FOR THE

BIOTITE PORPHYRY DIKE

Oxide

¥

-

samples.
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So the accepted formula for this reaction can

be written as:
+ Water

Smectite + H

^

^

Kaolinite + Quartz + Na

The smectite would form first during hydrothermal

alteration (Creasey, 1959;
and Khoury, 1978)

.

Eberl and Hower, 1977; Gene Whitney

So the results suggest that hypogene

kaolinite formed during later hydrothermal alteration at the
expense of smectite.

CHAPTER V

Alteration and Ore Mineralization

General Statement

Based on the study of two hundred and seventy-five

thin sections and x-ray diffraction of the clay minerals, the
hypogene silicate alteration in the Sar Cheshmeh orebody can
he divided into four types (Table 5-1)!

propylitic, argillic,

potassic and phyllic.
The sample numbers, locations, and depths of samples
are given in Appendix

I.

The samples were also analysed for

total iron oxides. In addition, the boundaries between the

leached oxide- supergene sulfide enrichment zone and supergene
sulfide enrichment-hydrothermal hypogene zone, were determined

from detailed examinations of thin sections, polished sections
and hand specimens.

The leached oxide- supergene sulfide

enrichment boundary was assigned on thebasis of the first

occurrence of secondary chalcocite, while the supergene-

hypogene boundary was designated by the first occurrence of

unaltered chalcopyrite and the disappearance of secondary
chalcocite (Fig. 5»1)«

Hypogene Alteration and Mineralization
Individual patterns of alteration are not restricted
to rock type (Table 5-l)5 rather,

individual rock types

display several different types of alteration.

Also the

mineral assemblage within a specific alteration zone can vary

depending on the original rock composition.
-
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The spatial

-

TABLE 5.1

Assemblages
Alteration
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TYPES OF ALTERATIONS AND THEIR ASSEMBLAGES WITHIN EACH
ROCK TYPE.

-

11?

distribution of the different types of hypogene alteration is

presented in Figure 5«2.

Propylitic Alteration

Propylitic alteration has been defined elsewhere
by Creasey (I966), Hemley and Jones (196^) and Me.yer and

Hemley (196?).
At Sar Cheshmeh it can be divided into two types.
The characteristic alteration products of Type 1 are smectite,

kaolinite and minor chlorite (Plate 5.1)

•

This alteration

assemblage is restricted to weak development of these minerals
in the groundmass, but was observed occasionally in some

This assemblage was found in samples of Late

phenocrysts.

dacite, Early dacite, Biotite porphyry, Feldspar porphyry.

Late hornblende porphyry, Granodiorite and Andesite that
appeared fresh in hand specimen.

This alteration is probably

endomagmatic (deuteric), but could be low grade propylitic.
Type

2

propylitic alteration comprises a well-

developed assemblage of smectite, kaolinite, chlorite, albite,
epidote and leucoxene.also pyrite is common (Plate 5«2). This
type of propylitic alteration is the most widespread of all
the alteration types and is present in all rock types except
for the Sar Cheshmeh and Late porphyries.
In some of late intra-mineral dikes it grades into

argillic alteration, especially near contacts with other
intrusions.

In hand specimen, type two propylitic alteration

has the same general appearance as type one and some fresh

green or grey porphyries which have prominent phenocrysts of

-
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feldspar, biotite, hornblende and quartz set in a glassy,

aphanitic groundmass.

However, on close inspection of the

propylitically altered rocks, the biotite and hornblende
phenocrysts have lost their vitreous luster, are greenish
brown in colour, and are marginally bleached.

Also the

typically lustreous plagioclase phenocrysts of the fresh
porphyries, have assumed an earthy appearance.

Partial albitization of oligoclase phenocrysts in
type 2 propylitic alteration is common (Plate 3*2)

.

Albite

is of the low temperature variety with a 2V of 75 to 80

.

With increased alteration the albite obscures and finally
obliterates the albite-pericline twins, and weak oscillatory
zoning which is common in the oligoclase,

(Plate 3'^)« In the

more intensely altered areas of this type, zoning and albite
twins are confined to plagioclase cores, ending abruptly at

albite-oligoclase contacts.
The albite typically forms irregular, elongate, and

tabular areas with unaltered zones of plagioclase (oligoclase),
separating the albite.

Near the alteration assemblages of

argillic type the plagioclase phenocrysts are subhedral
(Plate 5«3)'

The albite first formed as isolated patches,

that are present along crystal edges and twin lamellae
(Plate 3*8)

•

In the most intense stage of the propylitic

alteration only unreplaced cores of plagioclase remain.
This change takes place in all rock types, except the Sar

Cheshmeh porphyry unit.

The unreplaced plagioclase is partly

altered to pale yellow smectite, and this is found along zone

boundaries and twin lamellae.

I
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LEGEND

Q
^
O

Late

dacite (extrusive).

Early dacite (extrusive).
Biotite porphyry dike.

Feldspar porphyry dike.
i^

Late Hornblende porphyry

O

Sar Cheshmeh porphyry

Granodiorite.
Andesite.
Alb. =

Albite.

Bi.

=

Biotite.

Ep.

=

Epidote.

Chi. =
Hb.

=

Orth.=
PI.

=

Chlorite.

Hornblende
Orthoclase.

Plagioclase.

Qtz. =

Quartz,

Ser. =

Sericite.
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Plate 5.1

Weak propylitic (type 1) alteration in the Late
Hornblende porphyry dike. (Crossed nicols, X40),

Plate 5.2

Typical propylitic (type 2) alteration in the
Late Hornblende porphyry dike. (Crossed nicols,
X40)

.

.

-

Plate 5-3
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Weak argillic alteration in the Late Hornblende
porphyry dike (H^il-)
(Crossed nicols, X^O)
.

Plate 5.^

.

Argillization of Late porphyry; plagioclase altered,
illite (mostly paragonite) along cleavage and
fracture planes. (Crossed nicols, X^O)

.

-

Plate 5'5
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Argillized Sar Cheshmeh porphyry.

(Crossed nicols,

X^O).

Plate 5-6

Strong sericitic alteration in the Sar Cheshmeh
porphyry (phyllic). (Crossed nicols, X40)

.

-

12-!+

.
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Plate 5>7

Complete sericitization of primary biotite in
the Early Hornblende porphyry (phyllic)
(Crossed nicols, X4-0).

Plate 5.8

Alteration of primary biotite to secondary biotite,
Sar Cheshmeh porphyry (potassic type 1).
(Crossed nicols, X40)

i

-

Plate 5*9

-

Corroded biotite, sericitization of plagioclase,
recrystallization of quartz and orthoclase in the
groundmass, Sar Cheshmeh porphyry. (Crossed nicols,
X40)

Plate 5.10

125

.

Orthoclase-hydrothermal hiotite-quartz, Sar Cheshmeh
porphyry (Type 2 potasslc assemblage).
(Crossed nicols, X4-0).

-

Plate 5«11
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Strong 'biotitization in andesite. (Crossed nicols,
X^O).

Plate 5.12

Strongly biotitized andesite, retrograded to
chlorite- sericite assemblage at margins of
type 2 quartz vein.(X nicols,
la,
crossed nicols, X40).

-

Plate 5.13
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Same as 5.12. Plane light. (Crossed nicols, X^O).
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Smectite is observed as fine-grained intergrowths
of scaly or plate-like crystals.

The larger of these are

slightly pleochroic from pale to yellowish green, and display

grey to whitish grey interference colours.
The kaolinite is present as clear,

irregular,

platy flakes exhibiting grey interference colours.
in association with smectite.

It occurs

The percentages of smectite

and kaolinite vary irregularly with type of propylitic

alteration and with rock composition.
Epidote forms coarse grains, along the twin lamellae
of plagioclase and the cleavage planes and in the cores of

biotite and hornblende (Plate 5.2).

These grains are slightly

pleochroic from yellow to pale yellow and brown to dark brown.
In the groundmass the epidote occurs as small patches.

It

disappears close to the argillic alteration zone.

Potassium feldspar is slightly altered to clear
The kaolinite occurs as uniformly distributed

kaolinite.
grains.

The potassium feldspar also shows alteration to illite

(less than 10 percent), but no alteration to smectite.

Biotite and hornblende phenocrysts are variously
altered to chlorite, epidote, leucoxene, and pyrite.

The

biotite shows a visible colour change as alteration proceeds.

From its typical dark brown absorption it changes progressively
to brownish green,

chlorite.

dark green and finally to light green

Accompanying these changes the biotite loses its

euhedral form to subhedral and anhedral chlorite.

Chlorite

appears along the cleavage planes, or bordering the biotite
phenocrysts.

In areas of more intense alteration, irregular

-
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patches of chlorite form throughout the hiotite and hornblende.
The chlorite is slightly pleochroic from green to light green,

light green to pale yellow, and light green to colourless

depending on rock type.

Small irregular grains of pyrite,

within, or adjacent to, chlorite lenses are present.

Leuco-

xene is present as opaque, white layers, along the edges,
and cleavage planes of altered biotite and hornblende phenocrysts.

Sphene is present as wedge-shaped crystals which are

commonly partly altered to earthy leucoxene.

This alteration

of sphene is more intense close to the zone or argillic

alteration.

Here, only the outlines of sphene crystals

remain visible.
Quartz grains remain unaltered and have the same
appearance

as in fresh porphyries.

Where the alteration is

intensive, they are partly fractured.
In Type 2 propylitic alteration the groundmass is

aphanitic and dark (slightly obscured).

Close to argillic

alteration it is moderately recrystallized with visible blebs
of minor quartz and secondary orthoclase, and complete

chloritization of small subhedral biotite flakes and hornblende needles.
The propylitic alteration of Biotite, Feldspar,
and Late hornblende porphyries consists of albitization of

plagioclase, variable chloritization of all mafics and

chlorite-epidote replacement.

Quartz and potassium feldspar

appear unaffected in this zone, except in contacts, where

potassium feldspar altered to kaolinite and minor chlorite.
Carbonates are uncommon but may occur as fracture filling

-

in some contacts.
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This alteration type is intense at the

borders of the deposit and within the intra-mineral and

post-mineral dikes.
The

transition from propylitic alteration to argillic

alteration takes place gradually.

Here epidote ceases to

be stable phase, while illite (paragonite with some sericite)

becomes the most prominent alteration product.

The most

noticeable texture change is the general increase in the

grain size of groundmass, and the plagioclase cores.

Argillic Alteration
The distribution by rock types, of the argillic

alteration is shown in Table 5«1«

It includes andesite,

Late

porphyry, Sar Cheshmeh porphyry and probably Late Hornblende
and Feldspar porphyries.

The argillic alteration always

grades into propylitic alteration in andesite and the inter-

mineral dikes but it also grades to phyllic in andesite and
Sar Cheshmeh.

The alteration assemblage of this type is

albite, kaolinite, paragonite, chlorite, leucoxene and

However, the absence of epidote and the appearance

smectite.

of paragonite is characteristic (Plate 5-3 and 5-^)

Also,

kaolinite decreases toward the most intensely altered areas.

Minor calcite also occurs.
In the areas of argillic alteration, hand specimens

exhibit prominent phenocrysts of earthy, light grey plagioclase,
dull, greenish brown biotite,

subhedral quartz, and fine-grained

anhedral potassium feldspar.

The groundmass is typically grey

and aphanitic, with minor regular blebs of secondary orthoclase
and quartz.

The argillized areas are moderately fractured.

-
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the degree of fracturing increasing towards phyllic alteration.

