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Oxygen and Hydrogen Isotopes in the Porphyry Copi;ér"
Deposit at El Salvador, Chile

SimoN M. F. SuErrArRD AND LEwIS B. GUSTAFSON

Abstract

$'*0 and/or §1 values were measured for quartz (11 sunples). plagioclase (3. K-
feldspar (3), biotite (4), hornblende (1), sericite (3), chlorite (1), kaolinite (2), and
pyrophyllite (1) from the porphyry copper deposit at El Salvader, Chile. The samples
analyzed were chosen to represent the hypogene evolution from early K-silicate altera-
tion and quartz veining to late pyritic veining and sericitic alteration to very late ad-
vanced argillic alteration, as well as supergene kaolinization.

The isotopic compositions of the biotites are identical to those from most other por-
phyry copper deposits, and the sericite compositions are similar to those from Santa
Rita. The requirements for cquilibrium isotopic geothermometry are met only for un-
minecralized “L” Porphyry and K-silicate alteration asscmblages, yielding mininnunn
temperatures of about 630° and 525°C, respectively.  Temperatures estimated from
various other geologic evidence are used to calculate the equilibrium isotopic composi-
tions of hydrothermal solutions. These solutions show a distinct trend of 30 depletion
and deuterium enrichment from carly to tate stages and from high to low temperatures.
The 8'30 and 8§D values of fluids responsible for Early K-silicate alteration assemblages
are similar in isotopic composition to magmatic waters but are enriched in deuterinm
relative to the later unmineralized “L” Porphyry even though it is petrologically similar
to the carlier mineralized porphyries. Later fluids are dominantly meteoric waters cen-
riched in **Q by reaction with the host rock. Late and presumably shallow advinced
argillic assemblages devcloped from acid geothermal waters of meteoric origin that were
enriched in deuterium and %0 by near-surface cvaporation processes. There was pos-
sibly some mixing between these fluids and the deeper meteoric-hydrothermal fluids.
The similar isotopic compositions of both meteoric and magmalic waters and the varicty
of possible processes modifying their isotopic compositions prevent a quantitative analyvsis
of the relative proportions of each at the different stages in the evolution of the hydro-
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thermal fluids.

Introduction

Gusrarson and Hunt (1975) have documented in
detail the development of the porphyry copper de-
posit at Ll Salvador, Chile, which was formed near
the end of a long series of Tertiary volcanic and intru-
sive events. A thick sequence of Cretaccous andesitic
flows and related sedimentary rocks is overlain by
Lower Tertiary andesitic and rhyolitic extrusives,
including ignimbrites. These rocks were intruded
by a series of rhyolitic and quartz porphyry intrusions
which in turn were intruded by the main granodiori-
tic porphyry complex. The main stages of mineral-
ization and alteration accompanied and followed the
intrusion of this final porphyry complex.

Most of the copper was emplaced during the period
(termed Early) of alteration-mineralization associ-
ated with the two major intrusions (“X"” and “K”
porphyries). The younger “L” Porphyry was in-
truded during the waning stages of Early mineraliza-
tion after much, but not all, of the alteration. K-
silicate alteration assemblages and veins of quartz-
perthitic {eldspar - anhydrite - chalcopyrite - bornite,

called “A” veins, characterize this Farly hydrother-
mal mineralization, These were repeatedly formed,
being closely associated in both space and time with
the consolidation of several surges of porphyry
magma,

“B” quartz-molybdenite veins, without alteration
halos, cut “A” veins and K-silicate alteration as-
semblages.  They forimed only after the emplacement
of the last major intrusion (‘L Porphyry) and
mark a transition in the pressure-temperature re-
gime and chemical character of the mineralizing
fuids.  Subsequent Late mineralization-alteration
associated with K-feldspar- and biotite-destructive
alteration, produced pyrite-sericite assemblages and
pyrite-rich “D" veins with sericitic alteration halos,
These Late pyrite- and sericite-forming  environ-
ments collapsed inward and downward as the in-
ferred  ground-water system invaded the cooling
niineralized intrusive center, A very lale stage hot
spring system produced advanced argillic alteration
near the surface and over the mineralized ceuter of
the deposit. This study presents part of a stablc
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Tasre 1. Description and Location of Samples

ES-2689 “L'" Porphyry, practically unaltered and unmincral-

ized ; fresh hornblende and sphene, a few anhydrite
. wveinlets; 2,400 m elevation, 20,059 N-8,530 W,

1£5-2691 "L Porphyry ncar andesite contact, practically
unmincralized ; incipient alteration  assemblage
limited to biotization of hornblende, local sericite
“dusting,” interstitial anyhdrite and K-feldspar,
sericite-chlorite  veinlets; 2 400 m  clevadion,
20,034 N-8,530 W.

125-2690 X' Porphyry, moderate K-silicate alteration and
bornite- c’mlcopyu(c mincralization, cut by Q"
quartz- -anhydrite-chalcopyrite-vein; 2,400 m cle-
vation, 19,875 N-8,200 W,

1S8-1910 “Andc.site, strong biotization and bornite-chal-
copyrite mineralization, cut by “A’” quartz-I-
feldspar-anhydrite-bornite-chalcopyrite veins; 2,400
m clevation, 19,894 N-8,160 W,

ES-1304 ‘A’ quartz vein in well- mineralized “K” Porphyry;
quartz-perthite-chalcopyrite-bornite, with anhy-
drite lcached out; 2,000 m elevation, §9,840 N-
7,766 W,

ES-7536 "B quartz-anhydrite-chalcopyrite-molyhdeanite-
pyrite vein cutting biotized andesite with (:hnlcop)u
rite-bornite; 2,400 m clevation, 19,950 N-7,613 W,

ES-1116 “X" Pmphyry with strong sericite- “chlorite- -anhy-
drite alteravion but residual atkali feldspar; pyrite-
chalcopyrite mineralization; 2,400 m du’mun
19,720 N-8,420 \V,

[28-7576  “D' pyricc-anhydrite vein culting very weakly
mineralized “L." Porphyry, scricite-pyrite halo with
minor chalcopyrite and anhydrite; anhvdrite
largely hydrated to gypsum; 2400 m clevation,
19,050 N-7,921 W',

S-1417 D™ pyrite vein cutting very weakly mineralized
UL Porphyry, inner sericite-pyrite halo and outer
kaolinite-caleite halo; 2,400 m clevation, 20,054 N-
8,530 W,

LS-7486  “D" quartz-pyrite vein cutting sericitic pyroclastics
with pyritic fringe  mingralization;  supergenc
alunite in vugs; 2,872 m elevation, 19,340 N-
8,740 W,

ES-6573 Intense pyrophyllite-alunite alteration of a pebble
dike cutting advanced argillic altered  quartz
porphyry: leached capping: 2,980 m clevation
(surface), 20,118 N-8, 875 \W.

ES-1855 Andesite  with  scricite-kaolinite  alteration
and “chalcocite”-cnriched pyritic nineralization ;
supergene kaolinite; 2,710 m elevation, 19,580 N-

8,519 W,

ES-6 e Porphyry, with kaolinitic alteration, leached
capping; location unknown, from Sheppard et al,
(1969).

ES-8 "K' Porphyry, enriched “chalcocite” ore with

kaolinitic alteration; location unknown, [from
Sheppard et al, (1969).

isotope investigalion which attempts to supplement
and quantify these interpretations (see also Field
and Gustafson, 1976).

Many studies of the D/H and *O/*O ratios of
minerals and natural waters over the past scveral
years, recently reviewed by Taylor (1974), have gone
far toward defining the isotopic characteristics of chf-
ferent geologic cnvironments and the origins of
hydrothermal fluids. Data on hydrogen and oxygen
isotope ratios from several porphyry copper and
molybdenum deposits have been presented by Shep-
pard et al. (1969, 1971), Hall et al. (1974}, and
Sheppard and Taylor (1974).

Specimens representative of asscriblages typical
of different zones and stages of mineralization at i
Salvador were collected by Gustalson.  Mineral
separations were made by Judy Montova in the Ana-
conda Geology ILaboratory and were anabyzed by
Sheppard at thc California Institule Iuhmvl(w
Several of these sune samiples were .l]\() sul»yuul
to chemical analyses (Gustalson and Hunt, 1973,
table 1) amd provided sulfide and sulfate separates
for sulfur isotope analyses (Ficld and Gustaison,
1976). The reader is referred to the article by
Gustafson and Hunt (1975) for a description of the
geology of the deposit and an explanation ol the
terminology used.

Sample Selection

A list of samples with thar locations and de-
scriptions are given in Table T oand sununarized in
Table 2, which gives the hydrogen and oxygen iso-
tope analyses Tor minerads analyzed  from cach
sample. :

The two “L” Porphyry sunples from the deep
central part of the deposit are representative of a
relatively late and barren intrusion which shows
minimum effects of mineralization and  aheration,
Both samples are practically umuineralized, but 10S-
20691 containg appreciable biotite replacing horn-
blende, anhydrite i veiulets, and anhydrite replac-
ing plagioclase.

ES: 2699R and 1910R are vepresentative of
Early K-silicate alteration with chalcopyrite-hornite,
and 1ES: 1910V and 4304 arce typical of the “A”
quartz veins accompanying this Tarly mineralization.
Transitional “B" guartz veins arve represented by
15S: 2099V and 73306, while late =17 veins and
halos are represented by ES: 7570 and 117, The
halo on LES-1417 is a zoned halo, with kaolinite-
calcite found peripheral 1o the hnner sericite hado,
The sericite-chlorite alteration asscmblage from the
inner part of the deep pyritic {ringe is represented
by IES-1116. All of these samples are from the deep
“ sulhtc zone,” which was protected frmn supergenc
effects, and all but ES-1116 and the “ D7 vein sam-
ples are free from nnp(nl.ml visible IIIHHCIICL‘S of
Late mineralization-alteration effects.

The “D” vein sample 1ES-7486 and kaolinite-al-
tered sunples 250 1835 and 8 are from the zone of
supergene alteration and enrichment,  Kuolinite in
ES-6 from the leached capping at the surface is
supergene.  The pyrophyllite {ormed by Tate ad-
vanced argillic alteration in a pebhle breecia, FS-
0573, shows no visible clfeet of superimposed super-
gene alteration.

Experimental Mcthods

The method used for extracting hydrogen and

oxygen quantitatively from the silicate minerals and
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analyzing the gases mass spectrometrically were
similar to those discussed in Sheppard et al. (1969)
and Sheppard and Taylor (1974). Thus, all labile
absorbed water and interlayer water were removed
before commencing the isotopic analysis. The gen-

eral analytical precision for oxygen is 0.1 to 0.2 per

mil and for hydrogen 2 to 3 per mil. Quantitative
determination of the Hs gas yield during the hydro-
gen extraction processes enabled the H.O content of
the sample to be determined. Water contents are
precise to about %1 percent.

Both the hydrogen and oxygen isotope data are
relative to standard mean ocean water (SMOW) in

St
wn
—

two minerals A and B is reported as A, .p defined as:
AA~B - 1,000 Ill aA_nQJ‘*BA —_ 81;
where « is the fractionation factor.

Isotopic Results

8D and 880 wvaluecs in hydrous minerals

All the hydrogen and oxygen isotope data (Table
2) for the hydrous minerals analyzed—biotite, horn-
blende, chlorite, sericite, pyrophyllite, and kaolinite—
are plotted on Figure 1. The kaolinite sunples from
within the supergene zone analyzed by Sheppard
The two reference

per mil.

The fractionation of isotopes between any

TasLE 2.

ct al. (1969) are also included.

Hydrogen and Oxygen Tsotope Analyses of Minerals

Sample no. Sample/location Mineral* 550/ n FIRETAN
[£S-2689 “L" Porphyry, Plagioclase 7.1
deep central Biotite (H:0 = 3.07%,)** 4.5 — 83
Hornblende(Hs0 = 1.9%) 5.0 73
ES-2691 “L'" Porphyry Plagioclase 7.6
deep central Biotite(H.0 = 3.79) 5.0 —78
ES-2699R X" Porphyry K-silicate, Quartz 9.2
deep central K-feldspar 8.3
Plagioclase 8.2
Biotite{H:0 = 3.2%) 4.3 —73 & 1)
ES-1910R Biotized andesite Biotite 4.0 -75
128-1910V HAY vein Quartz 9.3 4 0.1(2)
deep central K-feldspar 8.5
ES-1304 “A" vein Quartz 9.4
N intermediate central IN-feldspar 9.9
125-7536 "1 vein, Quartz 10.3
deep central
E£S-2699V “I3' vein, Quartz 9.3 4= 0.2(2)
' deep central
[ES-1116 “X" Porphyry ser-chl, Quartz 9.7
deep fringe Sericite(H.0 = 3.4%.) 6.9 4 0.1 (2) - 59
) Chlorite (1.0 = 9.8%) 4.5 - 05
ES-7576V 10" vein, Quartz 12.0 £ 0.1 (2)
deep central
ES-7576H “D" vein halo, Quartz 10.7 4= 0.1 (2)
deep central Scericite (H20 = 4.19) 9.3 4 0.0 (2) —068
EES-1417 10" vein halo, Quartz 9.2
deep central Sericite 8.2 —78 41 (2)
Kaolinite (0 = 9.0%) 9.4 -79
[2S-7486 ‘D" vein, Quartz 10.9
shallow
ES-6573 Pebble breeeia, Iyrophyllite (11,0 = 5.0%.) 8.7 £ 0.1 (2) -5l
surface
1£S5-1855 Aundesite, ser-kaol, Kaolinite(H0 = 5.4%) 12,4 -6
intermediate central Quartz + kaaulinite 9.1
(supergene)
[2S-6 Kaolinized “L* Porphyry, Kaolinile 15.1 -9
(SNT" 1969) leached capping
Kaolinized “K" Porphyry, Kaolinite 15.0 -87

ES-8
(SN'T 1969)

chaleocite blanket

.l’)

Biotites typically contained about § percent chilorite.
** 11,0 contents are given in weight pereent.

urity of mineral seprirates was 95 percent or better except ES-1855 kaolinite which contained major sericite impurity.
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Fic. 1. Plot of 8D versus 80 for all of the hydrous minerals.  Tie lings connect mincrals
from the same sample. The meteoric water line (Craig, 1961) and the kaolinite ling (Savin

and Epstcin, 1970) are given for reference.

lines shown are the meteoric water line, MW (Craig,
1961), and the kaolinite line, KL. (Savin and IEp-
stein, 1970), The meteoric water line defines the
isotopic variations of most natural precipitations.
The kaolinite line defines the isotopic variations of
kuolinites from surface weathering environments.

The three supergene kaolinites, ES: 6, 8, and
1855, plot just to the left of the kaolinite line in
agreement with their geologically inferred low tem-
perature supergene origin.  In contrast, liypogene
kaolinite from the outer halo of the “ID” vein, in
sample LS-1417, is distinctly different and plots
close to the sericite with which it was formed. The
isotopic composition of the other sericite (15-75761T)
analyzed from the “D” vein halo, also plots close to
the hypogene kaolinite.

The hornblende {125-2089) and the four biotites
from the “L” Porphyry (IES: 2689 and 2691), from
the K-silicate alteration assemblages in andesite (1S-
1910), and from the “X" Porphyry (ES-2699) all
have very similar 8D and 8'®0 values.

The sericite and chlorite from the “X"” Porphyry
(XS-1116) from the inner edge of the pyritic fringe
are slightly enriched in D and depleted in *O rela-
tive to the “D” vein sericites. The pyrophyllite
from the advanced argillic altered pebble breecia
from the surface (ES-6573) has a 8D value of —51
per mil which is distinctly enriched in deuterium
relative to all other mincrals analyzed from Yl

Salvador, Its 8'°0 is similar to “D™ vein sericites,
Based on theoretical arguments (Sheppard and “Tay-
lor, 1974), pyrophyllite should he tsotopically similar
to sericites formed under the same conditions,

The isotopic compositions of liotite  from Ll
Salvador fall within the well-defined 81D-8'0 range
of biotites from other porphyry copper deposits at
Santa Rita, Bingham, and Ely  (Sheppard et al,
1971) and the tungsten-base metal deposit at Dasto
Bueno, Peru (Landis and Rye, 1974 1 Salvador
sericites, chlorite, and hypogene kaolinite fall largely
within the range of sericite and hypogene clays at
Santa Rita.

85O wariations in quarts, K-[eldspar, biotite, and
sericite

The oxygen isotope compositions of some of the
minerals from the different assemblages are plotted
in Figure 2 and are compared to the range of §°0)
valies of quartz from “unaltered” plutonic and
hypabyssal granodiorites and quartz  monzonites
(Taylor and Ipstein; 1962; Taylor, 1968) and to
the major oxygen-bearing minerals from the K-sili-
cate and quartz-sericite assemblages of eight North
American porphyry copper deposits (not including
Butte) (Sheppard et al., 1971).

The 8*Q values of the four biotites analyzed {all
Dhetween 4 and 5 per mil. The oxygen isotopic com-
positions of the three K-feldspar samples wnndyzed
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fall between 8.3 and 9.9 per mil. The variation in
the 8'*0O of the three sericite samples is between 6.9
and 9.3 per mil. Quartz has §'%0 values between
9.2 and 12.0 per mil.

The two heaviest quartz samples are late “D”
vein quartz, leaving all other samples of “rock”
quartz, K-silicate alteration quartz, and quartz from
sericitic and kaolinitic assemblages (which show no
textural evidence of having been recrystallized dur-
ing this late superimposed alteration) to fall within
an even narrower range of 9.2 to 10.7 per mil. These
values are all typical of values found in other por-
phyry copper deposits and contrast with the large
140 per mil range observed for quartz from the
various alteration assemblages at Butte (Garlick and
LEpstein, 1966; Sheppard and Taylor, 1974).

The “L” Porphyry magma had a 80 value of
about 7 to 8 per mil as deduced from the isotopic
composition of the minerals, This is at the *O de-
pleted end of the “normal” granitic igncous range
(Taylor, 1968) and is similar to many other small
granitic plutons including those associated with por-
phyry Cu-Mo deposits in North America (Sheppard
et al., 1971).

Oxygen Isotope Geothermometry

The oxygen isotope fractionation data from some
coexisting minerals are given in Table 3. The rela-
tionships between mineral-mineral equilibrium isotope
{ractionations and temperatures are derived from
calibration data based on the experiments and theories
of O'Necil and Taylor (1967, 1969) and Bottinga
and Javoy (1973, 1975).

Essentially concordant isotopic temperatures of
about 650° and 525°C are given by the minerals
analyzed from the unmincralized “I.” Porphyry
(IE5-2689) and the K-silicate altered “X” Porphyry
(15S-20699), respectively. The thermometric prop-
erties of the plagioclase-hornblende fractionation are
known only very qualitatively and are interpreted

T T T I ' 1 i T T 1
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Fic. 2. Comparison of the 80 values of alteration and
vein minerals from El Salvador with those from other por-
phyry copper deposits (Sheppard et al, 1971) and quartz
from plutonic intrusions (Taylor and Epstein, 1962 Taylor,
1968). TFor the other porphyry copper deposit data, the
mineral symbol (sce Fig. 3) indicates the average isotopic
composttion.

here to support the close attainment of concordant
fractionations in £S-2089. The quartz-feldspar frac-
tionations arc slightly disturbed from their cqui-
librium values at these temperatures and reflect the
high sensitivity of these [ractionations to differential
exchange processes which, on this small scale, do not
significantly affect the derivation of a temperature
from the quartz-biotite or feldspar-biotite {ractiona-
tions. Most plagioclase in both the “L.” and “X”
porphyrics analyzed is about Angg and this probably
crysiallized in cquilibrium with hornblende and part
of the quartz; the rims arc more sodic, about Ang,

TasLe 3. Oxygen Isotope Fractionations (a-values) and [sotopic Temperatures for Selected Mineral Pairs
Sample numbers
ES-2689 [S-2691 [£S-2699 ES-1116 ES-7576 ES-1417
Aq..m{ 4.9
Aqse 2.8¢ pad 1.0
Axr.m 4.0
*Apt.mt 2.6 2.6 3.9
Ap1-npi { 1.2 .
Ta-ni 540
Txr-m ’ 500°
Toroni 660° 660° 500°
Tet-uu ~650° -

4 Size of fractionation is indicative of isotopic disequilibrivm and gives an isotopic *temperature” that s geologically un-

reasonably high,

Abbreviations: Q = quartz, KF = K fcldspar, Pl = plagicolase, Bi = biotite, Ser = sericite, bl = hornblende,
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TasLe 4. Calculated 820 and 8D Values of the Hydrothermal Fluids,

Sample Temperature*
no. °C Mineral 300" FY R ITI
ES-2689 “L" Parphyry 750-625 Plagiaclase ~T7.7 4 04
. Biotite 7.3 &+ 0.1 —62 4
Hornblende 7.5 4= 0.4 =55 4
ES-2691 “L" Porphyry 750-625 Plagioclase 8.2 04
Biotite 7.8 4 0.1 —87 &}
ES-2699R “X" Porphyry 650--520 Quartz 7.2 42 0.8
Biotite 0.9 4: 01 —43 4§
ES-1910R Andesite 650-520 Biotite 6.6 3z 0.1 —47 & 5
ES-1910V “A Vein 650-520 Quariz 7.3 208
K-feldspar 7.9 £ 0.7
[E£S-4304 “A" Vein 650-520 Quartz 74 208
K-{eldspar 0.2 % 0.7
[£S-7536 “B" Vein 450-350 Quartz 4.8 & 1.4
£S-2699V “B” Vein 450-350 Quartz 38 o 1A
ES-1116 “X" Porphyry 400-300 Quartz 4.2 4 1.4
Sericite S.0 £ 0.8 —31 5
Chlorite 52408 —25 4§
ES-7576V “D" Vein 350-200 Quartz 1.2 4+ 3.8 =
ES-7576H “ID"" Vein Halo 350-200 Quartz —0.1 £ 3.8
Sercite 5.6 £19 — 33 4 3
ES-1417 S Vein Halo 350-200 Sercite 4.5 319 -3 S
Kaolinite 6.1 = 1.5 —b 3
ES-7486 “ID" Vein 350-200 Quartz 0.1 4 3.8
ES-6573 Pebble breceia 250-150 Prophyllite 2.9 4 2.0 ~15 43

* From fluid inclusion and isotopic geothermometry (see text).

|
|
|

** The mean 8-value is given; the range is derived from the temperature limits.

and are in equilibrium with K-feldspar biotite and
the rest of the quartz.

Temperatures of about 650°C for the two “L”
Porphyry samples (ES: 2689 and 2691) apparently
represent isolopic equilibrivm  at subsolidus  tem-
peratures, but they are reasonable mintmum tempera-
tures.  Similarly, the three concordant temiperatures
in the K-silicate altered “X” Porphyry indicate at-
tainment of isolopic cquilibrivm and give an inde-
pendent minimum temperature of about 525°C for
the development of this assemblage at I Salvador.
This evidence firmly supports other indications of
high temperatures for Early events presented by
Gustafson and Hunt (1975).

The quartz-sericite fractionations for IES: 1116,
7576, and 1417 give geologically unrealistically high
“isotopic temperatures.” This is apparently because
most of the quartz is inherited {rom Early assem-
blages, as indicated by microscopic textures, and
evidently did not recrystallize and equilibrate with
the sericite (Sheppard et al., 1971, p. 525). Also
for sample 12S-7576 the quartz in the vein is not in
isotopic equilibrium with the sericite in the adjacent
halo presumably because of some retrograde exchange
in the sericite, |

Even though the indicated lack of isotopic equi-
librium between quartz-feldspar and quartz-sericite
of the “X” Porphyry (ES:2699 and 1116), “A”
vein (ES:4304 and 1910V), and “D” vein halo
samples (IES:7576 and 1417) precludes isotopic
geotherinometry, departures from  equilibrium are

not necessarily large (less than 1 oto 2 pee mil),
There is no evidence of major retrograde exchange
in any of the minerals analyzed.  The high deu-
terium content of the superyene kaolinites argues
against major exchange with present-day meteoric
waters. At a surface elevation higher than 2,700
m, present-day meteoric water is lrgely derived from
snow and is probably strongly depleted in denterium
compared to the meteoric water al the time of the ore
formation,

Calculation of Isotopic Compositions of
Hydrothermal Solutions

Experimentally determined minerat-water fraction-
ation factors can be used to caleulate, from mea-
sured isotopic compositions of the nnnerals, the
composition of the hydrothermal fluids in which they
were formed if: (1) the minerals formed in isotopic
equilibrium with the fluid; (2) there has not heen
significant isotopic exchange after mineral formation ;
(3) known fractionation f{actors are indeed appro-
priate to the composition of the analyzed minerals
and of the hydrothermal fluids: and (4) the tem-
perature of formation is known.

The minor isotopic exchange which may have nc-
curred in some of the El Salvador samples is much
too shight to affect their usefulness for calculations
of this sort. Iirrors of even a per mil or two are
not crifical,

The mincral-T.0 fractionation factors used in this
study are the same as those reviewed by Taylor
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(1974). In addition, we assume that isotopic frac-
tionation between pyrophyllite and sericite at the
same temperature is negligible, Hydrogen isotope
fractionation factors are strongly dependent on the
Mg/Fe ratios of Dbiotites (Suzuoki and Lpstein,
1976). A single analysis of primary “L” Porphyry
biotite indicates a Mg/Fe ratio of 0.87/1.0 (atomic
fraction) and analyses of K-silicate alteration biotite
for IES: 2699 and 1910 indicate ratios of 0.83/1.0
and 0.75/1.0 respectively. Plagioclase-H.O oxygen
isotope fractionations are also compositionally de-
pendent; most plagioclase in both the “L” and “X”
Porphyry samples analyzed is about Ang. The
calculated isotopic compositions of water listed in
Table 4 take these compositional data into account.
The 3'*0O values of the hydrothermal fluids are not
adjusted for the possible second order salinity effects
(Truesdell, 1974). Although the calculations may
require some adjustment when more complete ex-
perimentally determined isotopic fractionation data
become available, the uncertainties associated with
the calculated values relative to each other will prob-
ably not change very much. Thus the conclusions
drawn here arc unlikely to be affected.

No precisc and consistent mecasurement of the
temperatures of the analyzed assemblages is available
(Gustafson and Hunt, 1975). The “L” Porphyry,
the only major intrusive rock that is found unaitered,
crystallized at roughly 750°C, the solidus tempera-
ture of a watcer-saturated melt at 2 to 3 km depth.
Its oxygen isotope temperature is approximately
650°C. Early K-silicate alteration and “A” quartz
veining were accomplished at temperatures approach-
ing those of the associated porphyry magmas (oxy-
gen isotope temperature, about 525°C). The as-
semblage andalusite-K-feldspar indicates tempera-
tures greater than 550°C probably at the beginning
of the Transitional mineralization. Filling tempera-
tures of a few fluid inclusions in Early “A” and
Transitional “B” quartz veins suggest temperaturcs
ol 350° to greater than 650°C. Sulfur isotope tem-
peratures for suliate-sulfide mineral pairs in “A”
and “B” veins indicate a 400° to 600°C temperaturc
range (Field and Gustafson, 1976). ILate “D” veins
and pyritic sericite-chlorite assemblages formed ona
cooling trend following Transitional “B” vein time.
A few hlling temperatures of from 175° to 300°C
have been obtained on fluid inclusions in “D" vein
quartz. The temperature estimates listed in Table 4
are based on the above evidenge and a large measure
of geologic intuition, A range of 8§"Oy,0 is calcu-
lated for the given range of estimated temperatures.
The tie lines shown in Figures 3 and 4 connecting
isotopic compositions caleulated for the estimated
range of temperatures illustrate the cffect of uncer-
tainties about the temperatures. The composition
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Fi1c. 3. Plot of calenlated 50 of the hydrothermal waters
versus the estimated temperature of formation of the wmin-
erals. The tie lines connect the isotopic composition of the
waters for the cstimated runge of temperatures with the
mineral symbol indicating the median temperature (sce text
for discussion). The prunary magmatic water ficld is also
shown.

calculated for the median temperature is indicated
by the position of the symbol for the appropriate min-
eral.  As with the uncertainty in  fractionation
factors, the inaccuracies in relative isotopic composi-
tions of hydrothermal Auids introduced by the fem-
perature uncertainty are  probably  significantly
smaller than the inaccuracies in actual composition.,

Implications of Calculated Isotopic Compositions
of Hydrothermal Selutions

An interpretation of the caleulated isotopic com-
positions of the hydrothermal fluids in terms of
geologic processes and origins involves knowledge
about the isotopic composition of the potential source
fluids and the processes which may have modified
the isotopic compositions of the fluids during their
hydrothermal history, Taylor (1974) has reviewed
the variety of processes which are associated with
hydrogen and oxygen isotope {ractionations.

Sipergene solulions

The isotopic compositions of the supergene solu-
tions are considered first because they place certain
constraints on the isotopic compositions of the
meteoric waters that may have been present during
the development of the main hypogene mineratiza-
tion. K-Ar dating of supergene alunite indicates
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Dashed lines connect minerals from the same sample. A line of slope 3, drawn belween the
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rived from the supergene kaolinite data are also given. Abbreviations are: L= "L" Porphyry; -
K= K-silicate alteration; D =“D" vein alteration assemblages; P = pyrophyllitc from the

advanced argillic alteration,

that supergene alteration at IEl Salvador followed
hypogene mineralization by less than a {ew million
years during the early Oligocene.

Of our three supergene kaolinites, £S-6 from the
leached capping at the surface plots closest to the
kaolinite line of Savin and Epstein (1970) (Fig. 1).
This clay was apparently formed at temperatures
similar to earth surface ones. The calculated com-
position of the 25°C meteoric water is on the order
of 8D = —70 per mil and §'*0 == —10 per mil. The
isotopic composition of the other two kaolinites from
within the chalcocite enrichment zone could also have
resulted from similar meteoric waters but at slightly
higher temperatures. This is consistent with the
greater depth of their occurrence. The three super-
gene kaolinites together indicate that meteoric waters
probably had 8D values on the order of —55 to —70
per mil and §'*0O =< values on the order of —8 to —10
per mil during supergene alteration. This range
gives us an cstimate of the isotopic composition of
the meteoric waters during the carlier hypogenc
mincralization providing that there was no significant

change -in altitude between these events,  These
values are appreciably heavier than those {for meteoric
water normally derived from snow fall at an cleva-
tion greater than the present 2,700 i surface eleva-
tion of IEt Salvador. The data support the interpre-
tation that the major uplift of the Andes has oc-
curred since the Pliocene (Salas et al., 1966).
Hypogene fluids

Trends in the calculated isotopic composition of
hypogene hydrothermal fluids are evident in Figures
3 and 4. Although no unaltered “X" or “K" Par-
phyry is exposed for analysis, the petrologically simi-
lar “L” Porphyry, closely associated with them .in
space and time and with a local development within
it of Early alteration-mincralization {eatures identical
to those developed in the more strongly mineralized
porphyries, can probably be taken as representative
of the premineralized porphyries. If we make this
assumption, we find that the isotopic composition of
the hypogene hydrothermal fluids shows a well-de-
fined and consistent decrease in §'*Q and increase in
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8D: from unmineralized porphyry to K-silicate al-
teration biotite to “B” vein quartz to sericite and
kaolinite associated with Late “D” veins to pyro-
phyllite in advanced argillic alteration. The trend
is clear despite the effect of the temperature uncer-
tainties. This sequence corresponds to decreasing
temperatures and, with the exception of samples from
K-silicate alteration and “A"” veins which are mostly
older than “L" Porphyry, to decreasing age.

In Tigure 4 waters in equilibrivm with the un-
mineralized “L” Porphyry plot in the field {or pri-
mary magmatic water (Sheppard et al,, 1969; 1971).
Waters associatcd with the two Early K-silicate
alteration samples plot on the boundary of this pri-
mary magmatic water field. However, these waters
appear to be distinctly enriched in deuterium relative
to the “L” Porphyry waters. Because the “L”
Porphyry is younger than much of the Early altera-
tion-mineralization assemblage, we cannot say
whether the Early hydrothermal fluids underwent a
deuterium enrichment process or whether the “L”
Porphyry underwent deuterium depletion.

The Early hydrothermal solutions could be primary
magmatic waters which were modified to a minor
extent relative to “L” Porphyry waters through (1)
subsolidus exchange with hot igneous rocks, (2)
mixing with a relatively small quantity of nonmag-
matic water, (3) leakage of hydrogen relative to
H:0, or (4) some other process involving the gain
of deuterium relative to hydrogen. Gustafson and
Hunt (1975) have proposed that hydrogen leaked
from the mincralizing system and caused the appar-
ent massive oxidation of sulfur, because significant
mechanical influx of oxidized mecteoric water was
precluded by the near-magmatic pressures and tem-
peratures attending intrusion of the porphyry. (Most
of the 10° tons of sulfur emplaced during early stages
was fixed as sulfate rather than sulfide.) The shift
in 8D from roughly —60 per mil in fluids in equi-
librium with biotite that crystallized from the “L”
Porphyry melt to about —45 per mil in fluids that
produced bictite in K-silicate alteration asscmblages
might be duc to this process. Allernatively, these
Early hydrothermal fluids could be recording their
essentially unmodified D/H ratios for magmatic wa-
ter, defined as I.O-rich solutions that have
thoroughly exchanged chemically and isotopically at
magmatic temperatures with relatively large magma
systems (Sheppard et al., 1969). Many magmas be-
come saturated with H.O during their crystallization
history and lose a substantial part of their original
hydrogen content. Under the normal oxygen fugacity
conditions associated with most igneous systems,
Hs0 is overwhelmingly the dominant species carry-
ing hydrogen in the fluid phase (Eugster and Skip-
pen, 1967). Because H,O concentrates deuterium

relative to biotite and/or hornblende at solidus tem-
peratures (Suzuoki and Epstein, 1976}, the tuad
crystallized igneous rock may be depleted in deuter-
ium relative both to magmatic water and the orniginal
D/H ratio of the magma prior to saturation.  Thus
our “L” Porphyry sample may be depleted i deuter-
ium relative to earhier crystallized porphyry melts at
121 Salvador,

We cannot at present determine whether either
hydrogen leakage or H.O loss was the effective pro-
cess at Tl Satvador. Iither mterpretation supports
the geologic arguments presented by Gustalson and
Hunt (1975) that hydrothermal solutions responsible
for Early K-silicate alteration were derived from the
porphyry melts and their underlying magma chamber,
Because the range in the calculated 8D value of
meteoric waters at the time of mineralization falls
within the accepted range for magmaic water, the
possibility of mixing with relatively small quantitics
of nonmagmatic water cannot be evaduated.

“A” vein quartz is isotopically indistinguishable
from the Early K-silicate assemblages with which it
is associated (Fig. 4). “B” quartz veins appear (o
be transitional isotopically as well as temporally and
chemically. Though no hydrogen was hxed in the
“B” vein minerals, the §'*0 wvalues of fluids in
equilibrium with “B’’ vein quartz appear to be shifted
toward the distinctly lighter values relative to Farly
assemblages. Thus, the trend to lighter 80 in later
assemblages is observed whether or not hydrous
phases are present.

Fluids in equilibrium with “D” vein minerals and
their halo are further enriched in deuterium and de-
pleted in 0. The most important evidence for the
extent of this O depletion in the fluids is derived
from the “D” vein quartz samples (Fig. 3). Quartz
is much more resistant to retrograde isotopic ex-
change than sericite. We have shown above that the
sericites are too enriched in **O to be in equilibrium
with vein quartz and therefore the caleulated 8%0
values of the fluids, using the sericite data, are too
high at these temperatures. At the lower tempera-
tures inferred for this Late mineralization, the iso-
topic uncertainty related to the temperature uncer-
tainty is greater than that of carlier assemblages.
However, the isotopic ratios of chlorite and hypo-
gene-kaolhnite also formed during the Late mineral-
ization time are compatible with the compositions of
fluids calculated from the sericite data.  All the
oxygen isotope compositions of these “B" and “D”
vein fluids are distinetly depleted in **O relative (o
unmodified magmatic waters.

The trend to *O depleted water in pyrite-sericite-
forming environments is typical of other porphyry
copper deposits (Sheppard et al,, 1971).  Sheppird
et al. (1971) interpret this trend to show that there
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was a significant component of meteoric water in the
hydrothermal fluids involved during sericitization,
This is in c¢omplete accord with the interpretation
of Gustaison and Hunt (1975), based on several
lines of geologic evidence, that the influx of meteoric
water was responsible for the evolution of Larly
to Late mineralization-alteration environments at IZl
Salvador.

The trend to deuterium enrichment in Late hydro-
thermal solutions is similar to the trend at Santa
Rita, but unlike any at Bingham, Ely, and Climax
where sericitization was accomplished by solutions
relatively depleted in deuterium (Sheppard et al,
1971, fig. 10; Hall et al,, 1974). All of these situa-
tions can and have been interpreted as indicating
meteoric water, with the deuterium enrichment or
depletion trend largely reflection differences in the
isotopic composition of the meteoric waters from one
deposit to another.

The isotopic composition of magmatic water which
continues to emanate from an underlying magma
chamber and re-equilibrates with a refatively large
mass of unaltered igneous rocks at temperatures de-
clining continuously from about 700° to 300°C would
evolve along a path similar o that shown in igure
4. Although such magmatic-hydrothermal waters
could be responsible for the evolving alteration-min-
eralization features seen in the deposit, two lines of
reasoning argue against such a cause (Gustafson and
Hunt, 1975). (1) The geologic evidence for inward
and downward collapsing zonal patterns and for the
saturation of the fractured rocks with fluid at hydro-
static pressure in the Late stages of mineralization
strongly suggests flooding of the arca with ground
water.  (2) The similarity of the mineralogic and
isotopic patterns with those from other deposits
where such deuterium enrichment is not seen sug-
gests that deuterium enrichment is not an essential
feature of a common process in all deposits; an in-
flux of meteoric water fits the evidence but cooling
magmatic water does not. In addition one possible
interpretation of the sulfur isotope data suggests a
source of sulfur for Late fluids which was different
from that associated with the Iarly magmatic-hy-
drothermal fluids (Field and Gustalson, 1970), but
this is a much more tentative argument.

The pebble dike with pyrophyllite was interpreted
by Gustafson and Hunt (1975) as forming in an
overlying acid hot spring system. The deuterium
enrichment of such fluids, relative to those associated
with the deeper main stages of hydrothermal activity
(Fig. 4) supports this conclusion. Acid-type hot
spring waters which undergo evaparation at tempera-
tures on the order of 70° to 90°C expericnce a kinet-
ic isotope effect (Craig, 1963). Such waters be-
come systematically enriched in deuterium relative

to the local unheated meteoric water and plot along
a line with a slope of about 3. Using this slope to,
project back from the composition of water in erqui-
librium with pyrophyllite gives for the composition
of unheated meteoric waters at LX)l Salvador: 8D
values equal to —30 to —060 per mil and §'50) values
cqual to =5 to =9 per mil.

