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Abstract

Two Colombian deposits belonging to the western emerald belt of the Eastern Cordillera,
namely Coscuez and Quipama-Muzo, hosted in Lower Cretaceous black shales, have been
dated for the first time by *°Ar/**Ar induction and laser microprobe methods on contempora-
neous greenish Cr-V-rich X mica aggregates consisting of muscovite as a dominant phase =+
kaolinite, + paragonite, + quartz, + albite, and =+ chlorite, pyrite, and calcite. Contamination
of the K mica aggregates by wall-rock impurities is eliminated by in situ *°Ar/3®Ar laser spot
analysis. Two distinct plateau and spot fusion ages of 35 to 38 Ma and 31.5 to 32.6 Ma were
obtained for the Coscuez and Quipama samples, respectively, i.e., a late Eocene to early
Oligocene age. Concordant conventional K-Ar ages show that in spite of the small size of
these micas, they did not suffer significant *®Ar loss due to recoil during irradiation of the
samples. Internal **Ar recoil may explain the slight disturbances observed on the age spectra.
Microthermometry, Raman spectroscopy, and SEM experiments performed on fluid inclu-
sions trapped in emerald crystals from the Coscuez deposit show that the hydrothermal fluids
are complex Hy0-NaCl-CaCl,-KCIl-CO,-N, brines (38 wt % NaCl equiv). Constrained by the
“0Ar/**Ar age determinations, the Eastern Cordillera subsiding model, and the assumption of
lithostatic confining pressures, isochoric extrapolations lead to a pressure-temperature esti-
mate of 1.06 to 1.12 kbars and 290° to 360°C for the emerald deposition. The P-T evaluation
is in agreement with the paragenesis accompanying the emerald deposition.

A moderate-temperature epigenetic hydrothermal-sedimentary model is proposed for Co- )
lombian emerald genesis. This model makes use of the following points: (1) the depth of
hydrothermal circulation within the Lower Cretaceous series, (2) a basinal origin of mineraliz-
ing fluids as inferred from oxygen and carbon isotope data, (3) an evaporitic source for the
NaCl sulfate-rich brines trapped within emerald crystals, as deduced from sulfur isotope
data, (4) a likely source of the metallic components, and particularly Be, Cr, and V, being the
black shale reservoir, and (5) the timing of hydrothermal circulation and emerald vein forma-
tion in relation to Eastern Cordillera tectonic evolution——in particular, the strong shorten-
ing episode beginning during the Eocene.

Introduction Gachala and Chivor, and a western belt containing
the Coscuez, Quipama, and La Palma districts. Dur-
ing the late 1990s, Colombia ranked first in the world
in emerald production, yielding approximately 10
millions carats or two tons. The unique characteristic
of the Colombian emerald deposits consists in their
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THE emerald deposits of Colombia are located 50 to
80 km northeast of Bogota in the Andean mountain
system (Fig. 1) within two mineralized belts (Forero,
1987): an eastern belt encompassing the districts of




362 CHEILLETZ ET AL.

-
<
o
|—
p-d
L

N

Eastern emerald belt
B western emerald belt
Dated emerald deposits

Major emerald mines

Tectonic limit of the main
morphostructural units

Lower Cretaceous sediments

Fic. 1. Geology the two emerald belts of Colombia (adapted from Colleta et al., 1990).

contrast with most other emerald deposits in the
world that are predominantly hosted by suture zones
or greenstone terranes mostly in highly metamor-
phosed cratonic areas (Kazmi and Snee, 1989). More-
over, in these geotectonic environments, the sources
of beryllium and chromium-vanadium necessary to
produce that variety of green-blue beryl are likely
found in pegmatites and ultramafic volcanic rocks, re-
spectively, when they are juxtaposed and interact
during tectonic phases. This has been clearly demon-

strated for the Brazilian deposits for instance (Ru-

dowski et al., 1987; Giuliani et al., 1990a). However,
neither pegmatite nor ultramafic volcanic rocks have
been found in the vicinity of the Colombian deposits.

A wide concensus appears today for a hydrother-
mal model in the genesis of the Colombian deposits
'(Gubelin, 1957; Touray and Poirot, 1968; Rosasco
and Roedder, 1979; Ottaway and Wicks, 1986; Koz-
lowski et al., 1988, 1991a, b). A preliminary micro-
thermometry, Raman spectroscopy, and SEM study
of fluid inclusions from the La Vega-San Juan and Co-
scuez deposits (Giuliani et al., 1990¢, 1992, 1993)
revealed the presence of chemically homogeneous
hypersaline complex brines (NaCl-KCI-CaCl,, up to

40 wt % NaCl equiv) associated with emerald deposi-
tion. However, controversies still exist concerning
the temperature-pressure conditions of formation
deduced from fluid inclusion data; Kozlowski et al.
(1988) and Roedder (1982, 1984) proposed tempera-
tures higher than 500°C, implying a hypothetical ge-
netic relationship of mineralizing brines with a deep-
seated pegmatitic source. In fact, it appears that an
independent estimate of pressure is necessary to de-
termine adequately the pressure correction and thus
interprete the fluid inclusion data. The age of mineral-
ization also appears to be a crucial parameter in as-
sessing the thickness of overburden prevailing in the
Eastern Cordillera basin at the time of emerald depo-
sition, and thus for providing a correlative pressure
estimate. One hypothesis attributes an Early Cre-
taceous age to the emerald mineralization, which
could be related to the synchronous emplacement of
basic magmas in the Eastern Cordillera dated at 115
to 118 Ma by conventional K-Ar on amphiboles
(Fabre and Delaloye, 1983). In the Eastern Cordil-
lera, the Early Cretaceous is characterized by a
strong rifting period and basin formation (Fabre,
1987) accompanied by normal faulting, high thermal

x.
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anomalies, and basin connate water drainage: such
processes could have contributed to the formation of
emerald deposits as well. A second hypothesis, based
on relative dating by field crosscutting relationships,
relates emerald mineralization to the Tertiary major
tectonic and faulting period, correlated with the em-
placement of postulated post-Eocene rhyolitic intru-
sions (Escovar, 1979).

This paper presents the first ages of Colombian
emerald-bearing veins in two deposits of the western
belt, namely Coscuez and Quipama, based on a *°Ar/
39Ar laser microprobe investigation; and an estimate
of the pressures and temperatures associated with
emerald mineralization, based on microthermomet-
ric data from fluid inclusions at the Coscuez deposit.

Geologic Setting

The Eastern Cordillera of Colombia constitutes a
slightly folded chain (Campbell and Biirgl, 1965; Ju-
livert, 1970) overthrusting to the east the Llanos ba-
sin and to the west the Central Magdalena basin (Fig.
1). The major part of the Eastern Cordillera is repre-
sented by thick Cretaceous to lower Tertiary series
accumulated into highly subsiding basins in response
to lithospheric thinning and related crustal extension
(Fabre, 1987). These basins have been deformed and
uplifted during Tertiary Andean tectonic episodes.

The two main emerald-producing zones of the west-
ern belt, Coscuez and Quipama-Muzo (Fig. 1), have
been selected for our study. The regional geology of
the western area is much less well known than that of
the eastern belt (Ulloa and Rodriguez, 1979), but the
stratigraphic sequence of the Cretaceous formations
presented in this paper is elaborated following the
geologic synthesis of emerald deposits by Forero
(1987).

