., 4

»
+
1

. w*: present address

Eur. J. Mineral.
1995, 7, 151-165

An evaporitic origin of the parent brines
of Colombian emeralds:
fluid inclusion and sulphur isotope evidence
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Abstract: The fluids trapped by emerald, dolomite and pyrite in the Colombian emerald deposits consist predom-
inantly of Na-Ca brines with some KCl. The similarity of fluid composition in the eastern and western emerald
zones demonstrates the homogeneity of the parent fluids. The Na-Ca-K chemistry of the brines provides strong
evidence for an evaporitic origin of the parent hydrothermal fluids. Their origin was investigated by a sulphur
isotopic study of pyrite that coprecipitated with emerald. The 8*'S values of H2S in solution in equilibrium with
pyrite from six emerald deposits range from 14.8 to 19.4 %o whereas sedimentary pyrite from the enclosing black
shales yield a 8**S of -2.4 %o. The narrow range in §>*Swas between the different deposits suggests a uniform and
probably unique source for the sulphide-sulphur. The high 3%z values suggest the non-participation of mag-
matic or Early Cretaceous black-shale sulphur sources. Saline diapirs occur in the emeraldiferous areas and the
most likely explanation for, high 8**S involves the reduction of sedimentary marine evaporitic sulphates.

Fluid-inclusion and sulphur-isotope data give a typical evaporitic sedimentary signature for Colombian emerald
mineralization. This emerald-deposit type, unique in the world, corresponds to mesothermal deposits (300°C),
formed in a sedimentary environment and produced through thermochemical reduction of sulphate-rich brines to
hydrogen sulphide by interaction with organic-rich strata.

Key-words: Colombia, emerald, pyrite, sulphur, isotopes, fluids, evaporites.
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1. Introduction

The genesis of the hydrothermal carbonate-
pyrite-emerald vein mineralization of Colombia
has provoked a large debate during this century
(Fallick. 1994). Firstly, the emerald mineraliza-
tion was related to the cirenlation of mag-
matic-hydrothermal solutions (Scheibe, 1933;
Oppenheim. 1948: Beus & Mineev, 1972). In the
last 30 years, geochemical investigations (Baker,
1975; Beus. 1979; Givliani et al.. 1990a; Otta-
way. 1991; Quaway & Wicks, 1991; Cheilletz e
al.. 1994; Ottaway er al., 1994) converge to the
model of removal of the major and trace ele-
ments from the black shales through connate wa-
ters (Medina, 1970) or basinal formation water-
rock interaction (Giuliani ¢t al., 1992).
Berylium, major and trace elements (Cr, V.
REE) have a Jocal sedimentary origin and are
redistributed as infilling vein-system minerals
(Giuliani et al., 1993a: Cheilletz et al.,, 1994;
Qttaway ef al., 1994).

Preliminary fluid inclusion studies on emerald
crystals documented complex primary brines
(Roedder, 1963, 1972, 1982: Touray & Poirot,
196%; Ottaway er al.. 1986). Detailed fluid inclu-
sion studies on emerald (Kozlowski ef al.. 1988:
Giuliani et af., 1993b; Cheilletz ¢t al., 1994)
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showed high-salinity fluids (up to 40 wt % eq.
NaCl) and the presence of other components such
as calcium and potassium in the brines. The pre-
sent work presents new microthermometric, SEM
and Raman probe data for emerald and gangue
minerals (carbonate. fluorite, quartz, parisite und
pyrite) from seven emerald deposits of the east-
emn and western Colombian emerald zones.,

Moreover, this paper presents the first sulphur
isotopic data on pyrite coprecipitated with emer-
ald and permits a discussion concerning the
origin of the hydrothermal fluids.

2. Geological setting

The Colombian emerald deposits are found
within two narrow zones (Fig. 1) situated along
twa major polyphased thrusted limits of the East-
ern Cordillera corresponding to the original
borders of the Cretaceous basin (Mégard. 1987).
The eastern zone consists of the districts of
Gachald, Chivor and Macanal: the westemn zone
contains the districts of Coscuez, Muzo and La
Palma-Yacopi (Fig. 2). The deposits are hosted
within a Early Cretaceous sedimentary scries
{Guavié and Macanal formations: Berriasian-

> ATLANTIC OCEAN
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ZONE-_ ..
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i
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Fig. 1. Location of the eastern and western Colombian emerald zones.
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Valanginian age in the eastern zone; Paja forma-
tion: Valanginian-Hauterivian age in the western
zone), composed mainly of a succession of sand-
stones, carbonates and black shales with some
horizons of sedimentary pyrite nodules. The age
of emerald formation has recently been deter-
mined by 4CAr/3%Ar dating on cogenetic mus-
covites as late Eocene-Oligocene (38-32 Ma;
Cheilletz et al., 1994). The Cretaceous forma-
tions of the Eastern Cordillera are intruded by
salt diapirs (Mc Laughlin & Arce, 1971) and
gypsum bodies are reported in the emeraldiferous
area (Ulloa & Rodriguez, 1976). However, few
geological data have yet been reported on these
salt occurrences.