The fractures are sealed by quartz-orthoclase-chlorite and

quartz-sericite-chlorite veins which are associated with
hydrothermal sulfides and some carbonates.

Hair-like pyrite

or pyrite-chalcopyrite veins were observed.

The number of

veins and mineralized fractures increases towards zones of

phyllic alteration.

Three types of quartz veins, their

associated minerals and their alteration assemblages will
be discussed later.

The plagioclase is partly altered to albite

.

The

unaltered parts are usually unzoned, but narrow albite twins
can be observed.

The phenocrysts are subhedral and are

partly embayed by recrystallized blebs of quartz and secondary orthoclase.
Illite forms small shred-like grains which occur

along oligoclase-albite, and albite-groundmass contacts.
As the intensity of alteration increases, the illite forms

clusters of intergrown scale-like grains which are disseminated throughout the plagioclase.

In the most intensely

altered areas the illite comprises up to 25 percent of the
plagioclase, typically as sheaf -like individual grains or

more scale-like clusters.

Kaolinite is present as disseminated,

clear grains throughout plagioclase and potassium feldspar;
and has visibly increased in abundance.

Biotite and hornblende phenocrysts display the
same alteration products as in the propylitic

only the relative amounts have increased.

alteration,

Chlorite now

comprises 30 to 60 percent of biotite and hornblende phenocrysts.
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either as lenses, or as irregular patches.

In several pheno-

crysts, green chlorite forms complete pseudomorphs after

biotite and/or hornblende.

Irregular grains of pyrite occur

adjacent to and throughout the chlorite.

Leucoxene is

present as chalky-white layers around or across the edges of
biotite and hornblende phenocrysts.

The wedge-shaped sphene

crystals are entirely pseudomorphed by leucoxene.

Also

irregular, earthy patches of leucoxene are present throughout

the groundmass.

Some orthoclase (secondary) and blebs of

quartz were observed in groundmass.

Potassium Silicate Alteration

Potassium silicate alteration has been defined
elsewhere in other porphyry copper deposits by Meyer and

Hemley (I967)

,

Titley and Hicks (I966), Lowell and Guibert

(197^), Bray(1969), Hemley and McNabb (1978).

At Sar Cheshmeh

it is present in the andesite, Sar Cheshmeh porphyry and late

porphyry.

The potassium silicate alteration grades into

phyllic alteration in andesite, Sar Cheshmeh and Late porphyries.
This alteration assemblage can be divided into two separate
types.

They contain same alteration products but differ in

relative abundance of the alteration products.

The two types

grade one into the other but are superimposed in the areas

which contain quartz vein alteration assemblage.

The charac-

teristic mineral assemblage of the potassium silicate alteration
is hydrothermal biotite,

quartz (Plate 5.10).

secondary orthoclase, sericite and

-
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In the areas of type one, hand specimens show prominent

phenocrysts of chalky, light grey plagioclase and potassium
feldspar but they have lost their distinct crystal outlines,
and appear to merge with the grey to light grey goundmass.

Biotite and hornhlende phenocrysts are less abundant than
in areas with the argillic alteration.

They exhibit subhedral

outlines, are a dull brownish green in type one and brown

colour in type two.

The potassium feldspar and quartz

phenocrysts tend to be obscured by blebs of secondary feldspars.

Fine-grained, light grey blebs of quartz and secondary

feldspars (orthoclase) are distributed throughout the groundmass.

In type two the groundmass,

is coarser than

type one with blebs and minor fine-grained aggregates
of quartz, and secondary orthoclase concentrated around

feldspar phenocrysts.

Biotite and hornblende phenocrysts

are rare, but occur as buff or light pinkish brown anhedra.

The plagioclase is anhedral, with crystal edges obscured

by the groundmass.

Quartz and potassium feldspar phenocrysts remain
prominent, but quartz tends to be more strained and obscured

than in the argillic zone.

Areas with potassium silicate

alteration are intensely fractured, with the degree of
fracturing increasing towards the phyllic zone.

These

fractures are sealed by quartz, quart z-orthoclase-chlorite
and quartz-sericite-chlorite veins.
ated with hydrothermal sulfide.

These veins are associ-

Some fractures are sealed

with hair-like pyrite-chalcopyrite and/or pyrite-chalcopyritemolybdenite.

Fracturing and number of the veins are increasing

-
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towards the zone of phyllic alteration.

Type One
The alteration assemblage of type one is characterized

by the presence of orthoclase, sheaf-like sericite, and hydrothermal biotite; frequently with minor calcite (Plate 5.8
and 5.9)

The plagioclase is subhedral albite, usually unzoned
and embayed by aggregates of recrystallized quartz and pota-

ssium feldspar.

Near type two, lenses of orthoclase often occupy
entire cleavage planes.

The orthoclase comprises up to

approximately 15 percent, in areas near argillic alteration to
about ^0 percent of plagioclase in type two of this alteration.

Unreplaced plagioclase is partly altered to fine-grained,
X-ray diffraction data indicate that the sericite

sericite.

is a well-ordered,

absent in type two.

dioctahedral mica.

Paragonite is entirely

This represents an abrupt change in the

composition of the hydrothermal solution with sodium-rich

paragonite replaced by potassium-rich sericite.

Its mode of

occurence, and optical properties are identical to those of

paragonite.

Disseminated grains of kaolinite remain through-

out the plagioclase and groundmass.

Phenocrysts of potassium feldspar have partial,
irregular blastic rims of secondary potassium feldspar;
the two are optically discontinuous with sharp contacts between

them and the secondary potassium feldspars occasionally extend
into the orthoclase along small fractures.

-
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Biotite and hornblende phenocrysts are variously

altered to greenish-brown chlorite, brown biotite, and pyrite
throughout most of the type one.
biotite, and pyrite.

The biotite alters to green

Patches of brown biotite can be found

within the chlorite, but these are not common, and chlorite
often forms complete pseudomorphs after biotite and hornblende.

Leucoxene is not a common alteration product in

this type.

Near type two the chlorite forms individual

flakes which are pleochroic from yellowish green to colourless, and show parallel to rotary extension.

Grains of

pyrite, and chalcopyrite are scattered throughout the

biotite, hornblende and groundmass.

Fine-grained aggregates

of brown rutile are observed between biotite and chlorite

flakes.

Quartz phenocrysts remain prominent and fresh, but
are moderately strained and fractured.

The groundmass is largely composed of coarsely re-

crystallized aggregates of quartz and secondary orthoclase

associated with equigranular very fine-grained material which
is probably smectite and kaolinite.

Compared to argillic

alteration, plagioclase phenocrysts are much more altered
and replaced while secondary potassium feldspar has increased.

Quartz has remained relatively constant.

Coarse-grained

quartz and potassium feldspar are commonly observed adjacent
to plagioclase phenocrysts. Small blebs of calcite are present

within coarse aggregates of quartz and potassium feldspar.
Biotite and hornblende in the groundmass are altered to
chlorite with sericite which forms transparent felted intergrowth.

,

/
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Type Two
The type two alteration assemblage is similar to
that of type one, but is characterized by an increase in
sericite,

secondary orthoclase, hydrothermal brown biotite,

blebs of calcite, and quartz-orthoclase-chlorite veins
which are associated with hydrothermal pyrite-chalcopyrite
and molybdenite grains (Plate 5.11 and 5.12).
In this stage,

orthoclase occupies from ^5 to 85

percent of the plagioclase phenocrysts having replaced
cleavage planes and fractures.

phenocrysts remain unaltered.

Rarely cores of plagioclase
Sericite comprises 15 to ^5

percent of plagioclase, usually as patches of sheaf -like
aggregates.

Individual grains are scale or plate-like,

and occur along plagioclase-potassium feldspar and orthoclase
contacts.

Kaolinite has gradually increased from type one.
Orthoclase forms partial to complete, irregular

rims around potassium feldspar phenocrysts and forms sharp,
optical discontinuous contacts with the potassium feldspar.

Biotite and hornblende phenocrysts are variously

altered to hydrothermal biotite, chlorite, pyrite and minor
rutile.

Flakes of sericite are observed along the edges of

biotite-chlorite intergrowths and secondary biotite phenocrysts.

Sericite exhibits upper first order to second order

interference colours and change relief upon rotation, whereas
type one sericite does not.

Quartz grains with minor impurities are strained,
fractured, obscured, and moderately recrystallized along their
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crystal edges, with small interlocking grains forming the
contact with the groundmass.
The groundmass is composed of coarse aggregates of
quartz, secondary orthoclase and probably some albite.

Phyllic Alteration
The distribution

by rock type of the phyllic altera-

tion zone is shown in Figure 5.2.

This type is found in the

andesite, Sar Cheshmeh porphyry and Late porphyry.

Crystal outlines of plagioclase phenocrysts are
obscured, while the original biotite and hornblende pheno-

crysts are totally obliterated. Pyrite, chalcopyrite, and

molybdenite are disseminated throughout the groundmass, while
pyrite, chalcopyrite, and molybdenite form coarse aggregates

between or around altered phenocrysts.

Towards the centre of

this type, the quartz is more massive.

Carbonate veinlets

are numerous, and cut quartz veins as well as phenocrysts.

Close to the potassium silicate alteration zone, pyrite,
chalcopyrite, and molybdenite seal fractures and are found

with or without quartz.

Towards the center of the phyllic

zone sulfides are typically associated with quartz as large,

irregular blebs, impregnations, or thin films.

Thin sections

of phyllic alteration are composed of various associations
of microcrystalline quartz,

sericite, minor calcite, kaolinite,

minor smectite, and chlorite.

Microcrystalline quartz replaces the equigranular
to fine-grained groundmass of the Sar Cheshmeh porphyry and

andesite.

The groundmass is composed of 35 to 50 percent
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quartz, adjacent to the potassium silicate alteration zone,

increasing to 60 and 85 percent towards the centre of this
type.
5 to 10

Calcite is present as interstitial blehs and comprises

percent of the groundraass material.

Fibrous

or scale-

like aggregates of sericite are common throughout the quartz

and groundmass matrix.

Thin section examination of andesite

and Sar Cheshmeh porphyry shows that the percentage of quartz

has increased greatly from the potassium silicate alteration
zone, while secondary orthoclase has decreased and plagio-

clase is virtually absent.

Plagioclase phenocrysts are variously altered to
quartz,

sericite, minor calcite, kaolinite and smectite.

The quartz first formed along the edges, or cleavage planes
of the plagioclase,

commonly adjacent to the quartz-rich

groundmass or to quartz-sealed fractures.

In the most intense

stage of this type, quartz completely replaces plagioclase

phenocrysts.

The quartz is typically present as individual

grains and as large interlocking aggregates.

Sericite com-

prises up to 60 percent of plagioclase phenocrysts.
Anhedral potassium feldspar phenocrysts have distinct crystal outlines, lack orthoclase rims and are partly

altered to sericite (Plate 5-6 and 5'7)-

Sericite is also

present along small fractures and cleavage planes as scalelike grains.

Blebs of calcite occur with sericite.

Biotite and hornblende phenocrysts are altered
to sericite,

chlorite, pyrite, minor calcite and possibly

minor kaolinite.

The most abundant alteration products are

fibrous mats of sericite that form parallel to the subhedral

-

ragged biotite outlines.
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The mats form as dissociated clusters

or acicular fibers and comprise 35 to 65 percent of the pheno-

crysts.

Green chlorite of various amounts is present as

irregular flakes throughout the sericite.

The chlorite is

pleochroic, from light green to colourless, and comprises up
to one-fourth of the phenocrysts.

