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SCHWEIZ. MINERAI.. PETROGR. MITE SO. 117-129, 2000

Fluid inclusions in emerald from the Jos complex
(Central Nigeria)

by Ye. Vapnik' and I. Moroz2

Abstract

Fluid inclusions in emerald from the Jos complex, Central Nigeria, were investigated by microtherinometric and

Raman techniques. The emerald was sampled in a miarolitic cavity of alkaline granite affected by autometasomatic
albitization. Primary fluid inclusions are randomly distributed within the central part of the emerald and arranged
along the growth faces of crystals in I lie middle and outer parts of the emerald. Pscudosecondary inclusions are

present in every emerald growth stages. There are two types of fluid inclusions: (1) multiphase inclusions which are

composed of a Na-Ca-Cl solution with a bulk salinity up to 45 wt%. low-density volatile phase (C02 + CH4± H2S),
halite and calcite ± Mg-calcite ± aragonite; (2) volatile-rich, water-free and water-bearing CO, fluid inclusions with a

CO, phase of very low density (< 0.13 g/cm3). Both types of inclusions are distributed within the middle and outer
parts of the emerald and related to the emerald growth. Fluid inclusion data indicate emerald crystallization conditions

of the early and intermediate growth stages at 400 to 450 °C and 0.2 to 0.3 kbar.

Keywords: Nigeria, emerald, fluid inclusions, microthermometry, Raman spectroscopy. PT trapping conditions.

Introduction

Most of the emerald occurrences in Australia,
Brazil, Mozambique, Russia, Tanzania (Lake
Manyara), Zambia etc. are associated with granites

and pegmatites. They are located in regions
where at'Elic magmas have penetrated country
rocks in the vicinity of Cr-bearing basic-ultrabasic
rocks (BP-US and Mineyev, 1974; Kiyevlenko et
al.. 1974; Moroz, 197,S; Graziani et al.. 198.3;

Brown c't al., 1984; Sliwa and Ngueuwe, 1984;

StNKANKASand Read, 1986;Schwarz, 1987; Kaz-
mi and Snee, 1989; Rudowski, 1989; Schwarz and

Eidt, 1989; Schwarz. 1991; Lahrs et al.. 1996;Mo-
R<>z, 1996; Giuliani et al., 1997,1998; Moroz. and

Eliezri. 1998a). The circulation of hydrothermal
fluids channeled by pegmatites resulted in plagio-
clasite formation at the expense of pegmatites
and biotite-phlogopite rock formation at the
expense of chromite-bearing basic-ultrabasic rocks
(Giuliani et al„ 1997:1998).

Emerald is hosted either by phlogopite-bearing
rocks or by plagioclasites.The geochemistry of the
emeralds from these deposits is characterized by
high MgO (0.7-3.1 wt%), FeO (0.3-1.8 wt%) and
NazO (0.2-2.8 wt%) concentrations and features
an unusual quantitative and qualitative combination

of elements of, on the one hand, acidic magmas

(e.g. beryllium, sodium, potassium, zinc and
cesium), and. on the other hand, ultrabasic or basic

country rocks (e.g. magnesium, iron, chromium,

vanadium, titanium, nickel, cobalt and copper)

(Moroz and Eliezri, 1998a).This emphasizes
the metasomatic hydrothermal nature of these

emeralds.
Ore consists usually of phlogopite rock bodies

that are related to metasomatic associations in
mafic-ultramafic country rock containing variable
quantities of talc, tremolite, chlorite, etc. (Moroz.
1978; 1979; 1983; 1996). Some of these minerals
formed as solid inclusions during the emerald
growth (Schwarz. 1987; Moroz and Eliezri.
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1998b: 1999) and were also found within the emeralds

studied in the present paper.
A genetic model for the Nigerian gemstones,

that are associated with Mesozoic alkali granite
ring complexes subjected to autometasomatic
alteration, has been proposed by Schwarz et
al. (1996). The Nigerian gems are a particular
type of pegmatite-related deposits (Giuliani et
ah, 1997) formed by the alkaline alteration of
granites.