The mineralization is hosted by breccias, net-
works of extension fractures and pockets related
to hydrofracturing (Giuliani et al., 1990b). The
hydrothermal circulation provoked an intense

_5°00N

l
73°30'W

EASTERN ZONE

Fig. 2. Geological and structural environment of the eastern and western Colombian emerald zones.

metasomatic alteration of the enclosing black
shales which consists of albitisation, carbonatiza-
tion and pyritisation halos around the mineralized
structures. Emerald occurs within calcite-
dolomite-pyrite veins. The mineralization
sequence can be divided into three successive
stages: (1) white fibrous calcite, pyrite I, albite,
quartz and green micas; (2) white or grey
thombohedral calcite, dolomite, albite, pyrite II,
quartz and some kerogens; (3) emerald, pyrite III,
parisite, REE rich-dolomite, fluorite and quartz
in drusy carbonates from stage 2.

Pyrite I is observed as euhedral cubic crystals
(0.1-3 mm in size) with some octahedral mod-
erately striated faces. Pyrite II occurs as cubic or
dodecahedral crystals (0.2-2 cm). Pyrite III is
found as euhedral crystals (0.2-5 c¢m in size) with
pyritohedral and/or dodecahedral habits, observed
locally as inclusions within emerald crystals.
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3. Samples and analytical techniques

The microthermometric studies were per-
formed on doubly polished plates using a micro-
scope equipped with an UMK S0 Leitz objective
and a Chaix-Mecca heating-freezing stage cali-
brated for temperatures. The -180° to 0°C
temperatures were obtained with a precision of
0.1°C; the 0 to 550°C temperatures were ob-
tained by heating at a rate of 1°C per minute.

Raman spectra of hydrates. volatile com-
ponents of the vapour phase and solid daughter
minerals were obtained on a Dilor X-Y multi-
channel laser-excited Raman spectrometer using
the 514.5 nm radiation of an Ar ion laser. The
presence of volatile phases COy. CHa, N2 and
Ha2S was checked using a | W laser beam refer-
ring to the following lines, respectively: 1388
eml, 2915 cnrl, 2331 emrl and 2611 em-l.

The composition of the decrepitates, daughter
crystals and solid inclusions trapped by fluid in-
clusions within emerald, fluorite. carbonates,
parisite, quartz and pyrite was evaluated by SEM
and energy-dispersive analysis. The different

crystals were fractured and stuck on a support
with lacquer. A conductive film of carbon was
evaporated on the sample which was examined
under a Cambridge Stereoscan 250 SEM, operat-
ing at an accelerating voltage of 20 kV.

The sulphur isotopic analyses were performed
on sixteen hydrothermal pyrites from six cmerald
mines and one sedimentary pyrite (Table 1):

< Pyrite LP-3 (La Pava deposit, Muzo disirict}
originates from a pyritic sedimentary nodule in
black shale.

- Pyrites [ and 11 were sampled in veins from
unproductive emerald zones. The samples corre-
spond to the pyrites CHI-K19, CHI-KI110 (Chivor
mine), YA-6A (Yacopi mine). CR-5, CR-2
(Cruces mine. Gachald district), TOv-8¢, TOm-2
(Toro mine, Gachald district), COI-7 (Coscuez
mine). and CIN-2, CIN-9 (Cincho mine, Muzo
district) which present cubic and dodecahedral
shapes.

- Pyrites 11 from productive emerald veins are
the samples CHI-KI12, CO-7, CIN-6, CIN-10
and YA-4A.

Pyrite bulk separates were obtained by hand-

Table 1. Sulphur isotopic data for pyrites from Colombian emerald zones.

