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ABSTRACT: The ophiolitic emerakl-hosting carbonated ultramafic rocks (magnesite + talc
andlor quartz+ chrome spinel) in the Swat valley contain disseminatedgrains, clusters and veins
of tourmaline and/ or fuchsite . These late-stage hydrothermal minerals are especially abundant
where the host rocks are traversed by ubiquitous veins and stockworks of quartz. Crystals of
emerald, tourmaline and fuchsite also occur in the quartz veins. Besides, the me tasedimentary
rocks that are spatially associated with the emerald's host rocks also contain tourmaline. In
contra t to that in the metasediments , tournline in the emerald-hos ting altered ulcramafic rocks
and the invading quart?:veins contain variable but distinctly high amounts ofCr,O,, MgO and
NiO , and relatively low concentration of TiO, . These chemical features, mode of occursence
and nature ofassociated phases suggest that the tourmaline may have been deposited from Si-rich,
Al-, Be-, B- and K-bearing hydrothermal fluids which passed through and extracted Mg, C r and
Ni contents from the host carbonated ultramafic rocks.
INTRODUCTION
The mapesite-rich assemblages containingvariable amounts of talc and/or quartz, with or without accessory amounts of chrome spinel,
ferritchromite and/ or Cr-magnetite, occur at a
number of places in the Swat valley (Fig. 1).
These rocks are of great economic significance
for hosting deposits which have been producing
one of the world's finest gemstone quality emeralds for the last several decades. Grains of emerald are locally associated with those of tourmaline in the host rocks as well as in the quartz veins
that traverse them. In addition, tourmaline occurs in the metasedimentary rocks which are
spatiallyassociatedwith the emerald's host rocks.
A detailed petrgogarphic and chemical investigation of the tourmaline from these different
parageneses - subject of the present study - would
not only help in understanding the processes

involved in its formation but is also likely t o
throw light on the genesis of emerald in the
region.

GENERAL GEOLOGY
The westward extension of the Indus-Tsangbo
Suture Zone, known as the Main Mantle Thrust
(MMT), marks the boundary between the IndoPakistan plate and the Kohistan arc sequence in
northern Pakistan (Treloar et al., 1989). T h e
MMT assumes a wedge-shaped zone in the Swat
valley and contains an assortment of rock assemblages that are bounded by faults (Fig. 1). These
rocks, collectively known as the MMT Melange
Group (MMTMG) (Arif & Moon, 1996), are
grouped into three principal types of melanges:
the Shangla blueschist melange, the Charbagh
greenschist melange, and the Mingora ophiolitic
melange (cf. fig. 2, Kazmi e t al., 1984).

The magnesite-rich lithologies, locally
hosting emeralddeposits, belong to the ophiolitic
member of the MMTMG. These rocks mostly
occur as lenses along the contact of the serpentinized ultramafic rocks with the metasediments
of the Indo-Pakistan plate. At places, small
patches and thin veins of these assemblages also
occur within the serpentinized ultramafic rocks.
Conversely, megnesite-rich lensoidalbodies containing relict patches of serpentinites occur at
differently localities (e.g. Mingora emerald mines
area). This characteristic mode of occurrence
strongly suggests that these assemblages might
have formed by carbonation of the previously ser~entinized ultramafic rocks (Arif
et al., 1996).
SAMPLES AND METHODS
Samples of carbonated ultrarnafic rocks and
metasediments were collected from the two emerald mine areas in the Swat valley (Fig. I).
Besides, tourmaline-bearing quartz veins cutting
the emerald-hosting rocks elsewhere in the region (e.g. Spin Obo-Kuh area) were also sampled.
After detailed petrographic examinations, polished thin sections of representative sampleswere
made for the purpose of SEM studies and analyses
with electron microprobe.
A Jeol Superprobe model JXA-8600 and
equiped with an ondine computer for ZAF corrections was used for carryingout analyses.Quantitative analyses were conducted using wavelength dispersive system and natural and synthetic standards under the following operating
conditions: 15 Kv accelerating voltage; 30 x 10Amp. probe current; 20 (2 x 10) seconds peak,
10 (2 x 5) seconds negative background and 10
(2 x 5) seconds positive background counting
times. The accuracy. of the ZAF correction is
generally better than 2%.