The genesis of emerald, P-T conditions of
emerald formation, composition of fluid responsible
for emerald growth are the questions often risen
by gemmologists. Study of fluid inclusions in
emerald is a mean to answer these questions
(Grundmann and Morteani, 1989; Kazmi and
Snee, 1989; Souza et ah, 1992; Nwe and Morteani,

1993; Cheilletz et ah, 1994; Giuliani et ah,
1995; Moroz and Vapnik, 1998; 1999).

Up to now, a few preliminary data on fluid
inclusions hosted in emeralds of Central Nigeria
and some conclusions on their trapping conditions

were performed (Kinnaird. 1985; Schwarz
et ah. 1996). One of the conclusions of these studies

was that fluid inclusions in Nigerian emeralds
showed an inclusion pattern similar to that of
Colombian emeralds (Schwarz et ah, 1996). The
comparison concerns the fluid inclusions only as
far as the Nigerian and Colombian emeralds
belong to different types of emerald hosted deposits
(Giuliani et ah. 1997). The Colombian deposits
are unique because they are hosted within black
shale series. Emerald formation was due to
décollement planes, thrusting and thrust-fault related
folds promoting hydrothermal fluid infiltration
and a strong fluid-rock interaction with the black
shales (Cheilletz and Giuliani, 1996).

Our data on fluid inclusions in the Nigerian
emerald and their comparison with the published
data on Colombian emeralds permit to reason
that although the petrography of fluid inclusions
can be similar, they may show many different
features during freezing-heating experiments. So, we
believe that the distinction between the Colombian

and Nigerian emeralds can be also made by the
data on fluid inclusions.

Geological setting

The oldest rocks of the Nigerian Basement Complex

were originally sediments and granite bodies
which have undergone folding and metamor-
phism and have been metamorphosed to migma-
tites and granite gneiss. Younger sediments were
deposited onto the basement and were folded

together with this granitized basement during
the Pan-African orogeny (from 750 to 450 Ma).
Linearly oriented schist belts of low-grade meta-
sedimentary rocks were formed. Granitoids
associated with the Pan-African orogeny were intruded

into both the Basement Complex and the
younger metasedimentary cover. The closing
stages of the orogeny were marked by cooling,
uplift and fracturing, by the eruption of volcanic
rocks and the formation of pegmatitic lenses and
dykes (Schwarz et al., 1996).

The younger granites emplaced during the
period 190 to 144 Ma, form ring complexes typically
2-25 km in diameter. The granitoid suite consists
of more than 95% granite, while intermediate and
basic rocks constitute less than 5% of the area.
There are several distinctive granite types: (a)
peralkaline granite and related syenites with alkali

or calcic amphibole; (b) peralkaline biotite alkali
feldspar granites and biotite syenogranites; (c)

metaluminous fayalite and hornblende-bearing
granites and porphyries with amphiboles and biotite

(Kinnaird, 1979; 1985). Ring complexes are
the products of mantle-derived magmas that have
undergone a strong crustal contamination during
their ascent and differentiation in the crustal
basement (Dickin et ah, 1991

In the alkaline granites, a series of hydrothermal
alteration processes with related mineralization

resulted from differing degrees of interaction
of escaping fluids on originally magmatic rocks
have been recognized (Bowden, 1982). The gem
varieties of beryl are associated with early sodic
metasomatism (albitizalion).The emeralds occur
in two settings both formed under similar geological

conditions: (1) in small pegmatitic pockets in
association with quartz, feldspar and topaz. The
pegmatite pockets, which are up to 8 cm in size,
are found at the contact of a granite with country
rocks and represent cavities created by gas loss
from the cooling magma; (2) in small miarolitic
cavities which formed by gas loss in the "roof" of
granite within a zone of < 20 m from its upper
contact with the overlying rocks of the Basement
Complex (Schwarz et al., 1996).

