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

by Ye. Vapnik’ and I. Moroz®

Abstract

Fluid inclusions in emerald from the Jos complex, Central Nigeria, were investigated by microthermometric 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 the 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 (CO, + CH,+ H,S).
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/lem?). 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 condi-
tions 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 gran-
ites and pegmatites. They are located in regions
where acidic magmas have penetrated country
rocks in the vicinity of Cr-bearing basic-ultrabasic
rocks (BiEUs and MINEYEV, 1974; KIYEVLENKO et
al., 1974; Moroz, 1978: GRAZIANI et al., 1983;
BrROwN ¢t al., 1984: SLiwa and NGULUWE, 1984:
SINKANKAS and READ, 1986; SCHWARZ, 1987; Kaz-
M1 and SNEE, 1989; RUDOWSKI, 1989; SCHWARZ and
EIDT, 1989; SCHWARZ, 1991; LAURS et al., 1996; Mo-
ROZ, 1996; GIULIANI et al., 1997, 1998; MoRrRoOZ and
ELiezry, 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 ex-
pense of chromite-bearing basic-ultrabasic rocks
(GruLiant 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
Na,O (0.2-2.8 wt%) concentrations and features
an unusual quantitative and qualitative combina-
tion of elements of, on the one hand, acidic mag-
mas (ec.g. beryllium, sodium, potassium, zinc and
cesium), and. on the other hand, ultrabasic or ba-
sic country rocks (e.g. magnesium, iron, chromi-
um, vanadium, titanium. nickel. cobalt and cop-
per) (Moroz and ELIEZRI, 1998a). This emphasiz-
es 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 emer-
alds 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
al., 1997) formed by the alkaline alteration of
granites.

The genesis of emerald, P-T conditions of em-
erald formation, composition of fluid responsible
for emerald growth are the questions often risen
by gemmologists. Study of fluid inclusions in
emerald i1s a mean to answer these questions
(GRUNDMANN and MORTEANI, 1989; KazMmI and
SNEE, 1989; Souza et al., 1992; NWE and MORTE-
ANIL, 1993; CHEILLETZ et al., 1994; GIULIANI et al.,
1995; MOROZ and VAPNIK, 1998: 1999).

Up to now, a few preliminary data on fluid in-
clusions hosted in emeralds of Central Nigeria
and some conclusions on their trapping condi-
tions were performed (KINNAIRD, 1985; SCHWARZ
etal., 1996). One of the conclusions of these stud-
ies was that fluid inclusions in Nigerian emeralds
showed an inclusion pattern similar to that of Co-
lombian emeralds (SCHWARZ et al., 1996). The
comparison concerns the fluid inclusions only as
far as the Nigerian and Colombian emeralds be-
long to different types of emerald hosted deposits
(GruLiant et al., 1997). The Colombian deposits
are unique because they are hosted within black
shale series. Emerald formation was due to decol-
lement planes, thrusting and thrust-fault related
folds promoting hydrothermal fluid infiltration
and a strong fluid-rock interaction with the black
shales (CHEILLETZ and GTULIANI, 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 fea-
tures during freezing-heating experiments. So, we
believe that the distinction between the Colombi-
an and Nigerian emeralds can be also made by the
data on fluid inclusions.

Geological setting

The oldest rocks of the Nigerian Basement Com-
plex 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 asso-
ciated with the Pan-African orogeny were intrud-
ed 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 pe-
riod 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 alka-
li or calcic amphibole; (b) peralkaline biotite alka-
Ii feldspar granites and biotite syenogranites; (c)
metaluminous fayalite and hornblende-bearing
granites and porphyries with amphiboles and bio-
tite (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 al., 1991).

In the alkaline granites. a series of hydrother-
mal alteration processes with related mineraiiza-
tion 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 (albitization). The emeralds occur
in two settings both formed under similar geolog-
ical 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 re-
gion where granite fluids may have interacted
with surrounding country rocks. It is likely that
Cr may has been incorporated from the base-
ment schists or younger volcanic rocks both of
which have higher Cr-contents than granites
(ScHWARZ et al.. 1996).