DEPOSIT SAMPLE
CHIVOR CHI-K19
CHI-K110
CHI-K112
LAS CRUCES CR-2
CR-5
EL TORO TOm-2
TOv-8c
CINCHO CIN-2
CIN-9
CIN-6
CIN-10
COSCUEZ COoL-7
CO-7
YACOPT YA-GA
YA-4A
LAPAVA Lp-3

STAGE 8345 §34syas
e 15.4 14.2
bt 164 15.1
34 18.1 16.9
s 10.8 9.6
2 10.8 9.6
ic 10.3
2 4 10.2
4 19.7 18.5
2 21.2 19.9
3p 18.2 16.9
3p 20.5 19.3
pi| 18.9 17.7
ESY 20.6 194
2 14.8 13.6
do 16.0 14.8
c 2.4

Eastern zone with the mining districts of Chivor, Gachald (Las Cruces, El Toro mines) and Macuanal, western zong
with the mining districts of Muzo (Cincho, La Pava mines), Coscuez and Yacopi. Stages 1, 2 and 3 are indicated
with the different crystal shape of pyrites: ¢ = cubic: d: = dodecihedral; p = pyritohedral; o = octahedral.

All values of 8*S expressed as S Values of 8Spzs are caleulated with fractionation fuctors taken from Ohmoto
& Rye (1979) assuming a temperature of mineralization at 300°C.
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at 1100°C in vacuum with excess cupric oxide in

the presence of copper metal. All values of 838
are calculated using a Canyon Diablo Troilite

standard. The precision of the 8345 analyses is +
0.1 permil. Results are presented in Table 1.

picking from concentrates; the purity of the final
separates was checked by X-ray diffraction

analysis. Isotopic analysis was cairied out on a

Finnigan-MAT Z51/45 with a dual inlet system.

The sulphides were converted to SO2 by heating
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o128

Fig. 3. Fluid inclusions hosted by eneralds. a- Transmitted light photomicrograph of pseudosceeondary fluid inclu-
sion containing halite thy and carbonate daughter phases, 4 brine (1) and a vapour phase (v) (Chivor mine. Oricnte
workings); b- SEM microphotograph of halite (hy in a cavity of emerald fluid inclusion 1Coscuez mine).

4. Fluid inclusions study

4.1. Results
Emerald

The results are presented in Table 2 together
with those of former studies (Gluliani er al,
1992: 1993b; Cheilletz ef <l 19941, These stu-
dies show the presence in all the deposits of pri-
mary three-phase (halite. brine and gas) or mul-
tiphase salid-fluid inclusions bearing COa v, N2
in the vapour phase and daughter minerals
(Fig. 3a). Halite (Fig. 3b), sylvite and other
chloride components such as Ca. Fe, Mn and Cr
were identified by SEM (Table 31. The presence
of complex NaCl-CaCls brines confirms the mi-
crothermometric and Raman data obtained on
emerald crystals from the Coscuez and Vega San
Juan deposits (Giuliani ef al.. 1993b). During
freezing experiments, eutectic temperatures
ranged from -60 to -50°C und final melting
temperatures of ice from -33 to -17°C, indicating
the presence of Ca in the solution.

The estimation of fluid trapping temperatures
in emerald inclusions is ditficult mainly due to
the mechanical behaviour of emerald crystals
during heating (common leakage und decrepita-

tion: Kozlowski er al.. 1988 Cheilletz e wf.,
19943 und the complexity of their chemical com-
position. Isochoric extrapolation in the NuaCl-
H2O system (global salinity = 37-40 wi7} eq.
NaCh. constrained by the #A/Ar emerald for-
mation age and the Eastern Colambian Cerdillera
subsidence model, leads to a pressure-tempera-
ture cstimate of 1 kbar and 300 % 30°C for the
Coscuez emerald deposition (Cheilletz er ul..
1994).

Carbonates

We studied {luid inclusions in dolomite reluted
to the second stage of mineral deposition from
the Tequendama mine (Muzo district. western
emerald zone). These 10 to 600 pm fluid inclu-
sions are primary. pseudosecondary or second-
ary. Their relative phase proportions in the
cavities are identical and they correspond o
halite-saturated fluid inclusions (Fig. 4a, b
with halite (15 %), brine (75 %) and a gas phase
(10 %). A liquid carbonic phasc (LCQz up to
2 %) is Jocally visible at room temperature or
observed during freczing. Another daughter min-
eral showing a rhombohedral habit. with high
birefringence and strong anisotropy under
polarized light occurs commonly in the cavities.
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Table 3. SEM data for fluid inclusions and solid inclusions found in emerald, quartz, fluorite, pyrite and parisite
from Vega San Juan, Coscuez, Chivor, Cincho, Tequendama, Pava and Yacop{ emerald deposits.