The source of Cr in the Nigerian beryls is

problematic. However, most emerald formation
occurs close to the "roof" of a granite in the
region where granite fluids may have interacted
with surrounding country rocks. It is likely that
Cr may has been incorporated from the basement

schists or younger volcanic rocks both of
which have higher Cr-contents than granites
(Schwarz et al., 1996).
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Sample description

The studied emeralds belong to the Jos granitoid
ring complexes.The emeralds were found in small
miarolitic cavities and were provided by Israel's
Emerald Cutters Association. The three available
emerald crystals, ranging from 8 x 4 > 3 mm to
10x6x6 mm in size, represent the full range of
color-tone and saturation, as well as hue between
bluish-green and yellowish-green.The rough crystals

are predominantly euhedral prismatic. Fluid
inclusions were rather rarely distributed in two
emerald samples whereas the third biggest crystal
was richest in fluid inclusions. It was selected for
detailed study presented here. The crystal had

eye-visible color zoning and additional colorless
zone (the center of the crystal), typically noted
parallel to the prism faces.The diaphaneity of the

crystal ranged from transparent to translucent,
depending on the nature and number of inclusions

present. Weak-to-prominent growth structures

were seen in the sample examined. Most
common were strongly developed straight and

angular sequences of prism, basal-pinacoid and

pyramid planes, which were consistent with the
descriptions given by Schwarz et al. 1996).

The Nigerian emerald is characterized by low
magnesium (0.00-0.08 wt%) and sodium (0.00-
0.67 wt% contents; FeO content is in the range of
0.1-0.73 wt%.The analyses revealed up to 0.19
wt% of (TT), (Tab. 1). The oxides of other
elements such as V:0,. CaO. KT). TiO;. MnO, C's,0

Tab. 1 Chemical composition (wt% of the < olomhian
and Nigerian emeralds.

Location Colombia Nigeria

Deposit Mu/.o Jos

No. of samples 2 3

No. of analyses 14 17

Cr.O, < (1.29 <-0.19
V,(), <-0.21 <-0.16
FeO <-0.25 0.09-0.73
MgO <-0.7(i <0.08
NaT < -0.(1.5 0.10-0.67
Cs.O < 0.23 <-0.19
SiCL 62.2-66.5 63.4-67.2

alo3 16.8-18.0 17.8-19.2
MnO <-0,12 <-0.11
Tit), <-0.17 <-0.12
CaÖ < -0.23 <-0.18
KT) < 0.03 <-0.10
SO; <-0.49
CuO <-0.41 <-0.21
NiO <-0.22
Zn< <-0.25

<-: Concentration of element below detection limit of
microprobe.

and CuO were found in amounts near the detection

limit of the electron microprobe used. The
emerald was remarkable for its considerable content

(up to 0.49 wt%) of S03 (Moroz and

Eliezri, 1998a). The Nigerian and Colombian
emeralds show geochemical similarity, but the
first has higher iron and lower magnesium
contents (Tab. 1 Compared with emeralds from other

deposits, the Nigerian and Colombian emeralds

show the lowest Na20 values (Moroz and

Eliezri, 1998a). The incorporation of Na in the
channels of the emerald structure does not
depend on its availability in the mineralizing fluid.
The controlling factor is the need for charge
compensation caused by the entrance of bivalent cations.

Consequently, the Na-concentration is low
because (Mg+Fe2+) in the emeralds is also low
(Schwarz et al., 1996).

One peculiarity of the Nigerian deposits is
related to a set of solid mineral inclusions trapped
by emerald during its growth. The following mineral

inclusions were found: chlorine-bearing Al-
glauconite, copper-antimony sulfide, tourmaline.
Fe-oxide, fluorite, albite. quartz, beryl and euclase

(Moroz and Eliezri. 1998b; 1999).

Al-glauconite is likely formed by the alteration

of biotite. The Mg/Fe ratio in illite-glauco-
nite-celadonite inclusions in emeralds from most
deposits is in the range of 2.2-7.2; the reverse ratio

of these elements of about 0.5 is characteristic
for Al-glauconite inclusions in the Nigerian emeralds