This range of 8D values for advanced argitlic as-
semblages is similar to that calculated for the Auids
responsible for the earlicr scricitization events bt
higher than the values caleulated for the later super-
gene waters.  1{ meteoric waters involved in “D7
vein formation were enriched in deuterium relative
to later supergene waters, certain processes must
have operated which at least partially modified some
of the 8§D values. A mixing of meteoric waters, with
unmodified D/H ratios, with those associated with
the transitional advanced argillic alteration which
had been modiied by evaporation processes is pos-
sible.  Modification through hydrogen leakage, al-
though possible, is unlikely to have been an effcetive
mechanisin at this late stage because (1) the oxyyen
isotope data for the vein quartz indicate that the
fluids were dominantly of meteoric origin i (2)
the amount of Ila present in such a fluid was prob-
ably negligible under the prevailing oxygen fngncity
conditions, In light of the evidence of some Thanted
oxygen isotope retrogradation in the sericites, we
should also suspect that their §D wvalues have heen
modified, too. Assuming that the D/IT ratio of the
system was largely coutrolied by the meteoric-hy-
drothermal fluids (very reasonable from the O /0
values of the fluid), then the actual 81 values of the
hydrothermal fluids were probably  slightly mnore
deuteriim rich than our calculated values, although
sericite-water hydrogen isotope fractionation factors
are not very temperature sensitive under our teni-
perature conditions.  Even though we cannot iso-
late the dominant modifying process [rom our data,
our main conclusion that mecteoric waters were
dominant in these late-stage fluids is not affected

The meteoric waters involved in the Late hydro-
thermal systems could have been shghtly more
deuterium rich than those involved with supergene
alteration that followed within a few million years.
However, the difference in their 81> value huplics
that uplift of the Andes at this latitude had begun
by late Ilocene.
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The Porphyry Copper Deposit at El Salvador, Chile
L.ewrs B. GustarsoN anp Jouwn P, Hunr

Abstract

The formation of the porphyry copper deposit at El Salvador culminated volcanic
activity in the ITndio Muerto district.  Host rocks for the ore are Cretaceous andesitic
flows and sedimentary rocks overlain unconformably by lower Tertiary volcanics. IEarly
vhyolite domes, formed about 50 m.y. ago and roughly contemporaneous withh voluminous
rhyolitic :ind andesitic volcanics, were followed by irregularly shaped subvolcanic in-
trusions of quartz rhyolite and quartz porphyry about 46 m.y. ago. Minor copper-
molyvbdenum  minceralization  accompanied this event. A steep-walled granodioritic
porphyry complex and the closely associated main center of mineralization and alteration
were cmplaced 41 nny. ago.

The oldest of these porphyries, “X*” Porphyry, is fine grained, equigranular to weakly
porphyritic.  Porphyritic textures are seen in deep exposures, whereas strong K-silicate
alteration at higher elevations has developed the equigranular texture. Next, a complex
series of Teldspar porphyries was intruded. These include an early group, “K” Porphyry,
and a late group, “L” Porphyry, defined by mapped age relations at intrusive contacts.
Strong alteration and mineralization of most “K" Porphyry bodies have partiaily
obliterated the porphyry texture. The larger “L” Porphyry complex is relatively un-
altered and unminevalized. A wide range of textural variation in “L” Porphyry is
spatially related to its contacts and evidences reaction with intruded andesite. Rela-
tively minor porphyry dikes and igneous breccia cut the composite porphyry stock and
are followed by postmineral latite dikes and clastic pebble dikes. Below the present
surface, pebble dikes exhibit a striking decrease in abundance and a change from a
radial-concentric to a nearly orthogonal pattern.

Petrologic trends are obscured because most intrusive rock types are not exposed
away from the area alfected by alteration and mineralization and because chemical and
mineralogic variation within a single {resh major intrusive unit, “L” Porphyry, is
apparently greater than it is across the entire porphyry series. However, rhyolitic
volcanisin in the district was clearly more felsic than younger granodioritic porphyrics
and produced higher K,0/Na,O ratios. Compared to average granodiorite, the El
Salvador porphyries are low in total iron and have a smaller K,O/Na,O ratio.  Composi-
tional trends in “L” Porphyry correlate with textural variations. The initial 87Sr/80Sy
ratio of early siliceous extrusive rocks and domes, as well as of the main porphyry
series and all alteration products, is a consistent; 0.704.

LEarly alteration-mineralization was mostly accomplished before the intrusion of the
lust major feldspar porphyry (“L” Porphyry) and contributed probably three-quarters
uf the 5 million tons of copper in the orebody. Early mineralization is characterized by
distinctive quartz veins and largely disseminated IK-silicate assemblages of alkali
feldspar-biotite-anhydrite—chalcopyrite-bornite  or chalcopyrite~pyrite.  Early quartz
veins.are typically granular quartz-K-feldspar—anhydrite-sulfide, generally lack internal

. syunnetry, and are irregular and discontinuous. K-silicate alteration of some porphyries

appears to have occurred during fnal consohdation of the melts as well as later. Bioti-
zation of andesitic voleanics and an apparently contemporancous outer fringe of propy-
litic alteration were produced during this Larly period. Lxcept at deepest exposed
clevations in the younger porphyries, incipient K-silicate alteration converted hornblende
phenacrysts to hiatite=anhydrite—rutile, ilmenite to hematite=rutile, and sphene to rutile-
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anhiydrite. Anhydrite deposition oceurved through the entire history of primary miner-
alization, aud probably more sulfur was fixed as sulfate in anhydrite than in sulfides.

Outward within a centrul zone of K-silicate alteration with chalcopyrite~bornite, the
proportion of bornite decreases until pyrite appears and increases as chalcopyrite
diminishes.  Pyrite abundance increases, then deereases in an outer propylitic zone
with epidote~chlorite—enleite. In the outermost propylitic zone, minor chalcopyrite~
magnetite veins give way ontward to specular hematite. Pyrite is very closely asso-
ciated with sericite or sericite—chlorite, and pyrite-sericite—chlorite veining is clearly
yvounger than both K-silicate and propyhitic assemblages.  The major fringe zone of
pyrite~sericite appears to he u relatively finte Teature superimposed across the transitional
houndary of the Larly-formed zones.  Datterns of wteration-mineralization are strongly
mfluenced by the ntrusion of LY T'orphyry, which removed part of the previously
formed Larly pattern and Liorgely controlled subsequent Late events.

A Transitiondd type of gquartz vein was formed alter consolidation of all major intru-
siong and prior to the development of Late pyritic and K-feldspar-destructive alteration
assemblages. Transitional quartz veins eccupy continuous planar fractures, which tend
to be lat. They arve characterized by a lack of K-feldspar and associated alteration
hados and by the presence of molybdenite.  The assemblage K-feldspar-andalusite on
deep levels is probably a Transitional altefation assemblage. Tourmaline in veinlets
and  breccins s closely associated in time  with Transitional quartz  veins,  The
abnndance of tourmaline increases npward toward the present surlace.

Pate mineralization, characterized by abundant pyrite and  K-feldspar-  destruc-
tive alteration, tends to be more fracture ¢ontrolied than Larly and more dis-
seminated mineralization.  Late sulfide veins and veinlets cut all rock types, except
latite, and all Early and Transitional age veins. They contain pyrite and lesser but
upward-inereasing amounts of bornite, ch:nlcom‘*rilc, enargite, tennantite, sphalerite, or
galena, Quartz and anhydrite are the most wcommon gangue minerals.  Alteration
hatos surrounding these pyrite veinlets are ]'n‘incipnlly sericite or  sericite-chlorite.
These veins occupy a radial-concentric fracture set at all levels of exposure.

Vertical zoning of Late alieration and sulfide assemblages is well developed. Peripheral
sericite-chlorite gives way upward to sericite, which encroaches inward on central
zones,  Upper level assemblages are dominated by sericite and andalusite and are
superimposed on Farly Kesilicate asscmblages.  Sericite-andalusite assemblages are
gradational with underlying andalusite-K-{cldspar zones.  Deep-level Early sulfide
zones, with antithetic pyrite and bornite, are abruptly truncated by later disseminated
sullide zones containing coitact assemblages of pyrite and bornite and variable amounts
of chalcopyrite and “chalcocite.”  Ifvidence for sulfide zoning higher within the leached
capping is based on study of relict sulfide grains. Pyrite-bornite sulfide zones are
generally found with sericite or advanced argillic alteration assemblages, but the “roots”
of these zones extend dowmward into K-feldspar-bearing lower level alteration zones.
Advanced argillic alteration assemblages containing abundant pyrophyllite, diaspore,
alunite, amorphorous material, and local corundum are strongly developed at high ele-
vations. These assemblages, present in postore pebble dikes, were formed very late in
the evolution of mineralizalion. Where preserved, the associated sulfide is pyrite.

Two types of fluid inclusions are found in Early and Transitional quartz veins but
never in Late pyritic veins.  They contain high-salinity flnd coexisting with low-
density fluid.  Both exhibit homogenization temperatures in the range of 360° to >600°C,
A third type of inclusion is found in veins of all ages, contains low-salinity fluid, dnd
homogenizes at less than 350°C,

Supergene enrichment formed the commercial orehbody, roughly 300 million tons of
1.6% Cu. Sccondary Cu-S minerals extensively replaced chalcopyrite and bornite but
coated pyrite with little or no veplacement. Kaolinite and alunite are the principal
supergene alteration products. Kaolinite replaces feldspar, biotite, and chlorite but not
sericite.  The zones of supergene kaolinite are developed beneath the upper level zones
of strong sericitic alteration and within the upper preserved portions of the underlying
K-silicate and sericite-chiorite zones. Magnetite is oxidized to hematite by supergene
alteration. Aunhydrite is hydrated to gypsum and then dissolved by supergene water to
depths as great as 900 m beneath the present surface.

Suifides originally present in the leached capping have been oxidized to limonite,
composed mostly of jarosite, gocthite, and hematite. A dominantly jarositic capping
overlies most of the orebody and the inner pyritic fringe. This is surrounded by a
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goethitic capping. A thin hematite woethite eapping between the jarosite and the en-

richment blinket was apparently formed during a sccond stage of oxidation and

leaching,  Copper was mostly ranoved from the sericitic capping, hut iron, molyb(lenum
and gold were relatively immobile during supergene leaching.

Interpretation of the spuce-time patterns and relations of the mineralization, alteration,
voleanisiy, and intrasion allows reconstruction of the (lq\osumn.\l environments of the
Kb Sulvador porphyry copper deposit. The bulk of the primary mineralization and
alteration accompanying cmplacement of the porphyries was accomplished in less than
one million years, at the end of an extended period of volcanism,  The granodioritic
stocks intruded their cogenctic voleanic- pile, which extended probably less than 2,000
meters above he present surface, arly minceralization-alteration formed simultancous
with, adjacent to, and within recurrent intrusions of porphyry.  The pressure-tempera-
ture enviromnent was close to that of the final crystallization of the melt. The saline
agueous fluids responsible for the bulk transport of metals and suliur at this time were
boiling, lhnited in quantity, and of largely magmatic origin.  They were generally
depleted at present levels of exposure prior to the cmplacement of the last porphyry
The relatively oxidized state of sulfur during this LZarly period probably reflects

Teakage of hydrogen from the mineralizing system.

As cooling of the intrusive complex progressed, the structural .md chemical character
ol the mitneralizing environment shifted, largely in response to the inflow of meteoric
water. This water was part of a deep convective system driven by heat {from the cool-
ing intrusive center.  With continued cooling, upper and peripheral zones of Late
alteration and mineralization progressively collapsed inward and downward over zones
of LEarly mineralization, penetrating deepest along continuous vein structures.  There
was extensive reworking of previously deposited sulfides and wall-rock alteration,
especially at high eclevations.  In the last stages, an acid hot-spring system was es-
tablished in the upper portions of the deposit.  Jinal and relatively minor intrusion of
latite dikes into this hot-spring system caused pebble brecciation along Late vein struc-
tures. Iirosion and supergene leaching and enrichment followed within 5 m.y. and may
have overlapped the final stages of hot-spring activity.

. A genetic model is proposed Tor the emplacement and deposition of porphyry copper
deposits in general.  Essential elements of this genetic model are (1) shallow em-
placement of a usually complex serics of porphyritic dikes or stocks in and above the
cupola zone of a cale-alkaline batholith; (2) separation of magmatic fluids and simul-
taneous metasomatic introduction of copper, other metals, sulfur, and alkalies into both
the porphyries and wall rocks; and (3) the establishment and inward collapse of a
convective ground-water system, which reacts with the cooling mineralized rocks.

The well-known similarities of porphyry copper deposits from many parts of the
world are variations on a common theme. Tle differences and unique features ex-
hibited by individual deposits reflect the imprint of local variables upon the basic model.
The local variables include depth of emplacement, availability of ground water, volume
and liming of successive magma advances, and lhe concentration of metals, sulfur, and
other volatiles in the magmas, as well as depth of gxposure.

TNISS,

Introduction 1944, Reno Sales and Vincent Perry, accompanied
by March and Wendell, visited the Camp Area.
During this visit Perry was impressed by porphyry

float containing glassy quartz veinlets in the gravel-

As summarized by Perry (1960) geology played
a critical role in the discovery of the Il Salvador

vrehody bencath the iron-stained slopes of Cerro
Incio Muerto.  Interest in Indio Muerto Mountain
as a possible important copper prospect went back
to about 1922 and the carly years ol the nearby
Potreritlos mine and metallurgical piant. Then mine
superintendent  Greninger, and  mine  geologists
March, Reed, Watson, and Wendell all commented
favorably on certain aspeets of the so-called “Camp
Area”, about two miles north of the present LIl
Salvador orchody. IEven the ancient turquoise
diggings of the Incas, in what is now known as Tur-
quoise Gulich, cxcited interest and speculation.  In

filled arroyo leading from Turquoise Gulch, and
which reminded him of quartz veining he had pre-
viously mapped over the fabulous La Colorada ore-
body at Cananea, Mexico. The following year he
assigned Roland Mulchay and E. C. Stephens to
map and appraise the surface of Indio Muerto. They
reported favorably on the Camp Area as a copper
prospect but stressed its limited tonnage possibilities.
In 1950 Perry again visited the district, this time
accompanied by William Swayne as well as then
Potrerillos geologists Swensen and Brinley, and
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using the Mulchay and Stephens map as a guide
examined the leached outcrops within Turquoise
Gulch., During this visit particular emphasis was
placed on the distribution of quartz mineralization
and other features of limonite and alteration, indicat-
ing a favorable exploration target.  Subsequently,
Anaconda’s management approved Perry’s vigorous
recommendation for a major exploration cffort to
test the possibility of a secondary, enriched target
beneath Turquoise Gulch,  Swayne, assisted by John
Bain and Hans Langerfeldt, was then assigned to
map in detail the rugged slopes of Indio Muerto and
the surrounding district and to plan a drilling cam-
paign.  The mapping project was a major under-
taking as no adequate base maps, roads, or water
exjsted within the district. These difhculties were
overcome and an accurate map was prepared upon
which Perry and Swayne together laid out four initial
tedt holes. Swayne’s mapping and interpretations
were supplemented by mineralogical studies of rock
spécimens by Charles Meyer in Anaconda’s Butte
laboratories. Meyer was then in charge of Ana-
conda’s geological research and also inspected the
prospect accompanied by Sales and Perry during the
subsequent drilling campaign.

In 1951, approval for drilling was given by Ana-
conda management. A single drill rig was ailocated
for the initial exploration program. The prime
target in Turquoise Gulch was inaccessible at the
start and the first two holes were drilled in more
casily reachable locations. They intersected interest-
ing but low-grade secondary copper suifides in what
subsequently proved to be the outer pyritic fringe
of the orebody. The third hole was drilled to ex-
plore the readily accessible Camp Area target and
intereepted 1,000 feet of plus one percent primary
copper mineralization.  Such an encouraging show-
ing threatened to divert management’s interest from
the secondarily enriched target in Turquoise Gulch,
and a fourth hole was drilled near Hole 3. In spite
of the tempting distraction of the Camp prospect,
Swayne moved the rig back to the relatively inac-
cessible prime target area in Turquoise Guich, where,
in the meantime, a drill road and site had been com-
pleted, and started Hole 5. Completion of this hole
was delayed due to management’s interest in the
intercept of primary mineralization in the Camp
Arvea, where two additional holes were finished.
Finally, in 1954, Swayne, supported by Perry,
managed to complete Hole 5, intercepting high-grade
sccondarily enriched ore beneath the barren out-
crops of Turquoise Gulch, and it was cvident that a
major discovery had been achieved. .

The development of the LI Salvador Mine fol-
lowing the discovery of the Turquoise Gulch ore-
bodly through 1959, the first year of production, has
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THE PORPIYRY COPPER DEPOSIT AT EL SALVADOR, CHILLE

also been described by Perry (1960). Swayne and
Trask (19060) described many of the general features
of the mine and district as well as the geologic
mapping and office procedures routinely used at 1
Salvador.  Several important aspects of the geology
were reported during the course of the work (Hunt,
1964, 1969; Hemley, 1969; and Gustalson and
Hunt, 1971).

During the period of Anaconda management of
2] Salvador prior to July 1971, more than 80 man-
years of detailed yeologic mapping and study were
invested in the property,  The present authors have
the privilege of summarizing some of the results of
this effort. A significant part of this commitment
of manpower and money was deliberately aimed at
the broad objective of developing new exploration
concepts and tools through a “ease-history” analysis
of a major porphyry copper deposit. I Salvador
was sclected Tor study because of excellent and com-
plete geologic records and becanse of the unusually
good rock exposure, consisting of surface outcrops
overlying more than 200 km of tunnels and diamond
drill holes wihich extend over a vertical range of
900 meters.

The main thrust of geologic research at El Salva-
dor was directed at understanding the  detailed
anatomy and evolution of the Turquoise Gulch ore-
hody,  Broader studies, such as the relation of the
Turquoise Gulch orebody to other smaller mineralized
centers in the district and the geology of the district
itseli 1 refation to the Mesozoic and Cenozoic his-
tory of the Andean Corditlera, were hegun but never
completed. We also regret that critical petrological
and chemical studies of both the regional rocks and
alteration-mineralization suites within the mine were
never completed.

The present paper atlempts (o focus on what we
consider to be the main scientific result of Ana-
comdi’s geologic effort at El Sabvador, namely, de-
scription and interpretation of the space-time rela-
tioms of volcanism and porphyry intrusion with the
concurrently evolving mineralization and alteration
in ithe main orchady bheneath Turqunise Gulch,

Geologic Setting

The T Sulvador mine s located in the Tndio
Mucerto district i the Atacama Desert of northern
Chile, some 800 km north of Santingo (Figs. 1 and
2). During 12 years of operation under Anaconda,
the mine produced 80 million short tons of sulfide ore
averaging 1.5% Cu. The orehody is a “chalcocite”
ciarichment blanket roughly 1.5 ki in diameter and
up to 200 m thick, underlying the Turquoise Gulch
aren,  Surface indications of alteration and mineral
ization can he observed in the Indio Muerto district
i a north-northeast clongate zone of some 5 hy 10

§61

km. Actual ore reserves prior to production
(January 1, 1957) were about 300 million short
tons averaging 1.6 percent total copper, approxi-
miately 5 million tons of copper metal. This repre-
sents. roughly one-third to one-half of the total
amount of copper deposited in the district.

The Indio Muerto district and the Potrerillos
porphyry copper deposit, 25 km southeast of Ll
Salvador, both lie along the northern edge of a dis-
sected and croded lower Tertiary volcanic field,
roughly 50 X 200 km in extent, which contains rhyo-
lite and andesite extrusives and numerous granodio-
rite and quartz monzonite stocks. These lower Terti-
ary volcanics were laid down unconformably over
folded and croded Upper Cretaceous andesitic vol-
canic and related sedimentary rocks. The Quater-
nary volcanic belt, lying some 60 km east of Ll
Salvador in the High Andes, appears to be a recent
analogue of the lower Tertiary field. Erosion and
dissection of the lower Tertiary rocks were aided by
major northerly trending faults, most showing down-
to-the-west relative displacements and unknown
strike-slip components.  Both El Salvador and
Potrerillos have been exposed by erosion, which
progressed to the point of largely stripping the lower
Tertiary volcanics but not deeply eroding the under-
lyling Mesozoic rocks.

‘Upper Cretaceous(?) rocks, approximately 3 to
5'km thick, are exposed in the northern half of the
Indio Muerto district and at lower elevations within
Cerro Indio Muerto itself (Fig. 3). The lower part
of this Cretaceous section is dominantly sedimentary
and composed of andesitic conglomerates and sand-
stone, tuffaceous in part, with subordinate andesite
flows. The upper part of the Cretaceous section
contains numerous andesite flows, subordinate ande-
sitic conglomerates and sandstones, and at least one
silicic pyroclastic unit, These rocks are very similar
to and probably correlate with the lower and upper
members of the Cerrillos formation in the Copiapo
arca (summarized by Segerstrom, 1967). In the
Indio Muerto district, the Upper Cretaceous rocks
are folded into a faulted antiformal structure trend-
ing northerly and having a stecp western limb. In
the vicinity of the orebodies, distinction between
igneous and clastic units within this formation is
impossible hecause of strong alteration and they have
been mapped simply as “andesite.”

A series of lower Tertiary andesitic and rhyolitic
extrusives, including abundant ignimbrites, overlies
the Cretaceous rocks and comprises intertongued
volcanic piles whose thickness has not been deter-
mined. In the vicinity of Turquoise Gulch, at least
400 m of siliceous ignimbrites overlie the uncon-
formity and dip gently to the south. The fact that
the steep porphyry contacts and sulfide veins in the
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mine dip northerly, perpendicular to these voleanics,
suggests minor southerly tilting or warping of the
district after mineralization,  These voleanies prob-
ably correlate with the Hornitos formation in the
Copiape area (Scgerstrom, 1967 ), and therefore the
unconfornnty has heen named the “Hormitos ancon-
fm‘lllily”.

O the southeast Aank of Cervo Tudio Muerto, o
secomd uncemformity with sharp locat reliel is seen
cutting through the Hornitos volcanies into an wnder-
heing window of Cerrtllos rocks. This unconfornity
and the thick series of overlying andesitic and rhyo-
Htic voleanies and sediments have been cailed the
Indhio: Muerto unconformity and series, respectively.
Mapping to define the extension of this unconformity
and the detail within the voleanics on the south slope
of the mountuin was never completed, so these {ea-
tures on Figure 3 are somewhat speculative. The
Indio Muerto series rocks probably correlate with the
Cerro L Peinetie voleanics in the Copiapo region
(Clark et al, 1967).

Intrusive activity centered in the Tndio Muerio
district began during mid-TLocene with the emplace-
ment of a group of rhyolite domes, which apparcently
formed one of the voleanic centers for the Indio
Muerto series extrusives. A second group of quartz
rhyolite and quartz porphyry intrusions was followed
by the granudioritic porphyry complex around Tur-
guoise Guich at the end of the Rocene. Tt is not
clear how much of an edifice was buili by either of
these voleanic episodes or how much crosion pre-
ceded the intrusion of the main porphyry sequence.
Only minor copper and molybdenum mineralization
was redated to the guartz rhyolite and quartz por-
phyry volcanic events, bui the bulk of mineralization
awnd altection accompanied the emplacement of the
lnal porphyry complex.  Subsequent supergene oxi-
daion and suifide enrichinent ol the primary min-
eralization formed the commercial orchodies at 15}
Salvador,  Supergence enrichment was accomplished
tong Lefore the present erosion surlace was formed,
as noted elsewhere i the Atacama desert (Sillitoe
ek al, T9O8). Oxidized portions of the original en-
richient bliket ave exposed on the lower slopes of
Indio Muerto and are overlain hy Miocene gravels.

The present paper will concentrate on those events
that took place in the Turquaise Guich aren at the
culmination of voleanic activity and produced the

i orehody of the ) Salvador mine,

Principal Intrusive Rock Types

The Turquoise Guleh center of  mmeralization
contains a complex of siliccous to intermediate intru-
sive rock types.

Indio Mucrto Rlryolite donies

The main peak of Cerro Indio Muerto and the
high ridge to the southwest (Figs. 1 and 4) are
formed by two rhyolite domes. Underground pene-
tratiohs have partially defined the geometry of each
asflaring outward above the elevation of the Hornitos
unconformity  (Fig. 5). A third rhyolite body,
Jocated on the cast fank of Indin Muerto, is petro-
logically very similar to these domes and is prob-
ably i more deeply croded and steep-walled voleanic
neck.  The smaller irregular masses on the north-
enst flank of the mountain are dikes and sills of
simifae rock intruding Cerrillos “andesites.”  The
rhyolite domes clearly intrude the rhyolitic pyro-
clastics above the Hornitos unconformity near Tur-
gquouise Gulch, A flow breecia of identical rock on
the southeast slope of the mountain grades downhill
into water-worked debris derived from the domes.
These rocks directly overlie the Indio Muerto un-
conformity, which therefore marks the surface at the
time of emplacement of these carly rhyolites. These
rhyolites are clearly older than quartz porphyry and
granodiorite porphyry, heing cut by dikes of these
rocks.

These rhyolites are readily identifiable as a single
rock type, called Tndio Muerto Rhyolite (Fig. 6A).
They contain practically no quartz phenocrysts, but
all contain more or less abundant, 1 to 3 mm pheno-
erysts of alkah feldspar, recognizable even in strongly
altered areas. A variety of matrix textures are
scen, all suggesting devitrification of glass. Flow
banding is common and widespread.

A single complete chemical analysis (Table 1) and
a few partinl analyses indicate a silica content rang-
ing from about 74% to 77 % Si0., with K,O ranging
from 4.0% to 6.5% and Na.O from 1.6% to 3.6%.
Quarlz rhiyolite

Close to the northeast flank of the mountain lie
two hills of guartz rhyolite, known as Cerro Pelado
and Rhyolite Hill (Fig. 3). This rock type is
characterized by abundant and usually small quartz
phenocrysts and relatively abundant feldspar pheno-
crysts (Fig. GB).  Small biotite books and K-feld-
spar phenocrysts are commonly present but sparse,
and opaques are practically absent.  Age relations
with the Tadio Muerfo Rhyolite domes and with
quartz porphyry, described below, are inconclusive,

Cerro Pelado is a steep-walied, complex intrusive
center,  Quartz rhyolite forms an arcuate massive
plug with arcuate and tangential dikes. The mar-
gins of the plug are strongly brecciated. IEnclosed

within the circular outline is what is probably a col-
lapsed Dbreccia, containing fragments of andesitic
sedinment partially engulfed by quartz rhyolite. Cerro
Telade has many of the characteristics of a shallow
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voleanic neek, It is not certain whether the nearly
flat base of the quartz rhyolite in Rhyolite Hill was
the surfance on which it was extruded or represents
merely the base of an intrusive sill.

Quarls porphyry

Quartz porphyry is a majer intrusive rock type in
the Turquoise Gulch and Old Camyp centers of min-
erdization, It is characterizgd by usually abundant
and large quartz and plagioclase phenocrysts in a
siliccous fine-grained groundmass.  The texture is
similar to the coarsest quartz rhyolite (above), ex-
cept that plagioclase phenocrysts are larger (some
>1 cm) and more abundant and biotite books more
prominent (IFig. 6C).

Clearly mwore than one intrusive umt has been
mcluded as quartz porphyry, but only in the Old
Camp arca have contacts between two quartz por-
phyries been mapped,  The irregular north-trending
dike between Turquoise Gulch and the Old Camp
area (Fig. 3} contains abundant broken phenocrysts,
suggesting that it was a feeder for pyroclastic ex-
trusives.  Quartz porphyry at the Old Camp area
forms an arcuate dike, presumably a ring dike, which
vecupies nearly 170 degrees of a cirele around Cerro

s

Lelado quartz rhyotite.  The large areas of quartz
porphyry in and surrounding Turquoise Gulch are
exposures of rather extensive and thick sills of quartz
porphyry which were intruded at the base of and
within the Hornitos voleanic pile.  In mine exposures
and drilling beneath these outcrops, only a few small
dikes are scen below the Hornitos unconformity
(Figs. 4 and 5).

There 15 a striking difference in shape between
the quartz porphyry intrusions and both the earlier
Indio Muerto Riyolite domes and later steep-walled
granodioritic porphyries. This suggests that quartz
porphyry was intruded at a different depth or at a
different rate than these other intrusions, Quartz
rhyolite has closer affinities to quartz porphyry than
to Indio Muerto Rhyolite in texture and shape.
Quartz rhyolite and quartz porphyry are interpreted
as heing closely related intrusions.

Al of the gquartz porphyry in the main Turquoise
Gulch area is moderately to strongly altered. The
single chemical analysis of quartz porphyry (Table
1) is of a sericite-chlorite altered dike rather than
of fresh rock. The alteration may account for the
refatively high Fe,04/FeQ and K. O/Na,O ratios
reported in the analysis.

2

Fie. 6. Texwres of intrusive rocks related to early rhyolitic voleanic events.
A, Indio Muerta Rhyolite. Flow banding, devitrification textures (quartz and atkali fcldspar), and sparse small pheno-
crysts of alkali feldspar characterize the cluster of rhyolite domes on and around Cerro Indio Muerto. Quartz or biotite

phenucrysts are not seen.  (Nonpolarized light)

B, Quartz rhyolite. Abundant phenocrysts of quartz and alkali feldspar are commonly fragmental, and biotite “books” are
small and sparse. Groundmass is a very fine granular intergrowth of quartz, alkali feldspar, and sericite, which shows
nvither flow banding nor the usual devitrification textures.  Couarse varieties with some plagioclase phenocrysts approach

quartz porphyry in texture,  (Cross-polarized light)

C., Quarwz porphyry. lLarge phenocrysts of plagioclase and quartz are set in a finc-grained groundmass of quartz and
sericite.  Biotite “books” are prominent, but in this specimen are altered to sericite, as is the plagioclase. (Cross-polarized

light)

Nuote that like the photographs in Figures 7, 8, and 9 these are negative prints made by using thin sections dircetly as

negatives in the enlarger, with or without polarizing sheets.
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Taste 1. Chemical Awilyses of Intrusive Rocks. The smnples are from the freshest angl most weakly mineralized exposures | dikes of

of each type in the mine area, hut most have been affected by significant mineralization and alteration.  Analyses were 1 extremiti
made by the Japan Analytiva] Research Iostitate, except for (1), \\:hit;h wis m';u‘l(- by The Apacanda Cn.  In phyl‘iCS.
o ) .\‘:lll:l)‘('.\‘ \\'ill:\'i;iuilh'n.u% :I-Ijh)llllls (:f_.ili‘flll_ti l.l_lu ratio of FelOy to FeQ is erroncousty high, I granular
' i TTTmTm e e e -—'.- T . T v was dé\,’(‘
1) (2 3 o 5 (6 7 (%) 9 10 11

o (.,_ _“(_)’7 _(-)_~_~() o () ] (0] (7) ",__() ({ )~ () of the ro
Si0), 75.80 00,1 5275 (2.93 56.58 64.31 64.53  65.09 62.46 53.85 59.23 during fit
AlLO)y 12.87 15.01 16.44 14.66 17.41 16.29 16.10 15.03 17.39 16.66 15.59
Fea()y 0.44 140 0.59 1.00 344 2.63 1.23 2.05 2.42 2.03 3.10 { “g Por
o0 075 047 2.22 00 272 1.77 137 127 1.64, 105 L7 orf
MnO) 0.00 trace 0,00 0.01 0.03 0,03 0.01 0.02 Lrace 0.02 0.05 ! .
MO 0.05 1.50 2.58 1.33 2.15 1.60 1.34 1.31 | 148 2.43 213 ) Tollow
Ca0 0.23 544 6.39 4.66 6.14 4.34 4.55 3.87 4.40 6.64 5.41 |’ plex ser
Na,Q 344 1.99 404 6.73 4.65 4,79 3.99 3.56 4.29 5.59 4.31 | “Feldsp:
K0 5.13 .77 2.28 145 1.57 1.79 2.30 2.68 3.58 1.89 273 eidspa
HL0 () 0.39 2.55 104 0.02 1.18 0.98 1.24 247 0.93 1.25 1.32 i porphyry
HO (=) — 1.09 028 0.95 053 041 053 077 029 051 2.30 henocry
P40 0.00 0.28 0.85 0.55 0.48 0.32 0.26 0.22 0.20 0.22 029 p

Ti), (.24 0.14 0.99 0.62 0.73 071 043 0.48 0.45 0.66 0.96 . but lacki

S0, 0.00 6.30 3.79 343 2,24 0.85 2.27 1.83 0.45 6.23 trace , crysts.

S 0.02 0.63 0.20 0.38 0.22 0.08 0.28 0.57 0.25 0.07 trice Turquois

0, 0.17 0.27 0.08 0.26 0.33 0.24 0.40 0.35 0.04 0.53 1.55 : urquoi:

I 0.013  0.02 0.04 0.03 0.06  trace 0.04 0.04 0.04 0.04 0.03 Porphyr:

Cu 0.00 0.26 0.53 0.50 0.06 0.03 0.15 0.13 0.03 0.27 0.01 . . “K T

Sutitotal 99.00 10009 10005 10LiL 100.52 10087 101.02 10074 10034 99.94  100.72 i the man

Less O | Gulch.

ecquivalent . .
for § —-0.00  ~032  —010 =019  ~—011 =011 =014 =020 -0.12 —0.04 — | phyry to
— - —— | fringing

Total 99.59 100,77 100,05 100,92 1004 100.83 100.88 101.45 100.22 99.90 100,72 not Dlﬂ)'

Sp. gr. 2.52 2.68 2.69 2.66 2.73 2.67 2.66 2.66 2.66 2.70 2.56 < yelns an
R — e s e e e ture, de

(1) Tndio Mucrto Rhvolite, ES 1693 ; practically unmincralized and unaleered; surface. location

(2) Quartz porphyry, ES 2702, sericite~chlorite~anhydrite-chalcopyrite-bornite; 2400 level, , it

(3) X" Porphyry, ES 2699; K-lcldspar-biotite=anhydrite~chalcopyrite~bornite; 2400 level. types, 1

(1) “K" Porphyry, DDH 347-180 m; K-feldspar-biotite-anhydrite~chalcopyrite=hornite; 2,460-m clevation. tacts thi

(5) “L” Porphyry, ES 2691 ; no aplitic groundmass, biotized hornblende and anhydrite veinlets; 2400 level. type

(0} L7 Porphyry, I£S 2689; (=) aplitic groundmass, practically fresh and unmingralized ; 2400 level. ”“ e

(7) "L Porphyry, ES 2688; () aplitic groundmass, weak chloritization, sparse chalcopyrite in “‘atkali scams”; 2400 level. K

8 ‘Q‘L" Porphyry, ES 2687; (&) aplidc groundmass, weak sericite-Na-plagioclase-chlorite with sparse chalcopyrite-pyrite; complex

400 Jevel, ; .

(9) “L" Porphyry, ES 27037 (2) coarse aplitic groundmass, practically fresh and unmineralized ; 2400 level, tacts be
(10) A" Porphyry, £S 2701; “mineralized” testure, biotitic=alkali feldspar-anhydrite-chalcopyrite-bornite; 2400 level. have he
(11) lLatite, ES 20695 moderate montmorillunite-caleite alteration; 2400 level, e f

of text
(Nt . . . \Vith “:

X7 Porphyry especially where further complicated by superimposed much o

. . . . hydrothermal alteration. Dehnitive age relations at | d hov

The oldest of the main series of granodioritic por- 7 . e 1 | and hov

R : . e n P contacts between “X” Porphyry and quartz porphyry | : .
phyries in Turquoise Gulch is known as “X” Por- stage 1

7 - L . . -, have not been found, but gross geometry strongly Fiers.
phyry.  (The main intrusive rock types in the KI . 5 7. ") g 1 , ) (Fags. .
" » ) T A . implies that the steep “X” Porphyry stocks cut the i th
Salvador mine were arbitrarily given letter designa- wartz porphyry sills. Younger feldspar porphyrie in the
tions, X, K, L, etc,, referring to crosscuts in original b Lo b, d S8 L SUNEET [C/ASpar porphyrics tassium

ST - R (K and “L”) clearly intrude “X"” Porphyry. “X
exploration workings where these rock types were iy .

A exboc s ) J Porphyry contacts locally truncate early quartz veins wpn p
well exposed.)  This porphyry was referred to by | - ! . . c o 0
Sway FA U " ) hwith sulfides in andesite, but most quartz veins cut
Swayne and Trask (1960) as “fine-grained grano- ¢ : ot T

sl e across these contacts. The
diorite.”  As shown in Figure 4, there are three « " g n i

. 1 ia o N The b — i The weakly porphyritic texture of “X” Porphyry quoise
i bodies of "X Dorphyry lying along the north- . 7

hienct aeinl frome R S 15 best observed in deep underground exposures steep-w
northeast axial trend of the porphyry complex. The ! ' : ot ‘ '

- . ) . . 7 where the rock is least altered (Fig. 7A). In ex- nearly
central body forms a discontinuous {ringe about a ) : : :

i o ) Lo posures at higher elevations, the rock is strongly porphy
younger feldspar porphyry intrusion. P . .

“XO Porphvey characteristicall | . altered and appears cquigranular, with ouly sparse also yc

e ;,;P DY CHATACLErIstica’ly SCnds many - eyidence of a porphyritic texture (Fig. 8C). Plagio- tion,ar
regular - dikes mlo. andesite. ]\eFr)Aatnlh/.ntl‘on‘ of  clase phenocrysts are commonly obliterated by alkali | the on
nndcs.xtc wto a relatively coarse, equigranular biotized feldspars and hornblende phenocrysts by biotite and the ma
rock in the inumcdiate vicinity of the contact locally  alkali feldspar. Over broad areas, there is no evi- seen lc
makes recognition of the intrusive contact difficult,  dence of an originally more porphyritic texture. Small of a m
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dikes of X" Purphyry grade into aplites at their
extremities, as do some small dikes of other por-
phyries. It s not fully cear whether the equi-
granular texture of N Porphyry at upper leveis
was develuped through pust-consolidation alteration
of the rock or whether it was developed primarily
during final stages of consolidation of the melt.

K2 Dorphyry

Following emplacement of “X” Porphyry, a com-
plex series of feldspar porphyries was intruded.
“Feldspar porphyry” s o textural term meaning
porphyry characterized  primarily by plagioclase
phenocrysts, with an abundance of mafic phenocerysts
but lacking prominent ynartz and K-feldspar pheno-
crysts. The main mass of feldspar porphyry in the
Turquoise Guleh area is separated into an early “K”
Porphyry and a later L7 Porphyry.

R Porphyry accupies the southeastern lobe of
the main mass of feldspar porphyry in Turquoise
Gulch., 1t is older than the main mass of “L” Por-
phyry to the northwest but intrudes andesite and the
fringing mass of “NX** Porphyry. This is established
not onh by dike shapes but by truncation of quartz
veins and alteration assemblages,  While rock tex-
ture, degree of alteration and mineralization, and
location are usclul {ur fickd recognition ol thcse rock
types, it s the age relationships at the intrusive con-
tacts that were used to deline cach porphyry rock
type.

Porphyry is best described as an intrusive
complex, as within its main body many local con-
tacts hetween intrustve surges of “K” Porphyry
lave heen mapped.  There is a fairly wide range
ol textural varintion within “K” Porphyry. As
with “X” DPorphyry, it is not entirely clear how
much of this is due to post-consolidation alteration
aind how much to reaction hetween crystals and late-
stage melt and fuids during fnal crystallization
(Figs. 78, SA, SB). Most “K” Porphyry exposed
in the mine is at least moderately aitered to po-
tasstum silicate assemblages.

"L Parplivry

The Jargest mass of feldspar porphyry in Tur-
quoise Guleh is “L” Porphyry. It is a complex
steep-walled stock with a crudely arcuate outling,
nearly 1 km across. “L” Pnrphyrv cuts quartz
porphyry, “K” Porphyry, and “X"” Forphyry. Tt is
iso younger than much, but not all, of the altera-
tion and mincralization in the deep central part of
the ore zone. Although intrusive contacts within
the mass are difficult to recognize, enough have been
seen docally to ndicate that this stock is also made
of a number of separate intrusive units.  The south-

871

easlern lobe shows the clearest evidence of mulliple
intrusion of [eldspar porphyry magma. Here dikes
of both mafic feldspar porphyry (YA’ Porphyry)
and'igncous breccia which clearly cut “L” Porphyry
are ih turn cut by dikes of porphyry which are in-
dxslmgtnslnhlc from the host “L” Dorphyry.  So
close is the similarity 6f carly and late surges of “L”
Porphyry that contacts between them can be traced
{or only short distances. |

“L” Torphyry is the only oue of the major intru-
sive rocks with exposure fresh enough to determine
the original composition and petrography. The tex-
ture and composition vary markedly. However, all
textural variants are characterized by abundant
phenocerysts of plagioclase, biotite, hornblende, and
locally quartz. These are enclosed in a matrix of
quartz, alkali feldspar, and biotite and(or) horn-
blende, with accessory zircon, apatite, sphene, mag-
netite, and ilimenite (IFigs, 9 and 10).