MINE HOST MINERAL FLUID INCLUSIONS SOLID INCLUSIONS
NATURE OF THE SOLID DAUGHTER
DECREPITATES PHASES
VEGA SAN Emerald NaCl; (Ca, K, Fe)Cl; (Fe-Ti-O ?) (Fe-O ?)
JUAN KCI; (Ca, Fe)Cl NaCl
COS0UEZ Emerald NaCl; (K, Fe)Cl; NaCl; calcite; (Fe-O ?); phengite
(K, Ca, Fe)Cl; dolomite; KCI; " quartz
(K, Fe, Mn)CI; sphalerite (8i, Al, Ca ?)
{Ca, Fe)Cl; KCl; dolomite
(K, ca)Cl
Quartz NaCl; KCl; NaCl; KCl; (Fe-O ?); phengite
(Ca, Fe)Cl (Fe-Mn-O ?)
Fluorite NacCl; KCI; NaCl
(K, Fe, Ca)Ci;
KCl
Pyrite (Ca, Cl); NaCl KCl
CHNOR Emerald NaCl; (Ca, Fe)Ci; (Fe-O 7); NaCl; KClI apatite
{Ca, K, Fe, Cr)CI anhydrite
phengite
Pyrite NaCl; (Ca, Cl) KCl
_..CINCHO Emerald NaCl; (K, Fe, Ca)Cl; NaCl; KCI pyrite
LY {Fe, Mn, Ca,K)Cl;
(Ca, Fe)Cl;
(K, Fe, Mn)Cl;
KCl
Pyrite (Ca, Cl); NaCl KCl
Parisite (hematite); NaCl
NaCli '
TEQUENDAMA Emerald NaCl; (Ca, K)Cl; NaCl ~., pyrite
KClI
Pyrite NaCl; (Ca, Cl) KCl
LA PAVA Emerald NaCl; KCi sphalerite
YACOPI Emeraid NaCl; KCI; NaCl; KCI; dolomite pyrite
(Ca, K, Fe)Cl;
(Ca, K)Cl; parisite; Zn-carbonate;
(K, Fe)Cl (Si, Ca, Ti, Fe ?)

(K, Fe)Cl = salt decrepitate composed of potassium and iron; (Fe-O ?) = undetermined iron oxide.

It was identified by SEM as a Fe-Mg-rich are in the -57.5 to -56.6°C range, indicating the
dolomite daughter phase. presence of minor components other than CO3 in

During freezing experiments (Table 2), the the volatile phase. The temperatures of final
temperatures of final melting of CO2 (TmCOyz  melting of clathrate (Tmc) are in the ~26 to -20°C



Fig. 4. Fluid inclusions hosted by carbonates. a- Transmitted light photomicrograph of typical three-phase primary
fluid inclusion in dolomite showing a crystat of halite th), a brine (1) and a vapour phase (v) (Tequendama mine,
Muzo): b- Transmitted Jight photemicrograph of primary fluid inclusion in dolomite showing the presence of a
carbonate daughter phase 1¢). h = halite, v = vapour (Tequendama mine. Muzo).

range. Eutectic melung temperatures, ranging
from -65 to -52°C and final melting of ice from
-39 10 -23°C, confirm the presence of Ca®+ and
probably other components in significant amount
in the solution.

On heating, the COa phase homogenizes to
vapour or liquid between 27.8 and 29°C.
Decrepitation and leakage affect all {luid inclu-
sions before complete homogenization and halite
melting. Decrepitation occurs at temperatures
between S0 and 250°C. In some inclusions, the
considerable decrease in volume of the vapour
phase relative to the halite erystal before reaching
the temperature of decrepitation (200 < TD
< 250°C) suggests probable homogenization of
the inclusions by NuaCl melting.

Pyrite

Within pyrites. tluid inclusion cavities are rare
and were only observed in pyrites from stages 11
and I1I through SEM analysis. Two types of fluid
inclusions are recognized on the basis of their
relative spatial distribution and size:

- Primary fluid inclusions are about 100 to
400 pm in size with irregular shapes. They are
widespread in pyrites as isolated cavities. Gener-
ally. they contain a sylvite daughter mineral
{Fig. 5a, d). The opening of the cavities during
electron-beam impact led to evaporation of the
infilling brines; the analysis of the decrepitates
documented a mixture of Ca-Cl or Ca-Na-Cl
compasitions (Fig. Sc¢. d).

