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ABSTRACT

A geochemical study oJ amphibolites from the lower Swat valley,
Lesser Himalaya, identifies a suite of continental flood basalts erupted
over a gneissic basement of probable Late Cambrian age. Fractionation
of clinopyroxene and plagioclase controlled chemical variation in the
protolith. Metamorphism, retrogression and granitic intrusion strongly
afected the alkali and mobile trace element contents. The magmatism
was probably associated with the early rifting stage of the development
of Paleotethys. Subsidence of the rifted margin followed the extrasion
of the basalts, and arkosic continental sediments gave way to marine
carbonates arzd elastics. The carbonates belong to a reefoid association
of Middle Paleozoic age. The basin extended over much of present day
northwestern Pakistan with probable u~alogzlesalong the length of the
Lesser Himalayas.

.

INTRODUCTION
The northern margin of the Indian plate in northwestern Paldstan is
terminated by the Main Mantle Thrust (MMT), an extension of the Indus
suture (Tahirkheli and Jan, 1979; Coward et at., 1982, 1986). To the south of
the MMT lie schists and gneisses, with marble and amphibolite intercalations
(Fig. I), that constitute part of the Indian plate. The actual margin is probably
subducted deep below the suture (Malinconico, 1982), but parts of it are
exposed where southward vergent thrusts have piled up slices of metamorphic
rocks to form the Lesser Himalayas (Cowatd et ul., 1982, 1986; Humayun,
1985). The rocks here have been assigned ages from Precambrian to Paleozoic
(Le Foa, 1975; Tahirkheli, 1982).

In the Swat Valley, a stratigraphic sequence of gneisses overlain by
amphibolites, marbles and graphitic schists was recognized by Martin et dl.,
(1962). The Swat gneisses, part of a belt of augen gneisses extending along the
entire Lesser Himalayas (Le Fort et al., 1983), are unconfonnably overlain by a

Fig. I. Geological map of the Swat and Indus valleys, modified from Martin et al. (1962)
and Coward et al. (1986). The Indian plate sequence lies to the sduth of the
MMT, while to the north lies the plutonic belt of the Kohistan island am. The
amphibolites outcrop along the upper contacts of the gneisses, which form the
cores of anticlinal folds. The blank spaaes include intercalated marbles and graphitic schists. East of Alpurai, the differentiation of the basement from the
overlying rocks has not been attempted. 1. Crystalline basement, 2. Amphibolite
formation, 3. Massive carbonates (reef-cores), blank spaces are undifferentiated
carbonates and schists overlying the amphbolites, 4. Suture melange, 5, Ambela
granite.

formation of amphibolites, schists and calcsilicate marbles. These rocks are in
turn overlain by dolomitic marbles and calcschists that are followed by thick
graphitic schists. The gneisses and overlying rocks form a large thrust sheet, at
the base of which occurs a broad mylonite zone (Humayun, 1985).
The amphibolites were previously considered to be recrystallized sediments
(Kazmi et al., 1984). Detailed investigations near Mingora on the amphibolites,
however, indicate an igneous parentage of continental flood basalt (CFB) affinity
for the protolith. This requires a reinterpretation of the available data.

Reconnaissance visits to Buner, Malakand, Alpurai and Besham confirm
the extent of the Swat sequence (Fig. 1). The sequence is best exposed in the
swat valley and becomes increasingly disturbed towards the Indus valley where
the exposures are dominated by mylonitised gneisses. The structural relations of
these rocks in the Indus valley were described by Coward et al., (1982). The
rocks are younger than the underlying Precambrian-Early Paleozoic basement,
and are Middle Paleozoic in age (Martin et aE., 1962).
Lithologic relations were obscured during Barmvian metamorphism and
ddorrnation. The metamorphism is associated with the main Himalayan orogeny
(Maluski and Matte, 1984). Metamorphism up to almandine amphibolite fades
was followed by retrogression during uplift resulting in the local development of
epidote and chlorite. Both staurolite and kyanite have been widely reported from
the region (Coward et al., 1982). Garnet-staurolite schists are intercalated with
the amphibolites, refuting earlier opinion (Kazmi et al., 1984) that the metamorphism of the region is upper greenschist.
AMPHIBOLITES
The rocks consist of hornblende, plagioclase, and lesser amounts of
quartz, garnet, biotite, sphene, ilmenite/magnetite, rutile and apatite with local
epidote, chlorite, zoisite and carbonate. Texturally the rocks are massive to
schistose, and the hornblende is prismatic and aligned. Schistosity characterizes
altered arnphibolites (higher biotite content) which commonly grade to biotite
schists. Epidote and carbonate are secondary, zoisite is euhedral but probably
formed during intrusion of tourmaline granite veins. Some biotite is present in
all samples in textural equilibrium with hornblende and garnet, but is developed
as a major constituent in altered amphibolites, where it frequently replaces hornblende. Sphene is abundant in several rocks and generally rims ilmenite and
rutile. This indicates that the rocks were equilibrated at conditions above, and
subsequently cooled through, the sphene-in isograd (rnin. P-T : 600•‹C at 3 kb,
700" at 4.5 kb) of Spear (1981).
The amphibolites occur a5 concordant layers several tens of metres thick
(being thickest near the top of the sequence), intercalated with quartz-mica
schists and marbles (Fig. 2). Feldspathic schists separate the gneisses from the
adjacent marbles and amphibolites. A basal layer of grossular-quartz mck i s
present in several places. At one locality, coarse skarn-like rocks and garnet
amphibolite occur as pods between the gneisses and a tourmaline granite body.
Such pods of the amphibolite and associated inetasediments have also been described from Buner (Rosenberg, 1985).
Overlying the varied basal rocks is a sequence of alternating layers of
amphibolite, marble and quartz-micaschist. Contact relations between schists,
marbles and amphibolites do not satisfy the metamorphic differentiation model