FLUID INCLUSIONS IN EMERALD 119

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 x 3 mm to
10 x 6 x 6 mm in size, represent the full range of
color-tone and saturation, as well as hue between
bluish-green and yellowish-green. The rough crys-
tals 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
eve-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 inclu-
sions present. Weak-to-prominent growth struc-
tures 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 Cr,O; (Tab. 1). The oxides of other ele-
ments such as V,0;, CaO, K,0, TiO,, MnO, Cs,O

Tab. 1 Chemical composition (wt% ) of the Colombian

and Nigerian emeralds.
Location Colombia Nigeria
Deposil Muzo Jos
No. of samples 2 3
No. of analyses 14 L7
Cr,0; <-0.29 <-0.19
V,0, <-0.21 <-0.16
FeO <-0.25 0.09-0.73
MgO <-(.76 <-0.08
Na,O <-0.65 0.10-0.67
Cs,0 <-0.23 <=0.19
Si0, 62.2-66.5 63.4-67.2
ALO; 16.8-18.0 17.8-19.2
MnO <-0.12 <=0.11
TiO, <=0.17 <0.12
CaO <-0.23 <-0.18
K,O <-0.03 <=0.10
80, <-0.49
CuO <—0.41 <-0.21
NiO <-0.22
Zn0O <-0.25

<—: Concentration of element below detection mit of
microprobe.

and CuO were found in amounts near the detec-
tion limit of the electron microprobe used. The
emerald was remarkable for its considerable con-
tent (up to 049 wt%) of SO; (Moroz and
ELIEZRI, 1998a). The Nigerian and Colombian
emeralds show geochemical similarity, but the
first has higher iron and lower magnesium con-
tents (Tab. 1). Compared with emeralds from oth-
er deposits, the Nigerian and Colombian emer-
alds show the lowest Na,O values (MOROZ and
ELIEZRI, 1998a). The incorporation of Na in the
channels of the emerald structure does not de-
pend on its availability in the mineralizing fluid.
The controlling factor is the need for charge com-
pensation caused by the entrance of bivalent cati-
ons. Consequently, the Na-concentration is low
because (Mg+Fe’) in the emeralds is also low
(SCHWARZ et al., 1996).

One peculiarity of the Nigerian deposits is re-
lated to a set of solid mineral inclusions trapped
by emerald during its growth. The following min-
eral inclusions were found: chlorine-bearing Al-
glauconite, copper-antimony sulfide, tourmaline,
Fe-oxide, fluorite, albite, quartz, beryl and euclase
(MoRrOz and ELIEZRI, 1998b: 1999).

Al-glauconite 1s likely formed by the altera-
tion 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 ra-
tio of these elements of about (.5 is characteristic
for Al-glauconite inclusions in the Nigerian emer-
alds (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 substitu-
tions of Cr. Ti and Zn are recorded for the octahe-
dral site and Cl and S for the hydroxyl site of Al-
glauconite. The crystallochemical formula of the
mineral obtained by various microprobe analyses
is as follows:

(K aNag 1,Cag 065Cs0 002)0.61 (Al 17Fen 6aM 80 31T 54
Z0,02Cr 05)2.20[(Sis AL 5),01] [OH.CLS ), - nH,O

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 examina-
tion of the emerald wafers revealed several popu-
lations of fluid inclusions.

Fluid inclusions were studied at temperatures
between —190 and +500 °C with a Fluid INC.
heating-freezing stage. The accuracy of tempera-
ture measurements is about £ 0.5 °C in the low-



YE.VAPNIK AND [. MOROZ

120

S[021U passol)) ((presowa oy Jo yed ojpprw o) preaowo

21 JO $208) IM0I3 2y Suofe suoisnpur Arewnd aseydnmny (p) "uotsniaur ay ul [qULIISIP AR ale ‘aimeladway uaiquie 0) dn Suneay Sumofo)

pue SuI1Za2aj oyl 1

aseydnny (9) ‘preaawa oy Jo 1ed [enuad oy ut suorsnpul Al

J1JB POULIOJ DIDM [DIYMm SN

Jae

U [[eWS SnoIdwnu

AU S[OIIU PASSOL)) perawd oy Jo 1ed [pnuad agy ut uorsnput Arepuodasopnasd

vwid aseydnna (q) prerowa oy jo ued enuad oyy ut suotsnput Arewnad aseydnniy (v)