The major texture variation is in the abundance
and grain size of the groundmass. Where micro-
scopic texture of the groundimass is a “sugary” equi-
granular mixture of relatively fine grained quartz
and alkali feldspar, with mafics and other accessory
minerals, it has been called “aplitic” groundmass,
This is characteristic of most “L” Porphyry as well
as the least altered exposures of “K' Porphyry.
Along with variation in the abundance of aplitic
groundmass are scen rather systematic variations in
the abundance of quartz phenocrysts, color index,
and ratio of identifiable biotite and amphibole pheno-
crysts to total biotite plus amphibole. The sizes of
plagioclase phenocrysts and the ratio of hornblende
to biotite phenocrysts show no systematic variations.

Systematic textural patterns have heen mapped
within “L” Porphyry (Fig. 11). Areas of abund-
ant aplitic groundmass, quartz phenocrysts, low
mafic content, and a high proportion of mahcs as
phenocrysts grade into relatively nonporphyritic,
more mafic rock with no quartz phenocrysts near
contacts with biotized andesite. This transition is
accomplished by both truly gradational and abrupt
changes in one or a combination of the textural fea-
tures. Such mafic contact effects are absent or only
weakly developed where “L” Porphyry intrudes
early porphyries or previously mineralized and bio-
tized andesite. A miniature (5 cm), nonporphyritic,
mafic porphyry rim has been found surrounding a
small (10 am) inclusion of hietized andesite within
one of the high groundmass porphyry centers. On
both scales, Na,O rises and K.O drops approaching
the “andesite” from high-groundmass porphyry. Evi-
dently, reaction with the intruded “andesite” is the
chief cause of the textural variations.

e
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6. 7. TFextures of mtrusive porphyries of the main Turquoise Gulch porphyry series (except “L" Porphyry, Fig. 9).

AL UNY Porphyey, Fubedval plagioclase wnd biotite clusters after subhedreal hornblende are seen only in deep exposures.
The anhedeal granular texture of strong K-silicate alteration (Fig. 8C) is more typical. The anhedral interstitial material is
quartz, K-feldspar, biotite, and anhydrite.  Biotite "books™ are rare and confined to a few contact zones.  (Cross-polarized
light) )

B, "K" Purphyry. Fuhedral plagiociase phenocrysts with biotite “books™ and local quartz “cyes” in an “aplitic” ground-
mass characterize relatively unaltered K7 Porphyry.  This is petrologically very similar to “L" Porphyry (Fig. 9), but
low-grovndmass varianmts are not seen in “K° Porphyry.  Argillic alterntion gives mottled appearance to the plagiociase.
(Cross-polarized light)

C. A7 Torphyry, Plagiochse and hornblende (arrow) phienocrysts are surrounded by an abundant “feldspathic” ground-
mass (Fig. 10C)Y, which is charncterized by tiny plagioclase Inths and abundant mafics, usually hornblende. A “wormy” in-
tergrowth of alkali feldspar is seen in outer growth zones of some plagioclase. A wide range of normal textural variation,
involving mostly the abundance, texture, and mineralogy of the groundmuass, is scen in essentially unmineralized and unaltered
“AY Porphyry,  (Cross-polarized hight)

D, Latiie. Euhedral plagioclase phenocrysts are commonly altered to a “wormy” intergrowth containing mostly alkali
feldspar, moutmoritlonite, and caleite.  Quartz, amphibole, and biotite phenocrysts are relatively sparse.  Groundmass con-
tins tiny sodic plagiociase laths with interstitial K-feldspar, quartz, and abundant amphibele, magnetite, and ilmenite. (Non-
polarized light)

AT Porphyry than 100 m, most are quite irregular and cannot be
traced for more than a few tens of meters. Some

“AY Porphyry is the name given to a group of . . )
seem to have been emplaced as a series of discontinu-

refatively minor intrusive bodies characterized by et “A” Porol .
. . . 3 3 /] A . "0 o '
rather sparse plagioclase phenoerysts in a fine- 248 pods. Most. “A” Porphyry dikes arc younger

grained, dark gronndniass containing abundant, small, “"”} most of the “L" -1-')0l'])1Al~)’l'y, perhaps cl.nplaccd
growth-zoned plagioclise erystals (1igs. 7C, 8D,  during the late stages of “L.” Porphyry intrusion. In
10CY. A Porphyry oceurs in dikes ranging from @ Iew exposures there appears to be a close space-
tfew centimeters to more than 10 m in thickness.  time association between the intrusion of “A” Por-
Although the largest dikes are continuous for more  phyry and the lormation of tourmaline breecias.
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If16. 8. Textures of strong K-silicate alteration in “X", “K", and “A" Porphyry.

A, K" Porphyry with porphyritic texture (Fig. 7B) strongly obliterated by replacement of phenocrysts and recrystalliza-
tion of groundmass.  Plagioclase is rimmed and veined by perthite, with oligoclase typically separating any unreplaced an-
desine from the perthite. The relatively coarse, ragged “perthitic” groundmass (IFig. 10B) assemblage replaces biotite pheno-
crysts as edges of plagiockise.  Diagonal “A” quartz vein,  (Cross-polarized light)

B, “K" Porphyry with poorly defined arca of fuirly clean, residual porphyry texture within an arca of texture obliterated
by intense K-stlicate alteeation. Within " Torphyry there is o general corvelation between intensity of texture obliteration
and abundance of “A” quartz veining. (Macrophotograph)

C, “X"” Porphyry with much of the plagioclase replaced by alkali feldspar and relatively coarse quartz and perthite in the
matrix (Fig. 7A). Irregular clots of “shreddy” biotite do not suggest hornblende pscudomorphs.  This texture 15 wide-
spread in “N” Porphyry with no evidence of any structural control.  (Cross-polarized light)

1D, “A” Porphyry “‘mineralized’ "texture {cf. Tig. 7C).  Some plagioclase phenocrysts are replaced by alkali feldspar-
biotite-anhydrite (B), and a miarolitic cavity (2) filled with anhydrite-biotite—quartz-bornite is marked C. The trachytic
groundmass contains very fine grained plagiociase laths and biotite. This texture characterizes dikes (or extensions of dikes
with normal texture, as in Fig. 7C) which intrude previously well mineralized rock in the central portions of the deposit.

(Nonpolarized light)

Tyncons breceioas

Intrusive rocks containing more or less abundant
heterogencons rock fragments noan dgneous (ie,,
originally  nmagmatic, not clastic) matrix are here
called “igneous breccins.”  TFour of the fargest bree-
cit minsses are shown in Ifigure 413, as they are ex-
posed on the 2000 fevel.

The Main Breecia, which is an avauate fealure near
the contact hetween “L” Porphyry and “K” Por-
phyry, is the best exposed. Near the 2.000-m eleva-
tion, where the Main Breccia cuts several rock types
(Iig. 3), it contains abundant heterogencous rock

fragments i a groundmass of alkali feldspar, quartz,
and biotite with chalcopyrite, bornite, and rutile.
Sixty meters below, the breccia is smaller, contains
practically no fragments, and is confined within “L”
TPorphyry. The rock, which has a sharp intrusive
contact with the “I.” Torphyry, looks like little more
than a folinted or “stretched out” surge of “L” Por-
phyry magma, At ngher clevations, the Main Brec-
cia crosses into the K’ Porphyry with little change
other than an increase in “K” Porphyry fragments.
Above the 2,710-m elevation, an arcuate mass of
intensely brecciated “K”” Porphyry containing abund-

"
i
‘.
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ANt quartz fragments overlies the upward projection  whether the arcuate breeciated zone at higher eleva-
of the Madn Breeein, The deep expusures appear to tons represents breeciation related to the intrusion of
represent the roots of the brecein, Tt is not clear  igneous breccia or to a prior structural event which

‘9:*}::.4.'

23 e

H

‘rosbxa.m".-,« SaNSTs

{> 3mm
u=¢i~" ,‘! ﬁ m»&»
e 90 Toextural variations within 131 Salvador “L" Porphyry.

AL Maximum-groundmass texture, Most ph;,md.\sg phenoerysts are isolated in (&) “aplitic” groundmass (see Fig. 10A).
Pl\umlln are osciilatory /nnul 2 A, usually have nmnnll\ zoned rims £ A, have moderately well ordered structures,
and ringe from T to § mminosize. Phenoerysts also of quartz, hiotite, and lnnnhluldL (bwtl/.ul) ; ACCLSSOriLs are zircom,
apatite, sphene, magnetite, and ilmenite. (Crass-polarized light)

B, Intermediate-groundinass texture. Most plagioclase phenocrysts in point contact in (#) “aplitic” groundmass.  Plagio-
clase are shghtly altered, but there 15 no systematic vavintion in size of plygioclase, (Cm» polarized hght)

(L bow -gmmuim 1ss texture, Most ph lpml.zsu phenoerysts in edge comtact. (=) “aplitic” groundinass 1s relatively coarse
and ragged and has a relatively Tow alkall feldspar-quartz rafio.  (Cross-polarized Hght)

D, No-groundmass texture. Quartz and biotite but almost no K- feldspar are diterstitial Lo plagioclase. This fexture is
developed near contacts with biotized andesite (i ig. 11) andas a reaction rim about an inclusion ol andesite within porphyry
with () “apliic” groandmass,  (Cross-polarized light)

12, Porphyritic habit of mafics, biotite, biotized hornblende within porphyry with maximum “aplitic” groundmass (A). Fine
disseminated opagues are magnetite and hematite -rutite after ilmenite. (Nonpolarized light)

17, [eeegulur “shreddy™ habit of biotite within no-groundmass porphyry (D). Degree of anhedral habit of mafics ranges
between T oand 7, correlates well with abundance of “aplitic” groundmnass, and is casier to map. (Nonpolarized light)
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- Fic, 10, Microscopic textures of groundmass in porphyritic rocks. !2;
A, “Aplitic” groundmass, typical of unaliered feldspar porphyries.  Sugary granular mixture |

of subround quartz and atkali feldspar with more or less hne grained biotite and accessory Fe- :\

Tioxides. The alkali feldspar is not perthitic, but its composition and structure are not known, i

Minor wwmounts of sadic plagioclise may be present.  In hand specimen, especially of rock with ‘!j

no sericitic or argitlic alteration where the groundmass is relatively fine grained, this kind of
groundmass commonly appears aphanitic,  (Cross-polarized light)

B3, Perthitic groundmass, typical of strong K-silicate altered feldspar porphyries. Relatively
conrse, ragged mixture of quartz and perthitic alkali {eldspar with more or less fine grained
biotite.  This texture is developed both by alteration of “aplitic” groundmass and by original
crystallization.  Because of its coarseness, this groundmass rarcly appears to be aphanitic, B
even in hand specimens lacking sericite or argillic alteration.  (Cross-polavized light)

C, "Feldspathic” groundimass, typical of “A” Torphyry. Tt is composed largely of plagio-
clase laths, vsually growth zoned with more calcic cores, and abundant mafies with minor |

LoD

quartz and rare K-feldspar.  Mafics are most commonly hornblende, usually biotized, and
comnmonly with a fine aciculae habit,  Groundimass intermediate between this and  “aplitic”

groundimass occurs i some L7 TPorphyry.

wits merely fullowed by the intrusion of the igneous
hreccia, Dikes of “A” Porphvry ad of still later
“1Ltvpe porphivry cut this hreecia on the 2600 level.
Latite

A series of northwest-trending latite dikes is ex-
posed aeross the district, as well s i the mine area
{Igs. 3 and 3). These are the only truly postore
mtrusive rocks at Tl Sadvador, The dikes cut practi-
cally all mineralization and alteration features in the
mine,  The typical texture and petrography of the
Tatite are illustrated o Figure 7D,

Pebble Dikes

Tebble dikes are a conspicuous feature at T2 Sal-
vador, expecially at the surface and on upper levels,
Like Iatite dikes, with which they show very close
spatial ad temporal relavonships, the pebble dikes
postdate nearly all primary inineratization. Much of
our understanding of the pebble dikes at 19} Salvador
is derived from the work of Tangerfeldt (1964a).

Pehbles dikes at Il Salvador arve dikelike features
flled  with  clastic material, generally  containing
abundint rounded pebhles (Fig, 12). The width of
these dikes ranges from less than T em to 2 m, with
rare bulges to 6 m.  Their continuity along strike

(Cross-palarized lLight)

ranges from a few meters to more than 1 km. Few
pebble dikes have a vertical continuity of more than
600 m below the present surface. There is one
circular outerop of pebble breccia on the surface
which is presumably a “pebble pipe.” The abundance
of pebbles relative to matrix varies widely. The
matrix consists of pulverized rock and vein malerial,
ranging in size from silt to coarse sand size.

The degree of rounding of a pebble correlates in a
rough way with the distance of travel of the pebble.
Angular pebbles almost invariably are of the same
rock types as the immediate enclosing wall rock.
Well-rounded pehbles may have originally come {rom
lower or higher elevations than where exposed, al-
though this is usually indeterminate. The Cre-
taceous andesiles are readily converted to sand ma-
trix and angular slabs, while porphyry rock types
tend to round readily and can be found relatively
far from their source. There is a general lack of
evidence of long-distance transport of pebbies in these
pehble dikes. Tlowever, in the two largest and deep-
est known pebhle “dikes, pebbles of barren, coarse,
subporphyritic rock, presumably from significantly
deeper levels, are found. These pebbles could be
samples of a subjacent cupola of a granodioritic
batholith lying below the porphyry complex.

o




876 L. B GUSTAESON AND J. P HHIUNT
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Fic. 110 Abundance of aplitic groundmass in “L.” feldspar porphyry.

Flow bunding of the matrix of pebble dikes is
commonly obscrved.  Many pebble dikes, particu-
Jarly the small ones, are irregular in both thickness
and attitude.  These commonly follow sharp changes
in dircetion between intersecting structures.

P’ebble  dikes occupy preexisting  throughgoing
structures, especially late hydrothermal vein struc-
tures. Late hydrothermal vein material and ground-
up alleration halo material are very abundant in
pebble dikes.  The surface pattern of pebble dikes
(Fig. 4A), as mapped by Hans Langerfeldt, shows
a distinct radial pattern with a few circumferential
structures. There is a strong correspondence of this
structural pattern with the pattern of “ID” veins
deseribed Lelow (see Fig. 22). In striking contrast
to this pattern is the nearly orthogonal conjugate
pattern of pebble dikes at the lower levels in the
mine ([Fig. 4B), cven at levels where radial vein
fractures do exist.  On these lower levels, pebble
dikes have the northwest and northeast trends of
Jate regional fanlts in the district and do not occupy
the radind vein set execept n areas where this trend
is parallel to the northwest or northeast directions.
lividently the radial set of fractures was open near

the surface at the time of pebble-dike formation but
was not open at depth.

There is a striking decrease in the abundance of
pebble dikes from the surface downward, especially
below the Hornitos unconformity at roughly 2,800-
m clevation. Many pebble dikes scem simply to
terminate downward. In other areas, especially
where parallel swarms of pebble dikes on the surface
overlie single major pebble dikes at depth, a splitting
of the major dikes upward is implied.

Very close relationships between latite dikes and
pebble breccias have been noted in a number of ex-
posures (Ifig. 12). The margins of latite are usually
faulted and occupied by pebble dikes. Round, polished
pebbles plucked frem the pebble dikes are occasion-
ally included in latite, and in at least one instance a
pebble dike is clearly truncated by latite. On the
gther hand, pebble dikes locally contain completely
i}solated but unrounded fragments of latite. Iatite
dikes also favor nortinwest-trending faults, which are
the principal loci of the deep pebble dikes.

» On deep,levels, pebble dikes are relatively fresh,
with weak calcite and chlorite alteration of their
matrix material. Near the surface, many pebble

1%
.
‘,

-

R

R
AT

-

24 TR

f

dikes ob
vanced a
nonsilice
alteratior
dikes.
pebble d
different
roughly
episodes

Geochem

Sonie
able expi
presentec
samples
trusive 1
represen



file:///vith

TIHE PORPHYRY COPPER DEPOSUET AT 1L SALFADOR, CHILE 877

Alteration banding in latite
{intrecsingly nitered toword margin)
N

Real ¢ldsiic moirix about pyroclasiic pebbles in
POGE; goes 10 well defined pebbie dike ocross back,

incipient clastic groundmass ceveloped m
place inirregulsr rones about fragmentsd

oule{?} with foliation undisturbed,

[ —_\ Pyrociasiics
i with good

-l — ,/_' foliation of

A —_— solt flat frag-

) - - menis,

o

Kkovnd pebhtes inciuded

TUNNEL No. 5 LATITE DIKE~-SKETCH EAST WALL (678 10 690 m)

1:100 L.D. GUSTAFSOR

inlatite "squirt”

e 12,0 Pebble breceins sud Iatite dikes,

A, Surface exposure, showing rounded pebbles in sandy clastic matrix. At high elevations, most peb-

ble dikes are altered 10 advanced argillic assemblages.

B, Sawed specimen of pebble dike from the deepest fevel.  Subangular to round porphyry pebbles are

not altered.

C, Photomicrograph of the clastic matrix of a pebble dike showing flow banding.
D, Sketeh of a drift wall, showing close spatial association and contradictory age relationships between

pebble dikes and Iatite dikes,

dikes obviously guide very intense sericitic and ad-
vanced argillic alteration. A few younger, relatively
» nunsiliceous pebble dikes Jacking advanced argillic
alteration cut siliceous and highly altered pebble
dikes. This and the fact that the younger and older
pebble dikes can be interpreted as belonging to two
different radial scts about two  different centers,
roughly 600 m apart, suggests at least two distinet
episades of pebble-dike formation,
Geochemistry of the intrusive rocks
Some chemical analyses of the Teast altered avail-
able exposures of intrusive rocks at 121 Salvador are
presented in Table 1. In most cases, only single
samples of cach rock were analyzed,  The one in-
trusive unit, "L Porphyry, which was sampled to
represent the range of textural variants, shows a

wide compositional variation in most elements, il-
lustrating the problem of adequately sampling these
rocks.  An even more serious sampling problem is
the fact that truly fresh samples of the mineralized
rocks are not exposed. Unaltered samples can be
obtained only of postmineral intrusive rocks or so
far away from the center of mineralization that cor-
relation with the mineralized rocks is uncertain,
With these qualifications in mind, we tentatively
conclude from these data that the early rhyolites are
more siliceous and have higher K.O/Na.O ratios
than the granodiorite porphyries associated with the
main period of mineralization.  Later dikes (A"
Porphyry and latite) appear to have still lower silica,
higher iron, and possibly higher alumina contents
than earhier intrusive rocks. Compared with Daly's
and Nockolds’ granodiorites (Poldervaart, 1955),
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FF16. 13, Selected radiometric age dates, Indio Muerto district.

the Treshest T Salvador granodiorites (ie, “L7
Porphyry) are on the low side but within “normal”
Jimits for silica. lower in total iron, and have lower
KoO/Na.O ratios.  Relatively consistent composi-
tional trends within “L” Porphyry correlate with tex-
twal variation. Approaching andesite contacts from
high-groundmass ureas, there is a decrease in SiO,
and KO and an increase in ALQO,, CaO, Na,O,
total Fe, MgO, and TiO.. This corresponds to the
increase in plagioclase and biotite (and/or horn-
blende) and decrease in quartz and alkali feldspar.
Reaction with the andesitic host racks is indicated,
but insufficient work has heen done to define the
pracesses involved,

Radiometric Age Dating

The “absolute” ages of events attending formation
of the El Salvador are deposit have been rather well
documented by-extensive radiometric dating. In all,
37 independent age determinations have been made
by K-Ar and Rb-Sr methods on whole rocks, biotite,
hornblende, sericite, alunite, and jarosite, Several
of these determinations were duplications by differ-

ent methods and different laboratories on the same
specimen, Most of the dates were determined by
Christopher Brooks at the Carnegie Institution's
Department of Terrestrial Magnetism and at Mon-
treal University. The results presented in Figure 13
are considered to be the most reliable.
tions considered to be geologically impossible or
which have been superseded by more geologically
consistent cleterminations have been discarded and
are not shown.

Rubidium-strontium techniques were required to
read through later thermal events to define the time
gap between the two series of rhyolite domes and
the main porphyry series. An age of about 46 m.y.
is well established for the quartz rhyolite on Cerro
Pelado and Rhyolite il and for the sericite altera-
tion in the Cerro Pelado center. Six whole-rock
specimens of quartz rhyolite yield an isochron of
#5.4 %= 1.4 m.y, with an initial strontium ratio of
0.7040. Included in this isochron are two specimens
altered to sericite, indicated by geologic mapping to
be closely related in space and apparently also in
time to the intrusive event. The most Rb-enriched

Determina--

of these seri
461205 n
0.7040 1s us
m.y. on seri
geologic arg
intrusion of
quartz rhyoli
in these intr
vo'canic ever
low age for t
mesh) fractic

The 50.4 =
Rhyolite dou
mens of petr
are included
suggest that
significant ¢
domes but d
tive age of Ul

which
than |
abund
)
dissen
super;

[g (”'J
is mu

(e




THE PORPIHYRY COPPER DIEPOSIT AT L SALVADOR, CHILE

of these sericite specimens yields a mineral age of
40.1 %= 0.5 m.y. when an initial strontium ratio of
0.7040 is uvsed. A single K-Ar age of 456+ 1.3
m.y. on sericite from the Old Camp supports the
geologic argumients previously presented that the
intrusion of quartz porphyry is closely related to the
quartz rhyolite voleanic event and that mineralization
i these intrusive centers is closely related to the
volcanic events, To aveld obtaining an anomalously
fow age Tor this specimen, all but the coarsest (4100
meshy fraction of the sericite had to be separated out.

The 5304 2 2.8 muy. age on the carly Idio Muerto
Rhyolite domes is less well established,  Six speci-
mens ol petrologically siimlar but separated masses
are included inasingle isochron, Geologic relations
suggest that the quartz rhyolites were emplaced alter
significant crosion of the Indio Muerto Rhyolite
domes hut do not conclusively prove even the rela-
tive age of the ditferent rhyolites. The inclusion of

N e
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all rhyolites {with and without quartz syes) in a
single isochron yields 43.1 = 1.1 my. The selection
of the 50 m.y. age as most probable is a matter of
geologic judgment, and the indicated approximately
5 muy. time gap between the two rhyolite eveats
cannot be'considered firmly established. The 50.3 =
3.2 m.y. isochron on Indio Muerto series volcanics
includes four whole-rock samples of rhyolitic flows
and ignimbrite from the thick volcanicisequence on
the hills southcast of Indio Muerto. The indicated
mitial strontium ratio of 0.7041 is very close to al
other initial strontium ratios in the district.

K-Ar ages in the Turquoise Gulch center for hio-
tites from early-stage alteration to the postmineral
latite dikes, for hornblende from three feldspar por-
phyries, and for alteration sericite all fall close to 41
ny. RD-Sroanalyses of the same specimens define
an isochron at 41.3 2= 1.1 muy., with an initial stron-
tiwm ratio of 0.7042. The single biotite sufficiently

Fic. 14 Relations at intrusive comtacts hetween feldspar porphyries,

AL Contaet between "L Porphyry (below) wd " K” Porphyry (above).  Younger “L” has a clean
porphyry texture, s weakly altered, and containg much less quartz veining and sulfides than the older
“I O Bleaching s due o supergene kaolinization, extending only a short distance into “L” Porphyry.

B, Intrusive comtace within the "K” Porphyry mass. Older rock (right) contains many quartz veins
. which are truncated at the coniact, although many other quartz veins of this same Early type are younger

than the intruding porphyry.  Both rocks are strongly altered 1o Kesilicate assemblages and contain
abnudant chaleopyrite-boraite, although ahlieration of the older rock is more intense. ’

C. Thin section of “L" Torphyry (above)—"K" Porphyry conlact. Truncated early quartz vein with
disseminated chalcopyrite-bornite extends into chilled margin of “L” Porphyry. Feldspars are altered to
supergene kaolinite. (Cross-polarized light)

D, Thin section of eariy quartz veins in "K" Porphyry (above), truncated and included by younger
PKT Porphiyry. Degree of Resilicate aheration, as indicated by degree of obliteration of porphyry texture,

'Y is much stronger in the older rock.  Supergene kaolinization of plagioclase. (Cross-polarized light)
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P 13, Vein types at El Salvador,

A, Continuwous vertical “B” vein, with relatively coarse quartz and sparse sulfide, cuts less continuous
lacing “A" veins, which are dark because of abundant disseminated sulfides and fine granular habit. Rock
is "N Porphyry bleached by supergene kaolinization.

B, Two steep D" pyrite="chalcocite” veins with sericite halos cut a [0-em “L" Porphyry dike within
“K" Porphyry. The veins have characteristically little quartz, and one occupies a small fault. Rock is
bleached by supergene kaolinization,

enriched i R to provide an independent mineral
age is caleulated to be 41.5 = 0.4 muy. old. It is ap-
parent that the ages of mineralization events of the
main Turquoise Guleh area are ndistinguishable
within the analytical accuracy ol the combined dat-
ing technigques. All appear to have been compressed
within o period of less than one mithion years. The
mitial ¥ S/ S ratios for all isochrons, mcluding the
group of Indio Muerto voleanics, are remarkably con-
sistent at 0.7041 2 0.0003 ny.

Alunite from primary advanced argillic alteration
was formed essentially contemporancous with the
intrusion of latite. The 39.1 == 1.1 K-Ar age on this
alunite is therefore slightly anomalous but does indi-
cite the general amenability of alunites to K-Ar dat-
ing. The roughly 36 muy. ages of supergene alunites
could probably thercfore be considered  minimum
ages. The main period of supergene oxidation and
enrichmuent probably followed no more than 5 million
years after the hypogene event.  Attempts to date
jarusite in leached capping yielded ages that are much
too youny, Five samples indicate ages less than 21
mLy.. with two indicating ages younger than the 10
to 13 muy.-old gravels capping the crosion surface
which truncates the envichment blanket. It is ap-
parent that even coarse crystalline jarosite does not
retain argon well enough to be useful for K-Ar
dating,

Relative Age Relations

Muast of vur understanding of the evolution of min-
eradization and porphyry intrusion has stenmed from
surface and underground mapping on a 1:500 scale,
especially In the areas of intrusive contacts.  The
underground  exposures in closely  spaced  haulage
and grizely drifts were particularly valuable in ac-

'
¢
H
]

carately working out the detailed three-dimensional
geometry. Many kilometers of the back and walls
ol underground workings were scrubbed with deter-
gbnt and wire brushes to reveal details. In many
places, 1:100-scale notes were also taken to supple-
ment the regular 1:500-scale observations,  Min-
eralogic detail was mapped using a color code.

It has proved to be very important to differentiate
primary ‘background” features from those features
clearly related to fater throughgoing veins and other
structures.  Background features include mineraliza-
tion which is disseminated or occurs on small dis-
continuous veins and seams, and associated pervasive
alteration.  The distinction is generally unambiguous
in deep central zones where hydrothermal veins
with  K-feklspar-destructive alteration halos arc
clearly superimposed on background mineralization
characterized by K-silicate alteration assemblages and
contrasting sulfide assemblages. However, the dis-
tinction is far from straightforward in peripheral and
in high-elevation mineralization zones where back-
ground mineralization and alteration assemblages are
commonly indistinguishable from the structurally
controlled assemblages.

The superposition of supergene alteration and min-
cralization patterns on primary assemblages presents
another ohstacle to correct interpretation. At IZl
Salvador, we were greatly aided by the exposure of
a deep central sulfate zone, completely free of super-
gene effects, in which to study deeper primary pat-
terns. The sulfate zone, which will be discussed in
more detail subsequently, is a zone in which the rock
is thoroughly impregnated with anhydrite and into
which supergene solutions have not penetrated be-
cause of extremely low porosity and permeability.
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Detailed mapping of underground exposures ol
the contacts between the porphyries has provided
strong evidence ol an extremely close time and space
relationship between the processes ol intrusion and
anneralization. Figures T4A and 14C show a nmajor
comtact hetween L2 and K Porphyries, and Figure
158 shows a dike of 1" Dorphyry cutting “K”
Porphyry, Fhe mtrusive nature and relative ages of
tie porphyries are clearly demonstrated by the trun-
ction of many carly quartz veins at such contacts
(Figs. 1HC and 1H4D). At this contact, there is a
strong contrast between the nearly fresh, very weakly
mineratized "L Porphyry and the older “K” Por-
phyry, which has been intensely altered to K-silicate
assenbliges characterized by alkali feldspar, biotite,
The change in mineral
asseriblage is abrupt at the intrusive contact. It is
clear that most ol the primary alteration, mineraliza-
tion, and cplicement of quartz veins at this point
was accomplished before the intrusion of the “LY
Porphyry. Some quartz veins and all later sulfide
veins with hydrolytic alteration halos (Fig. 1513 and
Tuble 2) as well as supergene alteration and enrich-
ment, cut acrass such contacts. Other contacts, especi-
ally wihin the “K” Porphyry complex (Fig. 1413),
sepsrate Nthologically similar porphyries with a wide
runge of intensity of alteration, mineralization, and
quartz veining, Mapping of relative age relations has
demonserated that the early processes of mineraliza-
thn were imposed upon each successive surge of
porphyry magma and its wall rocks before and aiter
the emplacement of the next surge.

chalcopyrite, and burnite.

Early Alteration and Mineralization

The Early alteration and mineralization, which
were largely accomplished before the intrusion of
the fast major feldspar porphyry (“L” Porphyry),
are characterized by distinctive types ol quartz veins
and mineral assemblages.  Alteration assemblages
with stable alkali feldspar and biotite and chalco-
pyrite=bornite or chalcopyrite-pyrite with antithetic
pyrite and bornite are characteristic of both the quartz
veins and hackground mineralization. At El Salva-
dor perhaps as much as 75 percent of the copper was
emplaced during this Tarly time of K-silicate altera-
ation and Jow-sulfur sulfide mineralization.

“AY quarts veins

Quartz veins at 1 Salvador were originaily de-
scribed and classified by Langerfeldt (1960). The
family of Farly quartz veins, often truncated at in-
trusive contacts by X", “K"” and “I.” Porphyries,
have been called A veins, As illustrated in Figures
I5A, 16, and Table 2, “A” quartz veins are granular
assenmblages of quartz, perthitic feldspar, anhydrite,
chaleopyrite, and bornite.  Pyrite, with chalcopyrite
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IFic. 16, Composite idealized sketch of an “A” quartz
veinlet in feldspar porphyry, showing gradational relation-
ships between “A” veinlets and “alkali seams.” No single
actual occurrence shows this complete range of variation.
After H. Langerfelde

but never with bornite, occurs in “A” veins only
near the edges of the deposit,  Alteration halos about
these veins are practically indistinguishable from the
strong background K-silicate alteration with which
these veins are typically associated. Where they cut
less pervasively altered rock, perthitic K-feldspar,
anhydrite, chalcopyrite, and bornite form in halos
along with recrystallized quartz, biotite, and accessory
apatite and rutile.  With the rare exception of K-
feldspar—andalusite alteration halos (see below),
there is no hydrogen-ion metasomatism dhout these
LEarly quartz veins, They are cut by all other veins.

Thie oldest “A” quartz veins are typically very ir-
regular, discontinuous, and segmented. This is not
only 'because they have been subjected to multiple
shearing, segmentation, and recrystallization but be-
cause many apparently never formed with parallel
walls. The fractures occupied by these veins appear
to have been formed before the rock was able to sus-
tain continuous hrittle fracture, The K-feldspar,
sulfides, and anhydrite in “A” veins occur as dis-
seminated grains with the same sizes and shapes as
the associated quartz. Successively younger “A”

veins tend to have more parallel walls and to occupy
more continuous and systematically oriented breaks.
A few of these tend to have some internal symmetry,
which is lacking in earlier types, with the K-feldspar
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Vein Types at El Salvador

Silicate Assemblage
and Texture

Ajteration Haloe

Age and Structural Suvle

Sulfide Assemblage
and Texture

Fluid Inclusions

Quartz~K-spar-anhydrite-
sulfide with rare traces
biotite; quartz ranges from
50% to 93%, The K-spar
15 usuvally perthitic. The
fine equigranular texture
of quartz is shared by the
other minerals which are
evenly disseminated
through the vein. No vein
symmetry is typical, but
banding of K-spar at the
edges or center is not un-
common. More or less su-
tured contacts between
quartz and K-spar are
common.

Quartz-anhydrite-sulfide,
with K-spar characteris-
tically absent. The quartz
is relatively coarse grained
and tends to be clongated
perpendicular to the walls,
occasionally approaching
“cockscomb” texture.
Granular quartz, espe-
cially in sheared bands, is
common. Vein symmetry,
of sulfides, anhydrite or
granularity along center-
hines, margins or irregular
parallel bands, is typical
but uncvenly developed.

Sulfide-anhydrite with minor

Halos of K-spar, usually per-
thitic, are more or less de-
veloped about most veins,
These may be very thin
and inconspicuous, espe-
cially in strong K-silicate
altered rock. They are
strongest and most obvi-
ous about late veins in
relatively fresh rock.

Lack of alteration halos is
characteristic. Occasion-
ally faint and irregular
bleached halos are present,
but most are probably due
to superimposed veining.

Feldspar-destructive halos

“A" quartz veins are the
carliest of all veins, invar-
tably cut by “‘B" quartz
veins. Repeated "A” vein
formation started prior (o
the intrusion of X" Por-
phyry and persisted after
emplacement of the ‘L™
Porphyry complex. The
carliest veins are most
randomly oriented and
discontinuous, commonly
segmented and “whispy.”
Widths usually range from
1 to 25 mm, and strike
continuity from centi-
meters to a few meters.

Younger than A" veins and
older than “D" veins, "“B"
veins cut all intrusive
rocks except Latite. They
are characteristically regu-

lar and contipuous..and. ___.

tend to have flat attitudes.
Widths usually range from
5 to 50 mm, and strike
continuity from meters to
tens of meters.

“D' veins cut all “A" and

Disseminated chalcopyrite~
bornite, with proportions
usually similar to the
background suifide; traces
of molybdenite locally.

Molvbdenite-chalcopyrite is
characteristic. Traces of
bornite occur in some,
but more commonly minor
pvrite occurs in contrast
to bornite-chalcopyrite
in the walls, Sulhdes tend
to be coarse grained and
occupy banding parallel
to the walls or cracks per-
pendicular to them,

Pyrite is usually predomi-

Extremely abundant; both
high-saliniiy (1) and low-
density (1) types.

Abundant, both high-salinity
(1) and low-density (10}
tvpes. In some veins with
drusy  centerlines,  the
voungest quartz contains
markedly fewer inclusions
which tend 1. be of low
salinity (twpe 111).

Only sparse low-salinity (11D

quartz (except where su- are characteristic, but pat- “B" quartz veins, but are nant, with chalcopyrite, inclusions . are seen in
perimposed on B veins) terns vary and have not almost entirely older than bornite, enargite, tennan- quartz, anhydrite and
and occasional carbonate. been well documented. pebble dikes. They are tite, sphalerite and galena sphalerite.

The quartz is typically Sericite or sericite~chlorite continuous, though locally common. Minor molybde-

free of inclusions, and halos may or may not irregular and “lacing,” nite and many other sul-

tends to show crystal have outer kaolinite—cal- and occupy syvstematic fides occur locally. “'Re- ,~

form. Anhydrite locally
forms coarse crystalline
masses and is commonly
banded with the sulfides.

cite halos.

structure patterns, Widths
usually range from 1 to

75 mm, and strike contin-
uity from meters to tens
of meters.

action’’ textures are
typical.

oSy

AT R A |

ANNI A L ANY NOS.

. Note. Textural characteristics and sullide assemblages given are those of typical veins in the main mineralized center (background chalcopyrite~bornite zene). Grada-
tions between types and zonal variations are seen.
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RELATIVE ABUNDANCE OF ‘A’ and '8°

QUARTZ VEINS

COMPOSITE 2000 - 2680 LEVEL
EL SALVADOR
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NOTE: Quartz vains comprive roughly 25%
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obundancs 5%1020% In areas of
“moderate” abundance.”A" velns predom-
stpecially in arean of “nigh” and
“moderate” abundance.
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IF1c. 17, Relative abundance of “A ' and “B” quartz veins at the 2,600- and 2,660-meter levels.

concentrated along center lines or margins of the
veinlets. Quariz 1s more abundant and usually more
coarsely grinudar, There seems to be a zonal pat-
tern, with decreasing proportions of K-feldspar and
sulfide relative to gquartz and more connmon internal
svimmetry upward and outward beyond the center
of minceralization,

The distribution of quartz veins on the 26002660
levels is shown in Figure 17, Although some Transi-
donal "R veins (Fig. 15A and Table 2) have been
included 1 this map, “A” veins predominate, especi-
ally in arcas of high and moderate -abundance.
Quartz veins make up roughly 25 to 60 percent of
ihe rock volume in arcas of high abundance, 5 to 20
. percent in areas of moderate abundance.

N-silicate afteration and perthitic groundmass
K-silicate alteration assemblages are characteristic
of Early alteration and wineralization at El Salvador.
K-feldspar and biotite are the essential minerals in
this assemblage, with quartz ubiquitous and usually
very abundant. At IEl Salvador, anhydrite is also
ubiquitous (where not removed by supergene action),
and Na-feldspar, chiorite, and minor scricite are com-
mon associates.  Characteristically absent are kao-

linite, pyrophyllite, alunite, zeolites, and montmoril-
lonites. The component minerals are essentially the
same as those usually formed in the last stage of
magmatic crystallization.

With increasing intensity of K-silicate alteration,
there is an increasing degree of replacement of origi-
nal plagioclase.  Phenocrysts and groundmass feld-
spar are replaced by perthitic alkali feldspar. Re-
placement of the plagioclase about its rims and along
crosscutting cracks and veinlets is commonly zoned.
Sodic plagioclase  (probably oligoclase) typically
separates unreplaced andesine from perthitic K-feld-
spar.  This alteration tends to obliterate the euhedral
outlines of the plagioclase phenocrysts (compare
altered rock types in Figure 8 with fresh-rock equiva-
lents in Figure 7).  Coarsening and development of
perthitic feldspar in the groundimass accompany this
replacement (Fig. 10B). Development of this perthi-
tic groundmass is locally seen as halos about early
quartz veins and_ veinlets, where it is clearly an alter-
ation feature formed after consolidation of the
groundmass.

Strong K-silicate alteration destroys magnetite
and hematite-rutile intergrowths after ilmenite, Bulk
chemical analyses show that there is a net removal

© e e = e o f = - g e -
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[F16, 18, Textures of Fe=Ti oxides.