The Coscuez mine

Emerald mineralization occurs in the Hauterivian-
Barremian Paja formation (Fig. 2). In the mining
area, the series is composed of carbonaceous shales
overlain by siliceous shales. The mineralization is
hosted by a complex fracture system represented by
veins, banded stratiform lenses, and breccias. The
mineralized veins constitute two sets of fractures ori-
ented at N 10° E and N 140° E crosscut by later fault-
ing at N 20° E (the La Negra and Desaguadero
faults). Hydrofracturing is recognized as a major pro-
cess of breccia development (Giuliani et al., 1990b).
The hydrothermal fluid circulation is accompanied
by intense fluid-rock interaction and metasomatic al-
teration of the enclosing black shales (Baker, 1975;
Beus, 1979; Giuliani et al., 1990b) consisting of car-
bonatization, albitization, and pyritization halos de-

- veloped around the emerald-bearing carbonate vein

network.
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Fic. 2. Lithostratigraphic chart of the Cretaceous units of the
eastern emerald belt of Colombia (modified from Forero, 1987).

Emerald mines

Unconformity

The Quipama mines
The Quipama mines are composed of numerous

working areas situated on both sides of the Rio Mi-

nero in the vicinity of the village of Muzo (Oppen-
heim, 1948). The major ones are Cincho, Palo
Blanco, Massato, Aguardiente, Puerto Arturo, Te-
quendama, El Indio, and Las Pavas. Sample G 65 used
for the present study comes from the Cincho Bajo
area which belongs to the Coexmina property. The
stratigraphic sequence and hydrothermal metaso-
matic phenomena are the same as in the Coscuez dis-
trict. The Cincho field is situated between the two
major Aguardiente and Animas northeast-southwest-
trending faults on the right bank of the Rio Minero.
The productive zone is characterized by three sets of
fractures at N 0°-10° E, N 40°-70° E, and N 110°-
130° E filled by calcite, dolomite, REE dolomite, py-
rite, quartz, albite, and greenish K mica.

“0Ar/**Ar Laser Microprobe Dating

Sample description

Paragenetic relationships: The more extensive
emerald-bearing structure is represented by a stock-
work of 2- to 5-cm-wide extension fractures in the
black shales. These veins show a typical mineral-
banded filling constituted by calcite, pyrite, albite,
dolomite, REE dolomite (parisite), fluorite, quartz,
barite, and a greenish to white K mica sometimes in-
correctly described as pyrophyllite. The K mica is de-
posited as 2- to 3-mm-wide patches on both walls of
the veins followed toward the center by fibrous or
eubedral calcite precipitation (Fig. 3). Calcite is the
most abundant gangue mineral, its fibrous habit rep-
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F1G. 3. Thin section of the contact between the black shale wall-rock and the emerald-bearing calcite
vein of samples G 67 and G 65. Particularly evident are the perpendicular development of the micas
selvages relative to the wall rock and the morphology of calcite in the two samples: fibrous calcite in
sample G 67, and rhomboedric calcite in sample G 65.

resenting an earlier stage often reopened and filled
with euhedral calcite. Emerald can precipitate in
various stages of vein filling, the largest and most
beautiful crystals appearing in vugs in the central
zone of the veins. K mica identified by SEM analysis
is also trapped as solid inclusions within emerald
crystals (Fig. 4b).

Sample G 67 (Fig. 3) is a multistage vein character-
ized by aggregates of K mica on the margin of the
vein, fibrous calcite toward the center, locally sepa-
rated from the 001 X mica planes by aggregates of
quartz and albite, and in places interlayered within
the mica band. Some quartz crystals may contain
small (<0.5 mm) calcite inclusions (Fig. 5). The more
central zone of rhombohedral calcite is not shown in
Figure 3, but bending of the earlier fibrous calcite
and associated K mica due to subsequent strike-slip
movements accompanying the development of the
later euhedral calcite stage is apparent. Sample G 65
is a single-stage vein consisting of 001 K mica planes
developed perpendicular to the vein-wall rock con-
tact as in sample G 67, followed by precipitation of

euhedral calcite, pyrite, quartz, REE dolomite, and
microgeodic chlorite rosettes (Fig. 3). Microprobe
analysis of chlorite indicates a donbassite composi-
tion (Merceron et al., 1988) as shown in Table 1.

Composition of K mica aggregates: The chemical
composition of the K mica aggregates (Table 1) has
been determined by a comprehensive study using
electron microprobe, ion microprobe, wet chemical
analysis, atomic absorption, and in situ X-ray diffrac-
tion.

The major element composition deduced from
electron microprobe analysis of the two samples (Ta-
ble 1) reveals a rather uniform chemical composition.
When compared with a standard muscovite analysis
(Deer et al., 1962), the average electron microprobe
values for sample G 67 (Table 1) yield a normal SiO,
content (47.68%), a high Al,O; content (36.37%),
and a characteristic depletion in K,0 (6.88%) which
lead to an apparent excess in octahedral occupancy
(4.19; Table 2) and a deficit in the interlayered
charge (1.27). Electron microprobe analysis of the
sample G 65 (Table 1) reveals the presence of two




TIME-PRESSURE-TEMPERATURE FORMATION OF COLOMBIAN EMERALDS

017

FIG. 4. a. SEM microphotograph of K mica found in a calcite vein; “X’ corresponds to an unanalyzed
mineral, probably calcite or quartz. Coscuez deposit. b. K mica trapped as solid inclusions in emerald
around which developed a fluid inclusion cavity. ¢. Multiphase fluid inclusion in Coscuez emerald. B =
brine, V = vapor phase, I = liquid COy; H = halite crystal; Hyd = metastable hydrate nucleated during
freezing experiments. d. Same as (c) in crossed polars showing the anisotropic hydrate (Hyd). e. SEM
microphotograph of halite (H) and sylvite (S) in an opened fluid inclusion cavity from a Coscuez emerald.
The upper right shows the backscattered K electron image of the same salt (scanning time: 400 sec). f.
SEM microphotograph of decrepitates of a brine-bearing fluid inclusion. H = halite; Ca, Fe, Cl = salt
mixture of calcium, iron, and chlorine.
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dra occupancy (4.19; Table 2) and deficit in the in-
terlayered charge (1.37) are also noticeable. The
other phase is an Na-bearing phyllosilicate where
Na,O replaces K,0, compared with the previous anal-
ysis (Na,O = 5.09%, K,0 = 2.0%; G 65(2) analysis,
Table 1). This phase appears chemically equivalent
to a paragonitic substitution of muscovite. According
to Deer et al. (1962), the G 65(2) microprobe analy-
sis is comparable to a sodium-illite (or brammalite)
composition. ‘ ‘
Complementary in situ ion microprobe analysis on
the G 67 sample (Table 1) shows low contents of Li,O
= 0.054 percent, F = 0.18 percent, and Be = 3.2
ppm. Atomic absorption analysis yields high contents
Fic. 5. Quartz-albite intergrowth with minute calcite inclu-  of Cr (208 ppm) and V (892 ppm) that are, as for
.sions characteriziflg the K mica-fibrous calcite transition in the Co- emerald, responsible for the green color of the K
scuez emerald veins. mica. High H,O contents, compared with standard
muscovites, are revealed by in situ ion microprobe
analysis (5.5%; Table 1), cross-checked by chemical
interlayered micaceous phases within the K mica volumetric analysis done on whole-rock aggregates
bands that are optically indistinguishable. The more (6.11%; Table 1). A reconstituted analysis incorporat-
representative phase of G 65 appears similar to G 67 ing the 15 elements analyzed by the different tech-
(Si0, = 45.40%, Al,0, = 36.78%, K,0 = 6.70%; anal-  niques (total = 99.21%) is proposed in Table 1 for
ysis for G 65(1), Table 1). Apparent excess in octahe- sample G 67; it displays a good concordance with a