Besides abundant magnesite, the emerald's host
rocks contain variable amounts of talc and/ or

quartz, dolomite, and accessory to trace amounts
of spinel (mostly Cr-magnet ite-ferritchromite
and, in some cases, Cr-rich chromite). The rocks
are traversed by abundant quartz veins locally
producing stockworks. The quartz veins contain
tourmaline, fuchsite and emerald.
The tourmaline possesses a black to greenish black colour in hand specimen and a brownish to light green colour in thin section and
occurs as veins which traverse the magnesite-rich
matrix of some of the emerald-hosting rocks.
Some of the tourmaline veins also contain flakes
of a bright green fuchsite (cf. fig 6.2,
Hammarstrorn, 1989). In some cases, tourmaline
and fuchsite coexist as clusters. These two minerals also occur as fine-grained disseminations in
the host magnesite-rich rocks and in the quartz
veins that are injected into them. It is worth
mentioning that markedly high concentrations
of tourmaline and fuchsite occur in the zones of
the carbonated ultramafic rocks which are invaded by abundant quartz veins or stockworks.
Small prismatic crystals of tourmaline also
occur in the metasediments (calcite-bearing
quartz-mica schists) that are spatially associated
with the emerald-hosting rocks from the study
area. Tourmaline in the metasediments is brown
to colourless in thin section and occurs both as
disseminated grains as well as thin veins that are
dominantly composed of quartz.
ANALYTICAL RESULTS
Spot compositions of tourmaline were determined in eight samples including two
metasediments (one each from the Mingora and
the Gujar Kili mines), five carbonated ultramafic
rocks (four from the Mingora emerald mines area
and one from the Gujar Kili mine) and a quartztourmaline vein that cuts across the magnesiterich rocks in the Spin Obo-Kuh area (Fig. 1).
This is important to note that the chemistry of
tourmaline from the last mentioned paragenesis
is similar (except for being slightly richer in FeO)
to that from within the magnesite-rich rocks. O n

the other hand, the composition of tourmaline
occurring in the metasedimentary rocks is markedly different from that in magnesite-rich rocks.
The most notable differences are (also see
Table 1):
Tourmaline in the metasediments is virtually
free of Cr,O, (~0.04-0.18wt.%) whereas that
in the carbonated ultramafic rocks contains
variable, but mostly high Cr,O, (3 -88-12.58
wt.%).

alogical composition. This difference in the composition of tourmaline between and within the
two categories of rocks (metasediments and
carbonated ultramafics) reflects differences in
bulk composition (i.e. FeO/MgO ratios) among
the rocks.

T h e compositional variation of the
studied tourmalines is shown in Figs. 2 and 3.
Although Cr most probably replaces A1 in
the tourmaline structure (Fig. 2a), it appears
that the Cr for A1 -and Mg for Fe2' substituThe FeO content of tourmaline in the cartions
are strongly inter-related. Such a concepbonated ultramafic rocks is distinctly lower
tion
is
favoured by the reduced scatter in the
(0.71-2.62 wt. % ) t h a n t h a t i n t h e
data
points
and improved correlation coeffimetasediments (3.54-9.65 wt.%).
cient when A1 + Fe2' and C r + Mg pairs
Tourmaline in the metasediments contains are plotted against each other (Fig. 2b). Tourmore TiO, (0.3-1.12 wt.96) than that in the maline analyses from the two different paracarbonated ultramafic rocks (~0.04-0.25 geneses noted in the present investigation
wt.%).
plot in their respective clompositional fields
NiO is mostly higher in tourmaline from the (Fig. 3a, b).
carbonated ultramafic rocks (0.05-0.80
DISCUSSION AND CONCLUSIONS
wt.%) than that fiom the metasediments
(<0.05-0.08 wt.%).
The occurrence of tourmaline (+ fuchsite) in
Tourmaline grains in the metasedimentaq veins which cut across the main matrix of the
rocks (such as sample G13) exhibit optical carbonated ultramafic rocks suggests that its forand chemical zoning: the margins are mation pobably took place after t h e main epigreenish and relatively enriched in sode of talc-carbonate alteration. T h e distinctly
CaO, Cr,O, and have distinctly higher high concentrations of Cr, N i and Mg in the
FeO/ (FeO + MgO) ratios than the colour- tourmaline occurring in the carbonated ultramaless cores (Table 1).
fic rocks, relative to that in the metasediments,
stronglydemonstrate that these components were
All the studied tourmalines are characterextracted by the tourmaline-forming hydrotherized by high, although variable, contents of MgO
mal solutions from the host ultramaficrocks. The
(i.e. all are more or less dravitic in composition).
greater within sample variability in the concenBut as tourmalines fiom the merasedimentary
tration of Cr in the tourrnaline compositions is
rocks are rich in FeO, their Fe % {=FeO/(FeO +
probably due to the extremely low mobility of
MgO)) are consistently higher than that in the
this metal.
carbonated ultramafic rocks. However, the Fe #s
The coexistence of tourmaline and fuchsite
of tourmaline grains in one of the latter rock
type are variable and markedly high (although within the rock matrix as well as along one and
still distinctly lower than in the merasedi- the same vein suggests that both of them formed
ments) relative toother samplesof similar miner- as a result of one phase of hydrothermal activity.