(Moroz and Eliezri. 1998b). Mg/Fe ratio in
illite-glauconite-celadonite inclusions in emeralds
correlates with concentration of these elements in
emeralds and reflects a country rock composition
(Moroz and Eliezri, 1998a). Several substitutions

of Cr.Ti and Zn are recorded for the octahedral

site and (1 and S for the hydroxyl site of Al-
glauconite. The crystallochemical formula of the
mineral obtained by various microprobe analyses
is as follows:
(K().42Na0 ,2Ca0065Cs0oo2)o.f.l(All.l7Fe0.64Mg(|,3lTlo.054
Znon2Cr0oo5)2.2of(Si3.5A]o5)401o] [OH.Cl.SoojJj nH20

Analytical techniques

Several chips cut perpendicular to the c-axis of
the emerald were investigated. From these chips
0.2-0.1 mm thick emerald wafers polished on
both sides were prepared. Microscopic examination

of the emerald wafers revealed several
populations of fluid inclusions.

Fluid inclusions were studied at temperatures
between -190 and +500 °C with a Fluid INC.
heating-freezing stage. The accuracy of temperature

measurements is about ± 0.5 3C in the low-
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temperature range (-190 to + 50 C) and ± 5 C in
the high temperature range (100-500 °C). The
temperature data on phase transitions in brine
inclusions were obtained by the method of sequential

heating and freezing (Haynes, 1985; Zwart
and Touret, 1994).

The analysis of solid and gaseous phases in fluid
inclusions was performed using an Ar+ Raman

microspectrometer (Renishaw system, 1000, Institute

of Earth Sciences, Jerusalem). The green
polarized light of an Ar+ laser beam was used for
excitation. Raman spectrum was collected by x 50
objective of the Leica optical microscope. The
emitted light is dispersed and analyzed through a

spectrometer equipped with a CCD detector. Using

entrance slits of 100 pm, the spectral line
width is about 3.5 cm with a resolution of less
than 1 cm

1 and a frequency reproducibility of the
same order. The spectrum acquisition time was
100 sec. A standard PC computer was used to collect

and store Raman spectra, as well as allowing
data analysis and presentation. The presence of
the volatile components C02, CH4. N,, and H:S
was checked referring to the following lines,
respectively: 1388 cm1; 2917 cm1; 2331 cm ';
2611 cirr1 (Burke, 1994).

Petrography of fluid inclusions

Primary inclusions are formed during crystal
growth (Roedder, 1984). In the Nigerian emerald

primary inclusions represented by clusters of
randomly distributed inclusions were found in the
central, colorless part of emerald (in a distance of
about 0-1 mm from the center to rim of the emerald).

Primary inclusions were also distributed
along growth faces in the middle and outer parts
of the crystal studied.

Pseudosecondary inclusions are formed during

or toward the end of crystal growth. Rare
trails of pseudosecondary inclusions were found
along the healed small fractures. A few trails of
latest inclusions originated at the crystal boundary

(secondary or latest pseudosecondary
inclusions) were also found. As a rule, inclusions within
the healed fractures are oriented along the
growth faces of the emerald.

The central part of the emerald is filled by a
cluster of small multiphase inclusions (primary
inclusions, Fig. 1 a and b). Some of the multiphase
inclusions arrange along small linear trails
(pseudosecondary inclusions). The size of inclusions is

usually up to 10 pm, and only a few of them are up
to 20 pm. They are composed of a gas bubble

Ca('():

brine solution

CO.

co

CO' ^ '

i u'tr • -STx
halite ' HO

0 Ù / brine solution

<5> B> /f &2 <y <5> @
J2k__ .£3.

halite
^3 -*f. CaCO,

gcowfh face

1 mm

Fig. 2 Sketch of typical distribution of multiphase and volatile-rich inclusions in the emerald.
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(about 20-30 vol%). a liquid (about 30-50 vol%),
one or several halite crystals (about 10-20 vol",,
and biréfringent phases are also often present.

Inclusions related to the growth zones of
emerald are abundant in the middle and outer
boundary of the emerald (primary inclusions. Figs
Id. e and f; Fig. 2). Inclusions are generally of
about 30—K) p.m. but some of them are up to 100-
200 ,um. Large inclusions sometimes follow the

jointing of crystal faces, forming curve-shaped
inclusions (Fig. If). Sometimes necking down
phenomenon is evident. Most of the large inclusions
are formed at the outer boundary of the emerald.
Inclusions are multiphase and composed of a liquid

(about 50-70 vol%), gas bubble (about 20-40
vol%), one or several small rounded biréfringent
and/or isotropic phases and isotropic phase
represented by halite (about a few vol",,).