- Secondary {luid inclusions are about 10 to

50 pm in size (Fig. 5b) with irregular to negative
crystal shapes and occur in trails crosscutting the
primary tluid inclusions. The analysis of in-
dividual inclusion decrepitates demonstrated the
presence of Na-Ca-Cl brines with significant
amounts of KCl (Fig. Sb).

4.2 Discussion

The additional fluid inclusion data on
Colombian emeralds and gangue minerals pre-
sented in this paper (Table 2) show that {luid
inclusions homogenize by NaCl melting at
temperatures between 300 and 340°C. These data
fit with the temperatures of emerald formation
already proposed by Outaway ¢t al. (19861, Gi-
uliani et al. (1993b) and Cheilletz er «l. (1994).
They differ from the higher temperatures of
complete homogenization by vapour disappear-
ance (TH > 355°C) reported by Roedder (1982,
1984) on Chivor and Muzo mines, and Koz-
lowski er al. (1988) on the Achiote depasit (TH
= 470°C). Nevertheless, the last authors ex-
plained the high temperatures obtained for emer-
ald (up to 570°C) as the result of subtle leakage
of fluid inclusions which sometimes wis detected
only several months after the homogenization
runs. Indeed, leakage and stretching occur com-
monly during heating experiments for large fluid
inclusions (size > 20 um). Leakage is not always
marked by a sudden reversal of the volume of the
vapour phase (Vv) as temperature increascs
(Roedder, 1982). Sometimes, a heating run is
conducted up to 550°C without significant
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Fig. 5. Fluid inclusions hosted pyrites. a- SEM microphotograph of a fluid-inclusion-derived decrepitate salts
showing a crystal of halite (h), sylvite (s) and Ca-Cl salts (Ca) (Cincho mine, pyrite I1I); b- SEM microphotograph
showing the alignment of secondary fluid inclusions along a fracture (Cincho mine pyrite 1I). Note the halite
daughter crystal (h) in the cavity of fluid inclusion and the presence of Na-K-Cl decrepitate salts (D); ¢- SEM
microphotograph of Ca-Cl decrepitate (D) liberated during the electron beam impact of a sylvite daughter crystal
which was sealing a fluid inclusion cavity (Chivor mine, pyrite III); d- SEM microphotograph of sylvite crystal
(s) from a cavity of fluid inclusion within pyrite Ill (Cincho mine), covered by a film of decrepitate salts of
Ca-Na-Cl composition (D).
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changes. Other times, at temperatures higher than
300°C, sudden homogenization to vapour can
occur. This behaviour tentatively explains the
higher temperatures of homogenization obtained
for emerald. The smallest inclusions (< 20 pm)
contemporaneous with leaked inclusions in a
single growth zone give temperatures of vapour
disappearance consistent with the modal homo-
genization temperatures.

The temperature of deposition of carbonates
associated with pyrites I and IT is difficult to ob-
tain by microthermometry because leakage and
decrepitation affect all the inclusions during heat-
ing. Nevertheless, fluid-inclusion petrography
and freezing experiments in carbonates show the
same hypersaline brines as those found in emer-
ald (Table 2). Inasmuch as the volume of the
components of these tluid inclusions (vapour,
halite, brine) is the same as in emerald, and con-
sidering that fluid inclusions homogenize in both
minerals by halite disappearance, an average

G. Giuliani, A. Cheilletz, C. Arboleda, V. Carrillo, F. Rueda, 1. H. Baker

temperature of 300°C is tentatively proposed tor
carbonates associated with pyrites [ and II.

The composition of the fluids related to
Colombian pyrites are K-Na-Ca-rich. Such Na-
Ca brines with significant amounts of KCl are
similar to the fluids associated with emerald
(Giuliani et al.. 1992; 1993b) and carbonate. The
similarity of fluid composition in emerald. car-
bonate and pyrite in the eastern und western
emerald zones demonstrates the homogeneity of
the parent fluid and the coeval precipitation of
the associated minerals.