A, Intergrowth of hematile-rutile after ilmenite.  TIncipient oxidation of ilmenite produces
hematite~rutile intergrowths oriented along basal or rhombohedral planes of the parent mineral,
hut more complete separation of phases into this anhedral granular intergrowth apparently
represents a common tendency toward textural equilibrivm. (Reflected light)

B, Maguetite completely replaced by hematite (white).  The octahedral oricnl:\(ion of this
marmatitic texture is characteristic of supergene oxidation.  The rutile (light gray) ‘sponges"”
are formed on removal of hematite from bemadite-rutile intergrowths.  This hypogene alieration
of hematite-ratile intergrowths is accompanied by destruction of magnetite, except in a transi-
tional zone frony which this specimien was taken.  (Reflected light)

C, Granular mlugm\\lh of rutile, anhydrite, and quartz, presumably derived by alteration
of sphene. The rock is “X” Porphyry, which contains hematite-rutile after ilmenite and
biotite after hornblende.  ( Transmitted light)

D, Rutile cluster (medium grain) with pyrite (black), presumably derived by sulfidation of
hematite~rutile after ilmenite.  In other specimens with incomplete replacement of hematite,
there are no hematite=pyrite contacts, hematite apparently being dissolved ahead of the front

of pyrite precipitation.  (Transmitted light)

of iron from the rock rather than a simple accom-
maclation of the iron in biotite and suifides. The
TiOy remans as graonudar rutite (Mg, 18).
Ividence that these same alteration effeets are also
operative hefore fnal consolidation of the porphyry
melt has been scen locally at intrusive contacts be-
Iweent surges of “K* Porphyry.  Within a zone a
few centimeters wide, the following changes are ob-
served within the intruding rock, going [rom the
nn mass it a zone of reaction with the older
rock.  The lcldspar porphyry  texture bhecomes
obliterated through replacement of plagioctase pheno-
erysts by perthite and oligoctase. Mafic phenocrysts,
hiotite books, and biotized hornblendes are resorbed
or replced by perthite-quartz containing inclusions
of rutle and oriented  residuals of Dbiotite. The
“aphitic” groundmass (Fig. 10A) becomes coarser
and more ragyed and perthitic,. As the groundinass
gets conrser and wore perthitie, clear K-feldspar and

sodic plagioclase disappear. Magnetite and hema-
tite-rutile disappear, leaving only rutile with no
evidence of anything replacing them, except probably
groundmass silicates. The abundance of Iarly quartz
veins in the rock increases. These veins are typically
segmented, and some appear to be the last undi-
gested remnants of the intruded rock.

Biotisation of andesite

K-silicate alteration in andesite takes the form of
a broad halo of biotization about the porphyry intru-
sions (Fig. 19B). The basic mineral assemblage
is biotite~sodic plagioclase-anhydrite—quartz. Acces-
sory minerals are Fe-Ti oxides, sulfides, minor
apatite, and zircon.

At the outer edge of the biotized zone, roughly
500 to 1,000 m from the main intrusive contacts,
biotization is not megascopically recognizable, but
biotite is present as very fine grained flakes restricted
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to the nmatrix of the rock, The original rock texture
is well preserved.

Closer to major intrusive contacts, the increasing
intensity of biotization is marked by the appcarance
of mepascopically recognizable biotite as an altera-
tion prodact of intermediate plagioclase.  In areas of
intense biotization close 1o infrusive contacts, the
rock is usually entirely reerystaliized to a fine equi-
granular assamblage of biotite, Na-plagioclase, anhy-
drite, and quartz. A few residual plagioclase pheno-
ervsts may remain, but these are usually altered
with biotite, anhydrite, and  occasionally  sericite,
chlorite, and caleite. K-feldspar is generally absent
from hiotized andesite, except in strongly mineralized
zomes, and is generally restricted to the immediate
vicinity of "A” quartz veins.

Propylitic alteration
Weak propylitic alteration forms a green [ringe
about the mineradized zones at 121 Salvador, as was
originally noted by Swayne and later described in
- more detail by Eekstrand (1967). The propylitized
rocks are mostly andesitic flows and sedimentary
rocks of the Cerrillos formadon,  Characteristic con-
stituents of the propylitic assemblages arve epidote,
chlorite, caleite, quartz, and plagioclase,  They are
present as pervasive alteration and are controlled
by structures.  Calcite is abundant as an alteration
product dissennnated in the rocks and in veins and is
also an abundant and possibly original cementing ma-
terial in andesitic sediments well beyond any hydro-
thermal alieration,
levond the outer limits of biotization and pyritic
sulfide mineralization, iron and titanium oxides are
magnetite, more or less altered to hematite, inter-
growths of magnetite-rutile, hematite-rutite, and
oeadly ihmenite. Vanlets of epidote—caleite~specu-
e hematite are present with epidote alteration halos.
Neir the outer linits of the zone of hiotization, dis-
seminated chlorite is present with fine-grained epi-
dote after plagiaclase grains and in tiny veinlets,
Chtorite does nat appear to replace biotite, in con-
irast o this characteristic replacement sequence in
maost of the biotized zone.  Veins of epidote~magne-
tite-chaleopyrite are associnted with the chloritic
alteration,  'yritic veins with sericite—chlorite altera-
tion halos are later than epidote—~magnetite~chalco-
pyrite veinlets. Fe-ti oxides are converted to pyrite—-
rutile, and @ osoall amount of chadeopyrite is dis-
seminated within (he sericitic alteration halos,

Alteration of hornblende and Fe-Ti oxides

Tlornhlende, ilmenile, and sphene are preserved
only in deep levels within “L” TPorphyry. Horn-
blende phenoerysts are present i all stages of re-
placement to assemblages of biotite—anhvdrite-rutile,

)

Clusters of “shreddy” biotite with rutile and an-
hydrite occur throughout higher exposures of “L”
Lorphyry and much of the “X” and “K” Porphyries
and suggest original sites of hornblende phenocrysts.
In “L” Porphyry in which hornblende is partially
altered, ilmenite is seen to be partially replaced by
an intergrowth of hematite,and rutile (Fig. 18). This
reaction seems to be a simple oxidation reaction: 2
FeTiOa -+ ]/2 Og i ]?CQO:-; + 2 'riOQ. Sphene iS
pseudomorphically replaced by an intérgrowth of
rutife and anhydrite, apparently as a result of the
reaction,  CaTiSiO; 4 SOy g = Ti0: + CaSO, +
Si0. gqu.  Silica released in this reaction does not
scem fo be fixed in place as quartz. llmenite
partially replacing sphene in a few specimens is ap-
purently part of an unknown earlier reaction.  Of 20
specimens of “L” Porphyry with hornblende, only 2
do not: also contain ilmenite.  Only two specimens
with ilntenite but no hornblende have been scen.
Minor sphene is present in several of these specimens
but in practically no others. Apparently there are
three concomitant reactions: biotization of horn-
Wende, oxidation of ilmenite, and destruction of
sphene,  Pseudomorphic replacement products of
ilmenite and sphene as well as hornblende are seen
at higher elevations in the well-mineralized por-
phyries and “L” Porphyry. These replacements ap-
pear to be the earliest (at any given point) and
deepest manifestations of K-silicate alteration.

Alkali scams

In weakly mineralized “L” Porphyry, a large
proportion of the sulfides are present in alkali seams,
small veinlets marked primarily by alteration halos
of alkali feldspar where they cut plagioclase pheno-
erysts (Fig. 16). Only where alkali seams contain
appreciable biotite, anhydrite, and (or) sulfide are
they usually traceable through the groundmass.
Sericite, either within the seam or as a halo about it,
is present in those alkali seams that contain pyrite hut
is usually absent where there is no pyrite. Traces of
apatite are occasionally seen in alkali seams in areas
of somewhat stronger mineralization, as in “K”
Porphyry. A gradation between alkali seams and
AT veins is suggested, although no single specimen
displays a complete range of gradation between the
two.  lixtensions of small “A” quartz veins across
plagiociase phenocrysts commonly show zoned re-
action halos, with K-feldspar separated from the
plagioclase by a rim of more sodic plagioclase.

Anhydrite mincralization

Anhydrite is amony the earliest and latest products
of mineralization and, in fact, spans the entire history
of mineralization at El Salvador.  The bulk of the
early anhydrite is disseminated and is a character-
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istic component of “A" quartz veins and K-silicate
alteration assemblages. Later anhydrite is domi-
nantly fracture controtled and is a characteristic
product of all younger veins.  Thus, depending on
timing, anhydrite is an associate of a wide variety of
mineral assemblages.  These include carly feldspar
and biotite-stable, low-sulfur, chalcopyrite~bornite
and chalcopyrite-pyrite suites and later feldspar-
destructive, sericiteshearing (and even andalusite-
bearing) alteration assemblages with abundant pyrite,

Within the sulfate zone, disseminated anhydrite
accounts for more total sulfur than all suilfides com-
bined.  The abundance of anhydrite is greatest in
andesitic host rocks (5 to 10 percent by volume)
and declines in suceessively younger intrusive rocks
(1 to 5 percent by volume). The anhydrite content
of wall rocks apparently reflects both the original
available calcium content and the intensity and dura-
tion of the mineralizing processes to which the rocks
were exposed. There is a rough inverse correlation
between the abundance of anhydrite and the abund-
ance of residual calcic plagioclase and hornblende.
Replacement of plagioclase by atkali feldspar, sericite,
and andalusite and replacement of hornblende hy
biotite are helieved to have beeu the principal anhy-
drite-fixing reactions.

Anhydrite-impregnated rock, the sulfate zone, has
a porosily and permeability of nearly zero and thus
forms an effective underground barrier for the move-
ment of groond water (and mine water).  With
time, however, the upper and outer surfaces of the
sulfate zone are attacked by supergene and other
ground waters causing first a hydration of primary
anhydrite to gypsum and then the dissolution of
gyvpsum, leaching both caleium and sulfate.  The
supergene ramoval of anhydrite causes the wall rocks
=1n undergo a signilicant increase in porosity and de-
crease inospedific gravity, as well as a marked de-
crease i competency. The present position of the
top of the sullate zone at Tal Salvador lies below the
supergene enrichment blanket and is shown by cross-
hatching in Figures 20 and 21,

Disseminaled sulfide assemblages and zones

Patterns of sulfide zoning an deep mine levels are
illustrated i Figure 19A. These patterns are based
on megascopic mapping supported by quantitative as
well as qualitative microscopic examination of hun-
dreds of samples.  Background assemblages, occur-
ring as disseminations and in small discontinuous
fractures, have been carcfully separated from as-
semblages m large throughgoing veing and associated
alteration halos. “The distinction s wmportant in
that the background assemblages define well-devel-
oped zonal patterns. The assemblages in younger

veins and halos, although containing certain elements

of their own zonal patterns, in general contrast with
background assemblages and do not reflect the major
zoning. At LI Salvador, the background mineraliza-
tion contains between two-thirds and three-quarters
of the total copper of the deposit.

The central chalcopyrite-bornite zone is character-
ized by an absence of pyrite in the background as-
semblage, pyrite being present only in younger veins
and their halos. The proportion of bornite increases
from nil at the outer edge of the zone to greater than
50 percent at the center. Minor primary “chalcocite”
is locally present with the bornite near the center,
Sulfides constitute from 0.5 to 2.0 percent by volume
of the rock, and the copper grade ranges hetween
0.3% and 1.0% Cu by weight. The trace abundance
of gold and silver in the deposit correlates well with
the primary abundance of copper. Values greater
than 0.005 oz/t Au and 0.050 oz/t Ag are restricted
almost exclusively to the central chalcopyrite-bornite
zone.

Surrounding the chalcopyrite-bornite zone is a
chalcopyrite—pyrite zone from which bornite is absent.
The proportion of pyrite in the assemblage increases
outward from nil to 75 percent at the outer margin
of the zone. Pyrite proportions continue to increase
outward through the outer pyrite zone. Total sulfide
ranges {rom 0.75 to 2.5 percent by volume in the
chalcopyrite-pyrite zone and varies widely from 0.5
to greater than 6 percent in the pyritic fringe. Pri-
mary grades in the chalcopyrite-pyrite zone range
from 0.3% to 1.0% Cu by weight and are generally
less than 0.2% Cu in the pyritic zone. Where pyrite
is more than a small proportion of the total sulfide,
it is invariably associated with sericitic alieration,
which is clearly superimposed on older K-silicate
alteration,

A low-sulfide zone, generally containing less than
0.25 percent total sulfide by volume and usually con-
tuining abundant primary Fe-T1i oxides (magnetite
and iimenite or hematite—rutile), is restricted to the
late porphyries. Iackground sulfides are generally
too sparse to define consistent sulfide assemblages,
Locally, such as at higher elevations in the area
where the “L” Porphyry has removed a portion of
the central ore zone (IFig. 20A), more abundant sul-
fides (usually 0.25 to 0.50 percent by volume) define
consistent low-intensity chalcopyrite-bornite and
chalcopyrite~pyrite .zones.

Alteration zoning

The patterns of alteration assemblages associated
with the sulfide ones on the 2600 level are shown in
Tagure 198, The sulfate zone (stippled on TFig.
1913) includes several of the major alteration zones.
The present top of the sulfate zone lies less than 75
m above the level but once extended upward, prob-
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THE PORRHYRY COPPER DEPOSIT AT £IL SALYV

ably at least 1o the presert swriice, as indicatet! by

tiny reliét. grains of arthydrité preserved within vein
guartz. _

Cenfral mineralized zones contain. K-silicnte altera-
tionsassemblages. Hornhlende phengcrysts have heen
replaced by bistite, intermiediate plagioclase pheno-
trysts have been wiore or less replaced by sodic
plagioclase and K-fel dspal hut Metite phenocrysts
usually remain unaltered in all bit the mest intense
alteration asseinbliges, Sphene has been altered to
rutile plus anhydrite, while the original magnetite~
ilmenite assemblage has been altered to eifher mag-
metite plus hematite-rutile intergrowths or, with the

subtragtion of iron, simply rutile.

A broad halo of biotized andesites surround the
porphyry intrusions, Intense recrystallization of the
andlesites to an assemblage of sodic plagioclase—bia-
tite—quartz—anhydrite completely ebliterates original
textural and stratigraphie features close to the couo-
tacts. As shown in Figure 19, in most of these
rocks, ¥-silicate assemblages correlated with ¢hal-
copyrite—bornite and chalcopyrite-pyrite zones with
tefatively low pyrite propmtmm Incipient K-gilicate
dlteration in “L” Porphyriés is accompanied by only
very low intensity sulfidde Mineralization,

A chlorite—sericité altefation zane lies. outside the
present K-silicife zore. Chlerite and sericite pseu-
domorphically replace the bistite and alkali feldspar
farmed as part of a prior K-silicite assemililage, which
origimally extended across most of the present chlor-
ite—sericite alteration zone but with intensity de-
creasing cutward. With increasing intensity of alteia-
tion, sericite replaces: chlorite dnd {¢ldspars, starting
w1th original calcic plagioclase, then sodic phu‘md.xsc
and fnally K- fcId,s!p,ar.
guartz-sericite~chlorite-anhydrite~sulfide.
a genemlly good correlation between the appeatance
of major sericite and of pyrite at the inner edge of

the chiorite—sericite alteration zone at the 2600 level,
At lower elevations, the inner edge of mujor sericite
fies within the pyrité zoiie, whilé at liigher elevalions
it éncroaches into the bornité-chalcdpyrite. zoie,

The gray acéa in Figure 198 represenits a zoué in
which kaolinite lias replaced clilorite, feldspar, and
locally, Ligtits. The kadlinité i$ generally dssoviated
with secondary enrichment: of the, sulfides, does-not
occur ivithin the sulfate zone, and is-almost entirely
of supérgere 6rigin,  Meninierillonite replacing

plagioclase and biotite as a major cowstituent deeurs,
in only*a few places and probably is alsp ¢f supergene.

Drrigiiﬂ.

Prapylitic altcration, définéd by the decurrence f
épidate with chlarite (Fig. 198); formd a Broad halo
about the arebiy dAnd inéludes the weéak outiér por-
Chlarite 1s miare of less
ahundant, as is cal¢ité where. not témoved by super-

They cammonly have Rat dips and

The resulting asserblage is
There is

background,

AROR, CHILE 893
frene action.  Witlhiin tle propylitic zane are veinlits
containing magnelite, cpidote, and chalcopyrite, and
farther out beyend the limit of suliides, hematite,
gpriclote, and ealcite, Propylitic and [K-silicate altera-
tion assemblages are probably contemporancous, and
zanally related.

Transitiendl Mingralization and Alterdtion

Dyritic and K-feldspar-déstructive mincridization-
alterition [olowed thie consolidation 6l wost of the
last mingér porpliyey complex (717 DPorphysyd. e
to the full development of ths Mgh-sulfur dand
strofigly hydrolytic envirenient, there was:a Teansi-
tional stage of mineralization. characterized by “B-
type quartz veins, abundant molybdenite, and tour-

maline.

B quirts veiny

Coartz veins younger AT \fLim‘ and oldur
than Lute pyrilic vein 15 and Tabie 2y arce
ealled “B” veins at 1 511\ ador, Hny are char-
'ILI(.lith(‘.t“y continuous planar structures awith paral-
lel walls and usually. some form of internal banding.
Fnge up o 10
em i width,  They -are further characterized by
molybdenite and coarse-grained quariz and a lack of
K-feldspar and hydrolytic alteration minesals cither
in the vein or in halos, They eut all roek
latite, the ouly exceptions. being dare oécurreidds
of late “I"-type porphyry amdl aplite ¢utting “T3”
veing in the nertheast part of the "7 Porphyry
mass.

‘Within the group clearly défined hy a combination
ol churaéléristics (,’i hie 2), we SUE Virindions o
quartz texture @td in thé nature of the térnal véin
symmetry. “B” veins ectamonilly show @ vugry
center filled with abbydrite in the sulfate zone, These
vuggy ceuters are lmed hy comrse crystals & thie
gt quartz t](,pt)sllul i the veiug.

Whereas “A" quartz veins contin snlfiges simlar
to those in the surreunding |)(_1_Ck’gzi‘~t:llllflf.1 ;Ls;sgllvl'l.nl:i‘gc‘
i veing, capeeially in the deep central zones of the
deposit, tend te contain sulfides different from the
Alundant molybdénite 35 most #lri]\'—
g and characteristic. Twadts of hotnite 4t¢ rare in
s3n veins, while Ehaleopyrite and mihor pyrite ard
mofe, clartdcteristic.  Abundint pyrite is presént in
“I veins only within the pyritic fringe of the de-
posit or where the veins liave heen cut hy younger
pyri[‘,’;:—‘;'ic:]li veins,  Reopenig of “I7 véin strutlures
and Alling with later velng are comman-and prohadly
qunmslhlv for mast iF noeall of the wenk h\{lrulnu,
alleration alds scen on, seme “13"

than

bypes oNéeft

VTS,
Matybidsmem e ralizition

The distribution of maolylbdenite at 12 ‘%;glj,vztg.lrﬁlf 15
closely ticil to "7 quartz vehsaond The Tramsitiond
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mineralizing envivenmeut Lhey represent. Most of
the molybdenite in the depesit probably ocetrzs within
the “137 cquartz veins, T is also abundant as “smenus™

c

inteel silhide o

T lade jiairli‘-i wilh no olher s
gungue minerals and witheat any alteriition Lialos.

M wor amdwits of Mol¥bdénite alio oceur withi Faily
disseminated swlhdeés:and in Laate pyritic assemblages -

Only in aréas of dbundant "B yuirtz vens aid as-

goeiz

these otheér occurrences of signiheant dbundinte.
\'Iolyhdt_l'mm wradds in the flL]nmL range from less

than 0,005% i\'ID to greater thaw 0.05% Mg, averag-

inig abeut 0.02% Mo by weight J,lu, patter ol

distribution is not very wégular but appears to doiny

thiee ceiiters possibl‘y ying algng an ateuate zong,
Highest molylidenum valwes gccur within arcas of
abundant ehalcopyrite’ overlapping  the junction of

the  chalcopyrite-bornite  awd  chalegpynte—pyrite
zongs.  [iven stronger evadenege of o Transitional age

than ihe assoeiation wnh B quartz veining is the
fact that the zone of better grade mul\ lJ(lt,,nmn -
eralization cuts across the confact I),t;,tlwem “ILY Por-
phyry and older rocks, Molyhdenum values greater
than 0.02 percent tend to close over Jower values in
“1” Porphyry somewhere above the 2,700-m eleva-
tion, This pattern may possibly be interpretable.as
a-crude, mverted cup.

FTourmaline

Although geemetrically independent of “I37 quartz

veining, the distribution of tavrmaline appeass to be

closely: asseciated in time with the Transitioyal stage
ol mineralization,

Tourmaline occurs, in a variety of thin veinlets
and. in tourmaline breceins,  Towrmaling veins,
studied by Heatwele (1978), scem to vary hetween
two extreme types. One type, apparently the-car liest,
cuts plagioclase (eligoclase) as. well as K-feldspar
with ng alteratien.  This type eontains Ehalcojiyv
botnite witheut pyrite. "Tle proportion of sulhide 1s
ustily small, dind hindr guiirtz my b may oot
occur in the veiin, The other type, whicl donlaims
pyrite with er without thalcopyrite, is burderetd by
eonspicuons sericite=pyrile alteration halos,  IN-fdld-
SpAr, as well as plagioclase and biotile, is tl(.wliﬂ)ui
in the bale to which pyrite is added and bernite re-
moved.  Inter 111L5.ll;;t;, types with weak serigitg-car—
bonate halos and abundant residual K-feldspar and
plagioclase hiave been seen. Muny towrmaline veins:
appear to have neither sulfide nor alteration halos.

Tourmaline veins commenly cut carly “A” quariz
yeins, but delnitive age relations: with kiter types of
veining are not abundant. 1R veiis comnionly con-
tain tournialine,  Wheére crosséulting age relations
cart e demionstrated, thé fourmiline is gonerdlly
younger. Malybdenite is almost nevér clodely as-

L.B. CUSTAFSON

eel bettér grade idolybilenite wineradizadion are,

AND TP HUNT

ICOT:
fongr

socialed wille onrmading veins,
rurely vontamn eithes
maline.

Ialer pyritic
ahondant mlzl\ hddenite or

Tenrmatine lréccins e eally [:t"l Wil Treerins watl
rintcled clastic nris
eemented with toormadine wnd quariz,

.

Lrectivs miiy either dul ur

Tragments whose heis been
Tewrrnalinm
be cud Dy TR quare
They areinvariably eat iy Late hydrotherng
LY venis They déontali WFE OF lisa prre will
sericitic alberadion, '
continn olyhilenite,
Digsennimpled. {omrhialié,
sociited sericite altgrabion,

ens,

e b i coppet, and il i

with ane
i, alivnibait o 15 Ssidvn
dor.  Vertienl zinting is strong. O the 2400 Tevel
tourmaline veing ar i ilis 1

swithenil ws

e riee and Hhire drc
tigns.ol tnurmalhiie roselbes.  Towemalibedn veins
dsseminations fhereases npwared towird ihe surface,

400 to 600 m above,

where Tioth fowmmpling vien:
apd dissemimated tovrmiling are abwndint witde
spEcadl. ih:, retative age of tisseminated urmakin
15 ol known, but its abundance generadly eueetiles
with abundance of tonrmaline veining:  Joth s
appear to span the period fromy "I quarkz veiis i
“DY sulbide veins wnd ny therefore be 1 pact cone
teIpOrineos.

Andolusite wnd corndinm,

An asgemblage of amilhlisite with Ie-ieldspar g
lgeally abunilant at reliively deep levels ag 1) Sl
dor as ot thee 2600 level, This nsseinbinge 15 elissi-
fied with the Transitional period of mingeadization-
alteration egausg of gross geametric wrgumnty
chemieal nferences; d]lllt!HL‘,h evidlenee o
alive 10 iy .»\v.1rl.1h1.-i‘15; RSO
blages ave spatially retated to the <17
and logally crosseat il

Figures 1913 and 70k ahow the deepest ocenrrences
of andulusite in "X
west of the southicast lobe o 717 Porphyre and 4
uirtz porphvey edikes aihenst o narthwest of
the 1) .].‘l";l'lill}'l'_\' coniact,  he oecwerendes,
Forphyry and widesile Tie witliin |
roclk that has been steongly wffected by I-silicaie
alterntian s it cialnns Jaih g'il;l1!.’il|'\'\'i’»:l|(' Tirieia
and chaleopyrile—py rile,
small, disconlinuous,
veins v halgs  Thege are minst mennnl\' ut:(‘-:.ll\_w
of alkali feldspar veplacement of plw:mlm, which
appear dark haeanse of setded hiotire and
sericite.  Somg ave also apparently halgs about cor-
trin ATy quirls veins, of o [ype which prol-
ably formed late i the A A dilee nf
LY Porphyry entting acenss this aren appears o
contain no andidusite. Alhough o definitive age
relations hiave ‘béén found, the sivong contrast he-
tween flie nnaltered dike.nnd iis stromgly aifered walts

s age rel-
wveing 13 lackig.

Prorphivry-mass
! A, 3

]mph\l camd snvlesite o (e

lie sndlate »zome i

The dinililisitg necurs
and gommenly

HIGEE

wirly tlelneel

ihe

van groap.
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THE PORPHERY COPPER DEPOSIT

would stiggest thal the andalusite, asiemblages were

formed prigr to ar possibly contemporanesus with

the intrusion of the 'dike.

TFssentinl winerals of the assemblage Tormed dor-
ing tIis Stage of alteration appear 1o be K-ieldspar,
Na-plagioclase, andalusite, and :uﬂw(h'iiL with iotite
or sericite. Judging by optical properties, the plagio-
clase appears to be oligoclase and the K-feld $par nan-
perthitic orthoclase. Quartz is ubiyuitous and dbund-
ant, but only rarely is it in contact with andalusite.
‘mmc residual ealeic plagioclase (andesine) is usually
present but not in eoutact with the andalusite. Mo‘st
andalusite-bearing assemblages  have
clearly been developed ]J) the replacemenit of pladio-
clase phmmciys,ts, but in other -areas therc has ap-
parently been more pervasive recrystallization of the
whole rock.

The kaelinité ‘associated with andalusite. in quartz
porphyry oceurrentes is probalily a4 supergere
rep}z‘lc‘enient of alkali feldspar, chlorite, or Widtite,
which had beén formed with the 'll*lddj.uAS'itTC::n‘\ guirtz
porphyry dike at 2,400-m elevation (Fig. 20B) con-
tains traces 6f andalusite with alkali {e Ispar, guartz,
serigig, chignte, and anhydrite.

Poth sodic and
potassic alkali [clqlspar are present, along with chal-
copyrite—pyrite and rutile. “This is Lhc decpest knowi
occiirrence of andalusite at Il Sdlvader.

Coruirdum in trace quantitics is seen in several
specimens of andalysite.  Tn about hal of these, the
corundum iy closely associated with andalusite, com-
mounly in contact with it.  In others, corundum with
no-andatusite -eccurs within erystals of alkali feldspar
or within biptitic streaks containing only minor
alkali feldspar, A close association between the for-

mation of corundum and the alievalion of hiotite to a

very paie green pleochroic inica, pm]nbly phlownplic
15 strongly suggested in sev eral specimens. No
corundum—quartz centacts havée béen seen,

L.até Mineralization and-Alteration

Late nuneralization and alteritien are clinvdster-
ized by abundant pyrite and stromy hydrolytic (I\-
feldspar and biotite-destructive) alteration. Pyrite—
guartz veins, pvritic veinlets \\nh sericitic allerp-
tion halos, peripherdl zenes of disseminated pyrite
and p(.r\«:vswn sericifization, 'md upper level high-
sulfur and sericitic to arIv‘mcerI argillie assemlilages
containing pyrite~ ~bornite arg the 111;1_}01 I]IO(II!\L:- of
this Late environment.

D" ¥ eing

The sulhde véins and veinlets fhat cut all Early
and Transitional veins as well as all rock 1y pes ex-
cept latite are known as “D” veinst (Fig. 1513 anrd
Table 2).

AT EL SALVADOR, CHILE BV

Wilth of the “” frotn less Lhan o
millimeter o mose than 20 vmi. They charaeteristi-
cally oceupy continuous; systematically oriented frac-
They contain gh proportions af pyriie, with

weing Iange

fures,
lesser amounis ol clutdenpyrite, Tornite, enicgibe, en-
and palena. Onarlz 15 usaadly
minor, tands to shew crysial Torfms,
Aluied inclusims.  Anhydvite 18 pres
veins, where fot removed by
BPolomiite 15 a fuvly commaon minor donstiluegnt.,

Stnpke sericite or sencite- vldorte altefation hidos
strrdund miany LY ves, partieulacly tie suiallér
veing, Oiher veids commonly Rave zoned altétitiop
hiilos, with euter Kuglimite or kaolidife~cileire halos
gepirating the seeicite rehn bresh rodk,
usually Lk‘-‘.[l'(i\"(d inthe sériciie zone bulk mmay or miy
net persist in the otter allerntion halos,  Iron Tremm
both oxides am sificales is 1|~,n'|il) el as |:\i1|(,
in the aligrption hales, and anbiydrite fovms in moxt
alteration halas:

In the deepest -exposures it the
11-:u.1]|\ the dominant qr -anly Huliulv m v
Nyrite and only traces of dnluap\nnt{, oceuy i the
alteration halas, \\‘hthc 1P veins eut fresh and
unminerabized lale porphyries, the chideopyrite (rices
niay represent a slight addition of eapper, particulirly
«at the outer portions of the hados. HMowever, N -gingis
lar veing entting strongly minerabized rock, espocially
chuleopyrite-boruite assemblages, sericile—pyrite halos
coommonly  represent cn‘,:m]: cte reworking of ihe
sulfide dssemblage and an inward Aushing of copper
out of the vein halo.  Iu suéh casés, chaleapyrite
iméréases. outward frani (e veul withisi the halo and
bbrnite apyears only bevénd ehie aiiter it el pyrile.
Gther veins, séen onty at higher elevations, add py-
rite to thieir hinlos without destroying bivrndie G
chialcopyrite. T these, pyrite ofturs not only ns a
sulfidizatidn of axide and silicate iwon it
imelusions wil‘hin original.chalcopy rite-lwirnit
“Uhis type of hale lias, not llun noted alioul
pyrite veins only .‘»l].:_t)ll]‘.,_,lh‘(rbg,‘ witl sienifigant u,uppt.r.
Seme of these veins eonbiin o pyrie chaleopyriie-
hornite assenihlage, ot unfortunately most have heen
:seen in zones of streng supergene envichment so that
thie original sullide minerals aresdilficult to determine.

Tennintife in D7 veins i3 fargely restricted to
lower levels of tlhic mine (hélow 2600 level), whike
puall(.] veéins direcily Alove tontain ahundant cn-
mtiliges of Py ite-bonite~taiimtive dre
Fare, antl enareite hias Aot Leon observed G édnitagt
with chaleapyrite.  Sphilerite anil gulenn occur lo-
gether ‘and conimoenly with coppicr winerads in D™
vens throughout the deposit to the déepest fevels of
expaosute, No zoning of leatl and zin¢ relative to
noted..  Relatively rare occur-
rences of stibnite, realgar, arsenopyrite, aud murcsite

antite, sphalerite,

atnd 15 Jow an
I riiost 1T

snpreddine ol

IK-Teldspii s

pine, pyrile s

Veis,

alse ns

copper  has  been
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TRENDS OF LATE {"D"} SULFIDE
VEINS
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NOTE" The trend arrows rapresent
estimates of trends for ull "D vens
mappsd within soch 100m squore
dueing rowting 1.500 scate mapping,
The lorges! veiny predominontly occupy
1he todiol se!,as do most tourmaling
veiny

[F16. 22.

are found in “D” veins containing sphalerite and
galena.

The proportion of sulfides other than pyrite in “1)”
veins tends to increase upward. With this increase
in other sulfides, there is an increase in the apparent
degree of replacement of pyrite by these sulfides. The
clevation at which “ID% veins Legin to contain sig-
nificant copper-bearing sulfides is quite variable.
Some sort of wall-rock control may be important, as
“D” veins in “L” Porphyry are barren pyrite well
above the elevation at which they contain significant
copper in “K" Porphyry.

Consistent and mappable “D" vein trends are ap-
parent underground and have been recorded in the
routine 1: 500-scale geologic mapping.  Larger veins
were mapped as individual structures, and niany more
smaller veins were mapped schematically to show
their general abundance and orientation trends, An
imperfect but definite { radial pattern is present,
centered roughly at 20,300 N, 8300 W (Fig. 22). A
conjugate radial-circumfcrential set and other minor
trends are much more strongly developed hy the
small veins than by the large veins, The rchal set
is emphasized by the larger veins.  This pattern per-
sists throughout all the levels of exposure in the mine.

Trends of Late "D sulfide veins, 2600 and 2660 levels,

Large tourmaline veins generally conform closely (o
the radial component of the sultide vemn pattern,
Deripheral sericitic and pyritic asscnibluges
Peripheral background alteration zones surround
the central sulfide zones (Mg, 20) and are chavacter-
ized by abundant sericite and pyrites At fowermost
clevations, preserved in the sulfate zome, the char-
acteristic assemblage in the pevipheral zone is sericite-
chlorite—quartz-anhydrite~pyrite,  Residual  alkads
feldspar and biotite are most abundant in the inner
purtions, where chalcopyrite is also most abundang,
Rutile is the only iron-titanium oxide in arcns of
strong sericite—chlorite alteration (Fig, 23). Tn the
inner portions of the peripheral zone, there is tex-
tural evidence of chlorite replacing hiotite and of
sericite replacing feldspars, sugyesting superposition
on carlier Kesibiente alteration. At the onter bmits
of the peripheral zowne, scricite-chlorite=pyrite as-
semblages fade out in propyhitic assemblages, which,
as described above, are older at the point of overlap.
There is a good general correlation hetween (he
alncdanee of pyrite ad the imensity of - sericite -
chiorite alteration, both on i zonal scale and loeally

about structures.  Both the strongest sericite chlorite
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898 L. B. GUSTAFSON AND 1. P. HUNT

Fic. 24, Textural evidence of sequence in andalusite assemblages.

A, Typical habit ol unaltered andalusite in and: \hmlwxuxuth-qu.ut/ assemblage.
phglochse, K-feldspar, and biotite, along with sericite, which commonly fringes the andalusite.
lving andalusite-K-{eldspar assanblages, the andalusite occurs mostly as small anhedral grains, usually

within alkali feldspar replacing plagiociase.

Photographs by O. R. Eckstrand.

alteration and maximum pyrite intensity are seen in
the central portion of the peripheral zone. “Fhere is
an increased structural control of pyrite as lacing
veinlets with sericite—chlorite alteration halos in the
outer half of the zone where minor chalcopyrite is
disseminated in the rock rather than on veinlets.

Despite extensive search during detail mapping,
no structures with pyritic mineralization and sericitic
alteration have been found that are older than “13”
quartz veins.  Although age relations involving the
discontinuous lacing veinlets in the pyritic zone are
commonly obscure, many of these structures have been
seen that clearly crosscut “3” veins. Age relations
between well-defined “D” veins and the lacing pyritic
veinlets that comprise the background mineralization
in the zone are usually ambiguous,  Although some
Jarger and more continuous veins retain obvious “1D7
vein characteristics and contrast with the small lacing
veinlets which never have zoned alteration halos, it
15 impossible to make consistent distinctions between
these types of mineralization.  We suspect that they
arc contemporancous and part of the sume min-
eralization-alteration stage

Minor calcite is associated with the usually weak
sericitic “dusting” of plagioclase and alterwdion of
biotite 1o chlorite superimposed on K- xn]m e
blages in the upper part of the sulfate zone.

ASKem-

Upper lsvel alleration zones

A striking vertical zonation of alteration and min-
eralization s present at FL Salvador (Fig, 2018).

Andalusite veplaces
In under-

(Plance polarized light)
B, l’scudomoxphm replacement of andalusite by low-index amorphous material,
(‘\) and intergranular sericite emphasize the psuulomorplm texture.
C, Pscudomorphic replacement of andalusite (A} by diaspore
Pyrophyllite accompanies diaspore, apparently directly replacing sericite,

Remnant andatusite
(Cross-polarized light)

(D) with intergranular white micia rims.
(Crosz-pularized light)

Tnside the peripheral sevicite zone, lower level altern.
tion assemblages are dominated by {eldspar and hin-
tite, At upper levels above the enriclunent blanket,
alteration assemblages are domimated Dy sericite and
andalusite,

The andalusite—sericite assemblage containg abund-
ant quartz but, at moest, minor to trace amounts of
pyrophyllite, diaspore, or alunite,  Accessories in-
clude pyritic sulfides (or their oxidized limonitic
cquivitlents), zircon, and rutile. Inclusions of relict
anhydrite locked within andalusite crystals are con-
vincing evidence that the andalusite was formed
within the former upward extent of the sulinte zone,
In this zone, the andalusite characteristically occurs
as clusters of Iath-shaped crystals (17g. 24) and
generally more coarsely ervstalline than it is in the
K-feldspar—andalusite “root” zones below, where in-
cipient crystallization as small isolited anhedral graing
is mare common,  In some specimens, particularly
of quartz porphyry, andalusite makes up as much as
40 percent of the rock volume.,  Where the rock tex-
ture is discernible, andalusite appears most commonly
i abtered plagioclase phenocrysts, Sericite occurs
fringing the andalusite and as a replacement of all
rock silicates except quartz. Serictte-andalusite as-
semblages, hke K-silicate alteration assemblages, pro-
fluce o reerystalhzabion of the rack texture wlicly
tends 1o obliterate originad porphyry textures,  In
contrast, tend
o preserve neiginal rock testure, althongh commonty

most sericitic alleration assemblages

rendering it hard 1o discern megaseapienliv,
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Fic. 25. Sulfide textures.

“Separate or tangent” texture, typical of chalcopyrite-pyrite assemblages on deep levels,

Chaleo-

pyrite and pyrite occur usually as separate grains and when in contact, seldom rim or vein one another.

B, “Inclusion” texture, a type of “reaction”
on upper levels.

halos about “D”

C, “Reaction”

Pyrite is usually confined to larger grains of chalcopyrite-hornite.
veinlets within the chalcopyrite~bornite zone, the pyrite is formed by the reaction chaleo-

pyrite + bornite + § —> pyrite 4 bornite - chalcopyrite,
texture, typical of “I” veins and pyritic assemblages on upper levels

texture typical of ])\rlllt.‘dh\l(.(v]!‘v'!HL—bOIIIHL as:unhl ages

At least in some

“Chalcocite” re-

placing chalcopyrite and bornite in this texture commonly gives the erroncous impression that it is re-

placing pyrite.

Sericite—andalusite assemblages appear to be grada-
tional, both zonally and paragenctically, with under-
lying 1& feldspar-andalusite assemblages. Doth the
proportion of sericite and the abundance of andalusite
appear to increase progressively upward. Tt is in-
possible to say unequivocally whether sericite in the
upper exposures was formed contemporaneously with
the andalusite or whether it replaced K-feldspar in
K-feldspar-andalusite asscmblagm Although this
latter retrograde reaction is clearly evidenced at
lower elevations, we favor contemporancity at hwhcx
clevations.

Andalusite reaches its deepest Ievels around the
edges of “L” Porphyry (Tig. 20B3). Andalusite also
occurs within igneous hreccia dikes cutting “I.” Por-
phyry. Late “A” Porphyry dikes in “K” Porphyry
also have been scen to contain sericite-andalusite
alteration. In pre-“I.” Porphyry exposures that arc
directly above strong K-silicate alteration and contain
abundant “A” quartz, the original K-silicate altera-
tion assemblages are replaced by sericite-andalusite
assemblages. It is probable that most andalusite was
formed after the intrusion of “L” Porphyry.

Upper level sulfide zones :

Direct evidence for sulfide zoning at higher eleva-
tions is largely based on the study of relict sulfides
in the leached capping above the enrichment blanket.
We have found that at higher magnification (600X)

very smalf (0.005 to 0.1 mim) relict sulfide grains
can he identified in nearly all specimens of leached
capping.  These grains are usually locked in quartz,
which protects them from supergene oxidation, leach-
ing, and enricliment,  ’oint counting of the relict
sulfides at IZ1 Salvador has allowed us to deteet and
reconstruct the originad primary sulfide patterns that
existed at high levels prior to supergene leaching and
enrichment.