TasLE 1. Major and Trace Element Analyses of Sheet Silicates Used for **Ar/*°Ar Analysis,
Quipama (G 65) and Coscuez (G 67) mines, Colombia

‘ Hydromus-
Sample G 65(1) G 65(2) G 67 G 67 (3, 4, and 5) G 67 covite (6) G 65
‘ Electron
Electron Electron Electron Multitechnique Reconstituted microprobe
Method ‘microprobe microprobe microprobe analysis analysis donbassite
n="7 n=3 n=9 n=3
wt % g wt% o wt % o G 67 (3) wt % o
Si0O, 4540 0.53 4750 0.85 47.68 0.47 LiO 0.054% Si0, 47.68 47.55 36.61 0.78
TiO, 0.09 0.06 0.006 0.004 0.13 005 F 0.18% TiO, 0.13 0.64 0.00
ALO, 3678 0.34 38.29 0.17 36.37 070 Be 3.2 ppm AlLO, 36.37 32.45  45.73 1.62
MgO 033 0.04 0.075 0.016 0.79 0.19 B traces MgO 0.79 1.70 0.04 0.04
CaO 0.007 0.01 0.14 0.03 0.006 0.01 Cl traces CaO 0.006 0.06 0.15 0.03
MnO 0.023 0.03 0.02 0.013 0.015 0.02 H,0 5.5 MnO 0.015 0.00 0.04 0.03
FeO 0.24 0.11 0.07 0.02 0.19 0.09 FeO 0.19 0.85 0.00
Na,O 0.80 043 5.09 0.30 041 0.07 G 67(4) Na,O 0.41 1.05 0.05 0.03
X,0 6.70 0.47 2.00 0.40 6.88 0.49 wt % a X,0 6.88 6.22 0.05 0.02
Rb,0O 0.045 0.04 0.037 0.013 0.025 0.02 Rb,0 0.025 0.02 0.01
F 0 0 0.024 003 HO 61l 0045 0.18
Total  90.42 93.23 92.52 Li,O 0.054
A
Cr 208 ppm T3 .
V892 ppm HO 611 7.73
Be 2.4 ppm Total 99.21 100.01 82.89

Microprobe analysis carried out at the Camebax electron microprobe (University of Nancy I, France). Analytical conditions: accelera-
tion voltage, 15 KV; sample current, 6-8 nA; silicate crystals as standards; and ZAF correction procedure; 7 = number of points used to
calculate an average analysis; o = standard deviation; Samples: (1) and (2), respectively, the K- and Na-bearing micas of the emerald veins
in sample G 65, (3), ion microprobe analysis of sample G 67 (two points) using a modified CRPG ion microprobe Cameca IMS 3F;
quantitative estimation is made by normalization to the SiO, = 47.68 avg wt % from the electron microprobe analysis and by reference to
a standard lepidolite; (4), measurement done by the Karl Fischer volumetric method; (5), atomic absorption analysis; (6), chemical
analysis of hydromuscovite from Deer et al. (1962)
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TABLE 2. Structural Formulas of K Micas Based on Electron
Microprobe Analyses in Table 1 (calculation based on 22 oxygens)

Sample G 65(1) G 65(2) G 67
Si 6.18 6.17 6.32
Al 5.90 5.87 5.68
Fe?* 0.03 0.01 0.02
Mg 0.07 0.01 0.16
Ti 0.01 0.00 0.01
Mn 0.00 0.00 0.00
Ca 0.00 0.02 0.00
Na 0.21 1.28 0.11
X 1.16 0.33 1.16
Total Y 4.19 4.06 4.19
Total X 1.37 1.63 1.27

hydromuscovite analysis from Deer et al. (1962) in
which the increase in H,O content relative to a stan-
dard muscovite is interpreted as reflecting the substi-
tution of H;O" for K* (Brindley, 1980).

Routine X-ray powder analyses of the mica aggre-
gates display a single muscovite 2M; structure for
sample G 67 and a dominant muscovite 2M; poly-
morph structure for sample G 65 added to a strong
reflection at 14 A which could represent some don-
bassite contamination of the X mica aggregate (see
above). More careful examination using in situ X-ray
diffraction identification on petrographic thin sec-
tions (Beaufort et al., 1983; Rassineux et al., 1987),
revealed the presence of minor amounts of paragon-
ite (9.6 A) and kaolinite (7.16 A) in addition to musco-
v1te (10 A). However, kaolinite is not always present.
A spectrum of Quipama sample G 65, choosen among
ten points analyzed by XRD on a thin section of the
mica aggregate, is presented in Figure 6.

Therefore, the reconstructed hydromuscovite
chemical analysis deduced from electron microprobe
and ion microprobe analysis can be reinterpreted con-
sidering the XRD data, using a simple melange model
of pure muscovite and kaolinite phases, the musco-
vite being, by far, the most abundant (80-90 vol % as
deduced from the respective intensity of the XRD
peaks). Indeed, bulk electron microprobe analysis of
a fine muscovite-kaolinite mixture will result in some
AL O, increase, thus giving an apparent excess in the
octahedral occupancy relative to a standard musco-
vite. In addition, this kaolinite contamination will
also result in some apparent increase in HyO and de-
crease in K,O relative to a pure muscovite phase.

Analytical procedure for ®*Ar/**Ar analyses

Due to the clay-size imbrication of muscovite and
kaolinite of the Colombian emerald-bearing vein, not
even visible by means of SEM observation (Fig. 4a), it
was impossible to obtain pure concentrates of musco-
vite. Therefore, the K mica aggregates used for 4°Ar/

367

3Ar dating purposes were simply hand-separated by
using a fine saw. No special treatment was applied
thereafter.

Three complementary “°Ar/*¥Ar procedures were
adopted: (1) an induction step-heating procedure
performed on bulk samples of K mica aggregate (de-
scribed in Féraud et al., 1982, 1986) (2) a laser spot
fusion procedure on K mica aggregates or on frag-
mented K mica band slabs, and (3) laser step-heating
experiments on K mica aggregates.

Bulk samples were obtained by handpicking aggre-
gates of green micas to be as pure as possible. Step-
heating experiments were performed on bulk sam-
ples and single grains of mica aggregates consisting of
2-mm-diam clusters of adjacent mica flakes. Spot fu-
sion analyses were performed on slabs obtained by
microsawing of the mica coating parallel to the vein.
The G 67 slab (Fig. 3) is 1.4 mm thick and consists of
a 0.5-mm-thick K mica band plus a 0.9-mm-thick ad-
jacent band composed of a mixture of K mica, quartz,
albite, and calcite. The G 65 slab is composed of a
single 0.9-mm-thick single K mica band (Fig. 3).
Laser spot fusion analyses were also performed on

QUIPAMA G65: K-mica aggregate thin section

|
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FIG. 6. Diffraction pattern of sample G 65 obtained by XRD on
a thin section using 4 step-scanning method and a linear localiza-
tion detector (Beaufort et al., 1983).
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one G 65 mica aggregate and the G 67 K mica band
perpendicular to the wall-rock plane.

The laser microprobe device and procedure of the
University of Nice (France) is decribed in Scaillet et
al. (1990) and Ruffet et al. (1991). The selected mica
separates and rock slabs were irradiated for 14.3 hrin
the Osiris reactor (CEN, Saclay) with the biotite Bern
4B (17.25 Ma, Hall et al., 1984, and subsequent anal-
yses) as monitor. The isotope correction procedures
and the criteria used to define plateau age are given
in Féraud et al. (1986). All ages have been calculated
with the decay constants recommended by Steiger
and Jager (1977) and are given with standard error (1
o) estimates. Analytical data are presented in Tables
3 and 4.