Calcite is observed as fine

blebs between fibers of sericite.

Calcite formation was later

than the sericite, for, it often distorts and bends the fibers.

Minor pyrite is scattered throughout the sericite and chlorite.
Quartz phenocrysts are partly recrystallized, with

interlocking quartz grains comprising up to 70 percent of the

phenocrysts in the Sar Cheshmeh porphyry, while only about ^0
percent are present in the andesite.

Micro crystalline quartz,

with sericite, seal moderately wide fractures in the quartz.
In the most intense stage of alteration only crystal

outlines of plagioclase remain, with microcrystalline quartz
and sericite forming complete pseudomorphs.

The amount of

quartz is identical to that found in the early stage of alteration, while sericite is present as interstitial scale-like

grains, that comprise 10 to 20 percent of the phenocrysts.

In

places, the crystal outlines are not visible and the micro-

crystalline quartz merges with the quartz of the groundmass.

Potassium feldspar phenocrysts retain distinct crystal outlines but are commonly altered to, or replaced by, sericite
and quartz.

Sericite is found disseminated throughout the

potassium feldspar as scale-like individual grains, or platelike aggregates.

Microcrystalline quartz, similar to that

which has replaced the plagioclase, is observed along crystal

-
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Sericite comprises up to 20 percent

and quartz 25 percent, while the remainder of the phenocrysts
are kaolinite, smectite and calcite.

Biotite and hornblende outlines are no longer observed,

and chlorite is entirely absent.

Instead, fibrous mats

of sericite, with pyrite and minor rutile, are present through-

out the groundmass.

The alteration in the Late porphyry is similar to
that observed in the Sar Cheshmeh porphyry and andesite, al-

though it is generally less intense and takes place along
contacts within the upper levels.

Vein Assemblages
Thin section examination indicates that the formation
of quartz veins was accomplished prior to the intrusion of the

final intrusive (Biotite porphyry dike)

.

The veins are charac-

terized by distinctive mineral assemblages and hydrothermal
sulfides.

Three distinct types of quartz-sulf ides and quartz-

carbonate- sulfide veinlets are noted (Plates 5.14 and 5.15).
The first type of veinlet occurs in areas of potassium silicate and phyllic alteration.

It has an equigranular

interlocking "mosaic" texture of quartz and potassium feldspar.
The first type of veins are generally thin (2-6 mm), and they;

follow and seal irregular fractures.
est generation of veining.

They represent the earli-

They carry significant amounts of

hematite, limonite, and malachite at the surface but in the

hypogene zone they contain irregular grains and small blebs
of pyrite and chalcopyrite.

This type of vein occurs in the
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Plate 5.14

Stockwork vein assemblage in the Sar Cheshmeh
porphyry

Plate 5.15

Type 1 vein cut and off-set by type 2, itself
off-set by fracture (Sar Cheshmeh porphyry).
Arrow is 10 cm.

.
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Plate 5.16

Type 2 quartz vein with sulfides in Sar Cheshmeh
porphyry. Arrow is 10 cm.

Plate 5. 17

Type 2 quartz vein with cockscomb texture.
Retrograde alteration of secondary biotite to
chlorite-sericite-clay assemblage.
(Crossed nicols, X40)

.

-

Plate 5.18
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Type 2 quartz vein of quartz-sericite-chlorite
cutting phyllic zone of Sar Cheshmeh porphyry.
(Crossed nicols, X40)

-

1^5

-

wall rock andesite near their contacts with the Sar Cheshmeh

porphyry and also within the Sar Cheshmeh porphyry itself.
The alteration assemblage of this type of vein is secondary

potassium feldspar, sericite and chlorite.
The second vein type was observed only in type one
and type two of potassic and phyllic alteration zones (Plate
5.16)

.

It is characterized by coarse grains of elongated

quartz, the long axis of which is perpendicular to the walls
of the vein.

The absence of potassium feldspar is also

characteristic of these veins.

Granular quartz in sheared

bands are common and their association with the coarse

elongated quartz form a "cockscomb" texture (Plate 5'17)«
This type is generally thicker than the first type, filling
straight and regular fractures forcefully, cutting the first
type.

The contacts between the two veins are often off-set

(Plate 5«15)'

This vein type has a uniform thickness and

forms a sharp contact with the adjacent minerals and walls.

This type contains significant blebs of chalcopyrite with pyrite
and molybdenite and only occurs in the andesite wall rocks or
in the Sar Cheshmeh porphyry.

Usually the hydrothermal sul-

fides occur in the centre of the vein as continuous blebs

symmetrically zoned from secondary biotite, chloritized biotite,
chlorite, and sericite; depending on the rock type and type
of alteration (Plate 5«12).

The alteration assemblages of

these veins are flakes and sheaf-like aggregates of serictic,
dull green chlorite with rotary extinction, fine-grained

sericite, and kaolinite.

The third type is a sulfide- carbonate-minor potassium

-
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feldspar vein which may contain quartz.

A high pyrite/copper

sulfides ratio is characteristic of these veins.

This vein

type is younger than type one and type two and cross-cuts
all the rocks, except the Biotite Porphyry.
it is associated with sericite,

biotite and albite.

In some places

secondary potassium feldspar,

amounts of each alteration

The relative

mineral varies with original type and zone of alteration.
The study of vein alteration assemblages and their
effect on the wall rocks in Sar Cheshmeh is complicated, because
the veins are overprinted and their alteration assemblages

are superimposed over the main alteration types.

They also

contain different amounts of the secondary minerals within
different zones of alteration.

For example, the type two

quartz vein in type II of potassium silicate alteration retrogrades the secondary biotite to chlorite, and develops patches
of sericite (Plate 5"17)«

In the phyllic zone, the type two

vein erratically develops sericite and biotite around the
vein (Plate 5»18).

In the intra-mineral dikes,

the type three

veins alter wall rocks to fine-grained potassium feldspar,

chlorite and minor scale-like sericite.

The youngest veins are dominantly calcite.
are abundant in the argillic zones.

They

Here they are numerous

and transect the off-setting mineralized quartz veins.

In

the type two potassic alteration zone and the phyllic altera-

tion zone, such veins are more abundant and cut both quartz
veins and mineralized fractures, containing small grains of

pyrite but no chalcopyrite or molybdenite.
and quartz veins cut each other.

Mineralized fractures

This indicates that the

-
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formation and sealing of fractures occured during the same
time interval as the formation of the calcite-pyrite veins.

Zonation of the Hypogene Alteration Assemblages
The various alteration assemblages, within the study
area,

form symmetrically arranged zones outwards from the

centre of the orebody.

Studies of hydrothermal alteration

in porphyry copper deposits commonly use specific terms for

different zones of alteration; such as, propylitic, phyllic
(or sericitic), argillic and potassium-silicate (K-spar and/or

biotite)

For comparison with other deposits, it was nec-

,

essary to follow this nomenclature to the extent that the terms
could be applied descriptively.

However, they generally agree

with the several types of alteration described previously.
The distribution of the types of alteration assemblages are

shown in Figure 5«2.
The mineralogical assemblage of the phyllic zone at
Sar Cheshmeh is identical to the sericitic alteration of Hemley
and Meyer (1967)

.

Sericite, quartz and pyrite, with minor cal-

cite and orthoclase are the prominent phases.

This assemblage

forms concentric zones within the andesite and the Sar Cheshmeh

Sulfide deposition is most closely associated with

porphyry.

this type of alteration.

With increase in the amount of orthoclase, greenish

hydrothermal biotite and chlorite, the sericitic zone grades
into a potassium-silicate alteration assemblage.

typically occurs:

porphyry

.

^

a)

This zone

within the andesite and Sar Cheshmeh

paralleling the contact of these two; b) in the

centre of the orebody within the Sar Cheshmeh porphyry at the

-

bottom of D.D.H.I3O; and
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C)

-

to a minor extent as lenses in

andesite (in D.D.H.216, 110, 206)

.

The potassium silicate

assemblage forms a gradational contact with an argillic zone

within the andesite, and the Sar Cheshmeh and Late porphyries
(D.D.H.216, 110, 149).

The mineral assemblage of the argillic zone can be

defined as weak argillic, with albite, kaolinite, paragonite,
chlorite, and leucoxene as the essential minerals.

This weak

argillic zone forms a narrow band, which is commonly absent,

between the potassium-silicate and propylitic zones.

Out-

wards it merges into the propylitic zone, where it borders
Type 1 potassic alteration.

The most abundant alteration

products of the argillic zone are paragonite, chlorite and
albite, but close to the propylitic zone epidote became a

visible constituent while paragonite decreases (Fig. 5,
D.D.H.llO)

.

2,

Argillic alteration also frequently occurs as a

narrow zone at the margins of the intra-mineral dikes.

Surrounding the orebody is an extensive propylitic
zone extending east-west for at least 15 Km.

The essential

minerals of the propylitic assemblage are smectite, kaolinite,
epidote,

chlorite and leucoxene; while illite, minor calcite,

and albite are present locally.

In the study area, the propy-

litic assemblage occurs in all rock types except the Sar

Cheshmeh porphyry.

It forms a wide halo with pyrite around

the orebody as well as cross-cutting the other alteration
zones.

Within the orebody it is associated with intra- and

post-mineral dikes.
Argillic assemblages, similar to those at Sar Cheshmeh,
are widespread at Morenci (Schwartz, 19^7), and Butte (Sales and

.

•

-

Meyer, 1948)

.
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Minor argillic development is reported from

Bagdad (Anderson, 1950), and Santa Rita (Kerr and others,
1950).

The key feature

of the argillic assemblage at Sar

Cheshmeh is the presence of albite as the stable plagioclase,
compared to more calcic plagioclase in the other alteration
zones.

Hydrothermal copper and molybdenum are not present in

this assemblage at Sar Cheshmeh.

Generally,

sulfides are not

important in the argillic assemblage of the other porphyry
copper deposits (Meyer and Hemley, 196?)

The potassium-silicate alteration assemblage is

present at most porphyry copper deposits, typically located

Potassium-silicate assem-

inside a halo of phyllic alteration.

blages, similar to those at Sar Cheshmeh (potassium-feldspar,

sericite and hydrothermal biotite)

,

also occur at Ajo

(Gilluly, 1946) Bingham (Stringham, 1953). Butte (Sales and
Meyer, 1948), Safford (Robinson and Cook, I966) and Mission-

Pima

(Kinnison, I966)

Important ore values commonly are associated with
this assemblage, and usually have intermediate to low sulfur/

metal ratios (Meyer and Hemley, I967).

Pyrite,

chalocopyrite,

and molybdenite are the common sulfides (Meyer and Hemley, I967)
At Sar Cheshmeh the potassium-silicate assemblage contains sig-

nificant chalcopyrite, pyrite and molybdenite (Fig. 5.3)
Phyllic (sericitic) alteration appears to be ubiquitous in porphyry copper deposits and is the assemblage most

closely associated with sulfide ore (Meyer and Hemley, 196?)

Similar sericitic assemblages to Sar Cheshmeh (sericite, quartz,
and sulfides) are reported from San Manuel (Creasey, 19^5)

.
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Silver Ball (Kenyon, I966) and Cananea (Valasco I966)

High grade ore values do occur in this assemblage at Sar

Cheshmeh (Fig. 5.3)

•

Locally,

silicification is also signi-

ficant in this zone.
It is apparent that the zonation of the hypogene

ore and silicate alteration assemblages at Sar Cheshmeh do

not fit the simple annular ring models advanced for other

porphyry type deposits
Sillitoe (1973)

•

"by

Lowell and Guilbert (1970), and

Rather they indicate a complex relationship

resulting from successive alteration episodes superimposed on
each other.