‘umoys a1e saseyd (Q) prjos wagurjaag pue (1) ey (A) 1odea *(77) pinbry prerowa uvLadiN ay) ut suoisnppul pmpy 7 81




2

FLUID INCLUSIONS IN EMERALD

‘1391 21 0)

U22S ST [RISAID Y1 JO WL DY "P[edawa oy} Jo 1ied 10100 a4y ut suotsnpul Arepuodasopnasd pue Arewrid 1sarer oy (y) (prerowa ayy jo 1red ajppru

A1) PIRIWD A JO $IOR] YIMOIT o1 Fuofe suoisnpput Aewiid Sutiesq-c0)) you

jo Sunurol oy 1@ uotsnput Arewnid aseydnniy () S[O21U PISSOI)) PRI Oy

ame

]

o 1red

aipprw a1 ut uotsnpout Arewd aseydymiy (9)

10A (8) 's[ootu passoly (pretawa ay) Jo 1ed 1910 241) $a08] [BISAID

(11u02) § 81y

e




122 YE.VAPNIK AND [. MOROZ

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 in-
clusions were obtained by the method of sequen-
tial heating and freezing (HAYNES, 1985; ZWART
and TOURET, 1994).

The analysis of solid and gaseous phases in flu-
id inclusions was performed using an Ar+ Raman
microspectrometer (Renishaw system, 1000, Insti-
tute of Earth Sciences, Jerusalem). The green po-
larized 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. Us-
ing entrance slits of 1()(_) um, the spectral line
width is about 3.5 cm™!, with a resolution of less
than 1 cm ' and a flL(]UchV reproducibility of the
same order. The spectrum acquisition time was
100 sec. A standard PC computer was used to col-
lect and store Raman spectra, as well as allowing
data analysis and presentation. The presence of
the volatile components CO,, CH,, N,, and H,S
was checked referrino to the following lines,
respectively: 1388 cm™'; 2917 cm™'; 2331 cm';
2611 cm™' (BURKE, 1994).

Petrography of fluid inclusions

Primary inclusions are formed during crystal
growth (ROEDDER, 1984). In the Nigerian emer-
ald 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 emer-
ald). Primary inclusions were also distributed
along growth faces in the middle and outer parts
of the crystal studied.

Pscudosecondary inclusions are formed dur-
ing 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 bounda-
ry (secondary or latest pseudosecondary inclu-
sions) 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 (pseu-
dosecondary inclusions). The size of inclusions is
usually up to 10 um, and only a few of them are up
to 20 um. They are composed of a gas bubble

CaCo,
P

_

brine solution
CO,

I 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 birefringent phases are also often present.

Inclusions related to the growth zones of em-
erald 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 3040 um, but some of them are up to 100~
200 um. Large inclusions sometimes follow the
jointing of crystal faces, forming curve-shaped in-
clusions (Fig. 1f). Sometimes necking down phe-
nomenon is evident. Most of the large inclusions
are formed at the outer boundary of the emerald.
Inclusions are multiphase and composed of a lig-
uid (about 50-70 vol%), gas bubble (about 20-40
vol% ), one or several small rounded birefringent
and/or isotropic phases and isotropic phase repre-
sented 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 um, small isotropic
and/or birefringent phases may sometimes be
seen in the liquid part of inclusions.

Latest pseudosecondary inclusions related to
the outer boundary of emerald may have differ-
ent liquid/gas ratio (0-50 vol% of gas). A lot of
necking down is characteristic here and homoge-
neous trapped fluid inclusions superimposed by
fluid inclusions showing younger necking down
phenomenon (Fig. 1h). Halite and one or two
small solid phases are usually present in these in-
C|Llsi(m'a'.