The deep sulhide patterns with antithetic pyrite ande
bornite, formed by Ioarly mineralization, are abruptly
truncated hetween the 2,700- and 2.000-m clevations
by a group of high-sulfur sulfide patierns formed hy
Late mineralization. A very extensive pyrite=hornile
zone caps all deep zones. 1t contains contact as-
semblages of pyrite and bornite with variable amounts
of chalecopyrite or “chalcacite.”  The pyrite-hornite-
“chaleocite” assemblage tends to he zonally above
and is possibly younger than the pyrite=hornite—~
chalcopyrite assemblage, although these sulpatlerns
are not well defined.  In the “roots™ of the pyrite—
bornite zone, pyrite first appears in the assemblage
as inclusions within chalcopyrite-bornite grains. A
very close spatial associalion of pyrite with the other
suliides forms textures that have been classed as
reaction textures (Fig, 23). The pyrite tends to
occur only in contact with other sulfides rather than
separately as it does in fower level assemblages with
chaleapyrite. The disteibution of pyrite in the “roots”
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is clearly related to the proximity of small veinlets
containing pyrite with chalcopyrite and bornite and
commonly also sphalerite. These veinlets are not
major structures or even well-defined “D” veinlets.
Many do not appear to have strong or well-defined
hydrolytic alteration halos and are the type of lacing
veinlets that would contain only chalcopyrite and
bornite in decper zones. A few ‘roots” of the py-
rite—bornite zone extend below the 2600 level within
“K” Porphyry.

These sulfide patterns reflect in only a very general
way the patterns of rock alteration. Although pyrite—
bornite assemblages are mostly associated with serici-
tic or advanced argillic alteration, the “roots” scen
in the sulfide zone reach down into assemblages
characterized by alkali feldspar, sericite, and chlorite,
At lowest elevations, there are a few occurrences of
pyrite and bornite in K-feldspar—biotite alteration.

The occurrence of disseminated enargite with py-
rite appears to be the result of late hydrothermal re-
working of chalcopyrite—pyrite and pyritic fringe as-
semblages at high clevations (IFig. 20A). The pyrite—
enargite subzone does not extend into the present
leached capping, where the transition of pyrite-
chalcopyrite assemblages dircctly into pyrite-bornite—
chalcopyrite assemblages is seen in the relict sulfide
grains. LEnargite is very rarely preserved as reclhict
sulfides, and we therefore do not know its truc
original extent. A rcasonable interpretation sccns
to be that the relatively young enargite mineraliza-
tion was not accompanicd by significant precipitation
or recrystallization of quartz, in contrast with sulfides
from earlier mineralization. Only sulfide grains
trapped in quartz, analogous to secondary fluid in-
clusions which they resemble in shape, are preserved
as relicts. Therefore, we believe that the mineraliza-
tion associated with quartz was protected not only
from supergenc oxidation and leaching hut also {rom
late hydrothermal reworking. In a few places at the
high outer fringe of the ore zong, in what is now pyri-
tic waste, corresponding relict sulfides include bornite
and chalcopyrite with pyrite, The inference is that
locally the outer and upper portions of the original
copper sulfide zones were converted to pyritic waste
during advaneed argillic alteration of the rock.

The pyrite-sphalerite subzone marks the appear-
ance of very minor sphalerite as part of the back-
ground mineralization on tiny cracks and scams. In
the main mineralization zones, sphalerite is only scen
in definite “D"” veins.! Interestingly, it appears in
the background assemblage in a normal peripheral
position.  The purple line in Fig. 20A encloses
occurrences of relatively abundant covellite in relict
sulfides.  Although some of this covellite has a
matted multicrystalline habit typical of supergenc
covellite, euhedral single crystal blades are common

and are suspected of being primary, although we
have never seen this habit in the sulfide zone. We
speculate that a pyrite~covellite assemblage could
have formed with upward increasing sulfur activity
as an uppermost primary sullide zone,

Advanced argillic assemblages

The red hine in Figure 208, for the most part
within the present leached capping, encloses advanced
argillic assemblages containing pyrophyliite and i
variety of associated minerals, such as dinspore, pri-
mary alunite, amorphous material, andalusite, seri-
cite, and local corundum.  Kaolinite is not present,
In almost all occurrences, advanced argillic assem-
blages appear to be superimposed upon sericitic or
sericite—andalusite assemblages rather than formed
directly from fresh or K-silicate-altered rock (Ick-
strand, 1966). Andalusite and probable sericite are
partially replaced by diaspore and pyrophyllite in
these assemblages.  Andalusite is generally unaltered
in areas with little or no pyrophyllite.  There is clear
textural evidence of the replacement of andalusite
by amorphous material and by diaspore (g, 24},
The cvidence for replacement of sericite by pyro-
phyllite and locally by alunite is not conclusive,
There is a general inverse correlation between the
abundance of sericite and that of pyrophyltite or
coarse-grained alunite.  Pyrophytlite and  alunite
have the same habit as sericite in the altered rocks,
Small mica erystals filling a vog in one specimen
proved to be amixture of both sericite and pyrophyl-
lite.

Diaspore occurs as an alteration product of andi-
tusite and only in rocks with abundant pyrophyllite,
Where present, coarse-grained micaceous alunite may
be seen in any and all sites in which sericite occors
i scricitic assemblages,  Alimnite is particularly
abundant in rhyolitic intrusive and pyroelastic rocks.
Where alunite is the major constituent, there is
usually abundant pyrophyHite and diagpore, vet some
sericite—alunite assemblages with little pyrophylite
are found, No systematic patterns for the distribu-
tion of alunite have heen detected.

Corundum has been seen in surface outerops of
rhyolitic rock in only a few restricted localities, 1ty
habit is irregular, generafly like that of diaspore
after andadusite with which it is associated, and the
grains are very cloudy with a parallel parting gen-
erally well developed. It is seen only near the outer
hmit of andalusite occurrences and is presumably
formed as an alteration product of andalusite or dia-
spore, although the textures are not diagnostic,
Quartz, which is abundant in these rocks, is separated
from corundum only hy a murky microscopic rim
about the corundum grains,
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Fi16. 26. Types of fluid inclusions at El Salvador.
A, Type I: characterized by a moderate-size bubble (b), a

of halite (h), and onc or more opague phases (o).

presumably sylvite, seen.

flection and tends to have a trianglar outline.

AT BL SALKVADOR, CHILE 901

colorless isotopic cube
Only rarely is a sccond cube,
The largest opague oceasionally displavs red internal re-

Other

Tt is probably hematite.

minute solid phases have not been identificd, but a rare second trinngular opague may

be chalcopyrite.  (Plane polarized light)
B, Type II:

volume and a single opaque solid (o).

characterized by a large bubble (b), usually 40 to 80 percent by
The opaque is prob'\bly hematite.

Both types

I and 1I inclusions invariably occur together as secondary or pscudo-sccondary n-

clusions in Early and Transitional quartz veins.
characterized by a small to moderable bubhlc and no solid phases.

C, Type 111:

These are seen in quartz, anhydrite, and sphalerite of Late D"
and IT inclusions do not occur 1 these veins.

That advanced argillic alteration was formed later
than practically all alteration and mineralization at
lower elevations is proved by the fact that many near-
surface pebble dikes are the loci of the most intense
sericite-diaspore alteration. These same pebble dikes
crosscut Late “D” veins at depth but had to have be-
come inactive before delicate crystals of diaspore
and pyrophyllite grew in the matrix between pebbles.
However, advanced argillic alteration scems to have
ceased before the final formation of the last scri-
citic pebble dikes, described previously, that cut
pebble dikes with strong advanced argillic assem-
blages.

Fluid Inclusions

Three distinct types of fluid inclusions in Ll Sal-
vador rocks are illustrated in Figure 26. Type T in-
clusions are found in “A” and “B” quartz veins but
never in “D” veins. They contain a very high
salinity fluid and are invariably and intimately as-
sociated with type 11 inclusions, which contain a very
low density fluid. Type IIT inclusions contain refa-
tive)y low salinity fluids and are found in all age
veins, including “D” veins where they are the only
type of fluid inclusion, océurring within quartz,
anhydrite, and sphalerite. Iluid inclusions are rcla-
tively sparse in “D” vein quartz, but types I and 11
inclusions arc newver scen in “D" veins.

Fluid inclusions with characteristics intermediate
between types 1T and 111 are also present. They are
less common than the three main types in most rocks

(Plane polarized light)

veins, but types 1

(FPlane polarized light)
and do not scem to occur in o systematic position
within the orehody.

On the heating stage, both types T and IT fAuid
inclusions homogenized over a temperature range
between 360°C to greater than 600°C, even within
a single healed fracture. The heating behavior of a
single inclusion, which contained both halite and
sylvite, confirms estimates from volumetric considera-
tions that type [ fluids contain 35% to 40% NaCl
and less than 129 KCl. Attempts to freeze the finid
in types T and 1T inclusions were unsuceessiul, hut
the salinity in type 1T inclusion fluid is presumed (o
be low. The immediate collapse of the bubble re-
leased on crushing type T inclusions in oil indicates
a very small vapor pressure. The behavior of the
bubble refeased from type 1T fluid inclusions crushed
in TTh40 oil (Roedder, 1970) suggests a CO. con-
tent of roughly 1/8 to 8 atmospheres at room tem-
perature.  Although only rough caleulation is pos-
sible, this probably means an agueous fluid low pH
(kess than 4) and less than 4% CO, by weight in the
inclusions.

Type IIT inclusions (from two specimens) ho-
maogenized between 175°C and 310°C. Their {reez-
im',r behavior indicates an “ecquivalent NaCl” content
of 5 to 20 percent, but the CaCl. content of the selu-
Attempts to determine the CO.
vemns con-
The

tion is not known,
content of type ITT inclusions from “D"

taining  carbonale were unsuecessiul, single

specimen containing type T1-1T1 inchisions that was

examined was from a drusy  quartz-pyrifc vein,
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which probably represents a relatively old “D” vein
type. IHomogenization temperatures range from
300°C to slightly greater than 350°C, freezing tem-
peratures suggest “equivalent NaCl” of 12 to 15
percent, and crushing behavior indicates 1 to 30
atmospheres partial pressures of CO..

The evidence from fluid inclusions indicates a
change in the character of the fluids trapped before
the end of the time of formation of “B” veins and
those trapped in “D” veins. This change can be
scen within a single “13” vein in which clean crystal-
line quartz is formed as an overgrowth on the typical
granular-columnar “B” vein quartz to form a vugiry
center line. Growth zones arc marked by abrupt
stepwise decreases in abundance of types 1 and 11
fluid inclusions. The youngest growth zone necar the
central vag contains only type T11 inclusions.

Tt is impossible to determine time breaks or se-
quence of trapping of types I and 11 fluid inclusions
within the earlier times of formation of “A” veins
and “B” veins. In cach type of vein, hoth types of
secondary or pseudo-secondary inclusions are found
within any given healed fracture. The temperatures
of homogenization of both types within any small
arca of a single specimen appear to vary over a wide
range. Fluid inclusions in “I3" veins are practically
as abundant as they are in “A” veins in any given
arca of the deposit.  Apparently fluids were trapped
over a range of temperature and time, but it is not
certain that preserved fluid inclusions represent any-
thing trapped carlier than “B” vein time.

Supergene Effects

The patterns formed by the supergenc processes of
oxidation, leaching, and sceondary enrichiment of pri-
mary sulfides have been presented in Figure 21,

Supergene enrichment

The Il Salvador mine was developed to exploit
the secondary enrichment blanket beneath Turquoise
Guich.,  Atlthough the enriched ores are described as
part of a “chalcocite” blanket, they are in fact com-
posed of a group of copper sulfide minerals replacing
primary sulfides, The principal sccondary sulfide
assemblages are chalcocite-djurleite and  djurieite~
digenite.  Covellite is Incally a minor constituent,
especially in djurleite—digenite assemblages and in
arcas ol weak or incipient enrichment helow the main
enrichment blanket. Cuprite and native copper are
rare but also locally present.

Practically all supergene sulfides were formed as
direct replacements of chalcopyrite or hornite.  Al-
though some have heen formed as coatings on pyrite,
we have scen no evidence to indicate extensive re-
placement of pyrite. Thick coatings and veining of
pyrite by “chalcocite” are scen in some areas, but

AND J. P HHUNT

close inspection indicates that the testures are in-
herited fromt primary chalcopyrite or chalcopyrite-
bornite which replaced pyrite.  Sinilar textures are
seen in the protore below (Mg, 25C).

The upper surface of the enriclinent blanket is for
the most part a sharply defined boundary between
leached capping and sccondarily enriched  suliides
(“top of sulfides™). The envichment blanket ranges
in thickness from a few meters to as much as 300
meters.  In general, the thickest curichment colunu
formed in arcas of richer prinmitry mineralization,
The bottom of enrichment is gradual and in many
places defined only by arbitrary grade limits im-
posed by mining.  The bottom of strong enrichment
lies a few meters to more than 300 meters above the
present top of the sulfate zone,

Superygene alteration

Supergene waters have nal penctrated the present
sulfate zone.  This has allowed ns to distinguish
supergenc from primary alteration assemblages, The
absence of kaolinite in the sulfate zone, except for
that clearly related to "DV vein halos. and of fine-
grained alunite and mwontmorilonite clavs indicates
that they are all supergene products.

The zone of kaolinite—sericite alteration, shown in
Tigure 2013, lving between the top of the suliate zone
and the base of pervasive sericitic alteration, is the
zone of strongest supergene cffects,  With inereasing
intensity from bottom to top within this zone, kao-
linite replaces calcic plagioctase and chiorite, then
sodic plagioclase and biotite, and finalty K-feldspar,
The accompanying sericite oceurs exacily as it does
throughout the sericite zone above and is thought to
he all of hypogene origin, - Fine-grained, low-bive-
fringent wlunite, texturally distinet from the coarse
alunite of the advanced argillic assemblages, is locally
abundant, especially in kaolinitic, moderately pyritic
andesites with strong sulfide enrichment.  Veans of
fine-grained alunite are rather comman throughout
the supergene zone,  Amorphous clay (“adlaphane™)
is locally abundant in the zone of supergene enrich-
ment, especially i alunite-bearing andesites.

Kaolinite is conspicionsly absent from the high-
level sericitic assemblages that characterize siliceous
rocks above the Hornitos unconformity,  There 15 no
evidence that primary sericite has anyvwhere heen
altered o supergene kaolinite, even in zones of most
intense supergene activity,  However, andalusite in
high-level assemblages, where it has not heen altered
to diaspore during superimposed advanced argillic
alteration, is more or less altered to amorphous ma-
terind, 16 is mast probable that this amorphous mi-
terial was also {ormed by supergene alteration,

Traces of montmorillonite are widespread in the
zone between the top of the sulfate zone and the
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bottom of strong kaolinite alteration, but it is only
locally abundant. It occurs as an alteration of inter-
mediate plagioclase and as small veins or coatings of
open fractures. It is most strongly developed along
late faults and pebble dikes cutting relatively fresh
rock and along the margins of latite dikes, where it
is usually nontronite.

Magnetite is oxidized to hematite by supergene
alteration. This oxidation extends below the base
of strong supergenc enrichment but stops well above
the top of the sulfate zone (Fig. 23). The slightly
magnetic hematite that is formed has a characteristic
texture reflecting replacement along octahedral zones
in the parent magnetite. This texture contrasts with
that of the trace hematite seen deep within the sulfate
zone. This trace hematite evidently was formed by
hypogene oxidation of magnetite as single crystal
rims on magnetite rather than as octahedral inter-
growths.

Supergene kaolinitic alteration tends to reduce the
porosity and permeahility introduced by the leaching
of sulfates from the rock. I{aolinite, alunite, and
amorphous clay tend to fll the open spaces and
produce rock which is soft but relatively tough and
shock resistant.

Apparently very late oxidation effects are scen
penetrating the zone of relatively high permeability
at the basc of the supergene enriclunent. Tt is here
and not at the top of the enrichment blanket that
native copper and cuprite are locally abundant re-
placing supergenc “chalcocite.”

Leached capping

Most of the important characteristics of the limo-
nite zones are sununarized in the legend of Figure 21,
In the fringing goethitic zone, most of the limonite
is in lacing veinlets. Dissemination increases inward,
especially in the volcanics and quartz porphyry, as
does the abundance of hematite. Most of this lhno-
nite is indigenous rather than transported, in that it
lines sulfide cavitics.

In the more central jarosite zone, jarosite forms
abundant disseminations as well as veinlets, especially
in porphyry. Jarosite is characteristically disseminated
in the sites of original plagioclase phenocrysts now
altered to sericite assemblages. Crystalline jarosite
is usually the only limonite mineral in the jarosite
zone exeept locally where hematite—goethite is abund-
ant.  In one tunnel, pyritic sulfide waste alternates
with jarositic limonite cut by'occasional veinlets and
halos with hematite—gocthite.  There is no difference
in sulfide or silicate mineralogy to account for the
localization of the hematite—gocthite.  The large
central zone designaled “altered jarositic capping’ is
a mixed zone dominated by hematite—gocthite with
more or less carthy jarosite. Tt contains areas of

jarositic capping as well as capping with abundant
sulfide cavities but very sparse limonite.  Exposed
only in drill core and underlying jarositic and altered
jarositic capping on surlace are an outer zone of
goethite~hematite and an inner zonc with mostly
cempty sulfide cavities and minor hematite—goethite.
Limonite in these zones is largely indigenous within
sulfide cavities and is not found disseminated in
plagioclase sites as is some of the hematite—gocethite
in the “altered jarositic” capping above. No jarosite
occurs in this lower leached capping, although o zone
of jarosite, less than one meter thick, is scen al the
immediate top of pyritic sulfide on the castern fringe,

There is evidence of at least two stages of limonite
development.  Only rare occurrences show jarosite
partially replaced by hematite-goethite. Tlawever,
the habit of hematite—goethite disseminated in plagio-
clase sites suggests replacement of javosite. At Il
Salvador, this characteristic habit of jarosite is only
very ravely duplicated by pyrite in plagioclase sites,
Most convineing is the penetration by a dinmond ddrili
hole of a residual sulfide block within the jarosite
zone. Surrounding the residual, which contains
pyrite="“chalcocite,” is a shell a few meters thick of
hematite-gocthite.  This shell is similar to the lower
capping helow and typical of what one would expect
to be derived Trom pyrite~“chalencite” ore following
“elassic” teached capping interpretation (e, Tunell,
1930). TRoth this shell and the lower capping im-
mediately above the top of sullide apparently repre-
sent o second-stage oxidation of sulfide which had
previously produced a Jarositic capping during an
carlier period of oxidation,  Presumably, the altera-
tion of jaresite to hematite-gncthite occurred at this
time.

Copper is teduced to low Dbackground levels
(mostly Jess than 0.05% Cu) in nonreactive capping
altered to scricite or advanced argillic assemblages.
Comparison of many assays immediately above and
below the top of sulfide confirms that molybdenum
and gold are relatively immobile during supergene
leaching and enrichment.  Silver fends fo he leached
from the oxide capping. hut not nearly as efficiently
as copper,  Tron, on the other hand, tends to be
slightly enriched in the leached capping relative to
the underlying sulfide zone.  Although there s
local redistribution of iron hy supergene processes,
the overall 1ron content of the leached capping ap-
pears to reflect fairly well the iron content of the
rocks hefore oxidation.

Interpretations

Volcanic events and depth of cinplacenet

The formation of porphyry copper mineralization
in the Turquoise Guleh area culiminated a long vol-
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canic history in the Indio Muerto district. The
granodioritic porphyry complex with which the min-
eralization is associated was intruded into a volcanic
center which had produced two previous periods of
felsic volcanism roughly 9 m.y. and 4 m.y, prior to
the main ore-forming event. The carly rhyolite
domes were formed during a period of volcanism that
had apparently built up a thick volcanic pile in the
region, The geometries of the quartz rhyolite and
quartz porphyry intrusions mndicate a shallow, near-
surface emplacement following possibly significant
erosion of the early volcanic pile. Minor copper and
molybdenum mineralization was associated with the
volcanic centers of this sccond volcanic stage. We do
not know how large a volcanic edifice was built dur-
ing this second volcanic event or how much erosion
preceded the intrusion of the main porphyry sc-
quence. It scems improbable that much more than
1 to 2 km of cover above the present topography
were present when the porphyries were intruded,
but we do not have a precise measure of this thick-
ness.

The 0.704 value of initial *°Sr/%Sr in all rocks
analyzed is more similar to values in oceanic crust
and istand arcs than to values in thick sialic crust,
such as that which apparently underhes 121 Salvador
(Munizaga et al., 1973; Lomnitz, 1962). This indi-
cates that the porphyry melts did not assimilate a
significant amount of this crust during their passage
through it, although incorporation of overlying Terti-
ary volcanics cannot be excluded.

Larly intrusion, alieration, and suineralization

Most of the copper at Il Salvador was emplaced
during the Iarly period of alteration-mineralization
that accompanied the emplacement of the first two
major intrusions (“X* and “K” Porphyries). The
formation of K-silicate alteration assemblages, “A”
quartz veins, and chalcopyrite-bornite mineralization
occurred repeatedly, each time closely related in time
and space to multiple individual intrusive surges
within each of the intrusive units. The irregular
discontinuous structure of the very carly quartz veins
suggests fracturing of a plastic rather than a brittle
rock. The silicates, sulfides, and anhydrite in these
Larly assemblages are integral parts of the arly
veins and their halos and must have been formed-very
shortly after consolidation of the porphyry meclt.
These same alteration assemblages and textures have
also been locally scen forming thin reaction zones
within the intruding rock at intrusive contacts, ap-
parently by alteration of phenocrysts within a still
unconsolidated melt, T'he pressure and femperature
of this. Larly type of alleration-mineralization were
very close to that of the final crystallization of the
melt itself.  As illustrated in Figure 27, the inferred

pressures in the intruding viscous melt al an esti-
mated depth of about 2 km were somewhat greater
than lithostatic.  As the depth i1s not precisely known,
overpressures much greater than lithostatic are not
necessarily inferred, but pressures much greater than
hydrostatic are clearly required,

Obviously, somie kind of agueous {luid was re-
quired to accomplish bulk transport of metals and
other elements deposited or removed during Farly
mineralization and alteration.  Possible sourees of
this fluid are the melt wsell or meteoric water from
surrounding host rocks.  Meteoric water, driven by
hydrostatic pressure of cooler, denser water in the
outer part of a convective svstem, such as that en-
visioned by White (1968), is not a likelv source for
the simple reason that it could not get into the high-
pressure region where LEarly mineralization at 141
Salvador was accomplisbed. This is not to say tut
some nicteoric wader may not have entered by dif-
fusion or by bulk transport into the outer or upper
portions of the K-silicate-altered zone before the end
of Early mineralization or that this might not be a
more important process in other deposits, It is very
significant that not all of the several and other-
wise sinular porphyry intrusions were accompanied
by Ko-silicate alteration and copper mineralization,
Therefore, something more than just heat {or driving
mieteoric convective systems must have been involved
to explain why ncither the early rhyolites and guartz
porphyry nor the late “L7 and A7 Porphyry itru-’
sions into this area accomplished important Farly-
type mineralization and alteration. At least some
water capable of transporting verv large quantitics
of dissolved clements (Burnham, 1907) must have
been released from the crystallizing porphyry melt
and undertyimg magma chamber, Even though we
do not know the mass ol this magma, its water con-
tent, or many of the other factors necessary for
quantitative evaluation, it scems to us that magmatic
water 1s the major component of the Tarly min-
eralizing fluids,

We have observed that K-silicate alteration appears
to be contemporancous with propylitic fringe min-
eridization and zonally related to it while Toth are
older than sericitic and pyritic assemblages. There-
fore, we believe that prior to the intrusion of the last
major (“I1.77) porphyry, a0 central zone of K-silicate
alteration wnd - chaleopyrite=bornite  mineralization
(possibly a composite pattern bhuilt around successive
trusive surges) was survonnded by o heowd zone of
weak propylitic alteration into which it graded with
decreasing abundance of sulfides and proportion of
bormite. At that tine, there were no more than
sparse pyrite amd little or no sericitic or argillic
alteration at present levels of exposure. During the
waning stages of Farly minceralization) the last major
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THE POQRPHYRY COPPER DEPOSIT AT EL SALY ADOR, CHILE

porphyry stock (“L” Porphyey) was intraded, de-

stroying the northwesterly quarter of the pn.c\mtmg
Early pattern of mineralization. Somc of thé copper,
sulfide, potassium, and velatiles assimilated by the
“L” Porphyry magma at lower lévels moved 1'115\\':11'(1
ind finally settted in the coolér pertiens of the “L.7
Polphyry intrusion itself, as shown by the increase
it mtcnsny of mingralization ujward within this
porphyty stock. Strongly teldscoped. patterns of
mineralization #nd alteration about the margins of
“L" Purphyry also suggest latcral réniobilization and
the 1ifluencge ‘of the thermidl divd chemical regime of
the “L” Porphyry mass; durmg suibisequent coolhing.

Hydrogen and oxygen istotopic evidence (Shep-
pard and Gustafson, in prep.) supports these inter-
pretations.  Selutions responsible for Early K-silicate
alteration appear te have equilibrated isotopically at
magmatic temperature with g large reservoir of ig-
neous silicates. We have ne, evidence to indicate
whether the fringing propylitic alteration was ac-
complished by magmatic or meteoric so]uuons but
Taylor's (1974} studies in the western Cascades
suggest by amalogy that meteoric water is more
probable.

Possibly as much -as 10° tens of oxidized sulfur
were fixed as anhydrite dusing this Farly stage of
idlferation-mineralization. The arguments presented
abdve as well as the isdtopic evidence maké it-most
unlikely thit thie oxygen réquired was introduced with
axygeénated ground water, Although it is.conéeivalile
that oxidized sulfur was introtuced with the. por-
phyry melt froma very teép seurce, it is.amere proli-

able that sulfur was oxidized at shallow levels-duting

nunerahzzhm}. The h]\ciy mechanism is the dis-
sociation of magmatie water in response to leakage of
highly mobile 11yclrc}gu] gas from the magmatic sys-
tem, The accompanying preduction of -hydrogen
lons from reactions such as HsS + 20, — SO,.= +
2H* probably contributed to extensive hydrogen
metasomatism in higher and cooler parts of the de-
1)’O‘S'it The probable duterium enfichment in the re-
miiiniig Auids may be responsible for the caleulated
8D shift in the liydrothermal fluids (Sheppard and
Gustafson, in prép.).

Transitional inineralisation

; .

As consoliddtion and cooling of the intrusive com-
plex progressed, thé structural and chemical char-
acter of the accompanying ntineralization shifted.
Randomly ‘oricnted, discontinuaus, irregular vcmmg
gave way to continuous. veins wrth ‘systematic ori-
entatipns and internal symmetry. At about thig
time, a set of flat vein structures appearcd, Suggest-
ing a vertical release of pressures throughout the in-
trusive complex,

a0a

The nalure ol the Muids assevintad with s
Transitienal tinie of nnncmhulmn miry be reflectied
in the Auid withesions trapped in “A” whd * 37 quiariz
veins,  Thése appear to Rave beén I-ui’hnn sitline
Auids trapped ab témperitires rangid - fronin ahont
350°C to greéater than G00%C.  Corres nululmu |:rv~:—
gures aldng the liguid vapor eiwve fdr 40'/) daCl
bring rangé raughly from 200 to greiler (hian Y00
bars. This tquid-vapor curve approsimates Lhe pres-
sure-temperatuge eaviromuent of Transitiopal min-
eralization (Fig. 7/) althiough KCL in the brine
would lower the indicated pressure somgwhat (R,
Fournier, pers. commun,, 1973).

The evidence indicates a progressive change in
physical conditiens during the Transitional peried.
This change is interpreted as marking the first sig-
nificant inflow of ground waler inte the cooling in-
trusive eenter.  This inflow was made possible by
the cessation of magmatic activity and attendant de-
creases in pressure and temperature. Contraction of
the vertically élongate intrusive column on cooling
nuly well have lowered pressures below lithostitie
and proeduced fat fractures with local and probably
transierit hydrostatic pressures. Rates-of influx proli-
ably- fluctuated greatly, but the raté of covling of the
liteusive center would have imcreased., The ranges
ol temperntures anl pressures of flling of fuid -
clusions in ‘I vehrs apparently reflest this perio
of dechining and probably fuctiating pressures and
temperatures. During the Transitional period, coni-
ditions shilted [rom nearsmagmatic tempéraduiies, ang
lithostatic pressures dontinated by aguebus Auids
derived from. the magma to Late enviroiiments upder
hydrostalic pressures and relatively low femperatures
dominated by meteoric waggrs, The shift in isefopic
composition of the fluids responsible Tor Transilionl
and Late mineralization (Sheppard and CGustafson,
in prepy) s compatible with this interpretation, ™
Hoewever, tlie compesition of mefeoric water at ITf
Salvador belore the uphife of e Audes was prob-
ably not suffigiently light isotepically (o be unmm-
bu:uuub!) iglentified .E micteotric.  The ohserved
18 ln[m_ 5||1It sty further madification o this
raton,  exéhinge with  vouls
5, ;Lml ppwh];. hydrogen lealinge, Quantiliea-
tion of the relative abundance of mngmialic amd
meleoric-hydrothermal « - at different fimes duee-
ing mineralization at X1 Salvador is not possible.

Late wineralication and alteration

After  the, mtrusive. complex Tid  sufficiently
cooled, probably below abett 330°C, meteoric wa-
ters worked inward Aong Tractures and  reacted
with previcusly mineralized wall rock to proéhice
Pyribic  mineralizit and K-feldspar-destructive
alteration (1" veins and the periglieeal zone of

ion
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and Early, Transifional, arid Late inineralization-alivration at
El Salvador. Lithostatic and hydrostatic pressures arc noted
for 2 %m, the approximate. depth of preseat exposuics -at the
time of fammlmn

sericitic -alteration}, This water was probably part
of a large, deep conveetive systum driven by the
heat from the inérusive center. A final magnmatig
surge localized in the nertheastern lobe of the "1
Porphyry stack '11)1).’11‘!211“\! opumd a radial-cencen-
tric pattern of fractures for Late ("D } vein min-
eralization. Mineralization during this Late period
is much more obviously controlled by throughgoing
fractures than during the Toarly peried. This is
prabably due to the brittle nature 6f the cooled
porphyty stocks as well as to the reduded perme-
abilities of the.racks resulting from cdarlicr anlivdrite
and, ether alteration and minérdlizatian, Redutively
unfractured Late. vein quartz contrasts with in-
tensely fractured quartz in older wveins, reflecting: a
marked deercase in ﬂm intense lpcal stresses that
attended intrusion of the porph}m.s.

Upper and peripheral zones of Late alteration and|,

mineralization were progressively formed by inward
and downward encroachment of meteorie waters re-
working edrlier inéralization.
alteration and mineralization wéré strongly influ-
enced by dre “L” Porphyry siss, which wis the
principal source of heat dmmg Lnt(, minéralizition,

The Hornitos untonférmity also ififluenced the
pattern of Late alteration and winerdlization (Vig.
20).
of disseminated pyritie sulfides and associated hy-

dralytic. alteration above the general level of the

Hornitos uaconformity than at lower clevations in
both the porphyries and veleanics.  This is appar-

pyrite assemhil

Lite patterns of

There 1s much maore pervasive develgpment
) { ) i

L B, GUSTAESON AND 1. P, HUNT

ently due hoth to higher lateral pLIulC(llJl]]l,lLa and
to more reactive and alkali-rich velcanic glass in the
silicenuts pyroclastics than in fhe underlying ande-
sites,  The yuariz porphyry dikes alse appenr 1o
have Leen permeable zones atilized Ly inflowing wi-
ters: circulating at depmh avound the cpoting 1.
Porphliyry stock.

The patterins of high-sullur assemblages (]‘r}’lfi[‘:{:;—-
béraite, pyrite="chaleocite,” and pyrite—covellile) a
high ll:\fz.l%» correspond only geverally with p.niunn
of strong sériditic altération. Roots of these sulfigle
asséiblages extend below into the K-feldspar-bear-
g assemblages. The texturés of pyritic assemblages.
(Fig. 25) arc nitérpreted as sesulting from a re-
working of arly asseniblages by addition of suliur.
This, probably-octurred with little or no additien of
copper, atliough in some areas 4 sighificant inerease

in the protore gindle can be infervéd pagding upivird

from pyrite—chaléopyrite into pyrite-bornite-chalco-
wes with refiction textuves,

During the. relatively early pact of the Late niin-
erahization, lower level sericite~chlrite-pyrite [ringe
mineradization “was probably overtiin by n zone of
sericite with er without andalusite, with jiyiite—
borvite—chuleopyrite for “chakosite”). \We bilieve
that this upper zgue eut acvoss the “L7 Porphyry
ntrusive camples above the preseut eresion level
of Turquoise Gulch and Ll]rll'}Cll dgwnward around it,
Still Tater; solfatarie hot-spring activity cuused -

vimced .nvﬂiu altgrtion,

reworking nF sulfreles
moval of copper, and I'Oun.uum of adililiog | yritic
waste,  The local Tormation of L_mum,!um thetugh
leaclindg of silica from
for the presence of a shallow conveetive sysiem,
because imward-moving and warming water would
have a terdency to becariie undersaturated and to
leach silica Trom the &iliweois rocks.  The abseace
of kaolinite angl, the abundance of peropiviite in the
advaneed arvgillic, assemblages, are netewdrihy andd
suggest a velatively highe temperature And high siliéa
aclivity in the very latg het-spring cuviconment, The
widespread oecurrence of a diaspave—pyioplyilite-
quarlx assemblage, which- '1|»J|i. rently is ol an equilili-
riun ’l‘khl]ll]!llL‘L {1 |(,!1!1L) 19649), VLT
lognl ‘goitrel of silien activ ity i the roglk and prob-
dbity law presswrel

-

anelalnsite stles 15 ovidonee

S sbs,

The Late vein environment (TFig. 273 s a naatarhl
éxtéhision of the evelntionary trend Iniliated when
metédric waters began 1o eneroadh ai the minerl-
izetl centér during Transitional time.  Tnpartant
from the standpdint of hypogene alterntion s the
fact that K/H* values along the P21 path (g, 27)
hegan i the vicinity of the K-feldspar—andalusite
bowntlary.  Alhough total WKCIATICT reladions ave
not shown, thignpliesa sifiificant reservoir of total
acidity as wnipnizéd G fhie brines at highetem-
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perature to be conswmed by alteration with falling
temperature (Meyer and Hemley, 1967). The fact
that abundant quartz was deposited but practically
no wall-rock alteration was accomplished  during
Transitional “B” vein formation suggests rapid
dumiping of silica in response to very rapid de-
crease in temperature and pressure rather than
continued solution flow along the vein structures.
Pressure probably Auctuated between lithostatic and
hydrostatic as waning magmatic forces and thermal
stresses were active, and temperature responded to
sporadic inflow of cooler meteoric water and thermal
effects of boiling brine solutions. Widespread serici-
tic alteration about “D” veins began with the con-
tinued influx of metcoric water but probably with
continuing supply of volatile magmatic constituents
and some oxidation of H.S. Fluid inclusions trapped
during this time have rclatively low salinity.

As relatively cool meteoric water encroached in-
ward and downward on the mincralized zone, it
probably dissolved Larly-formed anhydrite in upper
and peripheral parts of the orebody, contributing to
the pervasive replacement of Early assemblages by
Late assemblages. Pyrite and anhydrite were de-
posited in halos of deep “D” veins where there is
also evidence of extraction of copper. This and an
apparent shift to isotopically heavy sulfur in Late
assemblages (Ficld and Gustafson, in prep.) supports
specutation that a process of dissolution of Early min-
eralization at levels below present exposure may
have heen the source of most of the sulfur (and
presumably also the copper) emplaced during Late
mineralization.

Mechanism of formation of pebble dikes

Langerfeldt (1964a) suggested a mechanism of
fluidization for the origin of pebble dikes at Ll
Salvador: The probable existence of an overlying
hot-spring system at 1l Salvador during the time of
pebble-dike formation suggests that the medium of
fluidization was ground water. The pebble dikes
were probably formed when fluidizing  steam
columns in {ractures were generated when Iatite
magma rising in fractures encountered ground wa-
ter. Because the thermal gradient in the hot-spring
system was already close to the boiling curve, boil-
ing even around {‘blind” dikes at depth was able to
expel steam from the fractures to the surface. Pres-
sure in individual fractures was thereby lowered
well below liquid hydrostatic and well below the
boiling point for the temperature of the wall rocks.
Spontaneous boiling of water from the walls pro-
moted spread of the upward fluidizing flow of
stcam in the interconnected fractures. Fluidization
was sustained as long as the thermal gradient and
the rate of outflow of strcam were high enough to

prevent condensation wnd suppression by huild-up of
hydrostatic pressure.  The cffect was probably
a short-lived geyser field at the surface of what is
now Turquoise Gulch, This may have vecurred i
two distinet periods, producing the two radial sets of
pebble dikes of different ages.  Each radial sct may
reflect a separate advance of latite magina causing
doming and tensional opening of shallow fractures,

It is noteworthy that pebble dikes, although ex-
tremely common m porphyry copper deposits, have
not been reported i voleanic hot-springs areas, such
as Yellowstone Park.  Perhaps this is partly duoe
to poor exposure and they have heen overlooked.
On the other hand, the abscnce of pebble dikes may
indicate that the waning or terminal stage of vol-
canismand magmatic activily has not yet been
reached.

Supergene processes

Supergene oxidation and leaching of copper from
the surficial zone and its deposition in an enricliment
blanket were respousible for the formation of the
commerical orebody.  Secondary Cu-S  minerals
extensively replaced chalcopyrite and bornite but
coated pyrite with hittle or no replacement,

The carly jarositic capping over the orchody must
have been formed under different physieal and
chemical conditions than those under which the
underlying jarosite-{ree capping was formed.  Both
cappings represent oxidation of the same sulfides
in the same generally nonreactive gangne asseni-
blage.  The lower capping is interpreted in the
usual way as a product of an attack by an oxidizing,
acid, relatively cold ground water on mineralized
rock.  The upper jarositic capping may have heen
formed earlier and at higher temperature during
the waning stages of the acid geothermal hot-spring
system above the cooling intrusions.  During the
formation of each capping, downward copper enrich-
ment probably occurred.  The present envichment
blanket is in effect a composite of both supergene en-
vironments,

Chemical gains and losses

Hundreds of thousands of analyses for copper and
thousands of analyses for selected elements (Mo, Au,
Ag, Fe, S5, K, Na, and others) as well as several
dozen whole-rock analyses were made.  Although
various empirical chemical patterns have emerged,
we cannot give quantitative estimates for the chemi-
cal gains and losses during alteration and mineral-
ization because fresh rocks are not available for
comparison. Lven the andesites in the mine area
are so obscured by alteration that correlation of
individual units with unaltered equivalents outside
the mine area is impossible,  Moreover, in addition
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to significant original chamical variation in Loth
intrusive roeks and andesitic host rocks, there are
many complexities introduced hy the sequence of
alteration assemblages that e have detectéd and
described.

Quantitative estinates “of chemizal granis can
therefore be.made only fof those clements thit wene,
probably entircly added to the rocks during min-.
eralization. Thus, for esample; it ds réasonuble to
estimate that miiéralization i the Turdieise Guleh
center alone titroduded 107 tons of Cu; 107 tovs of
Mo, and betweén 108 and 107 tons of S, depending’
on assumptions about the origimal extent of the
anhydrite zone.  Camparison hetween fresh and

altergd rocks shoivs charnges on the erder of 107 g/*

¢c, or 107 tons par km?, for most elements, Heav-
ever, for most major, dunenis i 15 ifficalt to deter-
ming, whether the net ehemical changes represent a
gain or a loss when the whole deposit is considered,
I'or example, the total volume of porphyry and ande-
site affected by strong: K-siticate alteration was ap-
1)1‘0‘Mmaitc_ly 6 km®, A[gpltomnutcly 20 fkw? of
andesite and porphyry were altered te scricitic as-
scmb]dge& Thus, pessible losses in FeO and 1 Me®
and gains in Na,O KO, and probably Si©, during
K-silicate -nltmatmn could be on the order of 102
tons for each element. IHowever, several times
as much reck was affected by later base-leaching
alteration processes (ermwen i lllLthOllllll‘sll‘J)
whichi could easily reverse chemical clhmgu. result-
ing from [artly alteration and sminéralizition.
Chemtical gains and lessés. fmust tHeréfore Le char-
acterized in an dppropriate time Irdme with thé evolu-
Bor  gxample,
sofinm aned thén pitassiun were jfrogressivély re-
meved ag sericitic and then ddvanced argillic ussem-
blages were superimposed. Calcium dppears to
have been largely fixgd as anhydrite in silieate
and sericitic alteraticn but was removed by super-
gene solutions and probably alse « during .uiA\_rdnctf(_i
argillic alteration, st was apparently re-
moved in each suecessive alteration assemblage, Tron
was reduced by supcrgéne kaolinkition ol Ihetité
and ehloeite and by “ehnlcocite’” mplacement of chial-
copyrite amd bornite. Cefiper was extragted (tom,
Larly assemblages in deep “1 vein Ralos and cm-
placed tngher in the veins. A dissolution of mnhy-
drite and sulfides from still deeper Larly assem-
blages .may have been the source of wwiost of the
sulfur ficed E}.S“.LE.L[E' pyrite=anhydrite.