Volatile-rich inclusions (the gas is about 70 up
to 100 vol%) are related to the growth zones of
the emerald (primary inclusions. Figs lg, 2) or to
the linear trails (pseudosecondary inclusions). In
the last case inclusions are also oriented along the
direction of crystal face growth. The volatile-rich
inclusions were observed on one or two faces of
crystal in the middle and outer parts of emerald.
The inclusion size is up to 40 pm, small isotropic
and/or biréfringent phases may sometimes be

seen in the liquid part of inclusions.
Latest pseudosecondary inclusions related to

the outer boundary of emerald may have different

liquid/gas ratio (0-50 vol% of gas). A lot of
necking down is characteristic here and homogeneous

trapped fluid inclusions superimposed by
fluid inclusions showing younger necking down
phenomenon (Fig. 111). Halite and one or two
small solid phases are usually present in these
inclusions.

Results

MULTIPHASE INCLUSIONS

Lowest-temperature phase changes were
observed in the biggest inclusions only.Tiny rounded
solid phases that formed during the freezing in

the gas bubbles melted and/or recrystallized in
the range of-122 to -56.6 °C. Other phase changes

in biggest and smaller inclusions during cyclic
heating and freezing experiments are very
complicated. The)' are likely due to the composite
nature of solution, crystallization and melting of cla-

thrate, general metastability of inclusions
themselves and often metastability of phases crystallized

during the cooling.The general metastability
of inclusions may be illustrated by the appearance

and the stability at ambient temperature of
numerous small halite cubes (sometimes about 20-
30 small crystals. Figs I c and f) which were absent
in inclusions before the start of the cooling experiments.

The appearance of many new small halite-
cubes, reaction halite-hydrohalite. low-temperature

clathrate melting make impossible unambiguous

measurements of some melting temperatures.
In general, the initial ice melting was observed

at a temperature range of -63.0 to -40.0 °C (Fig.
3a).The last melting of ice (Tny) was generally at

temperatures of -27.0 to -18.0 C (Fig. 3a). Hv-
drohalite started melting at -55.0 to -15.0 °C, the
final melting of hydrohalite took place at -10.0 to
+ 15 °C (Fig. 3b). The hydrohalite-halite transformation

reaction was clearly observed in most
inclusions at positive temperatures. The final melting

of fibrous solid around vapor bubble was
observed in the range of -34.0 to -22.0 °C (clathrate
melting. Fig. 3a). The dissolution of halite (Tm)
was observed at 50-220 °C (Fig. 4a). The
disappearance of vapor (lit) was observed at 250-520 C

(Fig. 4a). Small isotropic and biréfringent phases
were in most cases insoluble during the healing,
but in some inclusions their dissolution was
observed between 400-470 C (Fig. 4a). A lot of
decrepitation usually started at > 450 °C.

The dissolution temperature of halite in the
fluid inclusions are of the same range in the central

(0-1 mm from the crystal center), middle (1-2
mm) and outer (2-3 mm) emerald growing zones.
The data on the Th of fluid inclusions in the central.

middle and outer emerald growing zones are
shown in Fig. 4b.There is a weak tendency ofTh to
decrease from the center to the outer emerald
growing zones.

Solid daughter phases were investigated in
about 20 fluid inclusions by Raman analysis. Only
in 6 fluid inclusions biréfringent solid phases were
Raman active and revealed prominent Raman
shifts of peaks at 1085 cm'1. 1087 cm-1, 1088 cm

1

and 1089 env1 (Fig. 5b).These daughter minerals
were identified as calcite (in three cases), Mg-cal-
cite (in four cases) and aragonite (in one case)

(Burke, 1994).
The gaseous phase in a few inclusions where

low-temperature melting or recrystallization had
been observed during cooling-heating experiments

was also studied by Raman analysis. Very
minor intensity shifts were observed at 1388 cm 1

only, indicating low-density C02.