- Sulphur-isotope study

5.1 Results

The isotopic data for the six emerald deposits
studied in this work are listed in Table 1 and
reported as a function of their stratigraphic posi-
tion in Fig. 6. Except for the La Pava sedimen-
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tary pyrite, which yields a 334S of -2.4 %o, the
8348 of pyrites I, II and III are between 10.8 and
21.2 %o, i.e they fall in a relatively narrow range
of 10 permil with a mean value of 14.9 %o The
lowest 334S values, between 10.8 and 11.5 %o
(samples CR-5, CR-2, TOv-8¢, TOm-2), are from
pyrites I and II of the emerald occurrences of El
Toro and Las Cruces mines. In the Chivor, Cin-
cho, Coscuez and Yacopi mines, the 334S values
of pyrite II are lower by 2 permil than those of
pyrite II1.

The calculated 83SHzs for the different
samples are between 9.6 and 19.9 %o (Table 1).
They were obtained assuming equilibrium frac-
tionation of sulphur, using the isotopic fractiona-
tion factors (Ohmoto & Rye, 1979) and the aver-
age temperature of deposition (300°C) deduced
from the fluid inclusion study.

5.2 Interpretation

The narrow spread in 834Syas from pyrite I
(14.8 < 83*Snas < 19.4 %o), cogenetic with emer-
ald deposition in the Colombian deposits, sug-
gests. (1) that the sulphur isotopic composition of
the“ore—fo;ming fluids is uniform and, (2) the sul-
phide-sulphur source is heavy and probably
unique. Moreover, the results of the fluid inclu-
sion study show the presence of homogeneous
and hypersaline brines which belong to the
H20-NaCl-KC1-CaCl>-CO2-N2  system. These
two distinct and complementary geochemical
approaches converge towards a model involving
NaCl-KCl1-CaClp-rich brines originated from sed-
imentary evaporitic sulphate as the source of the
sulphide-sulphur component of the mineralizing
fluids.

In fact, salt diapirs are known to intrude the
Late Cretaceous series in the Sabana of Bogotd
(Zipaquird and Nemocon mines), and the Early
Cretaceous series in the eastern emerald zone
(Mc Laughlin, 1972). Lopez et al. (1988) pro-
posed a minimum Valanginian age for the sedi-
mentary deposition of the evaporitic layers, and
Campbell & Burgl (1965), based on favourable
conditions for evaporite deposition during the
breaking of Pangea, proposed a Jurassic age for
the deposition of salt in Colombia. This episode
of evaporite formation during the North Atlantic
opening can be traced from the Triassic-Jurassic
in North America and Peru, up to the Aptian-
Albian in Brazil, Venezuela and western Africa
(Lopez et al., 1988). However, horizons of sedi-

mentary evaporites have not, to this date, been
found in the Jurassic or the Early Cretaceous for-
mations of the Eastern Cordillera of Colombia.
Considering that gypsum diapirs are found in the
vicinity of emerald deposits in the eastern emer-
ald zone, this makes the existence of salt levels
below the Early Cretaceous series highly prob-
able. These salt levels might have been perco-
lated by deep basinal formation waters (Giuliani
et al., 1992) during the ore-forming hydrothermal
process. Therefore, the most likely explanation
for the sulphur isotopic data involves the reduc-
tion of sedimentary Early Cretaceous and/or
Jurassic marine sulphates. In fact, worldwide
marine sulphates display mean values of 834S as
high as 15 to 18 permil for this period (Holser &
Kaplan, 1966; Claypool e? al., 1980; Dejonghe
et al., 1989, see Fig. 6); this 834S range overlaps
the 834Suas of pyrites associated with Colombian
emeralds. :
The comparison of calculated &34Suzs value

for pyrite III with inferred 834S values for eva-
poritic sulphate is not strictly valid. However, it
is known that the sulphur isotopic composition
(834Sss) of the different sulphur-bearing species
in the hydrothermal solution, which reflects the
source of sulphur, must be at least as heavy as
the maximum value of calculated §34Syps for sul-
phide (Ohmoto, 1972). Therefore, the only likely
and unique source of sulphur as heavy as 19.4 %o
might be sulphur derived from evaporites through
a sulphate reduction process at the site of mineral
precipitation.

5.3 Discussion

Two main objections to this interpretation of
sulphur isotope data can be addressed. High §34S
values can result, (1) from an originally heavy
source submitted to an oxygen fugacity decrease
with time during the precipitation of pyrite and
emerald, and (2) from the gradual addition of sul-
phur from an isotopically heavy source to an
originally light source, either magmatic (834S =
0 % 3 %o) or sedimentary.

Objection (1) is not valid. In fact, the precipi-
tation of the mineral assemblage occurred within
the stability field of pyrite at an fO, value
buffered by the enclosing black shales.