Results
MULTIPHASE INCLUSIONS

Lowest-temperature phase changes were ob-
served 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 chang-
es in biggest and smaller inclusions during cyclic
heating and freezing experiments are very com-
plicated. They are likely due to the composite na-
ture of solution, crystallization and melting of cla-
thrate, general metastability of inclusions them-
selves and often metastability of phases crystal-
lized during the cooling. The general metastability
of inclusions may be illustrated by the appearance

[R®]
‘2

and the stability at ambient temperature of nu-
merous small halite cubes (sometimes about 20—
30 small crystals, Figs 1c¢ and f) which were absent
in inclusions before the start of the cooling experi-
ments. The appearance of many new small halite
cubes, reaction halite-hydrohalite, low-tempera-
ture clathrate melting make impossible unambigu-
ous measurements of some melting temperatures.

In general, the initial ice melting was observed
al a temperature range of —-63.0 to —40.0 °C (Fig.
3a). The last melting of ice (Tm;) was generally at
temperatures of -27.0 to —18.0 °C (Fig. 3a). Hy-
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 transfor-
mation reaction was clearly observed in most in-
clusions at positive temperatures. The final melt-
ing of fibrous solid around vapor bubble was ob-
served 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 disap-
pearance of vapor (Th) was observed at 250-520 °C
(Fig. 4a). Small isotropic and birefringent phases
were in most cases insoluble during the heating,
but in some inclusions their dissolution was ob-
served between 400- 470 °C (Fig. 4a). A lot of de-
crepitation usually started at > 450 °C.

The dissolution temperature of halite in the
fluid inclusions are of the same range in the cen-
tral (O—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 cen-
tral, middle and outer emerald growing zones are
shown in Fig. 4b. There is a weak tendency of Th 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 birefringent solid phases were
Raman active and revealed prominent Raman
shifts of peaks at 1085 cm™!, 1087 cm™', 1088 cm!
and 1089 cm™! (Fig. 5Sb). These daughter minerals
were identified as calcite (in three cases), Mg-cal-
cite (in four cases) and aragonite (in one case)
(BURKE, 1994).

The gasecous phase in a few inclusions where
low-temperature melting or recrystallization had
been observed during cooling-heating experi-
ments was also studied by Raman analysis. Very
minor intensity shifts were observed at 1388 cm™!
only, indicating low-density CO,.

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

usually under the microscope detection limit (wa-
ter content is usually lower than 20 vol%). So.
only a few microthermometric data could be ob-
tained 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 CO,.
The temperature of CO, homogenization (Th
CO,) 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 for a few gas-liquid inclusions is 170,
250 and 290 °C into the gas phase. Tiny isotropic
or birefringent solid phases may be sometimes
seen in volatile-rich inclusions. No dissolution of
these solids was marked during the heating.

Discussion

Complexes of Be?* with fluoride, hydroxide, car-
bonate 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; BROwWN et al., 1983: WOOD,
1992). The anions in the fluids percolated in the
Jos deposit were dominated by F and CI, as deter-
mined 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 ap de-
creases, which may be caused by precipitation of
fluorides (WooD, 1992). At the Jos deposit, fluo-
ride precipitation is expected to causc beryl pre-
cipitation from fluoride complexes causing the re-
sidual fluid enrichment in CL This residual fluid
was trapped by the growing emerald in fluid in-
clusions.

Multiphase primary and pseudosecondary in-
clusions are the most abundant type of fluid inclu-
sions in the emerald. They have different size and
appearance (they can be with or without isotropic
and/or birefringent 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



126 YE.VAPNIK AND [. MOROZ

and reflected in the appearance of halite small
crystals during cooling and then halite stability
sometimes up to 190 °C. In general, the low-tem-
perature behavior of inclusions is similar to
Ca-Na—Cl inclusions described by ZwarT and
ToOURET (1994). Using the data on Tm, of ice
(-=27.0 to -18.0 °C), Tm of hydrohalite (-10 to
15°C), and Tm of halite (50 to 220 °C) it is possible
to roughly evaluate the composition of inclusions.