Fig. 2. .Stratigraphic section of the amphibolite unit, from bottom: Swat gneisses, the
amphibolite formation (200 m thick, to scale) followed by the overlying carbonate
formation. The formation consists of a grossularte-quartz rock intruded by
tourmaline granite, passing upward to feldspathic schists and garnet-staurolite
schists. These are overlain by intercalated amphibolite, carbonate and quartzmicaschists.

of Orville (1969) for the origin of thin-layered amphibolites. AIthough thin
layers of amphibolite are present, many of the amphibolite layers are too thick
(Fig. 2) to be interpreted this way. Biotite-bearing schists required by the model
occur frequently within the amphibolite layers, rather than on the contact. Such
schists also contain relict hornblende and garnet and chemical analyses of these
suggest an origin from ampliibdite by addition of alkalies and removal of MgO,
CaO and even Ti02. A similar process has also been described from syn-meta.
morphic shear zones in Moine amphibolites (Floyd and Winchester, 1983).

Towards the base, the marbles are progressively replaced by calcsilicate
layers containing tremolite, diopside and epidote probably formed by thermal
activity during magmatism. Wollastonite is reported from one place where a
basic dyke intrudes the carbonates (Shams, 1963). Basic dykes (now garnet amphibolite) intrude carbonate rocks near Alpurai and contain xenoliths of the
adjacent marbles. Lead-zinc sulphide mineralization near Besham is closely assodated with amphibolite (Leake and Haslam, 1984). These field relations indicate
an igneous origin for the amphibolites.
Small intrusions of tourmaline granite in the amphibolites are variably
metamorphosed, but tourmalinization and alteration in the adjacent amphibolites
(forming zoisite-biotite schists) indicate that the granites are anatectic melts
formed during the Himalayan orogeny. There is substantial evidence for hydrothermal activity adjacent to the tourmaline granite contacts, including tourmalinization of the augen gneisses and feldspathic schists, and alteration of the am.
phibolite to biotite-zoisite schist.
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The upper contact with the dolomitic marbles is usually concordant, but
locally it is sheared. Amphibolite layers occur rarely in the base of the overlying
In contrast, basic dykes are common in the underlying gneisses.
These dykes, now transposed parallel to the foliation, frequently contain
,bophitic textures. Since mafic rocks are uncommon above the uppermost thick
amphibolite layer (Fig. 2), and absent from the calcshists and graphitic schists, it
seems likely that the amphibolite dykes in the gneisses acted as "feeders" to
hsaltic flows overlying the gneisses.
The thicker amphibolite layers presumably originated as single or composite lava flows, although, the possibility that some layers were dykes or sills
cannot be ruled out. No chemical evidence for in situ differentiation, as may be
expected in thick sills, has been found. Within a single thick unit texturally
aering amphibolites with sharp contacts have been observed. These variations
may be due to separate flows (or intrusions) since they differ markedly in chemical composition. TJ5s does not include variation in texture and chemistry
caused by the presence of shear zones along which metasomatic alteration has
taken place.
Geochemistry

Chemical analyses of 19 amphiblites (Table 1) were performed by XRF.
Total iron, MgO, CaO, NazO and K20 were repeated by Atomic Absorption
Spectrometry and FeO was determined by the method of Wilson (1960) for 11
samples. The analyses were recalculated to 100•‹h on an anhydrous basis before
plotting or norm calculations were performed. Corrections for oxidation of iron
in normative calculations were applied, following INine and Baragar (1971).
Primary chemical variation : The Swat amphibolites span a broad range of fractionation with FeOL/MgO = 1-3, and maximum MgO = 9.56. Most of the
analyses would be quartz-normative after correction for alkalies, a consequence
of the generally high SiOz (> 50•‹/o, anhydrous). Despite excess alkalies, the
rocks are subalkaline on a SiOz us. Na2O
IGO plot (Irvine and Baragar,
1971) and on a Ti02 us. Zr/PzOs plot (Winchester and Max, 1982). They are
distinguished from calcalkaline suites by higher Zr contents and Zr/Y ratio (cf.
Tectonic setting), and a positive correlation of Ti02 with FeO*/MgO (Miyashiro, 1975). They show a tholeiitic trend on the AFM diagram (Fig. 3) and
follow the trend of the Karroo dolerites on Niggli c vs. mg, 100 mg-(al-alk)
c,
and (al-alk) vs. c diagrams (Leake, 1964; Kalsbeek and Leake, 1970). These and
the diagrams of Winchester and Max (1982) distinguish the Swat amphibolites
from par a-amphibolites, or rocks derivative from a sedimentary parentage.