Disseminated Hypogene Ore Mineralization
The general distribution of copper, molybdenum, and

pyrite in the Sar Cheshmeh area was studied by Waterman and

Hamilton (1975)

•

The resulting pattern shows that the highest

grade hypogene copper ore occurs as a semi-continuous annular

ring in altered andesite around the periphery of the Sar Cheshmeh
stock.

Also the highest grade molybdenum occurs as a semi-contin-

uous ring inside the zone of highest copper grade, apparently

located along the contact of Sar Cheshmeh porphyry and andesite.

According to Lowell and Guilbert, (1970) a copper-rich
core with a discontinuous peripheral increase of molybdenum from

low-medium values in the core to high values in the fringe zone
of copper outcrop is a characteristic of porphyry copper systems.

Analysis of different rock types from diamond drill
core samples for copper values in the hypogene zone are given

in Appendix 1 and plotted in Figure

50'

This diagram indicates

-
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maximum copper values in both the core of the orebody, in the
Sar Cheshmeh porphyry, and in the andesites, at the contact with
the Sar Cheshmeh porphyry.

The later intrusions yield lower

copper values, which appear to decrease as the intrusions

become younger.

Figure 5-^ is a plot of iron values (in sulfide

and oxide minerals) for different hypogene rock types. Iron is

low in the core

"but

it is high in the contact with the Sar

Cheshmeh porphyry and around the highly biotitized zone of potassium silicate alteration.

The Sar Cheshmeh porphyry has a high copper, low sulfur
content in the central core, which correlates with phyllic alter-

ation (sericitic) and corresponds to a later stage of mineralization (after metasomatism)

.

Surrounding this core is a early

metasomatic stage of mineralization, which corresponds to the
potassium silicate alteration zone.

The latest (final) stage

of this early mineralization is rich in molybdenum.

The depth of supergene alteration in the study area

varies from ^5 to 235 meters.

The surface at the top of the

hypogene sulfides is very irregular.

It is controlled by rock

types and topography of the area that roughly define channels
of oxidation and supergene alteration.

Hypogene mineralization

at Sar Cheshmeh is largely related to both the age and composi-

tion of the rock types as well as the type of wall rock alteration.

Studies of thirty-four polished sections indicate
that the sulfides distributed through the Sar Cheshmeh rocks

are of three textural types:
2)

1)

disseminated sulfides,

sulfide aggregates 3) vein sulfides.

-
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A magmatic sulfide assemblage is associated with
the Sar Cheshmeh porphyry.

It consists of disseminated fine-

grained pyrite and chalcopyrite grains in the mafic minerals.

An early stage metasomatic sulfide assemblage is
present in the groundmass of the Sar Cheshmeh porphyry as

discontinuous anhedra situated between quartz and potassium
feldspar grains, and as micron-sized sulfides scattered throughout the andesite.

Near the contact, the chalcopyrite grains

in the Sar Cheshmeh porphyry frequently form chain-like

aggregates around potassium feldspar phenocrysts.
sulfide

These

aggregates are present also in both unaltered Sar

Cheshmeh porphyry and the argillic, outer phyllic and outer

potassic alteration zones occuring within the Sar Cheshmeh

porphyry and andesites at the contact.
Several sulfide assemblages (disseminated and vein)
are related to biotitization of the Sar Cheshmeh porphyry and

andesite.

Scattered pyrite-chalcopyrite-molybdenite and veins

of chalcopyrite-molybdenite + chalcosite assemblages occur in

the high grade copper zone associated with metasomatic biotite

(greenish brown biotite) of the outer potassic alteration zone.

The grain size is coarser than the primary disseminated (magmatic
and metasomatic) mineralization.

Chalcopyrite appears to be

the first mineral to have crystallized during hydrothermal

activity, because it is surrounded by discontinuous rims of

pyrite neighbouring disseminated molybdenite grains.

These

assemblages are common in the southern part of the study area.
Here, they are superimposed on an earlier,

"background",

assemblage of weakly developed disseminated fine-grained pyrite

-
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and chalcopyrite, that is probably "magmatic" rather than
"hydro thermal" in origin.

An assemblage of elongated grains of pyrite and chalcopyrite, with chalcopyrite replacing the margins of pyrite,
is common at the fringes of biotitized andesite and Sar

Cheshmeh porphyry (adjacent to the contact)

.

It may be later

than the disseminated pyrite-chalcopyrite-molybdenite assemblage

because this pyrite-chalcopyrite assemblage is commonly associated with hydrothermal biotitization (brown, yellowish brown)
of mafic minerals and the elongated sulfides follow fractures

in the disseminated ore.

This phase of hypogene mineraliza-

tion is also often accompanied by molybdenite.

This biotiti-

zation may represent the first stage of primary hydrothermal

mineralization between metasomatism and the later hydrothermal
alteration related to stockwork veining.

This sulfide assemblage

is dominant in the deeper zone of the Sar Cheshmeh porphyry

intrusion in the central part of the study area.
Figure 5-3 is a plot of the average copper distribution, in the hypogene zone, of each rock type from each

diamond drill hole.

This indicates that the variation of

copper mineralization is directly related to both the composition of the rock types and the type and intensity of alteration.

Vein Hydrothermal Ore Mineralization

About 60 percent of the primary sulfide mineralization
at Sar Cheshmeh comprise the early disseminated and sulfide

aggregate stages of ore mineralization (magmatic, metasomatic
and early hydrothermal)

.

The late stage hydrothermal vein

-
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mineralization (stockworks) therefore, does not have a major
influence on ore distribution.

The sulfide mineralization

related to this stage accompanies phyllic alteration both
as subparallel bands inside the potassic

alteration zones

and as discontinuous patches around the edges of the potassic
zone.

The most important sulfides in this zone are:
1) pyrite,

2)

+ molybdenite.

pyrite-chalcopyrite,

3)

pyrite-chaclopyrite

This mineralization is clearly superimposed

on all the former stages of the argillic, potassic, and

phyllic alteration zones and generally occurs in hydrothermal
quartz veins and fractures fillings.

Sulfides in quartz veins, aggregates of sulfides, and
sulf ide-f illed fractures are spatially related to the early

inner "hydrothermal" phyllic and potassic alteration zones

within the Sar Cheshmeh porphyry, although the veins also
cross-cut the outer "metasomatic" alteration zones.

This

distribution suggests that vein mineralization and hydrothermal alteration are related.

Pyrite is the most common

hydrothermal sulfide, in the veins, followed by chalcopyrite,
then molybdenite.

Super gene Alteration

Supergene wall-rock alteration cannot be clearly

distinguished from some phyllic (sericitic) and argillic
assemblages.

Alteration in the supergene zone is the result

of low- temperature groundwater hydrolysis superimposed on

earlier hydrothermal alteration which, in places, has reached

-
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considerable depth (e.g. 235 m. below the surface in D.D.H.250).
In particular,

pars.

clay minerals have formed on breakdown of felds-

The groundmass of the different rock types is obscured

by clay minerals.
The depth of oxidation and penetration of supergene

oxide alteration at Sar Cehshmeh is indicated by either the

partial or total oxidation of magnetite (when present) to
hematite or the appearance of secondary limonite, jarosite
and copper carbonates (such as azurite and malachite).
ever,

How-

the depth to the reducing supergene environment was dis-

tinguished by the first appearance of partial rims to chalcopyrite and pyrite of secondary chalcocite (Fig. 5-1)

•

Par-

alleling these changes is strong kaolinitization of silicates
often accompanied by illite and minor smectite.

Commonly

chlorite disappears or its concentration decreases (Fig. ^.3)«
The original mafic minerals are less altered than feldspars.

Supergene alteration affects all rock types in, and
surrounding, the ore deposit, but is deeper and better developed
in the Sar Cheshmeh porphyry and contact andesites which are

more strongly fractured, veined and hydrothermally altered.
The andesites outside the deposit are topographically

higher

than the orebody and are relatively fresh compared to the

andesites and Sar Cheshmeh porphyry within the orebody.

In

the South of the study area the Sar Cheshmeh porphyry and

andesite show the deepest supergene alteration.

This is

probably due to controlling structures of the Clang Valley
and the contact with the andesites.
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Late intra-mineral dikes are locally elevated to
ore grades at their contacts by supergene sulfide enrichment,

but are normally barren in their centers.

The intensity of

supergene alteration appears to be related to the following:
1)

intensity of hydrothermal alteration;

zones,
3)

2)

structural

such as topography (valleys) and dike contacts; and

the amount of fracturing and veining.

Supergene Mineralization
The existence of significant quantities of pyrite
in the inner hypogene alteration zones of the deposit and the

high permeability of the host rocks produced a favourable
condition for secondary sulfide enrichment.

Near the surface,

supergene solutions oxidized the primary sulfides, trans-

porting copper downwards in solution, precipitating secondary
copper sulfides below the water table and locally precipitating copper carbonates, sulfates and oxides above the water
table.

The principal supergene copper sulfide is disseminated

chalcocite.

Digenite and covelline have been reported (Waterman

and Hamilton, 1975) and also covelline is reported in association

with turquoise (Haynes, 1978) but they were not observed in
the study area.

A zone of mixed oxides and sulfides is fre-

quently located between the zones of supergene copper oxides
and sulfides throughout the ore body.

The host rocks in the

copper oxide zone are more altered to carbonates and clay

than the underlying rocks.

The copper minerals are malachite, azur-

ite, chrysocolla, some turquoise, delafossite, cuperite,tenorite,core£

of chalcopyrite,

chalcocite and sometimes native copper as

»

-

157

-

disseminated grains or in fractures (Plate 5«19)'

The total

thickness of the mixed zone is variable and in the study area
it is only a few centimeters thick.

Most of the copper oxide

and mixed copper oxide-sulf ide ore is restricted to the Sar

Cheshmeh porphyry and altered andesite.

Frequently, the super-

gene sulfide zone has an abrupt contact with the overlying

leached zone, which is largely devoid of copper, but enriched
in iron oxides.

According to Waterman and Hamilton (1975)

i

the grade

of ore in the supergene enrichment zone is controlled by the

hypogene grade.

In order to test this hypothesis, all core

samples were analysed for copper in the sulfate/carbonate form,
copper in the sulfide form, and iron in the oxide form

(Appendix 1)

.

The results were averaged for each rock type in

each diamond drill hole and are plotted in Figures 5 -5 and
5.6.

Figure 5»5' indicates that the total copper sulfide

distribution is high.

It is variable in the core of the study

area and reaches a maximum in the contact zones of the intrusions with the andesites.

This trend corresponds to the dis-

tribution of copper in the underlying hypogene zone (Fig. 5. 3)
although the overall copper values in the supergene sulfide
enrichment zone, in all rock types, are higher than the

equivalent hypogene zone. The plot of iron values (Figs.
5.^ and 5 •6) indicates that during supergene enrichment the
iron content remained relatively constant.

Figure 5'7 is a

plot of the average values of iron and copper in each hole,
for all rock types, including hypogene and supergene values.

Comparison of Figures 5'7 and 5.3 indicates low copper values

-

Plate 5.19
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Sar Cheshmeh porphyry samples from mixed oxidesulfide zone.
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in the Sar Cheshmeh porphyry core and high copper values at
the Sar Cheshmeh porphyry-andesite contact.

Low values are

associated with the late intra-mineral and post-mineral dikes,

which are most abundant to the north and south of the central
core of Sar Cheshmeh porphyry.