“Ar/*Ar dating results

Step-heating experiments: Bulk samples and single
grain aggregates of the two samples show similar age
spectra, characterized by increasing ages at low tem-
perature, followed by decreasing ages, then a more
or less flat domain. Sample G 65 (Fig. 7) yields a
plateau age at 31.5 + 0.3 Ma (corresponding to 82%
of ®Ar released) on a single grain aggregate, whereas
the corresponding bulk sample displays more precise
concordant ages with an integrated value of 32.6 +
0.1 Ma (over 60% of 3°Ar released). Sample G 67
does not give any plateau age over a high percentage
of the *¥Ar released (Fig. 8), but except for the low-
temperature domain, it displays no more variable
ages than does G 65. However, most of the apparent
ages for this sample range from 35 to 38 Ma.

Spot fusion experiments: In order to examine a possi-
ble variation of the integrated ages from the wall-
rock side of the vein toward its center, several laser
spot experiments have been performed on the two
slab sections across the K mica layers. For sample G
67, the ages range from 34 + 2 to 38.9 = 1 Ma with-
out any correlation between ages and distances to the
outer rim of the K mica band (Table 3, Fig. 9). The
weighted mean of 36.8 + 0.4 Ma is close to inte-
grated ages of both the bulk sample (i.e., 37.3 £ 0.1
Ma) and the single grain aggregate (i.e., 36.4 + 0.1
Ma). The corresponding (3"Arg,/*°Ary) ratios range
from 0.004 to 0.48. Three older ages from 52 to 130
Ma were obtained by spot fusion analysis performed
on the inner mixed zone adjacent to the mica band
(Fig. 9). The corresponding (*"Arg,/*°Ary) ratios
range from 55 to 174 (Table 3). Additional laser spot
fusion experiments have been performed perpendicu-
lar to the wall-rock plane of the slab (36.2 +: 0.4 Ma)
and on an isolated mica aggregate (36.4 = 0.1 Ma)
which was completely fused in one step. For sample
G 65, four spot fusion analyses performed on the K
mica slab (Fig. 9) give similar ages, ranging from 30.1
+ 0.8 to 33 + 2 Ma (Table 4), whereas an older age of
39.8 = 1.1 Ma was obtained on the external border at

the wall-rock face of the slab. Their weighted mean
of 32.8 = 0.4 Ma is close to the integrated ages of
33.1£0.1 and 31.4 + 0.3 Ma on the bulk sample and
single grain aggregate, respectively (Table 4). The
(*"Arc,/*°Ary) ratios range from 0.0056 to 0.130
which represents a lower scale than that of sample G
67. Two spot fusions performed on the inner and
outer faces of one isolated fragment of the mica slab
(Fig. 9) display similar ages of 31.8 + 0.2 and 32.1 +
0.5 Ma, whereas the (3Ar,/**Ary) ratios range from
0.045 to 0.0055.

Discussion of “°Ar/*Ar results

On both samples, we observe good agreement be-
tween the integrated ages of the step-heating experi-
ments on bulk samples and single mica aggregates as
well as agreement between the weighted means of
the spot fusion analyses, if we except some spot fu-
sion ages which appear significantly higher. Never-
theless, these ages were obtained from peculiar loca-
tions on the slabs. Point 2 of sample G 65 (Fig. 9,
Table 4) is located on the wall-rock side and may be
affected by contamination with the Cretaceous black
shale. Points 3, 11, and 15 of G 67 (Fig. 9, Table 3)
were performed on the pure K mica vein. The argon
released may have originated, as demonstrated by
higher 37Arc,/*®Arg ratios, from a mixture of K mica
with other minerals (quartz-albite-calcite) containing
fluids in inclusions and therefore some possible
amounts of excess argon.

In spite of the existence of one plateau age (G 65),
the age spectra of both samples (a bulk sample and
single grains) are affected by slight disturbances
which are not clearly related to the 3" Arg,/**Ary ratio
(Figs. 7 and 8). Some inverse correlation may appear
at low temperature, the highest values of the *'Arc,/
39Ar ratio being due to calcite impurities degassing.
On the other hand, no age disturbance corresponds

to a clear increase of the 37Arc,/*®Ary ratio at high -

temperature (G 67, Fig. 8). This peak may be in-
duced by the degassing of minute calcite inclusions in
quartz crystals as observed in thin sections (Fig. 5).
The reproducible shape of the age spectra, charac-
terized by increasing ages followed by a saddle
shape, may be explained by the degassing of different
mineral phases during step heating or/and **Ar recoil
during the irradiation. These age spectra are very sim-
ilar to those obtained on chloritized biotites (Lo and
Onstott, 1989) which were interpreted as resulting
from 3°Ar recoil from biotite to chlorite layers. Recoil
of 3°Ar can potentially explain the disturbances ob-
served in the age spectra because the thickness of the
individual mica erystals (1-3 pm; Fig. 4a) is not very
large compared to the accepted ®°Ar recoil distance
(0.08 um; Turner and Cadogan, 1974). Nevertheless,
in the case of homogeneous aggregates of small
micas, any eventual 3°Ar recoil may not induce argon

-
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TasLe 3. “°Ar/**Ar Analytical Data for Sample G 67 (Coscuez Mine)

Atmospheric

contamination ®Ar Apparent age Error
<%) (%) 37ArCn/ 39ArK 40Arrudlogenlc/ 39ArK (Ma) tlo
Bulk sample induction furnace analysis
Temperature
(°C
500 97.13 0.33 0.0209 0.70956 16.01 +7.76
¢ 550 82.3 0.72 0.02033 1.1551 25.98 +3.23
600 62.72 1.5 0.05995 1.3707 30.79 +1.64
650 35.56 5.11 0.28399 1.4718 33.04 +0.5
) 700 26.13 10.07 0.07658 1.6011 35.92 +0.26
v 730 15.72 10.97 0.00392 1.6984 38.08 +0.25
760 6.48 31.27 0.00150 1.6977 38.06 +0.12
790 10.63 15.47 0.00163 1.6655 37.35 +0.17
830 21.65 6.1 0.00778 1.6482 36.96 +0.39
880 38.27 2.71 0.00873 1.6757 37.57 +0.87
970 33.04 3.92 0.00898 1.6951 38 +0.66
1,030 28.11 5.25 0.00471 1.7183 38.52 +0.49
1,150 24.7 6.53 0.00462 1.7279 38.73 +0.39
Fuse 93.3 0.04 0.85166 17.66 361.39 *53.34
Integrated age = 37.3 £ 0.1
Single grain laser analysis
Steps
1 63.07 0.04 0.0 2.6797 59.72 +46.35
2 71.52 0.2 0.0 1.2469 28.03 +12.81
3 24.7 1.0 0.02469 1.2333 27.73 +2.19
4 5.36 1.5 0.1174 1.4272 32.05 +1.11
N 5 8.12 5.49 0.04266 1.5664 35.15 +0.48
6 1.79 23.04 0.00335 1.684 37.76 +0.13
- 7 1.65 11.7 0.00256 1.6284 36.52 +0.25
8 3.21 7.44 0.00223 1.5905 35.68 +0.41
9 \ 3.54 9.02 0.00247 1.5838 35.53 *0.3
10 2.21 3.46 0.00102 1.5958 35.8 +0.57
11 2.96 2.31 0.00137 1.5934 35.75 +0.9
12 2.77 4.41 0.00181 1.6106 36.13 +0.5
13 2.3 8.29 0.00298 1.6454 36.9 +0.35
14 12.87 5.3 0.00695 1.645 36.89 +0.46
15 25.86 2.27 0.03458 1.5614 35.03 +1.1
16 2.99 14.54 0.00521 1.6433 36.85 +0.24
Integrated age = 36.4 + 0.1
Single grain total fusion
2.42 0.0511 1.6248 36.44 +0.14
- Slab spot fusion (transversal plane)
\ Spot number
° (see Fig. 10)
1 14.59 0.11386 1.5721 35.27 +1.13
. 2 55.88 0.04851 1.5986 35.86 +4.12
4 50.41 0.04192 1.618 36.29 +6.05
5 41.73 0.22498 1.7366 38.92 +1.06
6 39.99 0.47792 1.6984 38.08 +0.92
7 22.02 0.05297 1.5564 34.92 *0.93
8 14.6 0.01316 1.5145 33.99 +2.45
9 10.95 0.00565 1.6944 37.99 +0.99
10 10.19 0.00431 1.6052 36.01 +1.2
' Weighted mean = 36.8 £ 0.4
3 84.74 54.693 2.3374 52.2 7.4
11 65.91 173.55 5.9665 130.36 +14.98
15 54.92 105.49 2.4746 55.2 +10.9
. Slab spot fusion (longitudinal plane)
37.95 0.34698 1.6125 36.17 +0.39
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TaBLE 4. *0Ar/**Ar Analytical Data for Sample G 65 (Quipama Mine)