TABLE 1. REPRESENTATIVE ANALYSES OF TOURMALINE
--

Samp. G13, G13, G13, G13,

-

-

M12 M12 M12 M12 M12 M12 M12 M12 M12 Sp34 Sp34

--

SiO, 36.42 36.25 36.04 36.42 37.03 37.09 37.01 36.94 36.97 36.65 36.51 36.54 36.56 36.34 36.67
Ti02

0.83

0.78

1.12 0.85 0.54 0.57 0.61 0.64 0.60 0.52 0.60

0.37 0.62 0.06, 0.25

A1,0, 31.22 31.03 31.52 31.11 29.86 29.95 30.18 29.55 29.32 28.97 29.45 29.20 28.63 26.54 27.69
Cr,O,

0.12

0.17 0.06 0.18 0.04 0.01 0.02 0.01 0.04 0.02 0.04 0.04 0.04 10.66 7.46

FeO* 8.58

7.01 9.19 6.89 5.93 6.37 6.35 6.97 7.45 7.85

8.16 9.01 9.58 0.78

1.04

MnO

0.01

0.04 0.03 '0.01 0.02 0.01

0.02 0.00 0.02 0.02 0.00 0.00 0.01 0.02

0.04

MgO

5.8

CaO

0.04

0.47 0.01

Na,O

2.57

2.48 2.44 2.44 2.66 2.66 2.56 2.76

2.82 2.82 2.87 2.99 2.93 2.63

K,O

0.01

0.01 0.00

0.02 0.01 0.02 0.01

NiO

0.06

0.04 0.08 0.03 0.06 0.02 0.03 0.01

7.26 5.09 7.14 8.63 8.52 7.99 8.06 8.07 7.84 7.56 7.09 7.08 8.14 8.82
0.5 0.31 0.34 0.32 0.30 0.17 0.17 0.16 0.06

0.02 0.03 0.03 0.02 0.01

0.07 0.06 0.06
2.72

0.02 0.03 0.01

0.04 0.06 0.02 0.04 0.06

0.13

0.15

Total 85.66 85.54 85.58 85.59 85.11 85.57 85.11 85.25 85.52 84.93 85.39 85.35 85.60 85.39 84.91

Number of cations based on 24.5 oxygens

(Continued)

Samp. Sp34 Sp34 G15 GI5 G15

M9

M9

M9 M13 M13 MI3 MI9 MI9 MI9 M24

0.01

0.03

0.03

0.03

TiO,

0.08

0.14 0.05 0.08 0.1 1 0.06 0.1 1 0.05 0.08 0.10 0.15 0.07 0.06

MnO

0.02

0.03

MgO

8.84

9.04 8.97 9.56 10.24 9.53 9.59 9.79 9.49 9.06 9.25 9.80 9.25 9.55 9.32

CaO

0.02

0.13

0.09 0.09 0.20 0.14 0.17 0.11 0.16 0.19 0.14 0.22 0.13

Na,O

2.45

2.66

2.63 2.54 2.79 2.70 2.73 2.70 2.85 2.77 2.66 2.60 2.72 2.62 2.63

K,O

0.03

0.02

0.02 0.00 0.02 0.04 0.02 0.02 0.03 0.02 0.02 0.03 0.02 0.03 0.03

NiO

0.31

0.28

0.05 0.06 0.10 0.07 0.09 0.10 0.15 0.15 0.22 0.10 0.15 0.18 0.13

0.01 0.03 0.03 0.01

0.06 0.03 0.05 0.02 0.03 0.01 0.03

0.46 0.08

Total 85.25 85.20 86.11 85.09 86.00 85.41 84.45 85.51 85.35 85.47 84.71 85.89 85.73 85.94 83.63

Number of cations based on 24.5 oxygens

Samples are designated after their localities: G= Gujar Kili mine area, M= Mingora emerald mines area and
Sp= Spin Obo-Kuh area (Fig, 1). Samples GI3 and M12 are metasedimentary rocks, Sp34 is a quartz vein
traversing carbonated ultramafic rocks and the remaining are carbonated ultramafics themselves. The subscripts
C and M with the analyses from sample G13 specify, respectively, the core and margin positions in the
analysed grain; * Total iron as FeO; Fe# = 100 x FeO/ (FeO+MgO).