Objection (2) can also be rejected: the partici-
pation of a light magmatic source is highly im-
probable considering the lack of any igneous ac-
tivity during the emerald formation process
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(Cheilletz er al., 1994). The participation of sed-
imentary sulphur can be viewed through the 534S
data on sedimentary pyrites from the Early
Cretaceous series. One &3S value of -2.4 %o has
been measured on the La Pava sedimentary pyrite
(Fig. 6). This unique 3**S value is evidently not
sufficient to characterize the whole sedimentary
sulphide reservoir formed by the Early
Cretaceous black shales. However, this value
falls within the typical range of &S values
(mean = -12 £ 5 ‘%) expected for diagenetic py-
rite in black shales (Holser & Kaplan, 1966;
Wedepohl., 1978). Moreover, a contribution for
sulphide-sulphur composition from the host-rock
black shale adjacent to the mineralized veins
would have scattered the 3*S values as result of
a mixing process. The consistency and the uni-
formity of the &S data found for the Colombian
pyrites eliminates such a possible mechanism.

The fractionation of sulphur isotopes is also
well known as acting during the thermochemical
reduction of sulphate by organic matter. Al-
though this mechanism was probably working
during the vein formation and pyrite deposition,
the absolute variation induced is thought to be
less than 10 %e for the 3S values (Macqueen &
Powell, 1983). This range is comprised within
the measured variation range of Colombian py-
rites and thus cannot be distinguished.

There are three other major features that can
be deduced from the data presented in Fig. 6:

- The overall variation of §™S within strati-
sraphic height from the eastern and western
Colombian emerald zones (11.4 < 838 < 18.1 %
for the Berriasian and 14.8 < %S < 21.2 % for
the Hauterivian host-rocks, respectively; Fig. 6)
is a prominent feature which merits a discussion.
A likely explanation, as suggested by Seal (1994,
pers. comm.), is that as sulphate-rich brines
traverse the organic-rich strata of the Early
Cretaceous series, thermochemical reduction of
the brine sulphate to HaS by interaction with or-
ganic matter and precipitation of pyrite causes
the residual sulphate to become progressively en-
riched in 8%S, which is then reduced and precip-
itated higher in the stratigraphic sequence. How-
ever, this interpretation cannot be applied to the
studied emerald occurrences, considering that
within a single deposit, no important §34S varia-
tion is observed. Moreover, the tectonic style of
the Eastern Cordillera, albeit poarly known, pre-
cludes the existence of complete stratigraphic
series in the vicinity of the emerald deposits, be-
cause of the presence of thrusting and decolle-

ment structures. In such tectonics, salt horizons
of Jurassic age (for instance) might directly un-
derlie the Berriasian or Huauterivian strata, The
enrichment in 8*S through interaction with or-
ganic matter during the percolation of hydrother-
mal fluids might then be effective for a single
propagating vein during its vertical extension.

- The 83S values of pyrite 1 are lower than
those of pyrite Il (Fig. 6). Three possible ex-
planations can be advanced: (1) precipitation of
pyrite can increase the 84S of the residual H;S;
(2) decreasing temperature from stages 11 to 11
can produce a similar effect. The average
temperature of deposition for pyrite (300°C) was
estimated from microthermometric data obtained
on coeval carbonates. Fluid-inclusion data are not
comprehensive enough to exclude a variation of
temperature from stage IT to JII. which can be
roughly estimated to be at most -100°C, consider-
ing the nature of the mineral assemblage in the
veins (Cheilletz ¢ al., 1994). Such a variation
would produce a 1 %o variation in 8MS values,
which could explain the observed variation be-
tween pyrite I and 111; (3) a third explanation for
this variation is the probable change in the SO4%-
[H2S ratio of the fluid, assuming that sulphide
precipitating from solutions contain both HaS
and SO4™- species. The decreasing of the mSQ42-
/mH>S could be correlated to a decrease of fOa
during pyrite HI deposition. A more reduced state
{lower SO42+/ HaS ratio) is enhanced by the clos-
ing of the vein system as a consequence of fluid-
pressure variations and crystallization of vein-
filling minerals. The third explanation appears to
be the most likely.