It is as foliows: NaCl/CaCl,/H,O = 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 em-
erald growth is confirmed by albite and Cl-bear-
ing glauconite syngenetic inclusions in the emer-
ald. High calcium content in fluid is supported by
CaCO; daughter phases often identified by Ram-
an analysis in multiphase inclusions and by fluor-
ite syngenetic inclusions in the emerald.

The low-temperature phenomenon of clath-
rate melting is similar to oversaturated brine-
CO,-CH,~H,S inclusions described by ZWwART
and TOURET (1994). So. based on the referenced
low-temperature clathrate melting (ZWART and
TOURET, 1994) the CH,~CO,-H,S composition of
a very low dense volatile phase at very low fluid
pressure was suggested. Relatively high content
of H,S in gaseous phase is confirmed by increased
SO; content in the emerald, copper-antimony
sulfide and S-bearing glauconite syngenetic inclu-
sions in the emerald (MoOROz and ELIEZRI, 1999).
It is likely that due to the very low-density of the
gaseous phase it was impossible to detect the ad-
mixtures of CH, and H,S to CO, by Raman anal-
ysis. 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 be-
comes larger after heating than before. Thus, par-
tial 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 400450 °C.

Primary and pseudosecondary volatile-rich in-
clusions are mainly composed of low-density CO,
and a water phase at quantities of about its detec-
tion 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 inclu-
sions suggests their contemporaneous trapping.
Very low density of CO, in the gaseous inclusions
and respectively the low trapping pressure of gas-
cous 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 tem-
perature of inclusion trapping of 400-450 °C,
whereas the phase diagram of the NaCl-H,O sys-
tem outlines the lowest possible range of trapping
pressure. The absence of gaseous water-rich inclu-
sions of low salinity coexisting with liquid salt-rich
inclusions in the emerald and homogeneous trap-
ping 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 bulk 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, CO,/H,O
volume ratios) and trapping temperature of mul-
tiphase inclusions the following trapping pres-
sure 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 CO,).

Collected data on fluid inclusions in the Nige-
rian emerald permit to compare them with the
data on the Colombian emerald (GIULIANI et al.,
1992, 1993; CHEILLETZ et 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
Tm; melting temperatures. CO, is usually present
in the gaseous phase. In the studied emerald lig-
uid CO; is not visible at room temperature, but
the presence of three-phase CO,-bearing fluid in-
clusions 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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Fig. 6 PT-conditions during the emerald growth. The bold solid lines correspond to a P-T plot of a part of the
system NaCl-H,O. 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 H,O-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 (BobNar and VITYK, 1994). Dashed lines are
isochores of the low-density CO, system. CO, (100) - pure CO, (SHMULOVICH et al., 1982): CO, (80) —isochore of 80

vol% CO, and 20 vol% H,0 (BrRowN and Lams, 1989). Hatched area is the PT-field of isochore intersections.

sions of the Nigerian emerald. SO, was also found
in the inclusions of the Colombian emerald
(BaNKsS et al., 1995).

It is likely that the following descriptive char-
acteristics of fluid inclusions in the Nigerian emer-
ald may be used for the determination of an emer-
ald source:

(1) low temperature of clathrate melting which
is likely indicative for H,S (ZWART and TOURET,
1994) present in the gaseous phase of inclusions;

(2) the common metastability of fluid inclu-
sions. 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 flu-
id inclusions in Colombian emeralds, where hy-
drates were nucleated during the cooling and stable
in the range of 50-284 °C (GruLIANI 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-
cnization. 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 mineral-
izing 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
(GruLiaNI et al.. 1998). Studied oversaturated
brine inclusions are also characteristic for silicic
magmas (BODNAR, 1994), greisen and skarns asso-
ciated with granite domes (Kwak, 1987). The ob-
tained 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
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Jos complex) were investigated. Fluid inclusions
of primary and pseudosecondary origin unambig-
uously 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 (CO,+ CH,
t+ H,S). CO, is of low density (up to 0.13 g/cm?).
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 emer-
ald 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 inclu-
sions permits easily to distinguish the Nigerian
and Colombian emeralds.
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