Although high values of

copper are indicated for the contact andesite in the north

part of the study area (D.D.H.'s 2l6 and 110, Fig. 5.3).
the large number of dikes in this area have caused the overall average copper grade to be markedly depleted (D.D.H's
216 and 110, Fig. 5'7)«

Iron values are constant within the

centre of the deposit but they increase in the outer contacts.

This is probably due to an increase in the amount of magnetite

accompanying biotitization of the andesite.
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LEGEND
Late dacite (extrusive),

Q
A

Early dacite (extrusive).

O

Biotite porphyry dike.

Q

Feldspar porph3rry dike.
Late Hornblende porphyry dike.

Sar Cheshmeh porphyry,

^

Granodiorite,

H

Andesite,

S

Early Hornblende porphyry

S

Late porphyry
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CHAPTER VI

Discussion and Conclusions
The relative ages of all the igneous rocks in the

Sar Cheshmeh area can be deduced from the cross-cutting
/
relationships of the rock types and K/Ar, and Ar

^0

/

39

/Ar^^,

age determination data. These data indicate that the Sar Cheshmeh

porphyry complex was emplaced and hydrothermally altered over
the time interval between 29 •1+0.5 and 2.8+0.2 m.y. ago.
A detailed study of the porphyritic rocks indicates

that several phases of intrusion, each of slightly different

composition, are present and display different contact rela-

tionships within the study area.
As discussed

in Chapter II,

it appears that the

andesite and pyroclastic sediments are of Middle and Upper

Eocene age (between 29 and J] m.y.b.p.).

The two oldest

porphyritic rocks (Sar Cheshmeh and Late) were probably intruded before 15.5 and 12.1 m.y. ago respectively and subsequently mineralized and hydrothermally altered about 15*5
to 12.1 m.y.b.p.

12.1 m.y.

Successive dikes were intruded at about

(Late Hornblende porphyry), after the extensive

hydrothermal alteration of the earlier rocks, but before 10.2
to 9.3 m.y.

(age of Early Dacite and Biotite Porphyry dikes).

Subsequently these dikes suffered a very weak hydrothermal

alteration which may have been partly deuteric in nature or
related to extrusion of the Late Dacite about 2.8 m.y.b.p.
(Plio-Pleistocene)

There is no direct relationship between emplacement
of porphyritic ore-bearing rocks of Sar Cheshmeh and an
-
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overlying andesitic strato- volcano, as has been suggested
by Sillitoe (1973)

i

as a prerequisite for subvolcanic por-

phyry copper deposits.

Rather, hydrothermal alteration appears,

at least in its final stages, to be directly related to proc-

esses associated with formation of a Pelean type dacite dome.

However, it should be emphasized that only approximate or

relative times of intrusion and alteration are available and
a large number of radiometric age measurements are still

needed to establish the complete evolution of the Sar Cheshmeh
complex.

Furthermore, these age measurements will have to

be evaluated carefully in light of other geologic data,

including the possibility of re-heating of older rocks by
younger plutons.
The rocks from the Sar Cheshmeh area, classified

according to Streckiesen'

s

(I967) proposal,

change with age,

from oldest to youngest, from granite porphyry, porphyritic

microgranite, porphyritic microgranodiorite, quartz porphyry,
rhyolite, rhyodacite to porphyritic dacite.

The mineralogical, petrological and chemical data,

indicate a typical calc-alkaline trend and suggests that the

differentiation of a magma chamber at depth resulted in
successive stages of comagmatic igneous intrusion.
Since 1970 significant new data have become avail-

able concerning the genesis of porphyry copper deposits, e.g.

Titley and Hicks (I966), Lowell and Guilbert (1970), Rose (1970),
James (1971), Sillitoe (1973, 1976), Guilbert and Lowell (197^^),

Titley (1975), Sutherland Brown (1976) and Henley and McNabb
(1978).

.
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Known porphyry copper deposits are associated predominately with calc-alkaline and alkaline plutons.

Sillitoe

(1973) has emphasized the subvolcanic environment of formation,

although he points out that at greater depths of erosion the
deposits appear to be closely similar to large hatholithic
intrusives.

Portacio (197^) proposed the term "island-

arc model" for the porphyry copper deposits associated with

plutons having low SiOpJ

^^2^

"*"

^2^ ratios.

with higher ratios also occur on island-arcs.

However, deposits
A syenite model

has been suggested by Sutherland Brown (197^) for deposits

associated with silica deficient plutons in the Canadian
Cordillera, but this was criticized by Fox (1975) who considers
that diorites and monozonites are more frequent hosts in this
region.

An "alkali" model has been advanced by Soregaroli
(1975). "but as Hollister (1975) indicated,

it is not always

possible to distinguish between alkali and calc-alkalic
diorite, or silica-deficient, mineralized plutons. Hollister
et

al.

(197^) proposed a broader "diorite" model, because this

type of porphyry copper deposit is not restricted to island-

arcs nor syenitic, alkalic or calc-alkaline plutons, and thus
can be compared with a wide variety of types.

The problem

with this model is that it is restricted to magmas of relatively
basic composition; the argillic and phyllic alteration zones
in the diorite model are missing, and there is no molybdenum

association with copper, but rather gold.
The first comprehensive compilation that covered most

aspects of porphyry copper systems was that of Lowell and

-

Guilbert (I970).
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Lowell and Guilbert's model has been

ideally defined to include porphyry copper deposits:
1)

associated with calc-alkalic plutons, whose composition

lie most frequently within the granodiorite-quartz monzonite
range,

2)

containing hydrothermal alteration zones that

usually include a core of potassic alteration (orthoclasebiotite), with phyllic (quartz-sericite-pyrite)
(clay-pyrite)

,

,

argillic

and propylitic (chlorite) alteration assemblages

arranged in concentric, but incomplete shells around it; and
3)

containing copper and molybdenum sulfides.

In detail, the

potassic zone may consist of either an orthoclase-biotite or
an orthoclase-chlorite zone, though in a few deposits, both

minerals occur.
entirely absent.

In a few deposits the potassic zone may be

Pyrite is not as well developed in this zone

as it is in the phyllic zone.

The phyllic zone is always

present and commonly contains the greatest development of
pyrite, up to 20 percent of rock.

The phyllic zone, called

the sericite-quartz zone by many authors, may contain varying

quantities of clay and minor chlorite.

The argillic zone is

characterized by kaolinite, montmorillonite (smectite), and
pyrite, and it may be missing from a few deposits.
is abundant in the propylitic zone but pyrite,

and epidote are also common.

Chlorite

calcite, albite,

A propylite zone is present in

every porphyry copper deposit.

Hypogene copper and molybdenum sulfides may occur in
significant quantities, though not necessarily together, in
both the potassic and phyllic zones.

Copper appears to be best

developed at and near the interface between the potassic and the

phyllic zones.

The economic concentration of copper in the

.

-
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argillic zone is rare and, when it occurs, is usually in

association with other sulfides.

Supergene copper sulfides

occur sparsely in the argillic zone but are well developed in
the potassic and phyllic zones.

The propylitic zone is usually

barren of hypogene and supergene copper sulfides.

Hypogene mineralization within the phyllic zone in
this model normally consists of fractures filled with sulfides,

sericite and quartz, that are frequently accompanied by orthoclase or biotite.

These mineralized fractures may also exist

in the potassic zone, but sulfides disseminated within the host

rock, away from fractures, are also present in this zone.

Because porphyry copper deposits are normally directly connected to much larger bodies at depth (Emmons, 1927;

Sillitoe, 1973)

>

it is probable that further movement of magma

within the stock occurs after initial intrusion (Henley and
McNabb, 1978)

The relationship between wall-rock and hypogene

mineralization at the Sar Cheshmeh porphyry deposit, and zonal
pattern of the alteration phases are shown in Figures 6.1, 6.2,
6.3»

6.4,

6,5,

and 6.6.

An early, extended period of biotite-rich potassium
feldspar metasomatism took place during the initial intrusion
of the Sar Cheshmeh porphyry, accompanied by disseminated sulfide

mineralization in the contact zone of the Sar Cheshmeh porphyry
with the country-rock andesites (Fig. 6.1).

Relations between

this early alteration stage and pure magmatic processes are

not clear.

The resulting pattern of early alteration zonation

in the Sar Cheshmeh porphyry and andesite is secondary potassium

I
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Figure 6.1

Intrusion of Sar Cheshmeh porphyry with
formation of metasomatic potassium silicate
(Type 1), propylitic and weak phyllic
alteration zones, in contact zone with
andesites. Chalcopyrite concentrated in
potassium silicate zone.
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Argillic zone (earlyhydro thermal)
I

I

-

Type 2. potassium
silicate

Main phyllic zone (early hydrothermal)

N

Figure 6.2

Crystallization of Sar Cheshmeh porphyry with
development of early hydrothermal potassium
silicate (Type 2), main phyllic and argillic
alteration zones inside, and partly superposed on, the metasomatic alteration zones.
Chalcopyrite concentrated in phyllic and,
more weakly, in potassium silicate zones.
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Figure 6.3
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Multistage stockwork fracturing and quartzsulfide veining of previous silicate alteration, and sulfide mineralization,, zones.
Retrograding of both potassium silicate
zones to sericite, adjacent to late-stage
quartz-sericite-chlorite veins.
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Intrusion of Late porphyry intra-mineral
plug with brecciation, and erratic
biotitization, of previously altered and
mineralized rock at contacts.
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Late Hornblende porphyry

Feldspar porphyry

N

\

Figure 6.5

North-South intrusion of late intra-mineral
dikes that modified original ovoid shape.
Dikes display propylitic alteration with
disseminated pyrite, and very weak
Chalcopyrite, mineralization.
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Biotite porphyry

Late dacite (extrusive

Early dacite

Ignimbrite, ashes

(

extrusive)

N
'^

Figure 6.6

Extrusion of Dacite dome complex commenced
about 10 m.a. accompanied by intrusion of
post-mineral Biotite porphyry dike. Erosion.
Extrusion of pleistocene ignimbrites, and
Late Dacite. Present day hot springs.
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feldspar and biotite (green, greenish brown)

.

This early-

alteration is accompanied by higher copper grades, with increasing biotitization outward from the centre of the ore body,

where biotite and potassium feldspar exhibit purely magmatic
textures.

A ring of weak phyllic alteration surrounds the

limits of biotite metasomatism.

In this zone magmatic pot-

assium feldspar increasingly alters to sericite.

This narrow

phyllic zone passes into an extensive zone of propylitic alteration (Fig. 6.1).

A zone of argillic alteration was not

developed during this early metasomatic stage.

This early meta-

somatic alteration and mineralization at the contact of the Sar

Cheshmeh pluton with the andesite is the major difference
between Sar Cheshmeh and "Lowell and Guilbert model".

According to Burham (1976) and Holland (1972), during
emplacement of calc-alkaline magmas, exsolution of the vapor

phase may become involved in ore deposition.

Also Whitney

(1975) has related the phase chemistry of an isolated crystal-

lizing granitic system containing 3 percent water, to the
thermal profile of a cooling pluton and has derived a model
for the evolution of a magmatic vapor phase. Burham (I967)

and Phillips (1973) have discussed release of such accumulated

aqueous vapor by a retrograde boiling mechanism which leads
to hydraulic fracturing of the crystalline envelope. Magmatic

fluids generated and released in this manner have been considered to be capable of transporting ore components to the

depositional area in the host rocks and outer crystalline
skin of the plutons (e.g. Nielsen, I968; Rose, I97O; Phillips,
1973; Whitney, 1975).
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Currently, evidence is accumulating that groundwater
is involved, at least partly,

during the hydrothermal altera-

tion and mineralization of porphyry coppers, and a model has

been developed by Norton et

al

.