VOLATILE-RICH INCLUSIONS

These inclusions are mainly composed of a very
low-density gas phase with a water phase which is
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-75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0

Fig. 3 Histograms showing the
low-temperature data on
multiphase inclusions.
(a) 1. Initial ice melting (eutec-
tic temperature); 2. Final
temperature of ice melting (Tm,);
3. Final temperature of clalh
rate melting.
(b) I. Initial hydrohalite melting;

2. Final temperature of
hydrohalite melting.

Temperature C)

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550

Fig. 4 Histograms showing the
high-temperature data on
multiphase inclusions.
(a) I. Halite dissolution
temperature: 2. Dissolution
temperature of small isotropic and/
or biréfringent phases; 3.

Temperature of homouenization
(Th L + G -> L).
(b) Temperature of homogeni-
zation (Th L + G -> L) in the
central I middle (2) and outer

(3) emerald growing zones.
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300 400 500 600 700 800 900 1000 1100 1200 1300

300 400 500 600 700 800 900

Fiji. 5 Raman spectrum of emerald (a) and emerald + Mg-calcite (b).

1000 1100 1200 1300
wavenumber (cm ')

usually under the microscope detection limit (water

content is usually lower than 20 vol%). So.

only a few microthermometric data could he
obtained during heating-freezing runs. The melting
of solid phases in the gas bubble were observed in
a few inclusions at -56.6 °C indicating pure C02.
The temperature of C02 homogenization (Th
("(),) was observed at -45.0, -10 0, 2.5, 5.0 and
11.0 C into the gas phase, indicating a very low
density of CO,. The complete homogenization
temperature foi a few gas-liquid inclusions is 170.

250 and 290 C into the gas phase. Tiny isotropic
or biréfringent solid phases may be sometimes
seen in volatile-rich inclusions. No dissolution of
these solids was marked during the heating.

Discussion

Complexes of Be2+ with fluoride, hydroxide,
carbonate and chloride have been proposed for the

transport of Be under low- to high-temperature
conditions (e.g. Govorov and Stunzhas. 1963:

Beus and Dikov, 1967; Brown et al., 1983; Wood.
1992). The anions in the fluids percolated in the
Jos deposit were dominated by F and CI, as
determined from fluoride (fluorite, boldyrevite and ral-
stonite), fluorosilicate (Schwarz et al., 1996) and
chloride inclusions in the emerald. Boron was also
in the solution (tourmaline inclusions). Be-fluo-
ride complexes become unstable when rip-
decreases, which may be caused by precipitation of
fluorides (Wood, 1992). At the Jos deposit, fluoride

precipitation is expected to cause beryl
precipitation from fluoride complexes causing the
residual fluid enrichment in CI. This residual fluid
was trapped by the growing emerald in fluid
inclusions.

Multiphase primary and pseudosecondary
inclusions are the most abundant type of fluid inclusions

in the emerald. They have different size and

appearance (they can be with or without isotropic
and/or biréfringent phases), in spite of that they
show rather similar gas/liquid ratio and behave

similarly during heating-freezing experiments.
The general metastability of inclusions is evident
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and reflected in the appearance of halite small
crystals during cooling and then halite stability
sometimes up to 190 °C. In general, the low-temperature

behavior of inclusions is similar to
Ca-Na-Cl inclusions described by Zwart and
Touret (1994). Using the data on Tin; of ice
(-27.0 to -18.0 °C), Tm of hydrohalite (-10 to
15 °C),andTm of halite (50 to 220 °C) it is possible
to roughly evaluate the composition of inclusions.

It is as follows: NaCl/CaCl2/H20 30/10/60
(Vanko et al., 1988). The dissolution of halite at
50-220 °C indicates a NaCl concentration of up to
33 wt% (Roedder, 1984).Thus,the whole salinity
of solutions is about 40-45 wt%. The high NaCl
content in the fluid phase participating in the
emerald growth is confirmed by albite and Cl-bear-
ing glauconite syngenetic inclusions in the emerald.

High calcium content in fluid is supported by
CaCO, daughter phases often identified by Raman

analysis in multiphase inclusions and by fluor-
ile syngenetic inclusions in the emerald.