Atmospheric contamination 3%Ar Apparent age Error
(%> (%) 8.’AI‘C«;/GQAJ‘K 4OArradiugenic/agArK (Ma) *lo
Bulk sample induction furnace analysis
Temperature
(°C)

400 98.58 0.2 0.02204 0.79887 18.01 +10.82
470 . 94.46 0.34 0.01778 0.92996 20.95 +5.64

520 81.56 0.99 0.01428 1.2567 28.25 +1.9
570 . 72.16 2.54 0.01891 1.3534 30.41 +0.82
620 57.96 5.64 0.06035 1.4112 31.69 +0.38
660 45.31 7.33 0.07626 1.4771 ' 33.16 +0.28

690 29.07 10.15 0.02532 1.5567 34.93 +0.3
720 31.17 8.16 0.00949 1.5236 34.19 +0.28
770 19.36 17.15 0.00433 1.4492 32.54 +0.13
785 21.8 11.12 0.00217 1.4625 32.84 +0.19
810 36.17 3.43 0.00460 1.4765 33.15 +0.54
840 30.65 5.57 0.00306 1.4485 32.52 +0.37
880 33.89 4.9 0.00328 1.4355 32.23 +0.39
920 35.98 4.07 0.00341 1.4557 32.68 +0.47
970 42.09 3.13 0.00363 1.4689 32.98 +0.58
1,030 19.5 11.28 0.00212 1.4511 32.58 +0.19

1,110 41.55 3.76 0.00855 1.5735 35.3 +0.5
1,190 94.17 0.09 0.06302 3.2846 72.93 +19.41
Fuse 92.77 0.16 0.04135 4.651 102.42 +13.04

Integrated age = 33.1 £ 0.1

Single grain laser analysis

Steps
1 100 0.17 0.01016 0.62442 +
2 87.98 0.71 0.0137 0.35887 8.11 +11.24
3 23.41 2.99 0.02701 1.3056 29.34 +2.57
4 13.84 6.52 0.01962 1.3612 30.58 +1.39
5 7.82 7.7 0.01104 1.5243 34.21 +0.93
6 8.79 13.08 0.00704 1.4556 32.68 +0.8
7 8.82 22.58 0.00343 1.3689 30.75 +0.42
8 4.39 18.43 0.00286 1.3925 31.28 +0.47
9 8.99 5.39 0.00284 1.319. 29.64 +1.3
10 4.25 7.02 0.00296 1.3801 31 +1.35
11 2.15 11.3 0.00402 1.457 32.71 +0.76
12 9.92 4.1 0.00964 1.4919 33.49 +2.11
Integrated age = 31.4 £ 0.3
Slab spot fusion

Spot number
(see Fig. 10)

1 44,13 0.06212 1.4532 32.63 +0.61

2 31.21 - 0.01226 1.7772 39.82 +1.14

3 16.02 ' 0.05636 1.4061 31.58 +1.04

4 27.7 . 0.13017 1.3406 30.12 +0.83

5 22.8 0.02067 1.4667 32.93 +1.58
Weighted mean = 32.8 + 0.4

6 21.84 0.04471 1.4154 31.79 +0.24

7 9.26 0.00553 1.431 32.13 +0.51
Weighted mean = 31.9 £ 0.2

8 44,13 100 0.6212 1.4532 32.63 +0.61

loss because the recoiled *°Ar has a high probability ~ chlorite, or paragonite interlayered within the K
of being implanted within a neighboring crystal (Bray —mica aggregates. Therefore, the humped shape
et al., 1987). In our case, the recoiled **Ar may have around the 690°C step of the G 65 bulk sample age
been introduced into minor amounts of kaolinite, spectrum (Fig. 7) may be due to a deficiency of **Ar
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Fi1G. 7. Induction (bulk sample) and continuous laser microprobe step-heating (single grain aggregate)

age and (*"Arc,/*®Arg) ratio spectra of sample G 65.

in the muscovite K-rich phase, whereas the low ages
displayed at lower temperatures may originate from a
gain of *Ar in the K-poor phases. This is supported
by the fact that the integrated age of these two do-
mains- of the age spectrum (steps 400°-720°C) is
33.1 £ 0.2 Ma, similar to that of the plateau age, 32.6
% 0.1 Ma. The absence of ®®Ar loss on chloritized bio-
tites affected by 39Ar recoil was demonstrated by
Ruffet et al. (1991). To test a hypothetical °Ar loss, a
conventional K-Ar experiment was performed on sam-
ple G 65 at the CRPG-CNRS laboratory of Nancy,
France (see Zimmermann et al., 1985, for the general
procedure). An age of 32.8 + 3.9 Ma (*°Ar = 6.55 X
107® ce/g; *°Ar atm = 91.3%) similar to the “°Ar/>°Ar
ages was obtained and thus precludes a high amount
of 3Ar loss by recoil in that sample.

The disturbance of the age spectra may be ex-.
plained by the existence of a mixture of different X-
bearing mineral phases, characterized by distinct
AT adiogenic/ - ATk ratios, degassing at different tem-
peratures. Paragonite and kaolinite were detected by
optical microprobe analysis, but in very different
proportions in the two samples G 65 and G 67. Never-
theless, because of the reproducibility of the *°Ar/
39Ar results, whatever the technique and the volume
of analyzed samples, it is unlikely that these mineral
heterogeneities are sufficient to explain the observed
phenomena without a contribution of 3°Ar recoil.

Regardless of slight disturbances due to probable
internal Ar recoil evidenced by laser step-heating
and laser spot experiments, it is likely that the ages of
31.5 to 32.6 Ma (sample G 65) and 35 to 38 Ma (sam-
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age and (*’Arg,/*Ary) ratio spectra of sample G 67.

ple G 67) represent reasonable estimates of the age of
the muscovite synchronous with the emerald deposi-
tion. The age difference between samples from the
two locations is probably real. These results give an
unambiguous late Eocene to lower Oligocene age
(Odin and Montanari,1989) for the Colombian emer-
ald deposits.