Genelie model—uariations on o theme

Porphyry copper deposits [rom many parts 6 the
world display’ many Téattives siinlir fo those 4t I
Salvader. Very simildr rock iextirgs, types ol
véining, patteris of altératidn-mineralization assgin:

Llages, and the ssaoe goneral evolulionury trem
ciit be sechi n many deéposits. Yet eacl dlepos
s umgqoe n détail,  We sufrpesdt that (Lhu-c difiey
encgs result privcipally | ‘
degrée of developuiént of Larly vs. Liite types ¢
minerabization and alteration and in the tfl,u';;"rgzd i
distortion ol gedmelrid pailents fClative 1@ o
we hiave described for LEl &ilvador. Tn sgmg de
posits; Late fdssemblages may be miore wenkly devel
gped Lmly : L'l]l]]]l“(' (e, Yeringlon
1’:\ﬂ:L”S—.I.,Ll{‘(;)l,),‘ln). In others, -L,ln:, ceniral  Ke-sthign
Fowe nhity contain very low coucentrntions af sulhdes
while the ore-is largely confingd to the Lringing serio
ticang relatively pyritic zone (e, San M: ule) 1
still other exwmples, the Early mincelization ma-
extend well beyvond or ahove any exposure of i iu“-
yry mass (e ]\J\) or Late pyritic md seri
citic assemblages may be :yupt,nmpmul adross th
ceutral part of an exposed pattern where evidenc
for Tarly alterution and minerabization way b
masked or-almest lwking (eg, Cananea). Caletim
may. be: partly fixed as carbonate as well as anhy
drite or instéad of it in the alteration assemblages o
some dépesits. (e, Ajo; ngimm] Late 1brwsivy
activity or pthﬂc ln(u.na miiy rémave huch of L
Firly pattern in still, others (e, L Téniaite)
Present levels bl exposire also influcnee hiwy el
of the trué palfeins are ghserved,
Many oiher variatiohs exist, but we
they are only “variations en a theitie”  We so
essentially similar processes and cvolutiouary trend,
at witrk in énch dase.  The eséential elemeiits ar
(1) welatively shallow emplacement o a wsdally
complex sévies of porphyritiec stecks wwd dikes b
andl ahdve the Lupol'l zone of an underiving hrge
batholithic bady, (2) metasomitic infroduetion o
copper and other melils, sullur, alk alis, anel hyvdro.
gen dons from the solidifying: melt inta lath to
pfu'lj ries and thie country rock, dhuring
only part of the intrusive process, <1n<l (f'%) the inter
reaction of ground water with the mnhntf utineril
ized cénter.  The nevitable evolntionary trends a
the site ol mincealization folewing each oo 5
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trusive skigc are decrcasing tompernlute il pres
surd, trangsition from alladh bo bydrogen-ien meth
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st e in@reirsing sulfiche-iom aciivity dam tu
mineralizing Auids.  Thé ninjor \i:n'i'L‘l:IL:; rebate L
the geometries and timé [acters of the mntrusive
process and include differences in depth of cmplim-
nient, degree of ‘1\'1[L1]ﬂ]hl} af ground wter, siz
angl Hming af  swegessive magma advances, e
abundange of metals and mineradizing elements. i
the Mlnids evolved from the nielt,

cntent a6l 4 mineralizing
snnlry vock dne o priom

“Lhe deeper the enrplag
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o THE PORPHYRY COPPER DEPOSIT AT LEL SALVADOR, CHILE

4i|'u|ngic factors, the stower the porphyry will be to
cool, the less telescoped the temperature gradients
and mineralization patterns about it, and the weaker
the Late effects cnused by reworking with ground
water, The more massive the nineralized porphyry
anits andd the more closely  timed  the  intrusive
surges, the less chance for cooling of individual
porphyry units, This allows the evolution lo Transi-
tonal or Fade mineradizaton before reitroduction
of Iarly features about the second surge and pro-
duces a0 composite evolutionary sequence, The Jess
copper in the parent magma, the less chance of pro-
ducing  ceonumic concentrations i any  stage of
alteration-mineralization,  We urge caution to those
who apply a “typical” porphyry copper model to the
solntion ol magor geologic problems and especially
to those who are responsible for wisely investing
their corporation’s exploration funds!

The series of diagrams i Figure 28 attempts to
portray our ideas of the evolution of the I Salva-
dor ordhody in graphic form. In these diagrams
we o huve extrapolited well below and above the
roughly 1 km of vertical exposure present at 2l
Sadviddor to show an inferred cupola of a batholithic
mass and a kilometer or more of overlying volcanic
cover,  Piagram A showing only the present rock
pattern serves as a “hase map” for the following
three sequential diagroms.

Diagram B shows the development of a simple,
though probably composite pattern of Early min-
cridization and alteration about the “X" and “K”
Porphyry bodies formed before intrusion of “L”
Vorphyry and the milux of a significant amount of
neteoric water. Although we have inferred the
Svnation of sericite—pyrite at very high elevations
luring this stage, we have no direct evidence here.
itarly sericite-pyrite is probably not essential, par-
wculirly in deposits with little or no oxidation of
wllur o Torm anhydrite,

In dingram C we show the subsequent effect of
wtrusion of "L Porphyry causing upward remobi-
fzation of LZarly assemblages and influencing the
mward and downward  encroiaching  ground-water
vatem during Lale mineralization, Pyrite~hornite—
ericite assemblages are pervasive at higher elevations
e restricted 1o DY vein structures below, The
weripheral zone of pyritic and sericitic mineralization
leereases i intensity both downward and outward.

Diagram 1 shows the postmineral formation of
whhie dikes, trigeered by the intrusion ol latite
Fhis occurred during the further encroach-
aent ol an acid geothermal hot-spring system driven

dkes,

« the residual hear of the porphyry center and shal-
nv convection in the upper siliceous voleanic pile.

P - Roworking of priviry assemblages by supergene

911

oxidution and leaching of near-surface rocks with
formation of the sulfide enrichment blanket and
kaolinitic alteration below has already been illus-
trated on Figure 21 and can be visualized as the
fourth and last step to the sequence lustrated in
Figure 28,

!
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Sulfur Isotopes in the Porphyry Copper Deposit
at El Salvador, Chile

Cyrus W. Fi1eLDp aND LEw1s B. GusTAFsoN

Abstract

Sulfur isotope analyses have been performed on 64 monomineralic concentrates from
37 samples that are represeutative of mineratization in time and space at 121 Salvador,
The hypogene sulfates (mean +10.7%; range +7.3 to +17.0%) are enriched in S
relative to supergene sulfates (—0.7%; —4.6 to +3.6%) and to hvpogeue sullides
(—3.0%; —10.1 to —0.3%). Coexisting hypogene sulfides are increasingly depleted in
#S in the order molybdenite, pyrite, chalcopyrite, and bornite. The isotopic dita sug-
gest that sulfur in the supergenc suliates was largely derived from the oxidation of
hypogene sulfides and that supergene “chalcocite” probably replaced hypogene chuleo-
pyrite or bornite, but not pyrite. Isotopic temperature estimates from sulfate-sulfide
fractionation pairs range from 400° to 570°C and are only in crude agreement with
temperatures (<300° to >600°C) indicated by other geologic cvidence. Those esti-
mated from pyrite-chalcopyrite fractionation pairs (95° to 185°C) arc much too low.
Fractionation between 13 coexisting hypogene sulfate-sulfide assemblages (21 mineral
pairs) defines a rather narrow band in fo,-pH-T space and suggests that fo, and pll
acted as internally controlled variables throughout mineralization. Mass balance esti-
mates of §3Sy, indicate a value of about 46 per mil for the suliate zone and a value
probably significantly heavier than 0 per mil for the entire deposit as presently exposed.
The 8%'S per mil values of coexisting hypogene sulfate and sulfide pairs approximate
linear trends when plotted against their respective delta (A) values. These trends sug-
gest that Early anhydrite-chalcopyrite-bornite assemblages were formed from a sullur
reservoir having 85y, of approximately -+1.6 per mil whereas Late anhydrite-pyrite-
chalcopyrite assemblages formed from a reservoir 4-6.8 per mil §'y,.  Speculative
interpretation suggests that Late sulfur was derived cither from remobilization of Early
assemblages below the deepest levels of exposure or from volcanic wall rocks surrounding
the deposit, rather than from continucd emanations from the underlying magma chamber
that was the source of Early mineralization. However, at lcast onc totally different
interpretation of these data is possible. Recent experimental work by Ohmoto and Rye
(1975, written and oral commmnun.) indicates that our §*S per mil values for pyrite may
require a correction factor, which would reduce both LEarly and Late sulfate-sulfide as-
semblages to approximately single linear trends. This would imply that the underlying
magma chamber continucd to be the predominant source of sulfur (8%4Ss, = +2%)
throughout the entire sequence of alteration-mineralization. The isotopic data do not
show any consistent trends of 3#S depletion with cither paragenesis or zoning that would
suggest a restricted reservoir of sulfur in the hydrothermal system. More questions
than answers are provided by these data.

Introduction

| UNIVERSITY OF UTAH
RESEARCH INSTITUTE
EARTH SCIENGE LAB.

and mineralized intrusive complex. Inferences as

Tue comprehensive study of the porphyry copper
deposit at Il Salvador, Chile, by Gusta{son and
Hunt (1975) has revcaled the systematic evolution
of mineralization and alteration that culminated a
long history of volcanism and plutonism in the Indio
Mucrto district. A variety of gcologic arguments
were presented to support the contention that Iarly
mincralization was accomplished very close in space
and time to the final consolidation of certain por-
phyry magmas and by hydrothermal fluids that were
derived from the magmas. The transition to Late
mineralization took place as convecting meteoric wa-
ters collapsed inward and reacted with the cooling

to the pressure, temperature, and chemical condi-
tions at various stages of this evolutionary process
have been presented by Gustafson and Flunt (1975).
Stable isotope investigations have been undertaken
to supplement and perhaps to quantify these inter-
pretations,  Many of the minerals used in this sulfur
isotope investigation are from samples also studied
for hydrogen and oxygen isotopic variations by
Sheppard and Gustafson (1976).

Data have been published for the distribution of
sulfur isotopes in many ore deposits.  In most cases
only sulfide minerals were analyzed and interpreta-
tons have been Iargely concerned with fractionation

1533
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effects between sulfide minerals, isotopic trends and

zonations, and the question of whether or not the
sulfur was of “magmatic” hydrothermal or of “bio-
genic” sedimentary origin. Relatively few studies
have been directed to the porphyry-type deposits or
their related fissure and replacement deposits (Field,
1966a, 1973; Ficid and Moore, 1971; Lange and
Cheney, 1971; and Petersen, 1972). Morcover, the
limited availability of appropriate experimental cali-
bration curves has restricted the application of sul-
fide-sulfide fractionation effects to temperature esti-
mates in porphyry-type environments. Our inter-
pretations of the Jil Salvador data have benefited
cnormously by the recent contributions of Sakai
(1968) and Ohmoto (1972) who have demonstrated
from theory the potential systematic isotopic varia-
tions between sulfate and suifide minerals as a fune-
tion of acidity (pH), oxygen fugacity (fo.), and
temperature (T). The study of mixed sulfide as-
semblages containing sulfate minerals at IEI Salvador
provides additional fractionation pairs for geother-
mometry and for internal checks on isotopic equi-
librium. In addition, the overall patterns of isotopic
fractionation between coexisting sulfate and sulfide
minerals, considered in time and space, offer the
possibility of placing some constraints on mass bal-
ances of sulfur and on the isotopic composition of
total sulfur (§%*Sg,) in the hydrothermal system.

Sample Selection and Presentation

The principal objective of the sampling program
(conducted by L.B.G.) was to obtain sulfate-sulfide
assemblages representative of the major mineraliza-
tion types within the mine and with respect to both
their zonal and paragenetic distributions, The reader
is referred to the article by Gustafson and Hunt
(1975) for a description of the geology of the T
Salvador deposit and for an explanation of the ter-
minology used herein.

Detailed information concerning the location,
geology, paragenesis, and mineralogy of each sample
is given in Appendix 1. The order of samples listed
in Appendix 1 is repeated, where applicable, in Fig-
ure 1 and Tables 1 and 3 for various groupings of the
sulfur isotope data, This order generally represcats
the paragenetic sequence from Larly, through Transi-
tional, to Late mincralization events. Bccause the
Late events collapsed inward and downward on the
Early events, the tabulated sequence represents at
best a crude three-dimensional progression from deep
central to shallow peripheral zones of mineralization,
However, this sequence is only gencrally followed as
various samples containing minerals of supergene
origin are listed above pyrite-bearing samples formed
during the Late period of hypogene mineralization.

C. W. FIELD AND L. B. GUSTAFSON

Early disseminated “background” mineralization
in the deep central zone contains the assemblage
chaicopyrite-hornite-anhydrite as represented by sam-
ples (ES: 1910R, 8230R, and 2699R) of host rocks
subjected to K-silicate alteration.  Host rocks aitered
to sericite-chlorite contain ihe Fate assemblage py-
rite-chalcopyrite-anhydrite in swmples (195 8237
and 11106) from the deep intermediate zone and py-
rite-anhydrite in samples (ES: 8233 aml 1739 from
the deep peripheral pyritic fringe zone.

Vein mineralization is represented by samples of
the LEarly “A” veins (IES: 1910V and 8230V), the
Transitional “B” veins (IES: 2609V and 7530V),
and the Late “D” veins (135: 7323V and 7570V,
and its sericitic halo 7576H). Al of these vein
samples are from the deep central zone and they
contain  hypogene  sulfate-sulfide  assemblages.
Upward and outward heyoud the top of the sulfate
zone the anhydrite has been removed by hydration
and dissolution (Gustafson and Hunt, 1973). Thus,
other samples from above the top of the sulfate zone
do not contain primary hypogene suliate-sulfide as-
semblages.  Samples of sulfate not associated with
sulfides include gypsum (Gyp-2) from the hvdreated
capping at the top ol the sulfate zone and selenite
gypsum (Gyp-1) and jarosite (ES-7466) from the
leached capping of the peripheral and intermediate
zones, respectively,

Samples ES-1835, DDH 65, DD 899, and LiS-
1809 arc from locations within or immediately below
the zone of supergene sulfide enrichinent.  The
alunite-bearing samples were selected to determine
whether or not the isotopic diata supported the gen-
logic evidence indicating that coarsely crystalline
alunites (TI2S: 5827 and 065373) of the advanced argil-
lic assemblage are hypogene whereas finely erystalling
varieties (12S: 7486V, 1450, and 8233) associated
with secondary enrichiment are of supergene origin.
Mineral pairs from two of these samples, alunite-
pyrite of 1£S-7480V and alunite-jarosite of 125-5827,
do not represent contemporaneous or cquilibritm
assemblages.  Smples 55 1855 and 1809 and
DDIT 65 contain supergene “chaleacite” (quotation
marks are used for any mixture of chaleocite, di-
genite, and djurleite).

Ileven samples contamning pyrite and listed at the
end of the tabulations (App. 1, FFig. 1, and Talie 1)
were collected from the outer and uppermost parts
of the sulfide zone as presently exposed, where nearly
all of the remaining sulfur resides i pyrite. Repre-
sentation among these swnples includes the outer
pyritic fringe of the propylitic alleration zone at
relatively Jow elevations (DDIT 570 and T2S: 5470
and 5472); the main pyritic fringe at the highest
clevations of exposure (FS: 5709 5718, 2501, and’
3190) ; and pyritic waste-rock overlying chaleopyrite-
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SULFUR ISOTOPES AT EL SALVADOR, CHILE

pyrite protore at high elevations in the intermediate
zone (ES: 2079, 2087, and 3977). The latter
three samples represent a very late event of pyritic
mineralization that appears to have flushed out ear-
lier higher grades of copper metallization. Sample
DDH 129A is from high-level pyritic ore that over-
lies the central zone of mineralization.

Sample Preparation, Analysis, and
Data Presentation

Sulfur isotope analyses have been obtained on 64
concentrates of sulfate (anhydrite 13, gypsum 4,
alunite 5, and jarosite 2) and sulfide (molybdenite
1, pyrite 23, chalcopyrite 9, bornite 4, and “chalco-
cite” 3) minerals separated from 37 rock samples.
Mineral separations using standard methods of con-
centration were performed by Judy Montoya of the
Anaconda Geology Laboratory. Where necessary,
concentrates of the sulfide minerals were leached in
cold dilute hydrochloric acid to remove crystalline
intergrowths of sulfate. Prior to subsequent prep-
aration for isotopic analyses, the purity of all con-
centrates was further checked by examination with
the binocular microscope and, for many, by X-ray
diffractometer analyses, With the exception of py-
rite and “chalcocite” from two samples as described
below, the concentrates were essentially monomin-
eralic and purities were 95 percent to, more com-
monly, 99 percent or better, However, the purity
of pyrite and “chalcocite” concentrates from two samn-
ples (12S-1855 and DDH 65) ranged from 80 to 90
pereent.  The isotopic data for these four concen-
trates represent ‘“adjusted” values derived from
algebraic equations using the raw analytical data and
estimates of contamination {rom both microscopic
examination and yields of sulfur dioxide during sub-
scquent preparations for mass spectrometer analysis.

Sulfate and sulfide mineral concentrates were pre-
pared and isotopically analyzed by standard pro-
cedures. The majority of mineral coucentrate prep-
arations, prior to isotopic analyses, were conducted
at Oregon State University (by C.W.F.). Sullate-
sulfur of anhydrite, gypsum, alunite, and jarosite
concentrates was reduced to hydrogen sulfide in a
boiling solution of hydrochloric-hydriodic-hypophos-
phorous acid as described by Thode and others
(1961). Silver sulfide, derived from the reduction
of sulfate minerals, and most of the sulfide minerals
were oxidized to sulfur dioxide gas using a modifica-
tion of the nitrogen-oxygen combustion method
developed by Sakai and Yamamoto (1966). Eleven
sulfide concentrates were oxidized to sulfur dioxide
gas by the cupric oxide combustion method at the
Isotope Geology Branch of the U. S. Geological Sur-
vey, Denver, Colorado. Measured recoveries of sul-
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fur from the reduction ol suliate minerals and the
combustion of sulfides was at least 90 percent and
usually greater.  Sullur isotope analyses of the sul-
fur dioxide gases were performed both at the Uni-
versity of Utah, under contract with Professor M. L.
Jensen of the Laboratory of Isotope Geology, and in
Denver where facilities of the U, S. Geological Sur-
vey were used under the divection of Dr. Robert O,
Rye.

The isotopic data are presented i terms of con-
ventional per mil deviations (8*'S) as obtained f{rom
the relationship

]
S %o = (‘L‘ - 1)- 1
R,

where R, and R, represent the measured and as-
sumed #S/%S ratios of the sample and standard,
respectively. Positive and negative per mil deviations
indicate enrichment and depletion of % in the sam-
ple relative to the meteoritic standard for sulfur
isotope analyses (0 per mil by dehnition). The
standard deviation of the analytical error is slightly
less than =%0.2 per mil as determined from multiple
preparations and analyses of the O.S.U. secondary
standard.  Analyses of this standard at both the Uni-
versity of Utali and the U. S. Geological Survey
(Deunver) agree by less than 0.1 per mil and thus
affirm the equivalency of data between the two lab-
oratories. This inference is supported by three ana-
lyses of pyrite in sample £S-5470, based on the two
different methods of sulfide preparation and mass
spectromeler analyses cited above, that provided re-
markably uniform values of —10.06, ~10.13, and
~10.11 per mil respectively.  Although the tabulated
per mil values are given to the hundredth place as
calculated from the instrumental record, they and the
derived delta values as discussed in the text are
rounded Lo the ncarest tenth for consistency with the
measured analytical error.

Isotopic differences between two coexisting sulfur-
bearing mineral phases may originate from tempera-
turc-dependent fractionation cfiects of isotopic ex-
change equilibria, For the purposes of geothermom-
ctry, the isotopic difference between two minerals
(A and B) is normally expressed as a delta (Ax-p)
value that is derived from the measured 8'S per mil
values. The equation

L\A-—B = 834S,\nao - 8“_5“%0 hd I,OOO IH a (2)

relates the delta (Axp) value, or difference between
the measured 84S per mil values, to the fractionation
factor («). Provided variations of the fractionation
factor with temperature are known either from
theory or experiment, the delta value may thus serve
as an cstimate of the temperature of mineral deposi-
Lion,
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Cursory geologic description of samples listed in approximate order of district zonation and (or) paragenesis.
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El Salvador Samplc Suite

“Mil Values for Mineral Concenteates of the

Sulfide Sulfate
Sample Description S Yy S o
ES-1910R Andesite; central, 2,400 m; wall rock of A" vein; Cp —3.56 Ah +7.64
I-silicate Bn —4.21
ES-1910V A" vein Cp —5.25 Ah 000
Bn =571
ES-8230R “K” porphyry; central, 2,400 m; wall rock of A" vein; Cp —3.20 Al -R7.31
K-silicate Bn —4.70
£S-8230V “A' vein Cp —3.08 Ah +-0.38
Bn —4.76
ES-2699R “X" porphyry; central, 2,400 m; wall rock of “B" vein; Cp —3.94 Al 49.09
K-silicate
ES-2699V “13 vein Ah 4 10.09
ES-7536V Andesite; central, 2,400 m; “I3' vein; K-silicate Mo —0.82 Al =990
'y —1.60
Cp —4.63
£S-8237 Andesite; intermediate, 2,400 m; sericite-chlorite Py —0.70 Ah -}-0.88
Cp —d.14
ES-1116 X porphyry; intermediate, 2,400 m; sericite-chlorite Py —=2.11 Ah 10,08
Cp =3.21
[£S-8238 Andesite; peripheral, 2,400 m; sericite-chlorite l’f\' —1.56 Ah 1003
1£S-1173 Andesite; peripherad, 2,400 my; sericite-chlorite Py —1.21 Al S 100A
ES-7525V L porphyry; central, 2,400 m; D" vein Py —3.13 Ah 41177
ES-7576H LT porphyry; central, 2,400 w5 halo of D' vein Py —5.08 Cp 11040
1ES-7570V R vein Py —d.00 Al F1L39
Gp F1
ES-7486V Pyroclastic; peripheral, 2,875 nm; D' vein with Linely Py —3.82 Al 3338
crystalling supergene alunite
£S-1855 Andesite; peripheral, 2,710 my; enriched ore with Py —1.19
“chaleacite” replacing chaicopyrite Ce —3.59
DDH 65-182m. Andesite; intermediate, 2,630 m; enriched ore with Py —0.34
“chalcocite” replacing chalcopyrite Ce —d.14
DDH 599-24m Andesite; intermediate, 2,570 m; protore below DD 63 Py —1,08
’ Cp —3.23
ES-1809 Andesite; central, 2,710 m; enriched ore with “chal- C‘c —4.35
cocite” replacing chalcopyrite-bornite
ES-5827 Rhyolite; peripheral, 3,250 m; capping with coarsely Al 4-17.00
crystalline hypogene alunite; advanced argillic Jr —1.58
ES-6573 Pchble dike; intermediate, 2,990 m; capping, coarscly Al 4-1.1.80
crystalline hypogene alunite; advanced argillic
£S-1450 Pebble dike; central, 3,100 m; capping with vein of Al -}3.64
fincly crystalline supergene alunite
[£S-8233 "X porphyry; central, 2,710 m; vein of Linely Al =148
crystalline supergene alunite
ES-7466 Leached capping; intermediate, 2,875 m; jarosite Jr —3.34
Gyp-2 Hydrated upper sulfate zone; central, 2,600 m; gypsum Gp +10.51
vein
Gyp-1- Leached capping: peripheral, 2,600 m; gypsum vein Gp —1.63
DDH 570-84m Andesite; peripheral, 2,550 m; propylitic waste rock Py —1.23
ES-5470 Pyroclastic; peripheral, 2,660 m; unaltered, waste Py —10.10
£S-5472 Pyroclastic; peripheral, 2,660 m ; sericite, waste Py —3.94
ES-5709 Pyroclastic; peripheral, 2,930 m; sericite, waste Py —1.05
ES-571$ Pyroclastic; peripheral, 2,930 m; scricite, waste Py —1.83
1£S-2541t Pyroclastic; peripheral, 2,875 m; sericite, waste Py —1.77
£S-3196 Rhyolite; peripheral, 2,930 m; sericite, waste Py —2.20
ES-2079 Pyroclastic; intermediate, 2,930 m; advanced argillic, Py —1.58
waste
E£S-2087 Quartz porphyry; intermediate, 2,930 m; advanced Py —1.54
argillic, waste
£S-3977 Pyroclastic; intermediate, 2,875 m; advanced argillic, Py —1.37
waste
DDH 129A-105m Andesite; central, 2,840 m; sericite-kaolin, enriched ore Py —1i.49

Results and Interpretations

Isotopic data for the 64 sulfur-bearing mineral
concentrates of the EI Salvador suite are listed in
Table 1. The distribution of all 84S per mil values,
with horizontal lines connecting values for coexist-

i

summarized in Figure 1.

ing mineral phases of a single sample, is graphically
Means and ranges of the
isotopic data are given in Table 2 for various min--
eralogic, genetic, zonal, and paragenetic groupings of
the samiples. The mean 'S composition of 18 hypo-
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SULFUR ISOTOPES AT

gene sullates is -+10.7 per mil and values range from
+7.3 to +17.0 per mil. Analyses of the 37 hypogene
sulfides range from —10.1 to —0.3 per mil and the
mean value is —3.0 per mil (Table 2). Our data
are generally comparable to those previously pub-
lished for the porphyry-type deposits (Field, 1966a,
1966h, 1973 ; Laughlin et al., 1969 ; Field et al., 1971,
1974 ; Jensen, 1971; Lange and Cheney, 1971; and
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Petersen, 1972). Thus, on the basis of conventional
geologic and isotopic criteria, El Salvador is a typi-
cal magmatic hydrothermal deposit.  The discus-
sions that follow concern the isotopic trends and
zonations related to the mineralogy and origin and
to the spatial and temporal distribution of the sam=
ples and minerals, Imperfections in some trends
listed in Table 2 are presumably attributable in part

§$%%s
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of orebody zonation and (or) paragenesis and
occurrence, and location within the deposit.

Flc 1. Summary of the El Salvador sulfur isotope data with samples listed in gencral order

\vnh cursory descriptions of lithology, geologic
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TapLe 2. Means and Ranges of 895 Per Mil Values for
Sulfate and Sulfide Mincrals
Grouped with respect to origin (hypogene versus super ;,cm)
mineralogy, urebody zonation, and paragencsis. .

Meian 1\.mg
Crouping - nooL S %, BS .
Sulfates—all 24 +7.9 -6 +17.0
11ypogene 18 +10.7 +7.3 4-17.0
Supergene 6 -0.7 —4.6  43.6
Hypogene sullates
Central 12 4-10.0 473 +124
Intermediate 3 4118 499 4-14.8
Peripheral 3 125 4101 417.0
Anhydrite 13 499 +7.3 4124
Central 9 +9.7 +7.3 4124
Intermediate 2 4103 499 +10.7
Peripheral 2 4103 4101 +10.5
Early K- snhmtu 3 -4-8.2 +7.3 +-9.7
Early “A" veins 2 +9.2 +4-9.1 “+0.4
Transitional I3 veins 2 4100 +9.9  4-10.1
Late sericite-chlorite 4 +10.3 4+99 4107
Late D" veins 2 4121 +11.8 124
Gypsum—Late )" veins 2 1012 110 -F114
Sullidles—all 40 -3.1 —10.1 —-0.3
Hypogene 37 ~30 =101 -0.3
Supergene 3 ~4.0 —4.t —3.6
Molybdcenite 1 —0.8
Pyrite 23 =23  —101 —03
Chalcopyrite P —-4.0 -53 =3
Bornite 4 —4.9 —~5.7 =42
Chalcocite (supergence) 3 —4.0 —dd4 =30
Pyrite
Central 5 —3.1 —35.1 —1.5
Intermediate 7 —1.3 —2.1 -0.3
Peripheral 11 —-2.7  —10.1 -1
Transitional “I3"" veins 1 —1.7
late sericite-chlorite 5 —1.4 -21 -0.38
Late “D" veins 4 3.9 -5.1 =31
Pyritic "fringe" 1 -2.6 -1001 -1
Chalcopyrite
Early K- silicate 3 —-3.6 -39 =32
Early A" vcins 2 —4.2 -53 =31
Transitional “B" veins 1 —4.7
Late sericite-chlorite 3 —1.2 -52 —=3.2

to retrograde cffects and to the relatively small
sample representation that emphasizes the temporal
evolution, rather than the spatial distribution, of min-
eralization at El Salvador.

Hypogene and supergene sulfate mincrals

The distinction between sulfates of hypogene and
supergene origin was bascd on geologic, mineralogic,
and textural criteria established during field investi-
gations. In accordance with equilibrium fractiona-
tion theory, the hypogene sulfates are distinctly and
variably enriched in S relative to associated hypo-
gene sulfides (Fig. 1 and Tables 1 and 2). Tem-
perature-dependent fractionation is suggested by the
data for hypogene sulfates that show necar-surface
alunite (range +14.8 to +17.0%0) to be distinctly
enriched in ¥S relative to deeper anhydrite (range
+7.3 to +12.4%0). In contrast, gypsum (range

+10.5 to +11.4%,) is compositionally similar to an--

hydrite from which it was derived by late-stage hy-

© posed by Granger and Warren (1V69).

dration.  The mean values for anhydrite (e 2)
exhibit small increments of progressive ™S cenricl-
ment for groupings with respect to hoth district zona-
tion (+9.7, +10.3, and +10.3% for ceutral, hnter-
mediate, and peripheral zones respectively) and 1o
paragenesis (+8.2, +9.2, 410.0, +10.3, and +12.14/,
for Larly (hs.scmumtvcd, “AT vein, BT ovein, Late
sericite-chlorite, and “D™ vein occurrences respec-
tively).

Perhaps the simplest and most straightiorward
interpretation of the sulfur isotope datn is in the dis-
tinction between sulfates of hypogene and supergenc
origin.  Isotope fractionation theory predicts that
hypogene sulfate, equilibrated with sulfide, should e
distinctly enriched in § relative to the sulfide and
to any supergene sulfate derived from the quuantita-
tive unidirectional oxidation of sulfide-sulfur (17icld,
1966l ; Jensen et al, 1971 ; and Fickd and Lombardi,
1V72).  Consistent with this rationale, vadues for
coarsely crystalline hypogene alunite in smples FLS-
5827 (+17.0%0) and E5-0373 (-F14.8¢74) are mark-
edly enriched m 'S relative o those Tor the finely
crystalline or “carthy™ supergene varicties in sam-
]‘)1c> IES-7486 (+3.3%0), ES-1450 (4-3.007.),

S-8233 (—1.5%e). The isotopically light alunite
in sample JES-8233 (—=1.540), gypsum in sfmple
Gyp-1 (—4.60) and jarosites in sumples 11S-3827
and ES-7466 (—1.6 and —=3.30%0) appear (o have
derived ther suliur through oxidation and redeposi-
tion of sulfide-sulfur in the leached capping.  We at-
tribute the isotopically intermediate values of aluaites
from samples JZS-7486 and [1S-1430 (3.3 and
+3.0%0) to mixing and redeposition of both hypo-
gene sulfate and sulfide sources of sulfur in the
supergene environment. However, these intermedinte
values might also originate throngh low-temperi-
ture disproportionation reactions accompanying the
surficial oxidation of suifides that have been pro-
The i\'ulupi-
caily heavy gypsum of sample Gyp-2 (+10.570).
from the uppermost capping of the sullnie zone,
formed simply by supergene hydration of hypogene
anhydrite, as did gypsuwm in the "D ven (11.0444)
and halo (+11.4%0) of sample 125-7570.

Jarosite in both samples 155: 5327 and 7466 con-
tains light sulfur (—=1.6 and —3.3%, r(.\‘l'n_cli\'cl_\').
Coarscly crystalline alunite and jarosite i a few
samples similar to 1£5-5827 are intergrown in optical
continuity, This texture, wnd other geologic nfer-
ences, once supported the speculation that jarosite,
as well as alunite, might have formed in equilibrivm
with pyrite-covellite in a very late stage and shallow
hot-spring environment that was transitional between
hypogene and  “classic” supergene  environments
(Gustafson and Ilunt, 1975). The isolopic cvi-
dence, however, indicates that the jarosite, unlike
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the alunite, has not undergone fractionation relative
to any sulfide mineral. Jarosite has derived its light
sulfur from the oxidation of *S-depleted sulfides
and was formed later than the hypogene alunite
(+17.0%0) with which it is associated.

Hypogene and supergene sulfide minerals

Both individual 84S per mil values for coexisting
sulfide assemblages (Table 1) and mean values for
these minerals of the hypogene suite (Table 2) ex-
hibit without exception a preferred order of increas-
ing S depletion in the sequence molybdenite
(—0.8%0), pyrite (—2.3%0), chalcopyrite (—4.0%0),
and bornite (—4.9%0). This order is attributed to a
primary fractionation effect involving isotopic equi-
libria and it is readily evident from comparisons of
tabulated (Tables 1 and 2) and plotted (Fig. 1)
data for the coexisting assemblages.

The hypogene suifides show weak and imperfect
isotopic trends for mineral groupings based on para-
genetic occurrence (Table 2), For example, mean
83S per mil values for pyrite of “B” vein, Late seri-
cite-chlorite, “D” vein, and pyritic “fringe” assem-
blages are —1.7, —1.4, —3.9, and —2.6 per mil, re-
spectively. Mean values for chalcopyrite of Early
disseminated, “A" vein, “B” vein, and Late sericite-
chlorite assemblages are —3.6, —4.2, —4.7, and —4.2
per mil, respectively. It must be emphasized that for
many paragenetic groupings the sample populations
are small and that the ranges of the per mil values
overlap. The apparent lack of isotopic trends with
respect to the district zonation of hypogene sulfide
minerals is probably related both to the limited sam-
ple representation and to the inward collapse and
superposition of late mineralization events upon ear-
lier ones. '

At El Salvador, as is the case for many deposits
that are characterized by appreciable secondary en-
richment, it is difficult to determine whether or not
pyrite, or other hypogene sulfides, served as the
dominant host for the supergene sulfides. Geoloyists
of the Anaconda Company have concluded, on the
basis of extensive microscopic examinations, that the
great bulk of the supergene sulfides replace primary
Cu-Fe sulfides and not pyrite. Moreover, the tex-
tures displayed by supergene “chaleocite”, and pre-
sumably indicative of pyrite replacement, are simply
those inherited from their nonpyrite hypogene pre-
cursors,

Sulfide concentrates fromy four samples located
within and beneath the zone of secondary enrichment
have been analyzed to determine whether or not the
supergene “chalcocite” is isotopically distinctive rela-
tive to the hypogene ‘sulfides and as an attempt to
identify isotopically the primary host mineral.  Com-
parison of the data for the three supergene sulfides
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(ES: 1855 and 1809 and DDIT 65) to that for the
hypogene sulfides, especially protore in DDIT 500
that directly underlies DDIL 65, shows the “chalco-
cite” to be isotopically ‘more similar to chalcopyrite
and bornite than to pyrite (see Tig. 1, Tables | and
2).  Supergene “chalcocite” (mean —4.0%, is de-
pleted in S relative to the majority of pyrites ana-
lyzed from this suite.  Although this isotopic effect
15 consistent with predictions based on theory (Sakai,
1968 ; Bachinski, 1969) it is unlikely to have formed
by sulfide-sullide equilibria at the low temperatures
that prevail in supergene environments.  Thus, in
spite of small sample populations, the isotopic evi-
dence is consistent with the microscopic observations
which suggest that “chalcocite” replaced chalcopyrite
or bornite.

Isotopic equilibrium and geothermontctry

The temperature dependency of isotopic [ractiona-
tion between coexisting phases is well documented
and is a potentially useful method of geothermometry.
For sulfur-bearing minerals the friuctionation effect
at constant temperature is largest between sulfate-
sulfide pairs, with S preferentially concentrated in
the sullate, and is smallest but measurable between
many sulfide-sulfide pairs (Sakai, 1963; Bachinski,
1969 ; Kajiwara and Krouse, 1971; Czamanske and
Rye, 1974 ; and references cited thercin).  [For most
investigations the fractionation factor («), which is
a measure of the isotopic separation between two
coexisting minerals, is more conveniently expressed
as a delta (&) value that is readily derived from the
measured §S per mul values of the mineral pair
(sce Lq. 2). ITowever, the application of delta
values (or fractionation factors) to geothermometry
necessitates a knowledge of their variation with tem-
perature, which is obtained cither indirectly from
caleulations based on theory or preferably from di-
rect experimental calibrations.  With the exception
of the pyrite-chalcopyrite curve derived experimen-
tally hy Kajiwara and Krouse (1971) and the sulfate-
pyrite curve predicted {rom theory by Sakai (1908)
and Ohmoto (1972), precise fractionation cffects
between minerals common to porphyry-type deposits
are largely unknown although they may he qualita-
tively estimated from thermochemica!l data as sug-
gested by Bachinski (1909).

The validity of isotopic temperalure estimales is
predicated on the existence of equilibritin belween
coexisting mineral phases at the time of deposition,
the preservation of this isotopic coqpnlibrium there-
after, and the accuracy of the calibration curves by
which the calculated delta values are reduced to tem-
peratures.  The coexisting mineral assemblages that
we have malyzed were [ree of any evidence of super-
imposed  Late events, although cven in the hest
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TasLe 3. Delta (A) Values of Sulfate-Sulfide and Sulfide-Sulfide Mineral Pairs

Including isotopic temperature (°C) estimates (after data of Sakai, 1968, and Kajiwara and Krouse, 1971) for coexisting
hypogene assemblages of El Salvador, grouped according to mineralogy.

Sample Description Agyp-py Aany-ry Anhy—Cp Ay —hn Apy_cp Atpetin
ES-1910R Early K-silicate 11.2 (5509 11.0 0.7
ES-1910V Early "A" vein 14.3 (465°) 14.8 0.5
ES-8230R Early W-silicate 10.5 (370°%) 12.1 1.0
ES-8230V Early “A" vein 12.5 (510°) 14.1 1.7
£S-2699R Early K-silicate 13.6 (4185°)

ES-7536V Transitional *'B" vein 1.6 (520°) 14.6 (460°) 3.0 (115°)
E£S-8237 Late scricite-chlorite 0.7 (545°) 14.0 (475°) 3.4 (05
ES-1116 Late sericite-chlorite 2.8 (485°) 15.9 (435°) 3.1 (110%)
15S-8238 " Late sericite-chlorite 1.6 (515°)

ES-1173 Late sericite-chlorite 1.8 (510°)

ES-7525V Late " D" vein 4.9 (435°)

ES-7576H Late D' vein halo 16.5 (400°)

ES-7576V Late "D vein 15.1 (430°) 16.5 (4100°)

DDH 599 Late scricite-chlorite 2.2 (183°)

samples some recrystallization of Early anhydrite
occurred during subsequent mineralization.  Only
rarely are the Early high-salinity and low-density
fluid inclusions preserved (Gustafson and Hunt,
1975). Late assemblages represent a metasomatism
and recrystallization of Larly asscmblages. As pre-
viously noted, the isotopic data show without ex-
ception relative S enrichments among coexisting
minerals (Fig. 1, Tables 1 and 2) that are entirely
consistent with those established [rom theory or ex-
periment (Sakai, 1968; Bachinski, 1969; Kajiwara
and Krouse, 1971. The delta values given for various
sulfate-sulfide pairs from samples listed in Table 3
show a general but imperfect tendency to increase
among the Early to Late and the central to peri-
pheral assemblages. These trends are consistent
with isotopic fractionation effects that accompanied
decreasing temperatures during the paragenetic and
zonal evolution of metallization-alteration. Thus,
the isotopic and geologic evidence collectively support
our contention’ that least an approach to equilibrium
was attained in our samples over the time and space
of hypogene mineralization at El Salvador.