indicate that the source of the hydrothermal
solutions most probably lies in, or is at least
related to, the quartz veins. It seems that tourmaline, fuchsite and emerald all are genetically
related. One strong evidence in this regard is that
emerald, like tourmaline, occurs in the same
quartz veins and inclusions of fuchsite have been
observed in emerald grains from the study area
(seealso Seal, 1989).Furthermore, aclose chemical affinity, similar chemical characteristics and
more or less identical geochemical behaviour of
Be and B (as evident from the similar mode of
occurrence and distribution of beryl and tourmaline, e.g. in late-stage magmatic products and
pneumatolyticveins and pegmatites) during many
geological processes support the hypothesis that
emerald and tourmaline from the study area are
genetically related. Emerald (or beryl) was not
observed in any of the studied samples representing the metasedimentary rocks. However, based
on the evidence from the chemistry of the associated andmost probably genetically related tourmaline, it can be predicted that Cr for the emerald formation was also extracted from the host
rock. In other words, the hydrothermal solutions
were originally Cr-free and thus would have
resulted in the formation of Cr-free tourmaline,
muscovite and beryl rather than Cr-rich dravite,
fuchsite and emerald, respectively, had they not
encountered ultramafic rocks. Furthermore, the
compositions of the resultant mineral phases
(quartz, tourmaline, fuchsite and emerald) suggest tha t the hydrothermal fluids were Si-rich
Fig. 2. Inter-elemenr relationships in tourmalines and they carried notable amounts of Al, Be, B
from the studied ultramafic rocks and the and K.
invaded quartz vein.
Ac knwledgements: The studies were financed
As tourmaline of similar composition also occurs by the Association of Commonwealth Universiin quartz veins, the hydro&emal act ivityisgroh- tiesirJJK. Mr Xdin Gnnigham a d M r . Rab
ably related to the injection of the latter. The Wilson of the Department of Geology, Univermore frequent occurrence and increasing abun- sity of Leicester (UK), helped in preparing poldance of the tourmaline-fuchsite association in ished thin sections and performing microprobe
zones rich in quartz veins (i.e. stockworks) also analyses.

- - - -

yKite
(.I

Metasedimentary Rocks

-\, Alkali-free
_
ravite

/

75

\

ravite

Fields (After Henry
and Guidotti, 1985)

Li-rich granitoid pegmatites

Meta-ultramafic

Scllol-1
Beue rg

ravite

erite

88

REFERENCES
Arif M. & Moon C. J,, 1996. Textural and chemical
&aracteristics of olivine and pyroxene in the
ultramafic rocks from the Indus suture zone in
Swat; N W Pakistan: Implications for petrogenesis and alteration. Schweiz. Bull. Mineral. Petrog.,
76 (I), 47-56.
Arif, M., Fallick, A. E. &MoonC. J., 1996. The genesis
of emeralds and their host rocks from Swat, northwestern Pakistan: A stable-isotope investigation.
Mineral. Dep., 3 1 (4), 255-268.
Hammarstrom, J. M., 1989. Mineral chemistry of emeralds and some associated minerals from Pakistan and Afghanistan: A n electron microprobe
study. In: Emeralds of Pakistan (A. H. Kazmi & L.
W. Snee, eds.). Springer-Verlag, New York,
125-150.
Henry, D. J. & Guidotti, C. V., 1985. Tourmaline as a
petrogenetic indicator mineral: an example from

the staurolite-grade metapelites of NW Maine.
Amer. Mineral., 70, 1-15.
Kazmi, A. H., Lawrence, R. D., Dawood, H., Snee, L.
W. & Hussain, S. S., 1984. Geology of the Indus
suture zone in the Mingora-Shangla area of Swat.
Geol. Bull. Univ. Peshawar, 17, 127-1 44.
Seal, R. R., 1989. A reconnaissance study of the fluid
inclusion geochemistry of the emerald deposits of
Pakistan and Afghanistan. In: Emeralds of Pakistan (A. H. Kazmi & L. W. Snee, eds.). SpringerVerlag, New York, 151-164.
Treloar, P. J,, Rex, D. C., Guise, P. G., Coward, M. P.,
Searle, M. P., Windley, B. F., Petterson, M. G.,
Jan, M. Q. & Luff, I. A,, 1989. K-Ar and Ar-Ar
geochronology of the Himalayan collision in NM
Pakistan: constraints on the timing of suturing,
deformation, metamorphism and uplift. Tectonics, 8, 881-909.

Fig. 3. Compositional characteristics of the investigated tourmaline. The diagrams are based on cation
proportions (after Henry & Guidotti, 1985) with symbols as indexed in (A). Fields in (A) are: (1) Lirich granitoid pegmatites; (2) Li-poor granitoids and associated pegmatites and aplites; (3) Fe3+-rich
quartz-tourmaline rocks (hydrothermally altered granites); (4) merapelites and metapsammites associated withan Al-richphase; (5) as (4) but not associated withan Al-murating phase; (6)Fe3+-richquartztourmaline rocks, calc-silicate rocks and metapelites; (7) low-Ca meta-ultramafics and Cr-, V-rich
metasedimenp; and (8) metacarbonates and merapyroxenites.