Fluid Inclusion Study

Introduction

The first extensive work on fluid inclusions of Co-
lombian emeralds was performed on samples from
the Achiote deposit (eastern belt) by Kozlowski et al.
(1988). Heating experiments were problematic due
to common decrepitation, stretching, and subtle

leaking of fluid inclusions. The temperatures of ho-
mogenization (T}) by vapor disappearance were near
470°C and fluid inclusions with T, > 470°C were
suspected of leaking. Using decrepitation tempera-
tures in quartz and beryl, Kozlowski et al. (1988)
gave a rough pressure estimate of formation of 1 kbar
which yields an additional pressure correction of

'100°C for the T, values. The trapping temperature

estimated by Roedder (1982, 1984) was Typping >
518°C, and Ottaway and Wicks (1986) noted a total
homogenization by NaCl dissolution at 320° = 10°C
for the Muzo deposit.

Analytical methods

The. microthermometric study was performed on
doubly polished plates using a microscope equiped
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‘'with a UMK 50 Leitz objective and a Chaixmeca
heating-freezing stage (Poty et al., 1976). The low-
temperature measurements were obtained with a
precision of 0.1°C; the high-temperature measure-
ments were made by heating the inclusions at a rate
of 1°C per min. Raman spectra of hydrates, volatile
components of the vapor phase, and solid daughter
minerals were obtained on a Dilor X-Y multichannel
laser-excited Raman spectrometer using the 514.5-
nm radiation of an Ar ion laser (Dubessy et al., 1989).

\ The presence of the volatile components CO,, CH,,
N,, and H,S was checked using a 1-W laser beam re-
ferring to the following hnes respectively: 1 388

; cm™!, 2.915 cm™, 2.331 em™, and 2.611 cm™, SEM
examination was performed witha Cambridge Stereo-
scan 250 SEM operating at an accelerating voltage of
25 kV.

Fluid inclusion petrography

Primary and secondary fluid inclusions in emerald
are typically brines (Fig. 4c and d). At room tempera-
ture, the degree of filling of the cavities is fairly con-
stant. The inclusions typically contain a cubic crystal
of halite (12-15 vol %), a brine (75 vol %), a vapor

. bubble (10 vol %), and a liquid carbonic phase

(COZ(D) which is easily visible in flat and large inclu-
sions. This carbonic phase constitutes up to 3 percent .
of the total cavity volume (Fig. 4c and d). The halite-
bearing fluid inclusions may contain a variety of addi-
tional daughter minerals which were investigated by
SEM. The association NaCl-KCl is common in Co-
scuez emeralds (Fig. 4e) and different salt mixtures
were identified in decrepitates: Cl(Ca, Fe) salts (Fig.
4f), Cl(Fe, K, Ca), Cl(Fe, Mn, Ca, K), and CI(X, Fe).
Other daughter minerals include Ca + Fe + Mn = Mg
carbonates with rhombohedral habit, Zn sulﬁde and
Fe oxide.

Freezing experiments

Carbon dioxide was identified by T,,., (CO, final
melting temperature), Ty, (CO, homogenization
temperature), CO, gas hydrate final melting tempera-
ture or by Raman analysis of the vapor phase. The

Tago, Values range from —56.6° to —57.9 °C (Fig.
10) which confirms the presence of N,, as identified
by its 2,330 cm ™! Raman peak.

During microthermometric runs, fluid inclusions
exhibited a characteristic behavior: the ice begins to
melt between —50.5 and —59.5°C (Fig. 10) and the
final melting temperature of ice (T, ) ranges from
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Fic. 10. Histograms of microthermometric data for primary fluid inclusions from Coscuez emeralds.
Th = temperature of homogenization of the vapor bubble; 1 = complete homogenization; 2 = leakage
before homogenization, 3 = decrepitation before homogenization. Ts = halite dissolution temperature.
Tmi = ice melting temperature. Te = eutectic temperature. TmCO, = CO, melting temperature. ThCO,

= CO, homogenization temperature.

—32.3° to —17.6°C. The T, , _range from —25.1°
to —19.3°C. In some large fluid inclusions, the brine
exhibited a delayed freezing upon supercooling of
long duration down to —180°C which might be due
to the high salinity and viscosity of the fluid as de-
scribed by Roedder (1963) and Kozlowski et al.
(1988) for the Achiote deposit. Moreover, Kozlowski
et al. (1988) documented the chemical components
of the hydrothermal brines by SEM analyses of the
decrepitates; they found decreasing concentrations
of Cl, Na > Ca, Si, Al > Fe, K, Mg > Mn, and Ti and
interpreted the inability of the fluid to freeze as be-
ing the result of Ca and Al ions on the nucleation of
solid phases at low temperature.

The low eutectic temperatures (—50° to —60°C)
and the final melting of ice (T, = —17° to —33°C;
mode —21°C; Fig, 10) confirm that the trapped solu-
tions contain significant amounts of CaCl, (Crawford,
1981). The existence of other ions in the brine is sug-
gested by the SEM analyses of daughter minerals and
the nucleation of new daughter minerals during su-
percooling. These solids, which grew on NaCl daugh-
ter minerals, have been described by Roedder (1963)
and Touray and Poirot (1968). They are anisotropic
and possess a moderate relief (Fig. 4c and d). On
heating, they persist until melting over a range of
4.4° to 141°C. Therefore, these solids are probably
hydrates. Raman spectrometry characterizes their
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peaks at 3,416, 1,653, and 1,634 cm! (Giuliani et al.,
1993) which are typical of known hydrates (Dubessy
et al., 1989). However, the exact identification of
these phases is not possible, considering the lack of
precise spectra for hydrates of geologic interest.

Heating experiments

On heating, liquid CO, homogenizes to vapor in
the range 24.3° to 30.9°C (Fig. 10). This corre-
sponds to a low-density CO, phase (o = 0.2-0.4 g/
cm?®). Decrepitation and leakage occurred in a major-
ity of fluid inclusions, especially those >20 um in
size. Leakage was often marked by “a sudden rever-
sal in the gradually diminishing size of the bubble as
temperatures increased” (Roedder, 1982, p. 498)
and the larger inclusions generally exploded. When
no leakage phenomenon occurred, a characteristic
behavior of inclusions during heating was observed.
Under increasing heating (T, scattered between
180° and 190°C), halite becomes more rounded, the

vapor bubble decreases in size, and finally disappears .

leaving liquid and halite; under further heating, final
halite dissolution temperature (T,) ranges between
260° and 340°C, with a representative mode at
305°C (Fig. 10).

Bulk salinity estimation

The microthermometric and SEM data demon-
strate the presence of Ca®" jons in the brines. The
presence of CO,, N,, and in some cases, KCl has also
been demonstrated. Such complex composition does
not allow rigorous use of the experimental data of
Vanko et al. (1988) to estimate the bulk composition
of these fluids, as done by Giuliani et al. (1993) for
CO,-free brines of the Vega-San Juan mine in the east-
ern belt (resulting composition = (H,0)s5-(NaCl),o-
(CaCly),s). However, the lower T, _ values in the Co-
scuez deposit compared to those of the Vega-San
Juan deposit (some values are characteristically be-
low —21.2°C) would indicate a lower content of
CaCl, in the fluid (max 5 mole % determined by ex-
trapolating the ternary diagram data; Vanko et al,,
1988). Therefore, we have adopted an estimation of
the salinity of the Coscuez fluids based on the simple
H:0-NaCl system (Potter and Brown, 1975) and the
halite dissolution temperature (T, . ) at 305°C. The
data of Hall et al. (1988) yield a global salinity esti-
mate of 38 wt percent NaCl equiv.