The low-temperature phenomenon of clatIt-
rate melting is similar to oversaturated brine-
C02-CH4-H2S inclusions described by Zwart
and Touret (1994). So. based on the referenced
low-temperature clathrate melting (Zwart and
Touret, 1994) the CH4-C02-H2S composition of
a very low dense volatile phase at very low fluid
pressure was suggested. Relatively high content
of H2S in gaseous phase is confirmed by increased
SO, content in the emerald, copper-antimonv
sulfide and S-bearing glauconite syngenetic inclusions

in the emerald (Moroz and Eliezri, 1999).
It is likely that due to the very low-density of the
gaseous phase it was impossible to detect the
admixtures of CH4 and H2S to C02 by Raman analysis.

Considering the very low density of vapor
phase, the gas content of inclusions is about a few
percents.

The temperature of multiphase inclusion ho-
mogenization (Th) is in the range of 200-520 "C.
Most inclusions are homogenized between 400-
500 C (Fig. 4a) and mainly at about 450 °C. Due
to the usual decrepitation of inclusions at about
450 °C the measured higher temperatures of ho-
mogenization correspond to stretched or partly
decrepitated inclusions. This is indicated at room
temperature comparing gas/liquid ratio, that
becomes larger after heating than before. Titus, partial

reequilibration (e.g. Vityk and Bodnar. 1998),
partial decrepitation, and partial necking down
leading to slightly different composition of fluid
inclusions are likely responsible for different Th
within the same population of fluid inclusions.
The statistical approach to the Th data indicates a
minimum temperature of inclusion trapping of
about 400-450 °C.

Primary and pseudosecondary volatile-rich
inclusions are mainly composed of low-density CO,
and a water phase at quantities of about its detection

limit under the microscope (about<20 vol%).
The volatile-rich inclusions were found among
the multiphase inclusions along linear trails or
along the emerald growing faces in the middle
and outer parts of the crystal on some (one or
two) faces of the emerald (Fig.2).The distribution
character of multiphase and volatile-rich inclusions

suggests their contemporaneous trapping.
Very low density of CO: in the gaseous inclusions
and respectively the low trapping pressure of
gaseous inclusion put in question the possibility of
gaseous and multiphase inclusion trapping due to
fluid heterogenization. Thus, an inflow of low-
density CO:-rich fluid at the middle and outer
stages of the emerald growth has to be assumed.
The contemporaneous trapping of volatile-rich
and multiphase inclusions permits to use the data
on them for the estimation of temperature and
pressure during inclusion trapping (Fig. 6). The Th
of multiphase inclusions indicates the likely
temperature of inclusion trapping of 400-450 °C.
whereas the phase diagram of the NaCl-H,0
system outlines the lowest possible range of trapping
pressure. The absence of gaseous water-rich inclusions

of low salinity coexisting with liquid salt-rich
inclusions in the emerald and homogeneous trapping

of salt-rich inclusions indicate that salt-rich
inclusions have been trapped in the field of single-
phase fluid. At the temperature range of 400-
500 °C and fluid hulk salinity of about 40 wt% a

single phase fluid is stable at P > 0.15-0.5 kbar
(Bodnar and Vityk, 1994). Using the data on
volatile-rich inclusions (CO, density, C02/H20
volume ratios) and trapping temperature of
multiphase inclusions the following trapping pressure

of volatile-rich inclusions can be estimated:
P 0.2-0.3 kbar (extrapolation of the data of
Brown and Lamb (1989) to the low-density field
of C02).