- Pyrites I and II (El Toro and Las Cruces
mines, Fig. 6), display low 84S values in the
range 10.8 to 11.5 %c (Table 1). These lightest
&S values can be explained considering two
major points: (1) fluctuations of the oxidation
state and/or the pH of the solution during deposi-
tion would produce such light values (Ohmoto &
Rye. 1979), assuming that redox equilibrium ex-
isted in the solution at 300°C; (2) sulphate reduc-
tion by reaction with organic matter (Ohmota &
Lasaga, 1982; Macqueen & Powell, 1983) as
proposed by Ottaway et al. (1994) for the Muzo
deposit. For these authors, according to the
model of Powell & Macqueen (1984) for the Pine
point MVT Pb-Zn depaosit, reactions of sulphate-
rich brines and pyrobituminen-derived HaS in
carbon-rich black shales reduced thermochemi-
cally the sulphate to H:S. Following the itera-
tions of the reaction between hydrogen sulphide
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formed by cracking of organic matter (low 8348
values) and coeval sulphide (high &3S values),
the reactant sulphur would present intermediate
8348 values, lower than those of the parent sul-
phate.

6- Conclusions

Fluid-inclusion and sulphur-isotope data
strongly support a hydrothermal sedimentary
model for the Colombian emerald mineralization.
The fluid-inclusion study has revealed Na-Ca-K-
bearing hypersaline chlorine brines. The 834S
values of pyrites from the Colombian emerald
veins are isotopically heavy. The most likely in-
terpretation involves the reduction of sedimen-
tary derived marine sulphates of evaporitic
origin.

Other geochemical data permit better con-
straints to be placed on the model (Giuliani et al.,
1992; Cheilletz et al., 1994): (1) carbon isotopes
obtained from carbonates show the participation
of limestone and organic matter for the origin of
carbon (813C), (2) calculated 8180 of H20 for
quartz and carbonates in equilibrium with the
mineralization have a basinal formation waters
sigﬁatﬁre, (3) the major-element chemistry of
emerald-forming fluids indicates the same Na-
Ca-K-Cl composition observed in oil-field brines
and MVT mineralizing fluids (Hall & Friedman,
1963; White, 1974; Sverjensky, 1981; Roedder,
1984) which are similar also to basinal brines
(Carpenter et al., 1974; Haynes & Kesler, 1987),
fluids associated to Pb-Zn deposits related to salt
diapirs (Guilhaumou et al., 1981) or metamor-
phosed evaporites (Mc Kibben et al., 1988).

This sedimentary contribution is also demon-
strated by the behaviour of trace elements
(Be-Cr-V) constituting the vein-filling minerals
(Giuliani et al., 1990a, 1993a) which clearly are
derived from the leaching of enclosing black
shales. However, the temperature and pressure
conditions (300 % 30°C, 1 kbar) of emerald pre-
cipitation (Cheilletz et al., 1994) are higher than
those found in basinal formation waters (Shep-
pard, 1984) or recorded in Mississippi Valley
Type sulphide deposits (T < 210°C; Roedder,
1984). Comparison between thermobarometric
data for emerald deposition and burial tempera-
ture estimates of the Eastern Cordillera basin
(Hébrard, 1985; Fabre, 1987) requires an addi-
tional 120 to 150°C thermal input with regard to
the burial temperatures of the enclosing black

shales. Cheilletz et al. (1994) considered two
possible heat sources: (1) synchronous mag-
matism and (2) heat conduction implemented
during halokinetic ascent. Magmatic intrusions
do not occur in the emeraldiferous area and hy-
pothesis (1) can thus be excluded. Hypothesis (2)
is more likely, considering that the geothermal
gradient in salt dome environments varies as a
function of the geographic location and depth. At
the transition between hydropressurized and geo-
pressurized zones, the geothermal gradient in-
creases considerably, as for instance in the Guif
Coast Salt domes, where the gradient reaches 50
to 75°C per kilometre in the vicinity of salt
domes (Jones, 1975). Considering the close rela-
tionship existing between emerald deposits and
evaporitic horizons, the sulphate-rich brines re-
sponsible for emerald and pyrite deposition
correspond to deep-seated formation waters,
heated by burial, thereafter dissolving evaporites
by interaction with salt diapirs.

The most significant conclusions are that
Colombian emerald deposits are unique in the
world and differ drastically from the well-known
biotite-schist-emerald deposit-type (Sinkankas &
Read, 1986; Schwarz, 1987; Giuliani et al.,
1990c; Kazmi & Snee, 1990) which are related
to granite-pegmatite environments. The
Colombian deposits correspond to mesothermal
deposits (300°C), formed in a sedimentary en-
vironment and produced through thermochemical
reduction of sulphate-rich brines to hydrogen sul-
phide by interaction with organic-rich strata.
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