(1978),

in which convective

groundwater flow through a cooling subsolidus pluton leads
to ore formation.

They consider that the intrusion is simply

a source of energy that drives the groundwater system (Norton,

1972; Garlach et. al, 1975? Norton and Cathles, 1976).

Henley

and McNabb (1978) have related the physical and chemical be-

havior of both the magmatic vapor phase and its interaction
with groundwater (the interaction of a buoyant low- salinity

magmatic vapor plume with surrounding groundwater)

.

In their

model the magmatic vapor carries copper, molybdenum, sulfur, and
other components while sustaining a discrete high temperature

bouyant thermal plume penetrating and interacting with the

groundwater system.

According to this model the metal zona-

tion and alteration pattern of these deposits follow the

development and subsequent collapse of the magmatic vapor
plume.

In this model temperature decrease in the rising mag-

matic fluid is shown to result from mixing with the cooler
external groundwater system by fluid dispersion at the margins
of the bouyant magmatic plume.

Also,

in uniform rocks the dis-

tribution of potassic and phyllic alteration zones is dependent
upon the temperature and salinity profile of the plume and
groundwater envelope.
The major hydrothermal event at Sar Cheshmeh

commenced after the early period of metasomatism and mineralization of primary disseminated sulfides.

This period of alteration

.
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is characterized by a strong phyllic alteration zone within

the Sar Cheshmeh porphyry that grades outwards into a weak

argillic zone and inwards into a K-spar potassic alteration
zone,

in the core,

containing disseminated pyrite and chalco-

pyrite (Fig. 6.2)
The presence of argillic, phyllic and potassic

assemblages inside an early alteration zone is believed by

Henley and McNabb (1978) and Whitney (1975) to be the product
of an accumulated vapor plume interacting with groundwater.

Contemporaneous with this stage the magma moves upward into
the previous zone of vapor, and becomes more sodic, which

results in the development of an outer zone of argillic alteration.

The zonation of later alteration (hydro thermal) at

Sar Cheshmeh (Fig. 6.2) is the same as predicted by Henley
and McNabb 's (1978) model.

However, no oxygen isotope data

are available from Sar Cheshmeh to test the validity of ground-

water interaction as the cause of late phyllic and argillic
alteration.

This stage of phyllic and argillic alteration

was accompanied by K-spar alteration of the core, with pre-

servation of magmatic biotite, and deposition of disseminated
pyrite and chalcopyrite (Fig. 6.2).

Sulfides deposited during

this stage of disseminated mineralization overprint those of
the early metasomatic stage.

The waning stage of vapor pluming (either magmatic
or groundwater hydrothermal) resulted in stockwork fracturing

and pyrite-chalcopyrite-quartz veining of the pre-existing

alteration assemblages (Fig. 6.3).

This stage finished with

pyrite-chalcopyrite-molybdenite-chlorite-sericite veins.
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They retrograded biotitized rock to sericite (Plates 5 '13
and 5'18).

This phase of activity may have been related to

intrusion of the Late porphyry plug because intrusion of this

pluton resulted in brecciation, and weak biotitization of the
Sar Cheshmeh porphyry, at its contact.

Also, the Late porphyry

plug shows a weak phyllic alteration in its core with sparse
quartz veining and sulfide mineralization (Fig. 6.k)

.

A striking feature of the Sar Cheshmeh deposit is

the presence of swarms of near-vertical intra-mineral (Late

Hornblende and Feldspar porphyries) and post-mineral (Biotite
porphyry) dikes.

In the ore body, most of the dikes are con-

centrated in N-S trending clusters, that diminish southwards.
All intra-mineral dikes exhibit weak argillic and propylitic

alteration accompanied by pyrite mineralization.

Sparse pyrite,

quart z-pyrite, and quartz-pyrite-calcite vein assemblages were
observed.

Post-mineral dikes exhibit only weak propylitic alter-

ation and lack sulfides and veins.

(Fig.

6.5)'

The final stage of magmatism was the extrusion of the

Early dacite, volcanic ash, and Late dacite complex which formed
the pelean dome north of the ore body.

After extrusion of the

Late dacite, sedimentation of ignimbrites took place north of
the pelean dome (Fig. 6.6).
Two main features distort the pattern of alteration

and mineralization at the Sar Cheshmeh porphyry deposit.

The

first feature is the sequence of stock-like intrusions, each
of which was accompanied by an independent episode of local

alteration and mineralization (magmatic, metasomatic and hydrothermal)

.

The second feature is the intrusion of a group of

-
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They retrograded biotitized rock to sericite (Plates 5-13
and 5«18).

This phase of activity may have been related to

intrusion of the Late porphyry plug because intrusion of this

pluton resulted in brecciation, and weak biotitization of the
Sar Cheshmeh porphyry, at its contact.

Also, the Late porphyry

plug shows a weak phyllic alteration in its core with sparse
quartz veining and sulfide mineralization (Fig.

6.^-)«

A striking feature of the Sar Cheshmeh deposit is

the presence of swarms of near-vertical intra-mineral (Late

Hornblende and Feldspar porphyries) and post-mineral (Biotite
porphyry) dikes.

In the ore body, most of the dikes are con-

centrated in N-S trending clusters, that diminish southwards.
All intra-mineral dikes exhibit weak argillic and propylitic

alteration accompanied by pyrite mineralization.

Sparse pyrite,

quartz-pyrite, and quartz-pyrite-calcite vein assemblages were
observed.

Post-mineral dikes exhibit only weak propylitic alter-

ation and lack sulfides and veins.

(Fig. 6.5)'

The final stage of magmatism was the extrusion of the

Early dacite, volcanic ash, and Late dacite complex which formed
the pelean dome north of the ore body.

After extrusion of the

Late dacite, sedimentation of ignimbrites took place north of
the pelean dome (Fig, 6.6),
Two main features distort the pattern of alteration

and mineralization at the Sar Cheshmeh porphyry deposit.

The

first feature is the sequence of stock-like intrusions, each
of which was accompanied by an independent episode of local

alteration and mineralization (magmatic, metasomatic and hydrothermal)

.

The second feature is the intrusion of a group of
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intra-mineral and post-mineral dikes that resulted in distortion
of the normally circular, or oval, pattern of potassic and

phyllic alteration.
Clay minerals can be found throughout all zones of
alteration; but are best developed in the argillic zone.
ever,

How-

the argillic zone can be confused with the weak phyllic

assemblage or with clay assemblage of secondary supergene
origin.

In the Sar Cheshmeh deposit, the clay mineral assemblage,

(Kaolinite, montmorillonite, chlorite) of the Lowell and

Guilbert

(1970) model is not restricted to the argillic or

supergene enrichment zones.

Clay assemblages are found in all

zones, but determination of the relative percentages of smectite,

kaolinite, paragonite and chlorite in the different alteration
zones would require a very detailed study.

However, at Sar

Cheshmeh, paragonite was only detected in the argillic zone and
all hypogene smectites appear to alter to kaolinite in the

supergene zone.

Thus the importance of kaolinite and smectite

(montmorillonite) minerals as indicators of the argillic zone
as suggested by Lowell and Guilbert (1970) and Sillitoe (1973)
is not well understood.

In the Sar Cheshmeh porphyry deposit the variation
in the zonations of the silicate alteration assemblages is

the result of several hydrothermal "pulses" accompanying multiple

intrusions of magma.

Ore mineralization is not only controlled

by the age and lithology of its host rock or the type and age
of silicate alteration but also by the amount of fracturing

and the degree of vapor pluming associated with its source pluton
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Quartz has two main distinct modes of occurence;
1)

as quartz veinlets occuring "both inside and outside the

copper zone; with those inside generally carrying pyrite and

chalcopyrite + molybdenite; while those outside are generally

barren or pyrite bearing.

2)

as pervasive quartz flooding

associated with sericite, that has obliterated most of the
original minerals and textures.
intense phyllic alteration.

This is characteristic of

Quartz veining is more abundant

in the southern part of the study area.

This may be related

to the multiphase intrusions in this area.

The composition of

the hydrothermal fluids penetrating the two areas may have been
similar, but the effects produced are markedly contrasting.

The original composition of the intrusion must play an impor-

tant role in the ultimate characteristics of the alteration
zone,

e.g.,

in those intrusions where silica is high and iron

is low quartz,

sericite and pyrite are developed in abundance.

However, later fracturing and brecciation permit the develop-

ment of intrusive stockwork patterns of quartz-sulf ide veins
and pervasive pyrite forms a typical halo around the centre of

mineralization.

The features appear to be less dependent on

the original composition.
A significant percentage of the hypogene sulfides

observed by Lowell and Guilbert (1970) in porphyry copper
deposits occured as vein filling.

Hypogene sulfides at Sar

Cheshmeh tend to occur more frequently as dissemination, rather
than in veins.

Also,

copper mineralization is usually pro-

minently developed in the phyllic zone of the Lowell and
Guilbert model, whereas at Sar Cheshmeh, copper mineralization

-
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occurs within both the potassic and phyllic zones.

Erosion of the ashes associated with the dacitic
Pelean dome complex indicate maximum removal of only 150 m in
the last 2.8 m.y. Provided this rate of erosion(53

m/m.y.j

was not significantly different in the Late Tertiary, it is

likely that the presently exposed ore
only 800 m of rock 15 m.y. ago.

"body

was overlain by

The steep angles of the cont-

acts of the alteration zones suggest they persisted upward.
However, to the south of the ore body, at Kuh-e Mamzar the

propylitic zone clearly overlies the phyllic metasomatic zone

with the contact between the two dipping about 30°S.

Thus,

propylitic alteration may have completely overlain the phyllic
and potassic zones of the metasomatic stage (similar to the

Lowell and Guilbert

silicate alteration model), but have been

overprinted by phyllic and argillic alteration during the late
hydrothermal stage (similar to the Sillitoe, 1973, model).
Thus both models are not directly applicable to the Sar Cheshmeh

deposit because neither

model allows for 1. multistage silicate

alteration and mineralization related to separate intrusions of
stock-like porphyries, and 2. the dilating and alteration effects
of numerous intra- and post-mineral dikes. Also the depth of

clay alteration (smectite _> kaolinite) can be deeper than

that of the chalcopyrite to chalcocite alteration.

Thus oxygen

isotope data and therefore groundwater interaction models
should be carefully evaluated because the groundwater oxygen

isotope component may be due to supergene, rather than ground-

water hydrothermal effects.

,

REFERENCES

Anaconda-Iran Inc., 1973 Feasibility report of the Sar
Cheshmeh project, for Sar Cheshmeh Copper
Mining Company, 70 p.
»

Anderson, G. A., 1950, Alteration and metalization in the
Bagdad porphyry copper deposit, Arizona: Econ:
Geol., V.^5, P. 609-628.
Barth, T. F. W., 1959. Principles of classification of
norm calculations of metamorphic rocks:
Jour.
Geol., N.67, p. 135-152.

C, and Dodge, F. C, 1970, Variations of
major chemical constituents across the Central
Sierra Nevada batholith: Geol. Soc. Amer. Bull.,
V.81, p. ^09-^20.

Bateman, P.