Collected data on fluid inclusions in the Nigerian

emerald permit to compare them with the
data on the Colombian emerald (Giuliani et al.,
1992. 1993; CHEiLLETZet al., 1994). Both emeralds
formed from essentially Na-Ca-Cl-rich solutions.
Halite is a common phase in fluid inclusions, and
inclusions show a similar range of the eutectic and
Tnt, melting temperatures. CO, is usually present
in the gaseous phase. In the studied emerald liquid

CO, is not visible at room temperature, but
the presence of three-phase C02-bearing fluid
inclusions has been found in the Nigerian emeralds
(Giard et al.. 1998). Liquid and vapor CO, are
also typical for the Colombian emeralds. H,S was
suggested in the vapor phase of the fluid inclu-
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Temperature (*C)

Fig. 6 PT-conditions during the emerald growth. The bold solid lines correspond to a P-T plol of a part of the

system NaCl-H20. H - halite, L - liquid, V - vapor. L + H + V three phase curve; L + H > L (40 wt%) - the liquidus
curve for 40 wt% NaCl (the total salinity NaCl + CaCL was referred to the bulk density as NaCl equivalent); L > L +V
vapor-pressure curve for FLO -NaCl solution with salinity 40 wt%. Solid lines are isochores originating at 400 and
500 °C, respectively, for inclusions having salinity of 40 wt% NaCl (Bodnar and Vityk, 1994). Dashed lines are
isochores of the low-density CO: system. C'O- 10(1) - pure CO: (Shmulovich et al.. 1982); CO- (80) - isochore of 80

vol'/I, CO. and 20 vol % H.b Brow n and Lamb, 1989). Hatched area is the PT-field of isochore intersections.

sions of the Nigerian emerald. S04 was also found
in the inclusions of the Colombian emerald
(Banks et al.. 1995).

It is likely that the following descriptive
characteristics of fluid inclusions in the Nigerian emerald

may be used for the determination of an emerald

source:
1 low temperature of clathrate melting which

is likely indicative for H:S (Zwart and Touret,
1994) present in ihe gaseous phase of inclusions;

(2) the common metastability of fluid inclusions.

Many inclusions are without a cubic crystal
of halite, but numerous crystals of halite usually
appear after inclusion is frozen and re-melted
again.The metastability was also reported for fluid

inclusions in Colombian emeralds, where
hydrates were nucleated during the cooling and stable
in the range of 50-284 °C (Giuliani et al., 1993);

(3) the existence of volatile-rich inclusions
(low density CO; +/- H.O inclusions) on one or
two faces of emerald;

(4) the different character of inclusion homog-
enization. Nigerian emeralds show the dissolution
of halite and then the dissolution of the gas phase
(the Colombian scheme of homogenization is re¬

verse). which is directly connected with higher
temperatures of the Nigerian emerald genesis.

The obtained data on fluid inclusions in the
Nigerian emerald constrain the source of mineralizing

fluid proposed earlier. Geological and petro-
logical data indicate autometasomatic alteration
of alkaline granites (Bowden, 1982; Kinnaird,
1985). Oxygen isotope data point to fluid-granite
interaction during the Nigerian emerald growth
(Giuliani et al.. 1998). Studied oversaturated
brine inclusions are also characteristic for silicic
magmas Bodnar, 1994),greisen and skarns
associated with granite domes (Kwak, 1987). The
obtained relatively low pressure (depth) and high
temperature of the emerald growth indicate the

very high geothermal gradient during the emerald
formation. It seems reasonable to connect the
high geothermal gradient with the intrusion of
granite.

Conclusion

The fluid inclusions in the emerald associated
with the Younger Granites of Central Nigeria (the



128 YE.VAPNIK AND I. MOROZ

Jos complex) were investigated. Fluid inclusions
of primary and pseudosecondary origin unambiguously

characterize the composition of the fluid
phase participating in the emerald growth. It was
a Na-Ca-Cl solution with a NaCl/CaCl, ratio of
about 3:1, a total bulk salinity of about 40-45
wt%, and with a few wt% of volatiles (C02± CH4
± H:S). CCL is of low density (up to 0.13 g/cm3),
liquid CO; is not visible at room temperature.The
daughter phases are represented by halite, calcite,
Mg-calcite and aragonite.

Th of fluid inclusions is about 400-450 C.The
trapping conditions of fluid inclusions within the
early and intermediate growth zones of the emerald

were determined as: T 400-450 °C, P 0.2-
0.3 kbar.

Many characteristics of fluid inclusions in the
Nigerian and Colombian emeralds are similar.
Nevertheless, a number of criterion on fluid inclusions

permits easily to distinguish the Nigerian
and Colombian emeralds.
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