Pressure-temperature determination of emerald
deposition

Because of the chemical complexity of the fluid in-
clusions, two representative isochores were con-
structed (Brown and Lamb, 1989) to bracket the P-T
evolution of the ore-forming brines (Fig. 11). The
first isochore corresponds to a representative T}, =

235°C and a total salinity of 38 wt percent NaCl

equiv. The second is drawn for T, = 300°C, which
represents the highest Ty, value for the same total sa-
linity.

The pressure correction has been determined as-
suming a lithostatic confining pressure. The presence
of hydraulic fracturing breccia indicates that during
the implosion of black shales, the fluid pressure ex-
ceeded the lithostatic pressure (Pgyq = Pya). The
stratigraphic column reconstruction of the Eastern
Cordillera of Colombia by Hébrard (I1985) permits es-
timation of the depth of overburden at about 4,250
and 4,500 m for ages of 35 and 38 Ma, respectively
(Fig. 11), as determined by the *°Ar/*°Ar study for
the Coscuez deposit. Assuming a rock density of 2.5
g/cm?®, this depth corresponds to a lithostatic pres-
sure of 1.06 and 1.12 kbars, respectively . Therefore,
as deduced from Figure 11, two effective trapping
temperatures can be estimated at Tyypping, = 290°C
and T apping, = 360°C for the brines responsible for
the emerald deposition. Considering the existence of
emerald-bearing extension veins, a hydrostatic con-
fining pressure (Pguq < Pypa) could also have pre-
vailed during the infilling of veins. Therefore, the es-
timated pressure range (1.06-1.12 kbars) represents
a maximum correction range for the extrapolated
trapping temperature.

Discussion of the trapping pressure and temperature
estimations '

An estimate of a 1-kbar trapping temperature was
made by Kozlowski et al. (1988) on the basis of de-
crepitation temperatures and the comparison of
quartz and beryl hardness, which agrees with our es-
timate (1.06 and 1.12 kbars).

The trapping temperature estimated by Roedder
(1982, 1984) was 518°C, whereas Kozlowski et al.
(1988) proposed a T, = 470°C with a pressure correc-
tion of about 100°C for the Achiote deposit. These .
temperatures are in marked contrast with our esti-
mates for Coscuez (this study) and La Vega-San Juan
(Giuliani et al., 1993); the fluid inclusion behavior on
heating also seems to be different. Let us detail this
point. The phase transitions and fluid behavior near
the vapor-saturated solubility surface of an inclusion
containing a crystal of halite, a brine, and a gas phase
will depend, for a given bulk composition, on the
value of the bulk density and the liquid density of the
fluid inclusion (Roedder and Bodnar, 1980; Sterner
et al., 1988). Upon heating, an inclusion with a bulk
density higher than the liquid density will first result
in the disappearance of the vapor phase and then ho-
mogenization by salt dissolution, as illustrated by the
microthermometric studies in the Coscuez (this
work), La Vega-San Juan (Giuliani et al., 1993), and
Muzo deposits (Ottaway and Wicks, 1986, 1991a, b).
If the inclusion has a bulk density lower than the lig-
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constructed after Hebrard (1985); the isochoric evolution of brines is derived from fluid inclusion data.
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salinities expressed as wt percent NaCl equiv.

uid’s density, halite will first dissolve and further
heating will result in total homogenization by vapor
disappearance as described by Roedder (1982) and
Kozlowski et al. (1988) for the Achiote deposit. This
would imply that the fluid inclusion behavior in
various emerald deposits of Colombia is different.
Then, for halite-bearing fluid inclusions of a given
composition, the pressure at homogenization will de-
pend on the temperature and the order of disappear-
ance of the different phases. Figure 11 shows that for
inclusions having a bulk density equal to the liquid
density (i.e., T}, = T, = 300°C; isochore 2), the esti-
mated trapping temperature Ty, e, is higher than
Tirapping, €stimated for Ty, < T, (isochore 1). Further-
more, the contradictory results obtained for the fluid
trapping temperature can be explained by poor data
resulting from a possible heterogeneous trapping of
the fluid, necking of fluid inclusions after a vapor
phase has nucleated, and leakage during heating ex-
periments. The first possibility of accidental entrap-
ment of a halite crystal (identified by SEM; Giuliani
et al., 1993) in a fluid inclusion would result in a

higher homogenization temperature. Many primary
fluid inclusions show variable liquid/vapor/halite ra-
tios clearly resulting from necking. However, the
consistency of our data for a small, closely spaced
group of primary inclusions indicates that the fluid
inclusions were trapped as a homogeneous fluid. As
reported elsewhere by Robert and Kelly (1987),
smaller inclusions within an individual healed micro-
fracture or growth zone yield similar homogenization
temperatures. We carefully selected the data in
order to eliminate the leaked inclusions which gave
the higher temperature ranges reported in the pre-
vious studies.

Finally, the calcite—dolomite—quartz—albite-musco-‘

vite-donbassite-kaolinite paragenesis that character-
izes the mineralized veins appears to be in agreement
with the proposed temperature range of precipita-
tion of emerald (290°-360°C). Indeed, according to
Merceron et al. (1988), the temperature of formation
of donbassite can be estimated at T < 350°C. More-
over, the presence of the muscovite-kaolinite assem-
blage and the lack of pyrophyllite indicates a forma-
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tion temperature below 350°C (Meyer and Hemley,
1967; Thomson, 1970; Tsuzuki and Mizutani, 1971).