Clark, L. D., Hubner, N. K., Moore, J. G.
and Reinhart, C. D., I963, The Sierra Nevada
batholith - A synthesis of recent work across
the central part:
U.S. Geol. Survey prof,
paper ^14-D, ^6 p.
Bazin, D. and Hubner, H., 1969a, Copper deposits in Iran:
Iran Geol. Survey Rept. I3, 172 p.
Berry, L. G., Editor, 197^i Selected powder diffraction
date for minerals, A.S.T.M. Joint Committee on
powder diffraction standards, Swarthmore,Penna.
833 p.

Bradley, W. F., and Grim, R. E., I96I, Mica clay minerals.
Chap. 5 in the X-ray identification and crystal
structures of clay minerals, 2nd edition: London,
Mineralogical Society, p. 208-24-1.
Bray, R. E., 1969» Igneous rocks and hydrothermal alteration at Bingham, Utah; Econ. Geol., V.6^, p.
3^-49.

Brown, G., Editor, I96I, The X-ray identification and
crystal structures of clay minerals, 2nd edition,
Miner. Soc. (Clay Min. G.P.) London.

Burham, C. W., I967. Hydrothermal fluids at the magmatic
stage, in Barnes, H. L., Ed. Geochemistry of
hydrothermal ore deposits:
New york, Holt, Rinehart, and Winstone, Inc., p. 3^-76.
Carroll, D., 1970, Clay minerals:
A guide to their X-ray
identification:
Geol. Soc. Amer. spec, paper 126,
80 p.
-

184

-

-

185

-

Creasey, S. C, 1959> Some phase relations in the hydrothermally altered rocks of the porphyry copper
Econ. Geol., V. 5^^, p. 351-373.
deposits:
.,
1965f Geology of the San Manuel area,
Pinole County, Arizona:
U.S. Geol. Surv. prof.
paper, 209.

1966, Hydrothermal alteration:
in Geology
.,
of the Porphyry Copper Deposits, S. R. Titley
and C. L. Hicks, Ed., Tucson:
Univ. of Arizona
Press, p. 51-7^.

Dimitrijevic, M. D., 1973i Geology of Kerman region:
gical Survey of Iran, Report yu/52, 33^ p.

Geolo-

1973'b» Copper deposits of Kerman
.,
region:
Geological Survey of Iran, Report
No. yu/53,
p.

Eberl, D. and Hower, J., 1977. The hydrothermal transformation of sodium and potassium smectite into
mixed-layer ClayJ Clay and clay minerals, V.25i
p. 215-277.

Whitney, G. and Khoury, H., 1978, Hydrothermal
Amer. Miner., V,63,
p. ^01-409.
,

reactivity of smectite:

Emmons, W. H., 1927. Relations of the disseminated copper
ores in porphyry to igneous intrusives:
Am.
Inst. Mining Me tall. Engineers Trans., Y.75>
p. 797-815.
1933. On the mechanism of the deposition
of certain metalliferous lode systems associated
with granitic batholiths, in ore deposits of the
Western States (Lindgren V. ): New York, Inst.
Mining Metall. Engineers, p. 327-3^^9.

Fouque, P., I894, Contribution a 1' etude des feldspaths
des roches volcaniques:
in Microscopic identification of minerals, E. Wm., Heinrich, New York,
McGraw-Hill Book Co., ^07 p.
Fox, P.E., 1975, Alkaline rocks and related mineral deposits
of the Quesnel trough, British Columbia, Symposium on intrusive rocks and related mineralization
of the Canadian Cordillera:
Geological Association
of Canada.

1

I

'

I

'

»

:

-

186

-

Gerlach, T. M. Norton, D. L., and Knight, J. E., 1975.
Porphyry pluton environments; computed mass
transfer for reactions between hydrothermal
fluids and sedimentary host rocks, (ahs. )
Econ. Geol., V.70, p. 1320-1321.
Gilluly, J., 19^6, The Ajo mining district, Arizona:
U.S. Geol. Surv. prof, paper, p. 209.
Grim, R. E., I968, Clay mineralogy, 2nd edition, McGrawHill Book Co., Toronto, 596 p.

Guilbert, J. M., and Lowell, J. D., 197^. Variation in
zoning patterns in porphyry ore deposits:
Canadian Mining Me tall. Bull., V.67, p. 99-109.
,197^, Variations in
Canadian
zoning patterns in porphyry ore deposits:
Inst. Mining Metallurgy Trans., "^ .77 p. 105-115.
,

Gustafson, L. B., and Hunt, J. P., 1975. The porphyry copper
at El Salvador, Chile, Econ. Geol., V.70, p. 857912.

Haynes, S. J., 1975. Grantoid Petrochemistry, metallogeny
and lithospheric plate tectonics, Atacctma Province,
unpublished Ph.D. thesis. Queen's Univ.,
Chile:
Kingston, Canada, 315 P1978, Turquoise color and supergene
_,
enrichment, Sar Cheshmeh, Iran, Proc. 11th Inter.
Mineralogical Association Mtg., NovosibirsH,
U.S.S.R.

Hemley, J. J., 1959. Some mineralogical equilibria in the
system K„0-A1^0„-SiO,-H„0: Am. Jour. Sci., V.257,
"^
^ ^
^
p. 2iH-270.

and Jones, W. R., 196^, Chemical aspect5of
hydrothermal alteration with emphasis on hydrogen
metasomatism: Econ. Geol., V.59. P« 538-569.
,

Heneley, R. W., and McNabb, A., 1978, Magmatic vapor plumes
and groundwater interaction in porphyry copper
Econ. Geol., V.73» P' 1-20.
emplacement:

Holland, H. D., 1972, Granites, solutions and base metal
Econ. Geol., V.67, p. 28I-3OI.
deposits:

Hollister, V. F., 1975. An appraisal of the nature and
source of porphyry copper deposits: Minerals
Sci. Engng., V.7, p. 225-233Potter, R. R., and Barker, A. L., 197^.
Porphyry-Type deposits of the Appalachian Orogen:
Econ. Geol., V.69, p. 6I8-63O.
,

1

'

'

t

1

'

'

I

•

-

187

-

Hutchison, C. S., 197^i Laboratory handbook of petrographic
John Wiley & Sons, New York, ^8^ p.
techniques:
Irvine, T. N. and Baragar, W. R., 1971f A guide to the
chemical classification of the common volcanic
Can. J. Earth Sci., V.8, p. 523-5^5.
rocks:

Jambor, J. L., 1976, Geology and hydrothermal alteration
at the Maggie Porphyry copper-molybdenum deposit,
Geological
South-Central, British Columbia;
Survey, Canada, paper 75-17» 25 ?•

and Delabic, R. N., 1975. Clay mineral
variations in the Bell Copper porphyry copper
deposit, Babine Lake area, British Columbia:
in Report of Activities, part B, Geol. Survey,
Canada, paper 75-lB, p. 67-70.
1971. Hypothetical diagrams of several
porphyry deposits; Econ. Geol., V. 66, p. ^3-^7

James, A. H.

,

Jolly, W. T., 1975. Subdivision of the Archean lavas of the
Abitibi Area, Canada, from Fe-Mg-Ni-Cr relations:
Earth planet, Sci. Lett., V.27. p. 200-210.
1976, Metamorphic history of the Archean
Abitibi belt:
sample distribution and partial
metamorphic zonation: Geol. Surv. Can., paper
77-lA, p. 191-196.
1977. Relations between Archean lavas and
.,
Geol. Assoc.
intrusive rocks of the Abitibi area:
Can. special paper I6, (in press).

1978, Development and degradation of the
Archean lavas of the Abitibi area, Canada, in
(in press).
light of major element geochemistry:

Kenjon, R., I966, Structure and mineralization at Silver
in geology of the porphyry copper
Bell, Arizona:
deposits, S. R. Titley and C. L. Hicks, Ed., Tucson;
Univ. of Arizona Press, p. 157-l65«
Kerr, P. F., Kulp, J. L., Patterson, C. M. and Wright, R. J.,
1950, Hydrothermal alteration at Santa Rita, New
Mexico:
Bull. Geol. Soc. Am., V.6I, p. 275-3^7.

Kinnison, J. K., I966, The Mission copper deposit, Arizona;
in Geology of the porphyry copper deposits, S. R.
Titley and C. L. Hicks, Ed., Tucson: Univ. of
Arizona Press, p. 281-287.
Kirkham, R. V., 1972, Geology of the copper and molybdenum
deposits:
Canada Geol. Survey paper 75-1. part A,
p. 2^9-252
1971. Intermineral intrusions and their bearing on the origin of porphyry copper and molybdenum
deposits: Econ. Geol., Y.66, p. 124^1-1249.
,

I

'

I

-

-

188

Lee, D. E., and Van Loenen, R. E., 1971. Hybrid granitoid
U.S.
rocks of the Southern Snake Range, Novada:
Geol. Survey, prof, paper 668, 58 p.

Lowell, J. D., 197^, Regional characteristics of porphyry
Econ. Geol.
copper deposits of the Southwest:
V.69, p. 601-617.

and Guilbert, J. M., 1970, Lateral and
vertical alteration zoning in porphyry ore deposits:
Econ. Geol., ^.55, p. 373-^08.
Meyer, C., and Hemley, J. J., 1967» Wall rock alteration,
in Barnes, H. L., Ed., Geochemistry of hydrothermal
New York, Holt, Rinehart and Winston,
ore deposits:
166-235.
p.

Nielsen, R. L., I968, Hypogene texture and mineral zoning
in a copper-hearing granodiorite porphyry rock,
Santa Rita, New Mexico: Econ. Geol., V. 63, p.
37-50.
Norton, D., 1972, Concepts relating anhydrite deposition
to solution flow in hydrothermal systems (abs.):
International Geol. Cong., 2^th, Montreal, Sec. 10,
p. 237-2^4.

and Cathles, L. M. 1973i Breccia pipes products of exsolved vapor from magma: Econ.
,

,

Geol., V.68, p. 5^^0-546.
in press, Thermal aspects
of ore deposition, in Barnes, H. L., Ed., Geochemistry
of hydrothermal ore deposits, 2nd edition:
New York,
John Wiley and Sons.

Nuffield, E. W., I966, X-ray diffraction methods:
Wiley and Sons, Inc., New York, 409 p.

John

Phillips, W. J., 1973* Mechanical effects of retrograde
boiling and its probable importance in the formation
of some porphyry ore deposits:
Inst. Mining
Metallurgy Trans., Sec. B, V.82, p. B9O-98.

Portacio, J. S., 197^1 Notes on hydrothermal alteration in
Philippine porphyry copper deposits: 4th symposium
on mineral resource development. Section 1, Manila,
6-7 Dec.

Roaldset, E., and Rosenquist, I. Th., (1972), Absorbed
rare earth elements as a clue to the origin of some
glacial clays:
Groupe Fr. Argiles, Bull,, V.23»
No. 2, p. 191-194.

.0

(

'

-

1

,

-

189

-

Robison, R. P., and Cook, A., I966, The Safford copper deposit
Lone Star mining district, Graham County, Arizona;
in geology of the porphyry copper deposits, S. R.
Univ. of
Titley and C. L. Hicks, Ed., Tucson:
Arizona Press, p. 351-366.
Rose, A. W., 19691 Origin of wallrock alteration at porphyry
copper deposits:
Geol. Soc. of Amer., Program for
1969 Annual Meeting, p. 192.
1970, Zonal relations of wallrock alteration and
sulfide distribution at porphyry copper deposits;
Econ. Geol., V. 65, P. 92O-936.
,

Sales, R. H., and Meyer, C, 19^8, Wall rock alteration at
Am. Inst. Min. Engr., & Trans.,
Butte, Montana:
V. 178, p. 9-35.