Isotopic temperatures {see Table 3, parentheses)
have been determined from the delta values for ap-
propriate mineral pairs by utilizing the theoretical
fractionation curve for sulfate-pyrite (Sakai, 1968)
and the experimental fractionation curve for pyrite-
chalcopyrite (Kajiwara and Krouse, 1971). Tem-
peratures range from about 460° to 570°C for an-
hydrite-chalcopyrite pairs of the Larly K-silicate,
“A"” vein, and Transitional “B” vein assemblages,
and from 400° to 545°C for gypsum-pyritc and an-
hydrite-pyrite pairs of the Late scricite-chlorite and
“D” vein assemblages.

Isotopic temperatures of the Ifarly assemblages
(465° to 570°C) are within the 350° to >650°C

range indicated by fluid inclusion and other geologic

evidence (Gustafson and Flunt, 1975). The siugle
sample from our suite that has also yiclded an ap-
parently valid oxygen isotopic temperature is 155-
2099R.  Isotopic fractionation among quartz, plagio-
clase, and Dbiotite indicates a minimum temperature
of about 525°C (Sheppard and Gustafson, 1‘5)76)
compared to that of about 483°C from anhydrite-
chalcopyrite fractionation (Table 3).

Temperatures of 400° to 515°C obtained from
gypsum-pyrite and anhydrite-pyrite pairs of l.ate
“D” vein and peripheral sericite-chlorite asscmblages
are not much different from those obtained for the
Early assemblages, and they are considerably higher
than the values of less than 350°C inferred by Gus-
tafson and Hunt (1975). Morcover, there is suby-
stantial disagreement with the isolopic geothermom-
etry based on pyrite-chalcopyrite pairs from these
same samples.  Although the anhvdrite-sulhide tem-
peratures appear to be too high, the 95° 1o 185°C
range caleulated from four pyrite-chalcopyrite pairs
utilizing the experimentally derived fractionation
curve reported by Kajiwara and Krouse (1971) ap-
pears to be too low. Lastly, data for the group of 11
pyrite samples (Table 1 and Fig. 1, bottom) suggest
further evidence of disequilibrium. Vith one excep-
tion, their compositions (—3.9 to —1.1%,) arc re-
markably uniform and relatively enriched in S for
sulfides deposited at relatively low temperatures in
the outer and upper parts of the pyritic “Iringe” and
beyond the sulfate zone as presently exposed.

Although several .of the foregoing problems will
be considercd at greater length, the causes of these
anomalous trends and high and low femperature esti-
mates arc uncertain.  Isotopic disequilibrinm s
probably the dominant factor, but further experi-
mental work is needed on the various common min-
eral pairs of sullate-sulfide and sultide-sulficke sys-
tems.
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SULFUR ISOTOPES AT EL SALVADOR, CHILE

Implications as to fo, and pH

Recent papers by Sakai (1968) and Ohmoto
(1972) have demonstrated a need for caution in ap-
plying the widely stated generalizations that sulfides
derived from a deep-seated source necessarily have
isotopic compositions close to that of meteoritic sul-
fur. (8%S =0%o), and that wide variations from this
value are diagnostic of biogenic fractionation. As
clegantly developed by Ohmoto (1972), the 8*S
per mil values of individual sulfate or sulfide minerals
are indicative of source, or the composition of total
sulfur (8%Sg,) in the system, only when other param-
eters such as T, fo., and pH are known, as these
control the types and abundances of the various
sulfur species in solution. The 13 samples for which
we have isotopic analyses of sulfate-sulfide pairs
represent the wide range of depositional conditions in
time and space at El Salvador; from early to late
and from center to periphery. TEarly assemblages
were formed at pressures and temperatures close to
those that prevailed during final consolidation of the
porphyry magmas and in equilibrium with fluids
that were in equilibrium with the magmas. The Late
assemblages were formed at much lower pressures
and temperatures and in equilibrium with fluids that
were largely heated meteoric waters then reacting
with the cooling, mineralized, and altered intrusive
center,

Although chemical parameters such as fo, and pH
presumably varied considerably throughout the min-
eralization episode in both time and space, the ob-
served mineral assemblages are not sufficiently re-
strictive to define these variables with certainty.
However, the fo,-pH region defined by isotopic as-
semblages of sulfate (+5 to +15%0) and sulfide (=5
to —1%.) minerals of the El Salvador suite is given
in Figure 2A. The illustration is adapted from
Ohmoto (1972; fig. 5, p. 559) and uses his predicted
isotopic contours for sulfate and pyrite with chang-
ing fo, and pIH at 250°C and other assumptions (in-
cluding 84Sy, = 0%,) cited therein. The {fo.-pH
region permitted by our isotopic data forms a rela-
tively narrow band across the diagram. At higher
temperatures, the isotopically equivalent hand re-
mains almost as narrow but shifts to regions of higher
fo.. This isotopic effect is shown in Figure 2B for
temperatures ranging from 150° to 350°C. Again,
the illustration is adapted from Ohmoto (1972; figs.
4,5, 6, and 7) and the narrow band is derived from
the data for Ll Salvador pyrites (—10 to 0%.) as-
suming a pH range {rom 2 to 6. Although thermo-
chemical data are not yet adequate to compute the
stability field across the ranges of temperature and
pressure appropriate (o our mineral assemblages, it
is clear that the isotopic data define a rather narrow
region in fo,-pH-T space. They do not scatter across
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T, 2. Apparent regions of (A) fo-pH for coexisting
sulfate-sulfide assemblages at 250°C as defined by the ranges
of 6“S per mil values (sulfates 45 to +15%.; sulfides —5 to
—1%.) after Ohmoto (1972, fig. 5), and (B) fo.-T as de-
fined by the range of &S per mil values f{or pyrite (—10 to
0%c) over the pH range from 2 to 6 and after Ohmoto (1972,
figs. 4, 5, 6, and 7) in part,

the diagrams as might he expected if acidity, oxygen
fugacity, and temperature had been independent or
externally controlled variables during the evolution
of mineralization at 15l Salvador. On the contrary,
our data indicate that two of these variables (presum-
ably fo, and pH) were internally controlled or hui-
fered. Because the hydrothermal system was satu-
rated with respect to both anhydrite mnd some Cu-Fe
sulfide throughout its evolution, this condition ay
have served as the effective buffering control.  Tiow-
ever, many other controlling reactions arc possible
and particularly those involving iron-bearing oxides
and silicates.  Presumably the actual mechanisms of
buffering and mineral reaction were very complex
as in the multicomponent systems considered by
Helgeson (1970).

Reservoir and composition of tolal sulfur

The occurrence of sulfate-sulfide assemblages,
throughout the mineralization sequence at Tl Salva-
dor renders the deposit well suited to the study of
two common assumptions. These are (1) the com-
positional similarity of “magmatic” hydrothermal sul-
fur to meteoritic suliur (0%e by definition) and (2)
the concept of an “infinite” sulfur rescrvoir in hy-
drothermal systems.

On the basis of theoretical predictions developed
by Sakai (1968) and Ohmoto (1972), the systema-
tics of sulfate-sulfide fractionation in porphyry-type
environments can be smmmarized as in Figure 3. For
any population of coexisting suliate-sulfide assemn-
blages formed under equilibrium conditions and over
a range of temperatures, fractionation tremds por-
trayed by the graphical distribution of the sulfate
and sulfide 'S per mil values versus their respective
delta values will plot as two straight lines provided
the hydrothermal reservoir for sulfur was of infinite
supply and maintained a constant isotopic composi-
tion and a constant proportion of oxidized Lo reduced
species of sulfur throughout mineralization.  Decause
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Fic. 3. Theorctical variations in the S per mil values of
coexisting anhydrite and pyrite in response to changing T
and ratios of agueous SO to H.S. Isotopic trends and
temperatures determined from sulfate-sulfide fractionations
calculated by Sakai (1968), composition of Sz, assumed
to be 0 per mil, and shaded areas representing isotopic realms
defined by El Salvador sulfates and sulfides.

of the temperature dependency of the isotopic frac-
tionation, extrapolation of the two lines to infinitely
high temperature leads to their convergence at the
0 delta value. The point of convergence at high
temperature (A = 0) theoretically marks the isotopic
composition of total sulfur (8%Sz) in the system.
Isotopic variations between coexisting anhydrite and
pyrite are shown in Figure 3 as a function of differ-
ing temperatures and mole fractions of aqucous
oxidized (SO4*) and reduced (IH,S) sulfur species
in a hydrothermal system for which 8%Ss, is as-
sumed to be 0 per mil.  The shaded arcas mark the
measured isotopic rcalms of coexisting sulfates
and sulfides from Il Salvador. Although fractiona-
tion cffects between the coexisting sulfate and sulfide
minerals are relatively large, those between the sul-
fur-bearing minerals and their aqueous precursors
are presumably negligible for the sulfates and very
small (less than 1%.) for the sulfides according to
Sakai (1968). As emphasized by both Sakai (1968)
and Ohmoto (1972), the isotopic composition of
sulfate and sulfide minerals depends not only on tem-
perature and 8"*Sy, of the system, but also on fo,
and pH which control the mole {ractions of aqucous

sulfate and sulfide species in the solution.  As illus-
trated in Figure 3, a mineral exhibits isotopic simi-
larity to 8%Sg, of the system only as its aqucous
precursor becomes the dominant suliur species in the
system.

The 8*S per mil values of coexisting sulfate-sulfide
assemblages from ElI Salvador (Table 1) arc plotted
with respect to their delta values (Table 3) in Iig-
ure 4, Various symbols representing the data points
indicate different paragenetic-alteration occurrences
of the samples. For many of the samples two sulfide
or sulfate minerals were analyzed, and these samples
are represented by two points in bothh the sulfate
and sulfide regions, Data points for pyrite-bearing
assemblages from the Tate “D” veins and Tringing
zone of sericite-chlorite alteration exhibit remark-
ably good linearity. However, those for hornite-
chalcopyrite assemblages of the Larly hackground K-
silicate and “A” vein occurrences of the deep central
zone show considerably more scatter.
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Fic. 4. Estimates of 8%Se for the El Sidvador hydreo-
thcrnnl system as dctermined from convergent lines of re-
gression for plots of sulfate and sulfide 8%S per mil values
versus delta (&) values of coexisting sulfate-sulfide mineral
pairs for p'ungcnchc cnmplc populations of Early K-silicate
background and A" vein assemblages (1) and Late sericite-
chlorite background and “D" vein assemblages (2).

% ® Anhy—Cp or Bn; Early K-silicate background
) O Anhy—Cp or Bn; Early “A" veins o

O Anhy—Cp or Py; Transitional “R"” veins

(2) A Anhy or Gyp—Py; Lute D" veins
=/ A Anliy—Cp or Py; Late sericite-chlorite hackgrowsl
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SULFUR ISOTOPES AT EL SALVADOR, CHILE 1343

The lines of regression designated 2 in Figure
4 are for the per mil-delta value points of sullate-
suifide pairs from pyrite-bearing assemblages of
Late “D” wvein and “background’ sericite-chlorite
mineralization, Both lines interseet the vertical iso-
topic axis (where A =0) at +6.8 per mil, It may
bé inferred from the interccpt and slopes of these
two lnes that the 85y, was -+6.8 per mil and the
mole ratio of aguecus SO to HeS was about
70:30 in the lite-stage hydrothenmal system at Il
Salvador. Correlation coefficients for the per mil
sulfate-deéltz value (r = 0.746) and per il sulfde-
delta valie (r = —0.938) Ilines of rcgression on

the 10 mineral-paic populations aré  statistically

significant at the 95 and 99 pércént ¢ohfidénce levels,
respectively.  The excellent lineafity and converg-
ence expressed by these data are rather unexpected
in view of the apparent lack of isotopic equilibrium
previously descrilied for the Late pyrite-bearing as-
semblages which mostly formed at temperatures be-
low 350°C. The two points that deviate most from
linearity are -the -anhydrite-chalcopyrite pairs from
samples {(BS: 8237 and 1116) of fringing sericite-
chlorite mineralization, Is it possible. that there js a
closer approach to isetopic equilibrium, or post-
depositional preservation of that equilibrium, in the
anhydrite-pyrite pairs than in the anhydrite-chal¢o-
pynte (or bornite) pairs? The extent to which
kitietic factors may have contributed to this lincarity
is unknowd, but they ace probably miniinal as the
assertblages were formed ovér a wide rasge of tem-
perature, time, dnd space.

Datd points for anhydrite- chalcopyrite and auhy-
drite-boriite pairs from Early disséminated K-sili-
cate backiground and “A! véin assémbliges shown in
Figure 4 do net form tight linéar groupings. Lines
of regression {designated 1 i Fig, 4) for tlie per mil
sullate-delta value and per mil sulhderdielta value
data converge on. the verfical isotopic axis at +1.5
and +1.7 per wil, respectively. Nanctheless, cor-
relation cmcfﬂcmnts (r) for these lines bascd on nine
miiieral-pair populations are 03808 and —0.763, re:
ipectivély, and the linearity s statistically 5,1gmhmnt
at confidénce levels of 95 pérceént or higher. How-
cver, other groupings or line “fits” miay be postu-
fated for these scattered data,  Theslopes of the two
regression lines suggest that thé ratio of aquecus
SO, to HoS was slightly more’ than 40:60. Ac-
cordingly, the isotopic data indicate changes in §MSg,
(from + 1.6 to +6.8%) and xS04*: xH,S (40:60
to 70:30) during the evolution from Early copper-
bearing to Late pyritc-bearing asscmblages at Ll
Salvador.

It 15 tempting to, mterpret the two peiats of cou-
vergence in Figure'4 as 1'5:1[)1'f13{:ntmg5 a real differenge
in 8%8y; of the reservoir between Farly and Late

stages of mineralizdtion, Gustalserr and ot
(1975) have portrayed Eavly minerglizatiod as liav-

ing been closely related te the emplacement of par-

phyry magmas, with the hydrothermyd fuids i)
coptained sulfue dcmcd from. these and the vnder-
Iying magma chambers. I suppart of their interjpie-
tation, the indicated bulk composition ef sullur
(+1:6%0) in the Early fuids 15 close 10 the 0 per niil
value that is comimouly accepted for “magmatie”
hydrothernial dullur (see Rye and Ohmotg, 1974).
This similarity also argués against speculation that
the abundancé of sulfaté at K1 Salvador might be
attributable to remobilizition of év apdrites that con-
céivably may be part of the Jurissic or Lower Cre-
taceous maring Section underlying the Tudio Muerte
district. Gusthran and Hunt (1975} have nites-
preted. the Late fluids as having consisted largely of
meteoric water, but the soureg g[ the abundant amd
isotopically heavy (+6.800) sulfur thit was fixed
during Late mineradization ts nof as clearly indicated
by the geologic cyvidence, Possilile spurces might
inclide (1) the wndetlying magma chauibers it
corttinned to provide sullur and aqueows Duids, (2)
additionial-sifliur derived from wrwumlm=r wall rock
by the T.até convecting méteoric- h}daozhcmnl Sys-
téim,-and (3) Early sulfur that subsequently was re-
nmbﬂmed and emplaced at higher ¢levations. during
the. Late Hydréthernial activity, The isotapic evi-
dence may indicite o clioice ameng thise altériitives.

Isotopic evidénce for the af p'm,nl change in 85y,
between Farly and-Late stagés of miner, atw ation sug-
gests that the TLaté sulfur was not simply derived
from fluids continuing to emanate frem the underly-
ing magma chambérs and that (2) or (3) are mere
probable intérpretations.  Althdugh e Tiave o iso-
topic data for tracés of sulfur contdingd it the vol-
canie wall rocks that surround the K1 Salvador ore-
badies, the -{-68 per mil value dicaged Tor Late
SL—flfur'is within the range measurced for irneols Tocks
(Ault, 1959; Thode et al,, 1962; Smitheringale and
Jensen, 1963 ; and Sasaki, 1969), and such a source
cannot be excluded by the present data.

A mass balance -caleylation for sullur now pre-
sérved within the suliate zone indimtcs that the bulk
1sotopie compositin :a;n]}pm\nmlu +6 per il be-
cause there'is roughly 5 (8 6 times mdre sullur Gou-
tained in  “*S-enriched Guhydeite than 1 the
8-depleted sulfides. It is tierefore tempting te inter-.
pret the relatively heavy sulfur ol Late mineraliza-
tion (+6.8%0) as having becn largely derived by re-
mobilization of suliur Vh‘\‘ed during the period of
Early mineralization. Gustalsen and Lfunt (1975}
have noted the rentoval of llarly copper from the
halos of Late “D” veins deep in the-depesit, and the
enrichment of clm\cc__)_p__yrite? bormite, and enargite in
these veins at higher elevations is presumably the
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redeposition of this copper.  Ilowever, additional
sulfur was fixed as both anhydrite and pyrite in these
veins and halos at even the deepest levels of expo-
sure. If there was leaching of anhydrite by the Late
mineralization fluids, presumably it was confined to
the deeper parts of the deposit.

Other difficulties are inherent to this interpretation.
The apparent agreement between estimates of 8% Sy,
derived from mass balance calculations for Early
sulfur (+6%0) of the sulfate zone and that from re-
gression line convergence for Late sulfur (4+6.8%0)
of the “D” vein and scricite-chlorite assemblages is
probably coincidental. This is because the relative
abundance of anhydrite versus sulfides was largely
controlled by the relative activities of calcium ions
versus those of iron and copper during mineraliza-
tion and had little to do with the isotopic composi-
tion of the sulfur. Although it is difficult to estimate
closely the total mass and proportions of sulfur-
bearing minerals deposited in the IZl Salvador hydro-
thermmal system, now that much of it has been re-
moved by erosion and supergene activity and much
lies hidden at depth, Gustafson and Hunt (1975)
have indicated that up to 10° tons of sulfur may have
been originally deposited. Frobably about one-half
of this amount was emplaced during Late stage
alteration-mincralization. Unless this estimate for
the quantity of Late sulfur is far too large, or the
amount of Early sulfur is far more than is projected
below the deepest level of exposure, there was not
enough Larly sulfur to account for all that was de-
posited in the Late event. 1t is also difficult to en-
visage a mineralization process, which derived its
sulfur by the leaching of mixed sulfate and sulfide
assemblages having different solubilities and isotopic
compositions, that-would maintain a constant §*Sx,
and a constant ratio of oxidized to reduced sulfur
species over the paragenciic interval represented by
the Late samples. Perhaps the most serious problem
is the reduction potential required for converting
large amounts of sulfate sulfur, derived from anhy-
drite, to sulfide sulfur forming Late pyrite, and
especially at temperatures extending well below
300°C. Although the indicated mole ratio of oxidized
to reduced sulfur increased paragenctically (rom
Larly to Latc assemblages, the isotopic shift of §4Sy,
and mass balance constraints previously noted re-
quire that sulfur derived from Early anhydrite be the
dominant source in this model. Approximately 10°
tons of sulfate sulfur would have to have been re-
duced within a relatively small volume of rock that
was probably less than 20 km® The apparently
dominant chemical trend to oxidation of sulfur dur-
ing both Early and Late periods of mineralization
(Gustafson and Hunt, 1975) would have to have
been reversed. Estimating 10® tons of ferrous iron

C. W. FIELD AND L. B. GUSTAFSON

i 1 kim® ol rock, a volume of 20 kin® would provide
enough potential reducing capacity to form the re-
quired amount of sulfide sulfur. Tlowever, simple
reactions such as the direct sulfidation of maguctite
or biotite are not adequate to provide the necessary
reducing potential, and thus roughly one-half of the
ferrous iron in 20 km® of rock would have to have
been oxidized.  Although we do not have dehinitive
data for the ferrous: ferric ratios of matlic silicates,
the lack of visual evidence in these rocks for the per-
vasive oxidation of any clement, other than suliur,
argues against this model.

If the Late sulfur had been derived from country
rocks beyond the timits of ebvious sulfur addition,
most of the previously mentioned probiems might be
avoided. The sulfur from a source in the country
rocks presumiably would have been reduced and pos-
sibly isotopically homogeneous., Tlowever, there is
no direct evidence that sulfur has been removed
from these rocks, or that it hiad the appropriate iso-
topic composition,

Other groupings and associated line “fits” mav le
postulated from the data plotted in Figure 4 and
these lead to markedly different inicrpretations. For
example, three partly overlapping “isotopic” popula-
tions are suggested by the distributions of these data,
They consist predominantly, but not exclusively, of
assemblages representing IZarly disseminated, [Zarly
“A” vein and Transitional “B” vein, and T.ate seri-
cite-chlorite and “I)” vein mincratization. Regression
lines for all three poputations converge at about +6
per mil. They suggest an isotopically heavy and con-
stant value for 39Sy, throughout the mineraliziflion
sequence and isotopic varintions resulting hargely
from changing mole ratios of aquecus SO to LS
(90: 10 to 65:33) with paragenesis. This interpre-
tation, however, is entircly speculative hecause of the
small number of samples in the earlier populations
and because of isotopic and paragenetic overlap
among the data and samples comprising these popu-
lations.

On the basis of recent unpublished experimental
studies by Ohmoto and Rye that indicate isotopic
similarity between chalcopyrite and coexisting 11,5,
and of the mordinately large fractionations we have
measured between pyrite-chalcopyrite pairs, Ohmoto
(1975, writ. and oral commun) has suggested that
corrections of our pyrite data may be warranted.
"The correction involves subtracting —3 permil (Talle
3, average Apy.p value) from each of the §'S per mil
values for pyrite (Table 1). Hence, this correction
transforms the per mil values for pyrite to those of
“chalcopyrite” equivalents. Although the validity of
these transformations arc uncertain at best, the cor-
rected data when plotted on a diagram similar to
Figure 4 permit a very different geologic interpreta-
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tion. Positions of the corrected anhydrite (gypsum)-
pyrite data, which originally formed the majority of
the data points for the regression lines designated 2
in Figure 4, are shifted to the right or downward
and to the right by three units. As a consequence,
the corrected data plot more closely- as single linear
trends that are aligned with the anhydrite-copper
sulfide data points (regression lines designated 1,
Iig. 4), and the entirc set of isotopic data points
more nearly approximates a single population. Con-
vergence and slopes for the lines of regression sug-
gest a value of about +2 per mil for 3Ss, and a
mole ratio of about 50: 50 for aqueous SO to HaS
in the hydrothermal system. This model implics a
single source of sulfur, rather than two sources, for
Larly through Late stages of mineralization-altera-
tion. The implication is that sulfur continued to
emanate from the underlying magma chamber as
meteoric waters invaded the cupola region of the
mineralized intrusive complex. To what extent there
may have been remobilization of heavy sulfur origin-
ally deposited as Iarly anhydrite, and later con-
tributed to the apparent 42 permil composition of
8MSs, for the total hydrothermal reservoir, is in-
determinate from our data and the present state of
the “art.” A further implication of the single lincar
trends, if real, is that the ratio of oxidized to reduced
sulfur in solution remained nearly constant over the
time and temperature range of mineralization. Such
a condition might have prevailed if fo, was exter-
nally controlled by conditions in the underlying frac-
tionating magma chamber, but it conflicts with the
previous argument that [o, was probably an internally
controlled variable.

The available data do not warrant further specula-
tion. Doubts remain concerning both the extent of
isotopic cquilibration among the pyrite-bearing as-
semblages and the true meaning of the linear con-
figurations show in Figure 4. The scatter of data
points for the anhydrite-copper sulfide assemblages
allows other groupings and interpretations, This
scatter probably indicates that the 8y, of the
reservoir and the ratio of oxidized to reduced species
of sulfur did not remain constant throughout the
complex scries of events that accompanied IZarly
alteration-mineralization  (Gustafson and Hunt,
1975). The change from Early to Late environments
was probably evolutionary rather than abrupt be-
tween the two separate stages of mineralization, and
some retrograde effects might be expected.

The assumption of an effectively infinite reservoir
of sulfur, which is implicit in constructions by Sakai
(1968), Ohmoto (1972), and our Figures 3 and 4,
must be questioned. Although the suifate zone as
presently exposed contains substantially more sul-
fate than sulfide minerals, we have no measure of
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their original proportions beyond the top of this zone
or throughout the entire deposit. The sulate: sul-
fide mineral ratios presumably were lower toward
the outer limits of anhydrite deposition and in the
fringing zone of abundant pyrite. Moreover, it is
possible that there were large volumes of rock in the
upper and outer zones in which only sulfides were
deposited,  The bulk isotopic composition of sulfides
in these zones would presumably be lighter than 0
per mil, especially if there had been any effect of 3'S-
depletion, during formation of Early sulfate-rich as-
semblages of the deep central zone because of a
finmite sulfur reservoir.

LEleven samples were collected from the uppermost
and outermost parts of the pyritic zone as presently
preserved to determine the existence of any such
isotopic trends. With one exception (ES-5-470,
—10.1%q), the S values range from —3.9 to ~1.1
per mil (see Tables 1 and 2) and thus they are iso-
topically not as light as would be expected had these
pyrites equilibrated with anhydrite at the low tem-
peratures postulated for fringing mineralization, This
isotopic uniformity and small *S depletion of the
pyrite is puzzling in that the outer and upper parts
of the deposit are where the effects of low Lempera-
ture and changing Eh and pll should produce the
largest isotopic variations in the sullides, \We cannot
offer any plausible reason for this constancy of com-
position other than to suggest that it represents
some kind of “frozen” equilibrivm from a higher
threshold temperature and failure to re-equilibrate at
subsequently lower temperatures of deposition.

The exceptionally light pyrite of 115-5470
(—10.1%0) is from a nearly unaitered ignimbrite.
Sample 1£5-5472 (—3.9%0) represents a similar vol-
canic lithology with more local sericitization only 40
meters from 1:5-5470, and this pyrite is also depleted
in S relative to other sulfides of the fringe zone.
We interpret the ##S-depletion of these disseminated
pyrites to some local phenomenon, perhaps {ractiona-
tion accompanying diffusion, rather than to a broader
mass balance effect related to a limited reservoir
of sulfur,

Conclusions

The speculative interpretations offered herein must
be considered more as questions than as answers,
Clearly we have a need for additional samples and
analytical data. Nonetheless, our results illustraie
the potential wealth of information that may be de-
rived from sulfur isotope studies of coexisting sul-
fate-sulfide assemblages in deposits for which the
spatial and temporal complexities of mineralization
are known. In addition, there is a need for further
experimental determination and corroboration of frac-
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tionation effects between the common sulfate and
sulfide minerals.
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APPENDIX

Description of the Tl Salvador samiples histed in
approximate order of orebody zonation (deep central
to shallow peripheral zones) and or paragencsis
(Early to Late mineral assemblages), including host
rock, mine coordinates and clevation (meters), min-
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eralogy of alteration and vein assemblages, para-
genetic occurrence, and mole ratios of sulfate to sul-
fide sulfur (see text for detailed claboration of sam-
ple groups).

ES-1910: Andesite; 19,894 N-8,100 W, 2,400 m;
central; Early disseminated anhydrite-bornite-
chalcopyrite with strong biotitic K-silicate altera-
“tion; cut by “A” veins bearing quartz, K-feldspar,
anhydrite, borunite, and chalcopyrite; mole ratio
sulfate/sulfide sulfur approximately 7:1, some-
what lower in the veins.

S-8230: “K” porphyry; 19,706 N-7,829 W, 2,400
m; central; low intensity Early disseminated an-
hydrite-chalcopyrite-bornite with IC-silicate altera-
tion ; cut by Early “A” veins bearing quartz, born-
ite, chalcopyrite, and anhydrite.

£S-2699: “X” porphyry; 19,875 N-8,200 W, 2,400
m; central; Early disseminated anhydrite-bornite-
chalcopyrite with moderate K-silicate alteration;
cut by Transitional “B” vein bearing quartz, anhy-
drite, and chalcopyrite; mole ratio of sulfate/sul-
fide sulfur approximately 6:1 in the wall rock,
somewhat lower in the vein,

ES-7536: Andesite; 19,950 N-7,613 W, 2,400 m;
central; biotitic K-silicate alteration of host with
disseminated chalcopyrite-bornite cut by Transi-
tional “B” vein bearing quartz, anhydrite, chalco-
pyrite, molybdenite, and pyrite.

ES-8237: Andesite; 19,808 N-8,530 W, 2,400 m;
intermediate ; intense Lale sericite-chlorite altera-
tion, and residual sodic plagioclase, with pyrite-
chalcopyrite-anhydrite- (magnetite) mineralization;

mole ratio sulfate/sulfide sulfur approximately
1:1.

ES-1116: “X” porphyry; 19,720 N-8,420 W, 2,400
m; intermediate; intense sericite-chlorite altera-
tion, and residual alkali feldspar, with Late anhy-
drite-chalcopyrite-pyrite mineralization ; mole ratio
of sulfate/sulfide sulfur is approximately 2: 1.

ES-8238: Andesite; 19,500 N-8,750 W, 2,400 m;
peripheral ; intense Late sericite-chlorite alteration,
and residual biotite and traces of sodic plagiociase,

with weak anhydrite-pyrite veinlets; mole ratio of
sulfate/sulfide sulfur is approximately 3:1.

SIE-1173: Andesite; 19,502 N-8,748 W, 2,400 m;
peripheral ; moderately biotized with Late sericite-
chlorite alteration and numerous pyrite-anhydrite
veinlets lacing host; mole ratio of sulfate/suliide
sulfur is approximately 0.5: 1.

12S-7525: “L” porphyry; 19,946 N-7,742 W, 2,400
m; central; weakly mineralized host cut by Late
“D” vein of pyrite-anhydrite which has a sericite-
pyrite halo.

I5S-7576: “L” porphyry; 19,950 N-7,920 W, 2,400
m; central; very weakly mineratized host cut by
Late “D” vein of pyrite-anhydrite; sericite-pyrite

halo of vein contains minor chalcopyrite and an-
hydrite; anhydrite largely hydrated to gypsum.

1:S-7486: Pyroclastic; 19,340 N-8,740 W, 2875 m;
peripheral; sericitic host in the pyritic {ringe cut
by Late “I)” vein of quartz and pyrite; finely
crystalline supergene alunite fills vugs.

[ES-1855: Andesite; 19,580 N-8,519 W, 2710 m;
peripheral; pyritic host with sericite-kaolinite alter-
ation ; supergene “chaleocite,” with pyrite, replaces
original hypogene pyrite-chalcopyrite assemblage.

DDH 65-182m: Andesite; 20,400 N-8,610 \V, 2,630
nt; intermediate; strongly enriched “chalcocite”-
pyrite ore in host altered to kaolinite-sericite as-
semblage.

DDH 599-24m: Andesite; 20,385 N-§,630 \V, 2,570
n; intermediate ; host with biotite-chlorite-sericite
alteration contains chalcopyrite-pyrite protore be-
low DDH 65.

125-1809: Andesite; 19,752 N-7,597 \V, 2710 m;
central; host with kaolinite-sericite alteration con-
tains strong “chalcocite” enrichment of hypogene
chilcopyrite-Lornite assemblage.

115-5827: Rhyolite; 19,832 N-7,535 W, 3250 m;
peripheral ; jarositic leached capping with quartz-
alunite alteration; coarsely crystalline hypogene
alunite.

IES-6573: Pebble dike; 20,118 N-8875 W, 2990
m; intermediate ; jarositic teached capping in which
coarsely crystalline hypogene alunite associated
with pyrophyllite-diaspore-quartz in sandy pebbie
dike cuts quartz porphyry host that has been sub-
jected to advanced argillic alteration.

15S-1450: Pebble dike; 19,707 N-7,849 W, 3,100 m:
central; jarositic leached capping that contains
vein of finely crystalline supergene alunite in dike
cutting “K” porphyry host with sericite-andajusite-
pyrophyllite alteration.

[£S-8233: “X" porphyry; 20,044 N-7.830 W, 2,710
m; central; enriched and kaolinized host cut by
vein of fincly crystalline supergene alunite.

ES-7466: Rhyolite; 19,804 N-9,040 W, 2875 m;
intermediate; coarsely crystalline jarosite filling
cracks in leached capping formed by sericitized
host over pyritic {ringe mineralization.

Gyp-2: Gypsum vein; 19,814 N--8,390 W, 2,600 mv;
central; massive granular gyvpsum in vein within
upper hydreated capping of the sullate zone.

Gyp-1: Gypsam vein; 20,640 N=9,560 W, 2,600 m;
peripheral ; selenite gypsum filling cracks in leached
capping over outer pyritic fringe.

DL 570-S4m: Andesite: 21,500 N-9.650 \V, 2,550
m; peripheral; propylitic alteration in waste rock
containing disseminated pyrite.

155-5470: Pyroclastic: 18,106 N-7.738 W, 2,660 m;
peripheral;  disseminaded  pyrite in vearly fresh
ignimbrite that contains traces ol sericite; ouler-

@
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most. pyritic fringe with nearby propylitic altera-
tion.

ES-5472: Pyroclastic; 18,145 N-7,744 W, 2,660 m;
peripheral ; disseminated pyritic in host near ES-
5470 that locally contains zones of sericite altera-
tron. . ’

ES-5709: Pyroclastic; 19,100 N-7,981 W, 2,930.m;
peripheral; strong pyritic waste mineralization in
sericitized host from the upper level of the pyritic
fringe.

ES-5715: Pyroclastic; 19,100 N~-7,891 W, 2,930 m;
peripheral; strong pyritic waste mineralization in
sericitized host {rom the upper level of the pyritic
fringe.

12S-2541: Pyroclastic; 19,400 N-8,691 W, 2875 m;
peripheral; strong pyritic waste mineralization in
sericitized host from the upper level of the pyritic
fringe; collected above ES: 1173 and 8238.

ES-3196: Rhyolite; 19,950 N-7,233 W, 2,930 m;
peripheral ; strong pyritic waste mineralization in
sericitized host that contains traces of diaspore,
alunite, enargite, and covellite.

155-2079: Pyroclastic; 19,580 N-8,076 W, 2,930 m;

intermediale; strong pyritic waste mineralization
in host altered to an advanced argillic sericite-
andalusite-pyrophyllite assemblage; sample over-
lies chalcopyrite-pyrite protore and secondarily en-
riched pyrite-bornite mineralization.

1£8-2087: Quartz porphyry; 19464 N-8133 W,
2,930 m; intermediate; strong pyritic waste min-
ceralization in host altered to an advanced argillic
sericite-andalusite-pyrophyllite assemblage; resid-
dual sulfides in relict pyrite-bornite zone of leached
capping (see LS-2079) probably represent late
pyritic copper-flushing mineralization,

1£S-3977 . Pyroctastic; 19,838 N-8,553 \WW, 2873 m;
intermediate ; strong pyritic waste mineralization
in host altered to an advanced argiltic sericite-an-
dalusite-pyrophyllite assemblage; overlics second-
arily enriched ore and pyrite-chalcopyrite protore.

DDH 129A-105m; Andesite; 19,950 N-7,610 \V,
2,840 m; central; sccondarily enriched pyrite-
“chalcocite” ore with traces of cnargite in host
altered to an advanced argillic sericite-alunite-
kaolinite assemblage; overlies chalcopyrite-bornite
protore.
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The isotopic composition of waters from the

El Tatio geothermal field, Northern Chile

WERNER F. GIGGENBACH
Chemistry Division, Department of Scientific and Industrial Research, Petone, New Zealand.

(Received 6 September 1977, accepted in revised form 22 Feébruary 1978)

Abstract—On the basis of isotopic and chemical analyses of 45 spring, well and meteoric water samples
from the El Tatio geothermal field in Northern Chile, four main processes giving rise to the formation
of a wide range of thermal discharges can be distinguished. (1) Deep dilution of a predominant, primary
high chloride (5500 mg/l, 260°) supply water derived from precipitation some 15km east of El Tatio
with local groundwater produces a secondary chloride water. (4750 mg/l, 190°) feeding springs over
a limited area. (2) Single step steam separation from these two waters leads to isotopic shifts and
increases in chloride contents to 8000 and 6000 mg/l respectively. (3) Absorption of this separated
steam and carbon dioxide into local ground water and mixing with chloride waters at shallow levels
produces a series of intermediate temperature (160°), low chloride, high bicarbonate waters. (4) Absorp-
tion of steam containing H,S into surface waters leads to the formation of zero chloride, high sulfate
waters; the isotopic enrichment observed is governed by a Kinetic, steady state evaporation process.

INTRODUCTION

A oeTAILED description of the El Tatio geothermal

&4 in Northern.Chile was given by CusICANQUI et
4.(1975). On the basis of geochemical results, these
wthors came to the conclusion that the thermal dis-

| thurges of EI Tatio were derived from precipitation .

.

fa the east which had acquired heat and chemical ;

‘mlituents while passing underneath a chain of vol- .

“nocs during their migration to the west. The exist-

B of such largely horizontal movements of thermal

Y¥ers has been described by HEALY and HOCHSTEIN

- 1973) on the basis of geophysical evidence.

Al El Tatio three main types of thermal springs

2 be distinguished (ELLis, 1969): Springs discharg-

" high chloride waters (~ 8000 mg/l) located along
4 SW.NE trending line in the northern part of the
?':m.lhcrmal area (Fig. 1), more dilute, intermediate
€ pools (<5000 mg/) in the south-western

- and low chloride, high sulfate pools along the
™ margins. Exploration wells drilled to about
@ depth produced waters with chloride contents
round 6000 mg/l. During a downhole sampling

M. however, a highly mineralised brine was

Utered at the bottom of wells T2 and T9.

$hort description of the isotopic composition of

310 thermal waters was given by CUSICANQUI
(1975). In this study an attempt is made to

ic: Processes influencing the isotopic and

' . Composition of the thermal waters and their
;. ™ging

In more detail.

RESULTS

"cx.ws:on after cooling to ambient temperature the
Sy Te sealed into 150ml glass ampoules. Isotopic
,ogm‘?l’e carried out by established techniques.
Or D/H-measurements was produced by reduc-

“uu7
[y

tion over uranium at 700°C or zinc at 450°; the oxygen-18
content-of the samples was determined by use of the CO,-
equilibration method. The relative errors over the three
year analysis period were found to be within +2%, for
deuterium and +0.27,, for oxygen-18.

Isotopic results

The isotopic composition of thermal and meteoric
waters together with water temperatures, flows, and a short
description of the sampling points are given in Table 1.
The isotopic composition of well samples represents the

O meteoric waters
@ thermal springs A
@ thermalsprings B
© steam heated podis o] 1
@ wells e productionw.

2 .\.