Metallogenic Implications

The upper Eocene-lower Oligocene age of the Co-
lombian emerald deposits confirms the hypothesis of
Escovar (1979) and rules out the genetic link of the
mineralizing fluid with the Lower Cretaceous basic
magmatism (Ulloa, 1980). The composition-pres-
sure-temperature characteristics of the hydrother-
mal brine-type fluids indicate moderate temperature
for emerald mineralization (320° + 40°C) as previ-
ously proposed by Beus and Mineev (1972). Con-
sidering the burial history of the Eastern Cordillera
basin, thermal calculation by Hébrard et al. (1985)
and Fabre (1987) indicate that temperatures of 210°
and 240°C, respectively, have been reached by the
end of the Cretaceous through simple subsidence. At
the time of emerald mineralization, the hydrother-
mal fluid (320° x 40°C) needed an additional 120°
to 150°C thermal input with regard to the burial tem-
peratures of the enclosing shales. Two possible heat
sources might be suggested: synchronous magmatic
intrusions as suggested by Escovar (1979) but yet not
proved from field evidence, and heat conduction im-
plemented during halokinetic ascent. Indeed, evapo-
ritic plugs are known within Upper Cretaceous for-
mations (Zipaquira and Nemocon; MacLaughlin and
Arce, 1971), a minimum Valanginian age being attrib-
uted to the salt deposition (Lopez et al., 1988). There-
fore, salt diapirs might have been in contact or perco-
lated by hydrothermal fluids. Gypsum pockets are
found in the vicinity of the Chivor emerald district in
the eastern mineralized belt. Following these obser-
vations, the source of the complex H,0-NaCl-KCl-
CaCl, sulfate-rich brines (Giuliani et al., 1990b) are
likely to be found through fluid interaction with the
evaporitic beds. Sulfate reduction is evidenced at the
Muzo deposit (Ottaway and Wicks, 1991b) and was
probably responsible for the huge amount of pyrite
precipitating in the emerald deposits. The sulfur iso-
tope values of pyrite precipitating with emerald in
four Colombian deposits (15 < §**S < 21.2%0; Giu-
liani et al., 1993) are consistent with the Lower Cre-
taceous marine sulfate range (15 < 6*4S < 18%; Clay-
pool et al., 1980). Oxygen and carbon isotope study
of quartz and carbonates from emerald-bearing veins
(Giuliani et al., 1992) showed large §'80 values for
the waters in equilibrium with the mineralization (10
< 60 < 18 ) indicating a basinal formation waters
origin. Derivation of CO, from a mixed oxydized or-
ganic matter and limestone source appears likely. Ac-
companying hydrothermal fluid circulation, a strong
fluid-rock interaction process led to sodium and car-
bonate metasomatism development in the black
shales (Beus, 1979). Geochemical profiles through
the mineralized zones and mass balance calculation
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show that leaching of major (K, Al, Si, Ti, Mg, P) and
trace elements (Ba, Be, Cr, Rb, Cs, U, VB, C, REE)
from black shales is accompanied by their partial re-
distribution as infilling vein minerals (Giuliani et al.,
1990d). Particularly indicative of this process is the
leaching of REE from the black shales (66 < ZREE <
193 ppm, original content in the host rock) and sub-
sequent redeposition as REE dolomite (previously
known as codazzite) within the mineralized veins
(Giuliani et al., 1990d). The origin of beryllium also
may be local—i.e., shown by the large volume of
metasomatized country rocks—as advocated by
Baker (1975), Kozlowski et al. (1988), and E. Roed-
der (oral commun., 1992). Indeed, a simple balance
calculation between a few parts per million of a Be-
bearing country rock (0.6-3.0 ppm, following Beus
and Mineev, 1972, or 1-5 ppm according to Escovar,
1979) and the amount of beryllium within a beryl
crystal appears adequate to account for the 6-ppb
emerald grade in the ore, as reported by Kozlowski et
al. (1988) for the Quipama-Chivor mines. Our deter-
mination of the background Be content in the black
shales away from the mineralized areas ranges be-
tween 3.4 and 4 ppm. These data confirm that the
regional black shale reservoir was large enough to
have been a potential beryllium source.

Tectonic Consequences

As suggested by Mégard (1987), the Eastern Cor-
dillera constitutes an inverted sedimentary back-arc
basin of Jurassic to Late Cretaceous age filled with
thick accumulations of marine sediments; Eocene to
late Oligocene synorogenic nonmarine molasse se-
quences buried the basin as a response to uplift of the
Central Cordillera. Inversion of the Eastern Cordil-
lera basin occurred during the Andean compressional
episodes at late Miocene to Pliocene time. Two dis-
tinct upper Eocene to lower Oligocene ages have
been determined for the emerald deposits of Co-
scuez (35—-38 Ma) and Muzo-Quipama (31.5-32.6
Ma); if assigned to the tectonic evolution of the East-
ern Cordillera, these ages are synchronous with a
strong shortening episode starting during the Eocene
and corresponding to an acceleration of the conver-
gence rate between the Nazca and South American
plates (Daly, 1989). At that time, sedimentation in
the Eastern Cordillera basin was changing to nonma-
rine clastic deposition, whereas the underlying Me-
sozoic series were affected by alternating compres-
sive and extensive transpressive episodes (Stephan et
al., 1980; Calais et al., 1989) in response to crustal
shortening. Emerald formation at 31 to 38 Ma ap-
pears to be a good example of this strong change in
the tectonic regime of the Colombian Andes.

Following that period, major crustal deformation
involved collisional regime between the Caribbean
arc system and South America, leading to thrusting
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and uplift of the Eastern Cordillera during late Mio-
cene to Pliocene time, particularly through rejuvena-
tion of the older limits of the Cretaceous basin (Fig.
1). These structures were characterized by low-angle
thrusting, decollement levels, and associated oppo-
site-verging folding and ramping on both fronts of the
chain (Fig. 1; Colleta et al., 1990). They are free of
any significant thermal anomaly (Hébrard, 1985) and
clearly crosscut the vein systems associated with
emerald mineralization. Considering the depth of
formation of emerald (4,250-4,500 m), 2 minimum
of 6,000 m of vertical transfer (excluding erosion)
can be attributed to the late Miocene to Pliocene tec-
tonic episodes which were responsible for the inver-
sion of the Cretaceous back-arc basin and emerald
outcropping.
Conclusions

This first determination of ages of the Colombian
emerald deposits of Coscuez (35-38 Ma) and Muzo-
Quipama (31.5-32.6 Ma) using induction and laser
step-heating plus in situ laser spot fusion “°Ar/*?Ar
experiments on synchronous green muscovite al-
lowed the estimation of PVT characteristics of the
mineralizing complex brines (P = 1.2-1.06 kbars; T
= 320° x 20°C, and bulk salinity = 38 wt % NaCl
equiv) as deduced from fluid inclusion microthermo-
metric, and Raman microprobe data. Considered in
the context of the paleogeodynamic evolution of the
Colombian Andes, these results have important im-
plications for the metallogenesis of the emerald de-
posits.

The location of the Colombian emerald deposits
within two belts along the original limits of the East-
ern Cordillera Cretaceous basin suggests that they
might constitute deep-seated rejuvenated faults al-
lowing hot fluid circulation up through the sedimen-
tary pile and evaporitic beds. Hydrofracturing,
strongly reducing environment, and metasomatic
transfer through brines and black shale interaction
then provoked emerald-calcite-pyrite-albite precipi-
tation. The chemical composition of the fluid asso-
ciated with emerald deposition belongs to the com-
plex H,;0-NaCl-CaCl,-KCI-CO,-N, and sulfate-rich
system. Similar fluids are associated with Cu-Pb-Zn
deposits related to salt diapirs (Guilhaumou et al.,
1981; Charef and Sheppard, 1987), metamorphosed
evaporites (Mc Kibben et al., 1988), and the Tethy-
sian margin during alpine tectonic evolution (Edon,
1993). The importance of complex brines and or-
ganic-rich sediments is also well documented for the
genesis of Pb-Zn Mississippi Valley-type hydrother-
mal sedimentary deposits (Price et al., 1983; Sver-
jensky, 1986), although lower formation tempera-
tures are generally recognized (200°-250°C).

Constrained by these new geologic and geochemi-
cal parameters, the genesis of the Colombian emer-

ald deposits appears clearly independent of a mag-
matic cycle and must be related to the sedimentary
features of basin margins constituted by thick black
shale sequences and evaporitic beds. The temporal

evolution of the basin through' tectonic influence -

promotes hydrothermal basin-derived fluid circula-
tion, highly reactive brine formation through partial
dissolution of evaporitic beds and subsequént mobili-
zation of metallic components (Be-Cr-V) from the en-
closing shale; tectonic movements favored hydrother-
mal fluid circulation and epigenetic mineral precipita-
tion within extension vein networks and hydraulic
breccias.

According to our study, an epigenetic hydrother-
mal-sedimentary model is proposed for the Colom-
bian emerald deposits, thus constituting an unique
exemplar in the world. Considered within the scope
of sedimentary basin dynamic, the Colombian emer-
ald genesis must be related to thermal, hydraulic, and
mechanical phenomena affecting the Eastern Cordil-
lera basin; in that sense, it can be compared, although
at higher temperature, to maturation, migration, and
trapping of oil.
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