Schwartz, G. N., 19^7i Hydrothermal alteration in the "porphyry
Econ. Geol., Y.^2, p. 319-352.
copper" deposits:
1966, The nature of primary and secondary
mineralization in porphyry copper deposits, in:
Geology of the porphyry copper deposits, S. R. Titley
and C. L. Hicks, Ed., Tucson:
Univ. of Arizona Press,
_,

p.

41-50.

Selection Trust Limited, 1970, Feasibility report for the
Sar Cheshmeh project of Kerman Copper Industries,
120 p.

Sillitoe, R. H., A reconnaissance of the Mexican porphyry
copper belt. Trans. Instn. Min. Metall. (Sect.Bs
Appl. earth Sci.), V.85, BI7O-89.
.»
1973 The tops and bottoms of porphyry
copper deposits: Econ. Geol., V.68, p. 799-815^
J

and Sawkins, F. J,, 1971» Geologic, mineralogic and fluid inclusion studies relating to the
origin of copper-bearing tourmaline breccia pipes,
Econ. Geol., V.66, p. 1028-1041.
Chile:
,

Soregaroli, A. E., 1975. Geology and genesis of the Boss
Mountain molybdenum deposit, British Columbia.
Econ. Geol. V.70, p. 4-14.
.1
1975i The geology of molybdenum and copper
deposits in Canada.
Ottawa, Canada:
Geological
Survey, paper 75-1. part A.

li

.

-

190

-

Stringhajn, B., 1953* Granitization and hydrothermal alteration
Bull. Geol. Soc. Am., Y.6k,
at Bingham, Utah:
p. 9^5-992.

i960. Differences between barren and productive
intrusive porphyry: Econ. Geol., Y.55> p. I622-I63O.
_,

Streckeisen, A. L., I967, Classification and nomenclature
N. Jb. Mineral., V.IO7,
of igneous rocks:
p. 14^-21^1-.

Sutherland Brown, A., Aug. 197^» Metallogeny in the Canadian
Pacific rim resources conference,
Cordillera:
Honolulu
(ed.), 1976a, porphyry deposits of the
Canadian Inst. Mining Metallurgy
510 p.

Canadian Cordillera:
spec. V.15,

1976b, Morphology and classification:
in Sutherland Brown, A., ed., porphyry deposits of
Canadian Inst. Mining
the Canadian Cordillera:
Metallurgy spec. V.15, p. 4^-51.
-1

Q

/q16 evidence for meteorichydrothermal alteration and ore deposition in the
Tonapah, Comstock Lode, and Goldfield mining
districts, Nevada: Econ. Geol., V.68, p. 7^7-76^.

Taylor, H.

P.,

Jr., 1973.

197^, The application of oxygen isotope
studies to problems of hydrothermal alteration and
Econ. Geol., V.69, p. 8^3-883.
ore deposition:

Tilling, R. I., 1973, Boulder batholith, Montana: A product
of two contemporaneous but chemically distinct
magma series: Geol. Soc. Amer. Bull., V.84,
p. 3879-3900.
Titley,$.U.^1975' Geological characteristics and environment

of some porphyry copper occurrences in the southwestern Pacific: Econ. Geol., V.70, p. ^99-51^.

and Hicks, C. J., Eds., I966, Geology of the
_,
porphyry copper deposits. Southwestern North America:
Tucson, Univ. of Arizona Press, 287 p.
A
Thorez, H., 1975» Phyllosilicates and clay minerals:
laboratory handbook for their X-ray differation
analysis. G. Lelotte, Dison, Belgium, 582 p.

Waterman, G. C, and Hamilton, R. L., 1975. The Sar Cheshmeh
porphyry copper deposit: Econ. Geol., V.70,
p. 568-576.

-

191

-

Whitney, J. A., 1975i Vapor generation in a quartz monzonite
A synthetic model with application to
magma:
porphyry copper deposits, Econ. Geol., V.970,
p. 346-358.
Zentilli, M., 197^, Geological evolution and metallogenic
relationships in the Andes of north Chile, between
south:
unpublished Ph.D. thesis. Queen's
26 and 29
Univ., Kingston, Ontario, Canada. 39^ p.

Physical methods
Zussman, J., 1967» X-ray differation in:
in determinative mineralogy, J. Zussman, Ed.,
Academic Press, London, 514 p.

-

Appendix I.

192

-

Sample numbers, Locations and Analytical

results for

% Fe.

f»

total Cu, % oxide Cu and

rS/,

-

^

193

-

•

lilt

)

i

1)111

9

I

t

- 19^^ -

1

I

-

8
r^

195 -

-

O

•<
Eh

O

•TV

o
«

0)

>ft.EHfc

c^

(^

O

O

o

196

-

J

I

i

)

I

)

I

i

i

)

-

Eh

O

o

O

h4
0>

CO

o

197

-

I

\

J

J

.-1

1

t

i

1

fTl

i

1

J

-

o

©

198

-

I

I

I

1

I

I

i

I

-

:^

199

-

-

<
Eh
O

O

to

®

O
to

m O

0^
-*

v'\
»/N

200 -

<M

vO
C^

tso

cv

ON

O

ITv

I

J

1

1

1

3

1

I

t

3

1

)

I

)

-

o
ON

Eh

O
"%S.E-ifc

0)
CVi

201

-

I

I

I

I

I

I

I

i

I

I

1

I

-

^

202

-

-

O
o

Eh

O
"^EHfe

o

O

to

vO

0)

Oi

203

O

Oi

ON
ON

-

tTN

02

-

^

20^

-

-

o

On

©
Oi

o

o

o

vO

c^

vO

205

-

H

o

-

h4

206

-

h,

-

E-«

O

<D

20?

-

-

208

-«0

CM

O

O
cvi

O

-d-

-t
vO

-d-

NO
to

"^E-ifi,

CNi

CM

CVJ

CM

VN
c^

O

o
o H
O
o
c^
H
On
On
ON

CM

H
CM

vo

ITN

vO

O

CNi

CVJ

CNi

cn

r^

o

O

o
CM

«A
CM

o
C3N

vO
vO

(*>

c^

vr\
0)

O

H
O

o

O
o

C^

n
E-«

-4-

^^
CO Q^

CM

O O

CM

O

O O
O
8
O
CM
CM
H

vO

CM

13

EhS

to

c<\

CM

vO

to

CO

M

CM

-*

H
O
c*\

O

O

CM

O
O

<D

O
O

r^

O
O

vO

O
O

vO

vO
C^

-*
lA

to

O

CM

to

CM

O

H

CM

o
o
-00

CM

O
O

to

CM

O
o

-*

o
o

-d-

o
o

O
O

CD

U
>

i

1

I

i

1

i

f

J

}

-

O

209 -

to
-*vOtOC^<0tOtOrH
C0t!0krvOir\t0v0tX)iA
0)

UN

o

1

I

!

I

-

tA

210

-

1

I

)

1

I

I

I

i

i

-

K^

211 -

1

I

j

I

-

212

-

Appendix li
Analytical procedirre used to determine total copper
and total iron at the Sar Cheshmeh laboratory.

The samples were ground less than 200 mesh, dried
o

at 105 C and heated in an incubator for 2 hours.

sample were weighed into

a

400 ml. beaker, and

water added to wet the particles,

a

0.5 gr, of

few ml,

25 ml. concentrated HCl

was added and heated gently for 10 minutes to break up the
sulfide minerals,

10 ml. cone. HNO3 were added,

a

watch glass

was placed over the break, and heated gently for one hour.
After removing the watch glass,

5

ml. H2S0/^.(1:1) were added

and heated until thick white fumes appeared.

for

a

Heating proceeded

The beaker was allowed to cool, 20

further 10 minutes.

The mixture was

ml. distilled water was added and boiled.

allowed to cool and made up to 250 ml. in

a

volumetric flask.

The solution was filtered through a Watman No. 42 paper in a
dry, clean test tube, rejecting the first filtrate,

was also taken through the above procedure.

analysed for Cu and Fe with

a

A blank

The solutions were

Varian Atomic Absorption Spectro-

photometer calibrated against standard Cu and Fe solutions.
Instrument
Varian Atomic Absorption Spectrophotometer Model
A. A. 6,

Standards used are 2,4,6,8,10,15,20,25 mg/ml Cu,
Lamp current

4 mA single hollow cathode.

Fuel

Acetylene 3l/minute lamp.

Support

Air,

-
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Slit

0.2 n.m.

Wavelength

327.4 n.m.

Working mode

Absorbance.

Sources of Error
1)

Weighing.

2)

Glassware (particularly volumetric flasks).

3)

Diluting the samples.

4)

Matrix effect.

5)

Molecular absorbance.

6)

Preparation of the standards.

Matrix effect was thoroughly investigated and found negligible
for copper analysis.

Molecular absorbance was investigated by hydrogen cathode lamp
and was found negligible.
The same solution was used to measure per cent total
Fe.

It was concluded that Fe does not interfere with Cu.

standard was matched with the matrix of the orebody.

Frequent

outside checks as well as wet analyses of Cu and Fe proved

reliable results.

The

::
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Appendix III
Analytical methods are outlined as follows:
I.

Loss on ignition

Method
o

1) dry sample in oven for 1-2 hours, above 100 C.
2) dry ceramic crucible on hot plate in oven
o

above 100 C.
3) let both stand in dessicator until room

temperature.
4) weigh crucible and 1 gram of sample.
o

5)

heat in muffle furnace at 1100 C for 30

minutes.
6) remove crucible and place in dessicator until

at room temperature.
7) reweigh crucible, and the change in weight is

calculated as
II.

a

weight per cent of the sample.

Method
Major Oxide Glass Disc Preparation
1) 1.0000 grams of sample is

mechanically weighed,

10.0000 grams of lithium tetraborate flux plus
the difference in weight of lithium tetraborate

occurred by the sample during the Loss On

Ignition process to preserve the 10:1 ratio.
2) this

mixture is placed in

a

platinum crucible

o

and heated to 1100 C for 30 minutes in mxiffle

furnace.

The crucible is swirled several

times to insure homogeneity and complete dis-

solution of the sample.
3) the mixture is then poured into a non-wetting

I-. -^tr-, -!?**- '^

-
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platiniom mold and placed on ceramic beads

oyer a bunsen burner and allowed to cool

slowly or until convection cells are no
longer visible in the sample.

Turn the

bunsen burner off and allow to cool.
disc is ready to analyse.

The
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Appendix IV
Calculation of Structural Formulas of Layer Silicates
(U.C. of 11 oxygens, H2O not considered)
The gm-equiv. of cations are obtained from the wt.

% by dividing the wt.

5^

by the equivalent wt.

The gm-equiv.

are then summed and then normalized to a Unit Cell containing
11 oxygens (Oio(OH)2), or a charge of 22 equivalents.

Normal-

ization is done by dividing the gm-equiv, sum by 22 and then

dividing this number into each element in that colxomn.
gives the Cationic valencies per Unit Cell.

This

Each of these in

turn are divided by the oxidation number of the cation
(e.g. 4 for SI, 3 for Al, 1 for K) to get the number of cations

per U.C.

These are then fitted into the appropriate formula

for that layer silicate.

Formula

:

Not derived (see Chapter IV),

-
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Appendix V: Result of major oxides analysis of clay minerals
in the Granodiorite intrusive sample.

Sample
Oxide

Z-17 Granodiorite

,..'

r

-

Appeidix

VI:
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Result of major oxides analysis of clay minerals
in the Feldspar porphyry sample.

Sample H~977 Feldspar porphyry
Oxide