Fig. 1. Sketch map of Ei Tatio geothermal area.
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Table 1. The isotopic composition of well, thermal spring and meteoric waters of the El Tatio geothermy 1able
|
. field
Date T Flow s §D m No.
No. Coll. oc 1/s Short Description ' '.0
" Wells 0o
4
Tl 12.69 211° - depth drilled 617m, solid casing 243m -73 -6.0 T2 z
T2 6.70 227° - " - 652m, " " 295m -78 -6.3 T3 2
T3 10.70 253° - - - 616m, b b 238m ~75 '5.8 JaTé 2
T4 12.70 229° - ® - 733m, - - 247m =77 '5.6 5 2
T5 3.71 212° - ® - 568m, - - 282m -72 "5:6
Chloride Springs
. 27
227 11.68 85° 0.5 vigorously spouting, clear pool, sinter -69 -5.% ;41
241 11.68 85° 0.5 spouting clear geysef, sinter -68 -5.3 224
224 11.68 85° 0.1 variable discharge, clear pool -68 -6.0 195
195 11.68 86° 0.2 spouting clear pool, sinter -66 ~6.9 146
146 11.68 86° 1.0 vigorous, periodic, clear geyser B ~6S ~6.0 96
96 11.68 86° 2.0 violently boiling, clear pool B -66 -6.2 202
202 11.68 86° 0.2 spouting, dear pool, sinter -65 -6.2 112
112 11.68 86° 0.2 vigorously boiling clear pool B -68 ~6.1 ig
56 11.68 85° 0.1 small spouting clear pool, sinter B -64 -6.1 ]65
319 11.68 a3° ~ boiling clear pool on sinter -67 -6.0 132
65 11.68 86° 0.3 spouting, clear pool on sinter B -67 -6.5 246 |
132 11.68 79° 2.0 clear stream, sinter flat B ~67 -6.9 I 7 I
246 10.69 64° <0.1 clear pool on sinter flat -63 -1.1 181 {
7 11.68 84° 0.1 jet of clear water, sinter -66 -7.2 215 :
181 11.68 85° 0.3 clear pool on sinter ~64 -7.0 281 .
215 10.69 73° 2.0 clear stream from sinter -61 -7.% 3 !
281 10.69 37° 0.1 gaseous opalescent pooul -61 -1.% 255 .
3 11.68 80° - clear spring from sinter flat -61 -7.8 ;“9: .
255 11.68 | 40° 0.1 clear pool on algae mound ~61 -8.3 :
NE 11.68 58° 2.0 clear stream, salt edges -62 -8.¢4
A9 8.70 55¢° - quiet, c¢lear pool =57 -8.4
. Meteoric waters TB 18
 Ssned
L e A7 8.70 12° - cold spring -48 -7.7
G A4 8.70° 14° - cold spring -58 -8.2
=i AS  B.70 25° - cold spring -53 -8.8 a1
R oo SN 11.68 0° - snow sample -55 -9.% Ad 1
BE 11.68 15° - drainage from SW -50 -1.3 AS 2
o —3
SN
[ BE 1
Sulfate springs
o ] .
bt B €2 11.68 33° 0.5 clear flow, no sinter -55 -8.7
o= Cl 11.68 20° 0.1 clear flow, no sinter -55 -8.6
i BQ 11.68 18° - drainage from E, no sinter -52 -7.3 c2 3
== c4 11.68 85° - violently boiling, milky pool -44 -3 a2
oy o 28 11.68 78° 0 boiling opalescent pool ~-44 -0.9 c? é,
c3 11.68 86° «<0.1 vigorously boiling, milky pool -49 -3.7 28 7
347 10.69 56° «<0.1 gaseous, opalescent pool -31 +6 ) c3 8t
324 10.69 78° <0.1 gaseous, milky pool, no sinter -26 +7.5 347 5¢
poun 3 . . 324 7t
;i’- Eastern samples
:l .
ﬁ'r'- Bl 8.70 60° - large pool -66 -1.5
P B2 8.70 6 - cold spring -69 -9.% 81
B3 8.70 18° - warm stream : < -67 -8.7 B2 5:
Ll 8.70 - - cold spring N Laguna Colorada -94 ~-12.4 B3 18
L2 8.70 - - cold inflow into Laguna Colorada -85 -11.3 11 e
LC 8.70 - - Laguna Colorada -56 -4.3 L2 -
w -
Postulated supply waters ’
. a this
A - 260° - primary supply water -78 -6.9 b EL“;VO;:
B - 190° - diluted, supplying group B springs -73 -1.2 (
c - 160° - bicarbonate water -58 -8.8 ¢ Cusicant
D - 10° - local precipitation -52 -8.5
hemical data
an be disti
. weighted mean of analyses of steam and water samples DISCUSSION OF RESULTS “nired aroun
. obtam::d under controlied conditions by use of a sampling ~6°, respect
separator. . . . . . H
P Processes controlling the isotopic and chemical comy™ tong lines o
. Chemical results sition of El Tatio thermal waters ‘«ﬂcor 1C wate
i ic w . . . 1 <8 wit
_Chqmlcal analyscs.of thermal an.d. meteoric waters are The pattern displayed by the isotopic data pou® .g h hajp
given in Table 2. Again the composition for wells has been . Fies. 2 and 3 h ! scs &1 fuending awa
calculated on a total discharge basis, the values given are 'D 185 < an _Suggests ! al. several pro 3t High chioria
considered to represent the compositions of the waters active in producing thermal discharges with 2 ‘ﬂ' ﬂ 2ermal spri
under downhole conditions. range of isotopic compositions. In conjunctiof ®%* SPring
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a8t

Tsble 2 The chemical composition of well and spring dischiarges and meteoric waters from thé El Tatio gedthermal

field
I -
so. o €1 so, B Si0, Li WNa KR Cs Ca  Tg,, Ty Fef-
—
Wells
1 2i1® 5820 47 127 293 23 3380 0 3.5 11.3 196 191° 212% a
T2 227 80200 33 127 298 28 3430 431 4.8 12.3 197 l92° 232° a
£y 253° 4490 44 107 173 21 2570 127 1.7 9.5 188 161" 171" a
T4 220° 5650 45 129 248 20 13430 48 1.9 12.7 167 181°® 170® a
15 212°* 6690 34 150 3143 a2 3760 515 5.6 13.1 Z1% 201° . 23%° a
Chloride sErinqs
27 85= 7.4 8220 3B 187 256 47 4500 520 6.7 15.8 280 1ada° 227* b
1 B5® 7.4 7BI0 2§ 1700 2B 45 4320 325 6.4 4.9 275 189" 214 b
24 23" 7.7 6890 A5 156 207 40 3B6O 445 - 120 244 1T 226" h
195 86° 7.7 6280 29 141 125 34 3440 360 ~ 10.2 239 145° 218° b
145 86" 7.7 61%0 35 142 126 35 3500 106 - - 249 145° 6° b
35 BE" 7.3 5BA0 46 ‘137 180 32 3460 170 - 9.9 248 - 163% 174° b
202 86° 7.3 5630 37 127 137 33 3ia0 - 336 - 10.2 218  149%° 218° b
112 B6° 7.6 5560 35 127 130 30 3200 235 - 10.4 236 147° 195° b
56 85° 7.6 5180 46 127 207 27 30640 150 2.1 9.9 232 171° 172* b
19 81° &.,3 5170 22 173 143 27 3000 367 4.2 10.3F 171 153° 223° b
53 86° 6.7 5240 42 123 177 28 2484 145 2.1 10.0 225 183° 173 »
112 78% 6.5 4970 45 ‘136 181 27 2820 175 - 9.6 20B  164® 184* b
248 64° §.2 4310 46 50 161 21 2340 235 - -~ 160 157° 211* b
7 84" 7.7 4210 62 101 258 24 2560 230 - 7.4 147 184" 207" b
Lei 85 6.9 4010 36 ‘81 122 - 2250 230 2.5 8.0 170 143° 211* b
215 73° 6.6 3120 44 J0 156 - 1810 195 - 6.8 129 154° 213° b
FEN 37° 3.2 2790 _171 _ &0 176 16 1570 200 - B.4 90 162° 229* b
3 80° §.7 1pln” 74 45 218 11 iodo 103 - A T Ii T ITeE 196% b
55 40° 7.2 1ilso" 54 28 150 8 760 B2 - 2.0 48 154" 205° b
NE 587 6.9 959 30 31 149 & 604 68 - - 59 153 201® b
A9 55° B.2 760 5 17 iea 4 540 64 0.3 0.7 2B 168" 209° a
El Tatio brine-
™ 190° 185000 - 02 oo 5 107000 47:0 33 6.1 6270  169° 201° e
Mpteoric watera
AT iz® 30. & 4 33 0.2 52 4 .01 <.01 8 - - a
A4 14¢ ‘53 <5 2 64 <0.1 35 4 .01 <ol 4 - - a
AS 25¢ <5 5 <2 g <0.1 [ 1 <.81 <01 4 - - a
S¥ ge <5 <5 <2 8 «Db.1 4 1 e8] <.01 1 - - a
8E 15+ <5 15 <2 69 <0.1 12 3 _0f  <.01 22 - - a
Sulfate waters
€2 33* 5.8 <5 98 ] 80 «<¢.l 12 10 - - 67 - - ‘b
c1 0 7.1 <5 144 <2 60 <0.1 18 B - - 99 - - b
Bg 1g* 7.9 14 160 <2 66 <0.1 13 & - - 21 - - 3
C4 5% 6.4 <5 180 €2 - <£0.1 15 10 - - 27 - - b
28 78° §.7 <5 180 <2 BB <D.1I 53 13 - - a7 - - b
€3 86° 5.3 <§ - 228 €2 127 <D.1 44 15 - - 15 - - b
a7 56° 4.9 <5 245 <2 B7 «<0.1 28 5: - - ‘26 - - b
2 78* 1.6 <5 145, €2 112 <p.r 32 9 - - 37 - - b
_ Eastern springs -
8l 52 35 320 €2 _ 124 <0,1 52 __ 23 0.1 <0,1 7L - - a
a2 [ <5 54 ¥ 58 <0.1 5 417%0.1 <.01 13 - - a
a3 1m €5 450 2 89 <0.1 18 13. 0.1 0.035 165 - - a
u - 124 4a <2 74 0.3 B3 ‘12 <0,1 <.,0p A - - a
L2 - 10 5 <2 41 0.1 9 5 4.1 <.0l B - - a
S - ‘41660 4200 112¢ 350 79 80.027980 2700 7.0 2.00 1420 - - a
e e

¥ this work. — not determined.

Evess {1969). Ty, Silica temperature (adiabiatic),

Ing away from metecric waler positions.

Bemicy data, three main groups of thermal walers
be distinguished. The high chloride waters
e around 6D and %0-values of ~70%, and
. Tespectively, the . chloride-bicarbonate waters
%8 line¢ connecting the high ‘chloride waters to
fic waters, and the sulfate waters following a
With a positive slope of around 1.6 (Fig. 2)

chloride waters, The chiloride contents of the
Spring waters range up to about 8000 mg/l

¢ Cusicangui er al. (1975). Taue Na-K-Ca-temperature (§ = 1/3).

with the highest chloride springs restricted to the
northern part of the main thermal area (ELLIs, 1969).
These waters are least diluted and can be considered
to be most closely related to the deéper supply waters.
The chemical and isotopic compositions of such deep
waters as represented by well samples T1-5, however,
are quite different with chloride contents of around
5500 mg/l and deuterivm contents wéll below those
of the spring waters. As proposed by MaHoN (1974),
the increased solute contents of the spring’ waters as
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Fig. 2. Piot of 5D vs.61%0 for thermal and meteoric, waters
of the El Tatio geothermal area {éymbgls see Fig, 1).

compared 1o the waters tapped by the wells is likely
to bé caused by steam separation due to adiabatic
expansion of the deep fluids during their rise to the
surface.

In Figs. 2 and 3 lines; are drawn representing the
shifts in isatopic composition and chloride content
(TruespELL.e! al,, 1978) expected for stream separation
from a water with an initial temperature-of 260°, a
chloride content of 5500 mg/i and an isotopic compo-
sition of —78%, for deuterium and —69% for
oxygen-18. The temperature chasen for thé primary
supply water is close to the maximum dgwnhole tem-
perature measured (CustcaNqu et-al, 1975), its chlar-
ide and.isatope cantents were evaluated by initially
‘assuming the well and high chloride spring discharges.
to be related by straightforward single step steam sep-
aration processes. Single step steam separation corre-
sponds to the case where steam and. water travel
together and remain in contact and isotapic equilib-

rinm until steam separates at a given depth and tem-’
perature. Continuous steam separition describes the’

other extreme situation -where steam is removed con-
tinuously as soon as it is formed,

Ou the basis of isotopic data alone the formation
of the chloride spring waters could be explained in
terms of stéam separation and dilution of a single
supply water. Preliminary evaluation of the chemistry

@ groupAowolers.
® goupBwolers’

<] 2000 4000 6000 Cl{mg/1)

Fig. 3. Plotof 8D and '5”’_(1 vs chloride content for watérs
of the El Tatio geothermal area.

ol these waters, however, indicales the existence
-a group of springs characterised by low K/C| Wweighy
ratios of around 0.025 as compared to thog
‘around 0.060 for the rest of the springs. These Sprin
designated group B, occur within a limited 5,
extending from the south-wéstern end of the p,;
thermal area to the south-east (Fig. 1}. The simi),,:
in the relative proportions of eléments jeasy likely 1,
be aftected by secondary processes (Cl, B, Cs) of El
Tatio thermal waters {Fig, 4b) suggests commeop O
2ins and formation conditions. The observed reqy,.,
‘tion in relative potagsium contents for group B watery
may then be explained in terms of some Teadjustmey,
of the Na/K ratio to lower temperature COnditigpy
Lower underground temperatures for the group g
waters-are also indicated by lower 8i0; contents, This
seduction in temperature is most likely due 1o aj,
tion by the infiltration of surface waters possibly iy
combination with conductive heat loss thraugh pre.
longed residence at shallow levels,

In order to explain the chemical-and isotopic com,.
position of the group B spring waters, a feed wayy
with a reduced chloride content of 4750 mg/l at a tem.
perature of 190° is postulated. The isotopic compes;.
tion of this water B indicates a 1:6 mixture of log

meteoric. water with supply water A. As shown i -

Figs. 2 and 3, the positioa of data points . observed
Mfor group B springs closely corresponds to (hy
expected for waters produced through single step
steam separation from such -a pre-diluied, coole
water B.

Bicarbonate-chloride waters. The wide range in so-
topic compositions observed for chloride springs can

0 HCOé cl

3

40

10K

80 a0 cl

Fig, 4. (a) Relative HCO;; K and Cl contents of spf

and ‘well discharges at El Taiio; (b) relative CL B

Cs contents of thermal-and volcanic waters at E} 15%
and in New Zealand.
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- es alone and other processes, such as admix-
;ﬂg of waters with differing isotopic- compositions,
wve to be eonsidered. Extrapolation of the isotopic
duta for all chloride springs to zero chloride suggests
e existence of a diluting water phasé with deuterium
Jj;,d oxygen-18 contents of around —358%; and
~88%, respectively. The chemical composition-of this
ieferred water phase may be obtained in a simiilar
way by extrapolation to zero chloride. Of all constitu-

s measured, only HCO3, SO%~ and SiO, show
| appreciable intercepts. Whereas. SO;~ and SiO,

gemain close to constant, a roughly inverse relation-
whip exists between chloride: and bicarbonate con-
tenls. In & triangular diagram showing the relative
geopactions of Cl, K and HCO,, the-data points for
goup A are $trétched out along a line originating
Bom the HCO; corner and representing a close to
sonstant ratio, K/C! of around 0.060, those for group
B however, occupy only a limited region corfespond-
ing 10 low HCOj3 contents and K/Cl ratios of around
(1025, The resulting pattern suggests that only group
A waters are affected by processes leading to the
wmixture of the low chloride, high bicarbonate
water C:

Thé main constituents of this possibly only hypo-
thetical water C dre. bicarbonate (~ 300 mg/1), silica
i~170mg/M, and sulfate (30-80 mg/l). The silica con-
tenis indicate a temperature of around 160 The pre-
dominance of bicarbodate suggests water C to rep-
resent a condensate phase formed through absorption
of steam and CO; in local groundwater (FOURNIER
nd TRuespeLL, 1970). The water phase C then has
lo be assumed to represent a mixture of groundwater

ud condensed 'steam derived from some deeper hot:

water, its isotopic composition i likely to correspond
o the weighted mean of the isotopic composition of
the contributing phases. In Fig. 5 the isotopic compo-
Rions of steam derived. from supply water A after

-15 -0 -5

1 - i

either-single step or continuous steam separalion are
shown. By considering the. amounts of stéam sépar-
ated from A required to heat water from ambient
temperatures (107} to close to 160°, the isotopic com:
position of the local groundwater is' found to be
around -—352%, for deuterium and —8.5%, for
oxygen-18. These values fall within the range outlined
by meteoric water samples collected in the El Tatio
area:

The relatively high silica contents even for the low-

est chioride springs would support the assumption
of the existence of a definite, intermedidte temperature
underground water phase C. The alternative explana-
tion for the high bicarbonadte contents of low ¢hloride
springs, absorption of steam containing CO; and H,S
at shaliow levels, after dilution by groundwater,
should be: reflected in silica contents decredsing with
chloride contents and bicarbonate contents varying
independenily of chloride. The amounis of sulfate
required to maintain close to constant sulfate con-
tents could in either case be produced through oxi-
dation of H;S by the dxygen in 4Air saturated ground-
water. The low pH, low bicarbonate, high sulfate
water of spring 281 {Table 2} is likely io have formed
through absorption -of steam and H,S ia dilute Cl-
water under surface conditigus.

The low meteoric precipitation rate at El Tatio may
in some areas prevent the accumulation of sufficient
amounts of groundwater for complete condensation
and steamn may' eséape to the surface leading to the

formation of acid-sulfate. type steam heated pools or,

éspecially in elevated areas, fumaroles.
Sulfate waters. In Fig 2, a séries of isotopic data
points fall along a line with a slope of around 1.6

.extending away from the'meteoric water lirie. The cor-

responding waters are charactérised by very low
chloride contents and sulfate contents incréasing with
increasing enrichment in the heavier isotopés. Such
behaviour is explained in terms of extensive evapor-

-0

G

absorbedin D

" 1o proguceC
. ‘.'l-‘ ________ " :3:""""
. 91‘3 S 10 S _'muﬂ_l—"__'"
3 g e
= 5] —— deuterium -
——— gxygen-18

-5

L.

Fig. 5, Plot of 6D vs 'O for El Tatio stcam heated pools iflustrating the effécts of kinétic and

equilibrium steady staté evaporation. Inserts: variations in J000(f — 1} with temperature and n for
deuterivm and oxygen-18 and steam heating relationships for pools B1-3.
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. ation from pools heated by the injection of geo- pared with the total amounts of steam involved in i
therma} steam (CRaIG, 1963), The 6D/6'?0 slopes the evaporation processes, the quantities of steam and ]

obseérved for such pools are usually in the range 2-3,
considerably below those expecied from the equilib-

hot water leaving, therefore, can be set equal g the
quantities of steam and surface water entering the

tium fractionation ratio epfe, g, of around 5 at boiling pool, the isotopic balance then is given by o

Sy

In recent studies on the-evaporation of falling water
drops, isoiopic fractionation was.found to take place
in two stéps (STEWART, 1975). Rémoval &f water vapor

R temperat ' iations a i '

&4 perature. These deviations are considered to be S — WB — S = b — WS — | B
3 due-to kinetic fractionation-effects to some degree in- w = W W)= uo = Moo = b1 j v
1"{ fluencing evaporation processes: from hot pools where &, and 4§, refer to the deuterium or OXygen-}g | R
-: "'f! (Craig, 1963). content of the water or steain phase respectively i *

and o 10. fluids entering or leaving the pool;
resents the fraction of total fluid entering and leay;

the: pool as steam. By use of the respective valuey

from the drop surface to a vapor boundary layer was for B, the difference in isotopic composition of Watey of
found to correspond to an equilibrium fractionation  and stéam leaving the pool is given by pou
process governed by the vapor pressure ratios ap, and o — 5 A) — 10008 — 1) § o
- @8, of HyO to HDO and H,'®0 respectively. ve o Tao ' |
Exchange between the boundary layer and the atmos-  The above relationships then allow the isotopic con w
phere, however, is strongly influenced by a kinetic  position of the steam heating the pool to be caly, § *
fractionation process controlled by the ratio of diffu- lated from the known composition of local meteorie 1
sion coefficients (D/DY) for H,O to HDO or H,'%0 waters, 6,,, and that of the pool water sampled, b, H\ e
in air. The isotopic shifts actvally observed alse as'a function of y according.to h‘l
depend on evaporation temperature, relative humidity T . |
of the atmasphere and the giﬂ'erence in isotopic com- Bu1 = Bt + (Bue = Busy) — 10008 — 1) .
position of the evaporating water and that of atmos- The values for § were obtained by use of da, § %1:
pheric water vapor. Because of the very low relative reported for the water vapor pressure ratios ap m 4 ©
atmospheric humidity generally observéd at El Tatio, 85° of 1.034 and a4, of 1.0057 by Majouse (1571, |
especially if referred to the elevated termperature at”™ and values {or the ratio of diffusion coefficients (D/D) 3t
which evaporation from 'hot pools takes place, the ‘taken to be those of 1.024 for HDO and 10289 fer 4§ The
effects of atmospheric humidity and those of the iso-  H;'%0 reported by Mertivat {1970) for room tem. ““_
topic composition of atmospheric water vapor can  perature. (ID/D') depends largely on the massé ratjgs ‘ ehi
be assumed to be negligible. Under these circum- of the diffusing molecules ‘and can therefore be f§ ¥
stances, the. overall fractionation factor for water eva- assumed to be-only little aflected by variations in tem- ovel
porating from the surface of a hot pool is taken to  perature. Variations in 1000{f — 1), the fractionatios sica
be given: by factors in the delta notation, with temperature and "“;
_ nn n-are given in Fig. 5 (insert).
F = o D/DY" The other evaporation process considered is de of
The exponent n is derived empirically and decreases  scribed By the Rayleigh batch-distillation equation | vile
with increasing size of the evaporating water body R/Rg = (1 — yjfum—1 f‘“u
(StewarT, 1975). For falling water drops.it was fotnd e ¥ 1 M7
to be 0.58. In the absence of further information on  where R, represents the initial isotopic ratios of HDO  § =
the influence of kinetic effects on the evaporation or H,'®0 to H,O, R the ratios after evaporation of § e .
from steam hieated pools, initially two-exireme- situ-  the fraction y of steam. Again by taking R, ic come b
ations are considered, pure équilibrium evaporation spond to the weighted mean of steam and surface beatt
(n.="0) and behaviour found . for the evaporafion of wafer entering the system and R to the composition Ac
water drops (n = 0.58). of the water after removal of the fraction y of steam ;ml'
Accepting very low values for the effective relative  the isotopic composition of the steam entering B mc
atmospheric humidity at El Tatio, evaporation from  given by ‘ :‘:;

steam heated pools can be expected to be described
by relationships valid for evaporation in dry atmos-
pheres (STEwaARrT, 1975). Two limiting evaporation
processes for hot pools are considered: a steady-state
process describing evaporatien from continuously ‘re-
plenished, weH mixed pools, with relatively high
steam injection rates, and batch {Rayleigh) evapur-
ation assumed to represent evaporation from flow

Sy =80 + Wy, + 1000) (1 — ! — 118
= (8w + 1000)3/y.

The baich distillation process closely approximats
steam loss -accompanying adiabatic cooling of e
thermal discharges in flow chanmels or fast flowing
pools with low steam injection rates. In the absents
of further heat gains the amount of sieam produce®

YT channels. The effects of conductive or. radiative heat _depends on the temperature difference of the do- | :;IC'F
- losses or gains are considered to be negligible. charges before and after steam loss. At an initial te-  § m_;;;t
In the case of steady staie evaporation, the amount  perature of 85°, adiabatic cooling to 10° can prode § dor

of steam required to heat cold surface waters 1o evap- 2 maximum amount of steam corresponding ¥ hpi:

oration lemperatures is taken to be insignificant com-  y = (.12 Insertion of this value into the above equs




 n for both kinetic and equilibrium evaporation,,

= 3 | gows that in: order to achieve the isotopic enrich-
masg § h
t | et observed for springs 324 and. 347, the steam
© the qgmd would have to be gariched in deuterium and
g ke

§ % be discounted to represent ‘an effective process
s bringing about the observed isotopic enrichments
a steam heated pools.

Restricting further considerations to the effects of

gen-18
vely, i
¥ rep

iz‘;:-: geady state evaporation an area outlining th.e ranges
o il of composition expected for the steam entering pool
wHa g L4 can be calculated 'as shown in Fig. 5. The range
o steam compositions obtained for pure equilibrium

§ bxctionation (n = 0) is outside. that of steam likely

. com- k% have separ?lted fr(?m eitherr_water‘s»%&», B or C,
cale. B weording to 'smgie step or continuous steam separ-
teoric B ihon, the calculated fractionation are much to. small,

15 | mea for high degrees of evaporation corresponding
% values of y approaching unity.

| By assuming evapdration from pools to ‘be gov-

- - aued by kinetic processes similar to those observed

| %r [2lling water drops, the range of isotopic composi-

. T
'ajnli I tons for the steam injected into pool 324 is found
o B % intersect the cbmplositiona\! range of steam separ-
DD} , #ed from water C at temperatures between 140-160°.
P These findings would point to some re-evaporation
| tem- § Q“}‘C high-bicarbonate water phase C at around 150°
atis I abich in turn is formed by absorption of steam sepat-
IRV | €ed from the deep, origindl supply water A. The
ttem- @ Tl process then corresponds to double stage
wtion B ° %am separation modified by the interaction with
sad B ol ground water during the second stage.

§ Inthe case of evaporation from hot pools, the value
s de § o 8 =058, derived for the evaporation of flling
ion § “¥er drops, is likely to be somewhat too high. By

§ Suming the isotopic composition of pools 324 and

to représent the maximum obtainable enrichment
HDO ;f Y=10), n is found to bé in the order of 0.50, In
on of § = absence of further evidence this value is taken
g % be characteristic for the evaporation . ffom steam
srface | Ste poals.
5itios Acwepting the- isotopic composition-of steam heated
teait 5 to be governed by an overall kinetic, steady
ng © € evaporation process the slope ¢ of the line con-
- § g the isotopic data points for such pools is

P JI:)-i. — 5D h
e

ﬂﬂtd ’ s .O‘i - 6“‘0-0 7
£ g _ 8Dy —3D, — 1000(8; —
wict 4 57°0,, — 31°0,, — 1000{5.,0 Ty
sem® h-tn ]
weed  § TR the found values for 8, 8,, and B (n = 0.50),
ds- # o Peof 41,62 is obtained, almost identical to that
e B least squares line of 1.58 for -all steam-heated
yduee of the El Tatic area. The relationships derived
g 10 hm:‘ therefore, can be assumed to describe the iso-
rqud b"-‘l'lal‘l»fmur of steam heated pools satisfactorily.
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Because ‘of the predominant effect of the temperature

‘insensitive kinetic factor (D/DY, B and corréspond-

ingly & are close to indépendent of the actual evapor-
auon temperature (Fig. 5). The higher slopes in the

gen-18 corresponding to d-values between + 100 s Y order of 2-3 usually observed for other geothermal
B o+ 150%, a range far beyond that ever encountered | *areas can largely be explained by variations in the
¥ goatoral systems. Pure batch evaporatlon can, there- . «differences in isotopic composition between local

meteoric water and heating steam. In addition; the
assumption of the effects of atmospheric humidity to
be negligible may not be valid for lower lying thermal

.areas,

Applying thé above procedures to a set of threé
samples ¢ollected from obviously stéam heated pools
7km 1o, the -east of El Tatio (B1 — B3), the range
of possible compositions: of the steam injected can
then be calculated. This range intersects the curves
representing steam separated from water A for tem-
peratures above 200°, those for steam from water B
for temperatures below 120° (Fig. 5, imsert). Since
water B is assumed to be restricted to the main ther-
mal area, the steam heating pools Bl and B3 is poss-
ibly derived from an underground body of water A
extending beneath the eastern. ranges (Fig. 5, insert),

The main chemical constituént of stéeam heated
pools is sulfate derived from oxidation. of H,S by
atmospheric oxygen. Sulfate contents increase with in-
creasing enrichment in the heavier iSotopes. Assuming,
complete-absorption and oxidation of H;S in the pool
and isotopic enrichment to be pgoverned by kinetic,
‘steady-state evaporation processes, an attempt can be
made to calcvlate. the concentration of H,5 in the
steam injected. By use of the knowr values af 3,
8y, and &,; for oxygen-18 and the observed sulfate
contents (in mg/f), the concentration of H,S (in maol%))
is given. by

(H,S), = 1.88 x 1073 (SO2)[5., — 6.

The values obtaiced for pools 324 and 347 are
1.3 x 107 *mol%, as compared to 0.6 x 1072 mol%
found for fumaroles of the northern part of the ther-
mal aceas (CusicaNqur et al, 1975}, for pools 28, C3
and C4 in the southern part, the values are with
7 x 107* mol¥, considerably higher, possibly reflec-
ting the higher H,S contents of around
2 % 1073 mol¥, determined in.fumarolic steam there.

Origin of thermal waters

In the preceding sections the isotopic composition
of the. three main underground water phases and that
of the local meteoric water was defined. The data
points for waters C and D lie close to the meteoric
water line, waters A and B occupy positions off this
line towards higher oxygen-18 values. This oxygen
shift is explaingd in terms of '?O-éxchange between
rock and water at elevated temperatures. While affect-
ing the oxygen isotopic composition of thermal
waters, the deuterium content of the waters, thought
o be largely of meteoric origin, remains preserved.
In the case of the main supply water A, the deuterium
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Fig. 6. Variation in deuferium content of precipitation with distancé from El Tatio to the east.

content is well below that of El Tatic metéeoric waters'
thus indicating a different origin.

Geographical conditions influencing the deuleriem
coniént of précipitation are the -altitude of the catch-
ment drea, and its latitude and distance from the sea
{FRIEDMAN .2t al., 1964). Since El Tatio lies on the
western flanks of ‘the Andes, the deuierium content
of precipitation-can be expected to decrease both with-
increasing aftitude and distance inland to the east.
In order to evaluate the influence of these geographi-
tal parameters, samples from cold $prings 1o the cast
of El Tatio were analysed. Their deuterium contents
with respect to geographical position is shown in Fig;
‘6. The combined eflects of increases in altitude and
distance [rom the.sea lead to a roughly linear decrease

in deuterium content by about 2%, per km. Loeal-

and annual varitions in the isotopic compositions
are. assuimed t& corfespond to deviations from this
line by about 5%, With a deuterium content of
the main supply water-of —78%,;, the citchment area
for water A then is found to lie some 12-16km to
the east of E! Tatic. Geophysical and geochemical
considerations suggest the thermal waters enter the
El Tatio area from the southeast, in this ciise the over-
all picture is still valid, the actual distance trdvelled
by the waters would be larger.

GENERAL DISCUSSION

Application of mixing models

Recently TrUeSDELL and FOURNIER (1975) proposed
a mixing model allowing deep supply water tempera-
tures to be evalvated from the chloride and silica éon-
tents of boiling, springs: The mode] assumes tefpera-
‘tures as indicated by the quartz geothermometer to
be controlled by two main processes: adiabatic steam
loss and 'dilution by low chloride, low silica and low
temperature surface waters. In an enthalpy—chloride
diagram (Fig. 7), deep water enthalpies derived from
silica femperatures are markéd on steam separation
lines radiating from a point’ corresponding to ‘steam
at elevated temperatures (zero-chloride, enthalpy 2475
I/g) to p6ints representing sampling temperatures and
chloride conténts. Dilution is represented by lines
radiating from the low chloride, low temperature sur-
face water position through the silica—enthalpy points
on the steam separatién lines. The intersection of the
ditution lines with the kighest chloride steam separ-
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steam loss, and the lowest chloride springs, with silig

‘both surface water dilution and steam separatiop

et al. (1975), are shown. As outlined above, the cop-

ation line- is' taken to represent the enthalpy and
chloride content of the primary supply water. [y thy
evaluation, two sets’ of samples assume excepliony
importancé: the highest chloride springs, presumey
to be unafiected by dilution and to represemt pyy,

contents below that of amorphous silica solubility »
sampling temperatures, taken to reflect the.efferts

In Fig. 7, data points derived by use of the analyii
cal results given in Table 2 together with those of
wells T7, 10, 11, and 12, as reporied by Cusicangy

position of the low chloride springs has to e
explained in terms of mixing with the 160° high sifia.
bicarbonate water. C and not dilution by cold surfag
waters ag required By the mixing model. Straightlo;.
ward application of this méthod t6 an unselected
group of samples ‘would lead to unreasonably high

estimates of the deep temperatiires. Restricting mixing L
model considerations to springs and wells with bicar- |

bonazte contents below- 100 mg/l, maximum supph
water temperatures and correspending chloride con-
tents identical to those of the deep production wely |
T7, 10, 11 and 12 are obtained, }

The data points for the shallow wells T1-5 lie close |
to a line indicating gradual dilution with cool, low |
chloride waters from. north to south. The uadiluted
end member of this series, as represented by T5, &
derived from water A by steam loss; this proos
apparently also affected the deeper production welb |
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.10 11 and 12, though to a lesser degree. The
ect lemperature supply water for group B springs
3 ncly to have formed by dilution of waters repre-

snon and some dilution with water D is likely to
¢ responsible for the small but noticeable variations
@ composition observed for group B waters.

> The large area of data points occupied by the high

& darbonate (< 100 mg/l) waters suggests that in addi-
b ¢gn to mixing with water C and steam separation,
b 3¢ waters may have also been subject to minor
¢ degrees of dilution by water D.

In order to avoid interference from admixture of
# kw chloride, high silica secondary underground
- waters, in the application of the boiling spring mixing
~. godel, conclusions based on data points from waters
5.{ sh high bicarbonate or sulfate contents should be
B tcated with caution.

o
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& General hydrology

1% According to the above findings, the EI Tatio ther-
&l discharges are likely to be derived from precipi-
ution some 1Skm to the east. During their passage
to the west, contact with rock at elevated tempera-
, tures leads to an increase in temperature and to an
- ewchange of oxygen-18. In the absence of further evi-
- &noe, the increase in solute content of the thermal
,  waters may also be explained in terms of rock-water
| ®teraction (ELLis and MAHON, 1964). During a down-
Yole sampling program, however, highly concentrated
| Yalers with chloride contents up to 190g/1 were
- €countered in wells 2 and 9. According to MAHON
b (1974), these brines may have formed through leach-
§ T8 of buried evaporite deposits by the thermal
; Wilers. The low room-temperature pH of around 2
. ol the brines, however, is far below that expected for
sach 2 simple leaching process, but is very similar
® that of fluids formed through contact with acid
" ®agmatic emanations. Again, considering the relative
- ®oportions of the three constituents of thermal
Wlers, Cl, B and Cs, likely to be least affected by
‘econdary reactions at temperatures below 300°, the
13 point in Fig, 4b for the El Tatio brine (TB) occu-
:‘3 a position far removed from those of the thermal
Alers, however, close to points obtained for highly
n’.nttalised waters resulting from the interaction of
& V:olcanic fluids with andesitic rock. W1 represents
% acid brine from White Island, New Zealand (GiG-
QN‘*\Cﬂ; 1977), RC the more dilute waters of Rua-
_ ®bu Crater [ ake (G1GGeNBACH, 1974), BR and WR
, rt"‘_'Senl typical waters from the Broadlands and
Urakei geothermal areas. The distribution of data
s shows that the relative positions of the acid
to the neutral waters in New Zealand is similar

that observed for the EI Tatio samples.
. € New Zealand volcanic samples, WI and RC,
- Wpical for waters formed through interaction of
Waters with andesitic rock at comparatively low
b“p:s"alures (<200°). Interaction of waters derived
Orption of magmatic steam with rock at higher

3 etad by the production well discharges. Steam sep--~

Waters from the El Tatio geothermal field 987

temperatures (300-500°) and greater depth is assumed
to finally lead to the production of near neutral
waters as represented by BR and WR (GIGGENBACH,
1977). This rough classification might suggest that the
El Tatio brine represents a water phase produced
through absorption of magmatic steam at relatively
low temperatures (~ 200°). The thermal waters dis-
charged then are likely to be derived in a similar way,
their neutral pH and lower solute content have to
be explained in terms of more intense rock-water in-
teraction of the initial brines at higher temperatures
followed by dilution with the east-west moving
tongue of meteoric water.

The data point in Fig. 4b for the highly mineralised
waters of Laguna Colorada (LC), some 20 km to the
east of El Tatio, occupies a position close to that
for volcanic brines; differences in the relative propor-
tions of chemical constituents and the higher pH,
however, suggest that the LC-waters and the El Tatio
brine are not directly related. The possibility of both
brines to be of related origins, however, cannot be
discounted, the differences observed then being due
to secondary reactions of the original waters with
rock contacted under different temperature and pH
conditions. The position of the isotopic data points
for Laguna Colorada, far from the meteoric water
line, suggests some considerable rock~water oxygen-
shift or evaporation at above ambient temperatures
caused by steam heating. In discussions on a possible
connection between the two brines and their relation-
ship to the thermal waters, information on the iso-
topic composition of the El Tatio brine would be
required, which is unfortunately not available.

The two main processes affecting the thermal”

waters during their migration westward are steam
separation and dilution. In contrast to most other
geothermal areas around the globe where dilution by
local meteoric waters represents one of the most im-
portant processes influencing the chemical and iso-
-topic composition of the discharges, the very low
annual precipitation rate at El Tatio (< 10 cm) limits

such direct dilution to the waters of group B dis-

charged in the southern part of the main thermal
area. This dilution takes place under circumstances
allowing the equilibria controlling both SiO, and
relative Na—K-Ca contents to readjust to the lower
temperatures of around 160° as compared to that of
the primary supply water of 240-260°. Readjustment
of the silica contents is likely to be comparatively
fast, reequilibration of the feldspar equilibria control-
ling relative Na-K-Ca contents at temperatures be-
low 250°, however, are considered to be much slower
(FOURNIER and TRUESDELL, 1973) suggesting long resi-
dence times for the dilute waters underground. In Fig.
8 an attempt is made to illustrate the possible paths
of the thermal waters. The diagram closely resembles
that given by HeaLy and HocusTeiN (1973) derived
by use of geological and geophysical evidence.
According to these authors two main water conduct-
ing strata can be distinguished, a hot water carrying
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. Fig. 8. Hydrological profile of the El Tatio thermal area.

ignimbrite formation and a more shallow dacite for-
mation containing the cooler diluted waters.

The chemistry of the group B springs can largely
be explained in terms of steam loss and straightfor-
ward dilution of the original supply water with local
meteoric water. The chemistry of group A springs,
however, points to admixture of a secondary water
phase possibly resulting from the absorption of steam
separated from the deep water in local meteoric
water. The overall effect of these processes could still
be considered dilution by local meteoric waters, the
creation of a different chemical environment for rock-
walter interaction and the resulting formation of the
low chloride, high silica, bicarbonate water phase C,
however, leads to marked differences in the chemical
nature of the waters produced.

In order to explain these differences, the existence
of definite underground steam zones associated pre-
dominantly with the high temperature water phase
A and separating the deep thermal waters from the
shallow ground water was invoked. The formation of
these ‘vapor dominated’ zones or pockets (WHITE et
al. 1971) is likely to be favoured by the lack of a
significant recharge of cooler surface waters to
counteract steam separation from the rising thermal
waters. At present it is not possible to evaluate the
geometry of these steam zones and that of the associ-
ated condensate layer. The finding that widely scat-

tered springs to the north (A9, NE) and south (3,7)

of the main area are obviously affected by similar
processes, the likelihood that the steam heating pools
to the east (28, C3, C4) is derived from the proposed
intermediate bicarbonate water, its uniformity in tem-
perature indicated by the SiO,-contents, and the close
to linear, inverse relationship between bicarbonate
and chloride contents would favour the possibility of
the existence of extensive vapor or, in cooler regions,
gas dominated zones capped by a close to uniform
layer of bicarbonate water. Of the wells drilled only
T4 showed evidence for the inflow of a gas-rich steam
phase at shallow levels, (MAHON, 1974), the fact that
wells at El Tatio are solidly cased down to about
250 m may prevent the detection of these steam or
gas zones in the vicinity of other wells.
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