+

Crystal fractionation has been modelled following Kalsbeek and Jepsen
(1984), by plotting elemental concentration ratios with Zr as denominator
against Si/Zr. This method is more reliable and less effected by alteration than
oxide-oxide plots. The slopes are fiatisfied by the removal of calcic pyroxene and
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Fig. 3. AFM diagram of the Swat amphibolites. CA is the division between the calcalkaline and tholeiitic series after
Irvine and Baragar (1971) and TH is the calculated Skaergaard liquid trend. Those samples having exce'ksive aka11
contents are marked by open circles. These samples deviate
from the tholeiitic trend.
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Ni and Cr relations vs. FeO*/MgO. The much steeper
decrease of Cr with fractionation indicates that clinopyroxene exerts most of the control over Ni and Cr.

TABLE 1. WHOLE-ROCK MAJOR A N D TRACE ELEMENT ANALYSES OF THE SWAT AMPHIBOLITES.

SiO ,
Ti0 ,
FeO*
MnO
MgO
CaO

Na20
Kz 0
pzos
FeO
\O

Rb
Sr
Ba

Y
Zr
Ni
Cr
Co

v

Samples 1 to 11 are mean of XRF and AAS readings, with FeO* = total iron as FeO, and FeO = ferrous iron determined by
titration against ammonium metavanadate. Trace elements determined for all samples by XRF on log pressed powder pellets, using 12
USGS standards for calibration.

plagioclase in approximately equal amounts, probably with some olivine. Normative Di, CaO, MgO, Ni and Cr decrease with increasing FeO*/MgO. The Ni
and Cr fractionation pattern (Fig. 4) suggests a dominant control by dimpyroxene. The compatible behaviour of Ni and Cr. typical of mafic igneous rocks,
cannot be duplicated by pelite-dolomite mixtures (para-amphibolite).

Alteratiofi : Plots of oxide and element abundances against stable elements such
a, Zr and Ti02 show that concentratiorls of generally mobile elements have
been afFected by secondary processes, including redistribution and metasomatic
addition. In Fig. 3, those samples which have excess alkalies for given values of
FeO*/MgO and TiOz, are marked by open arcles. These eight samples have
higher normative Ab/An ratios and deviate from the tholeiitic trend towards
the A apex.
Plots of major dements divided by Ti01 us. SiO / Ti01 and Ti02 (Fig.
5 ) are expected to give well-defined trends for chemical variation during fractional crystallization, following the principle of Pearce (1970). The elements
correlate in order of decreasing field strength as SiOi , A1203, FeO, CaO and
MgO, the deviation probably caused by redistribution of these elements. This
is reflected by both mineralogy and texture. The proportions of biotite, epidote
and calcite, and schistosity or cataclasis generally indicate the degree of alteration. The development of sphene rims around ilmenite and rutile indicates the
smd scale of Ti diffusion during retrogression. The conversion of amphibolite
to biotite schist accompanying mylonitic shearing results, however, in a loss of
Ti02 compared to Zr and Y.
2

The secondary processes (addition, removal and redistribution of elements) are related to granitic intrusions in the vicinity, or take place during
amphibolite f acies or later retrogressive metamorphism. The possibility of contamination during the passage of magma through continental crust (Campbell,
1985), particularly the granitic gneisses, as a cause of high SiOz or K . 0 is
ruled out by the lack of correlation betmeen K and Si abundances. Instead,
s k i v e absorption of these elements from metamorphic fluids is likely. The
alteration of some of the dolerites in the gneisses by the development of garnetbiotite schist marginal to recrystallized (muscovite) gneiss indicates the liberation
of Si and alkalies during the catadasis of the gneisses (Humayun, 1985). This
process probably supplies the metamorphic fluids with these elements, and may
account for the many biotite schists present, both in the gneisses and the
amphibolites.
The oxidation ratio is evidently controlled by retrograde changes as it is
high in epidote-bearing rocks. K and Rb are affected by tourmaline granite
intrusions, as well, that have a metasomatic effect on the surrounding rocks,
and account for the anomalously high values of these elements in the adjacent

5. Relative element stability of major elements vs. TiO.. a) A comparison of Si0.l Ti02 and MgO/ TiO. vs. Ti02 indicating
- the sriong correlation of SiO. and the marked scatter of MgO. b) Correlation of major elemarts vs. SiOz/TiO.,
Deviation from a smooth linear trend is an indication of the degree of mobility of the element.

mphib&tes. Zoisite-biotite schists, sometimes several metres thick, develop
adjacent to tourmaline granite intrusions, and needles of tourmaline in amphibolite occur at one contact near Salampur village.
~ect~&
setting : The tectonic environment of eruption is dearly supra-continental from field relations, and this is corroborated by Fig. 6 in which both
altered and unaltered analyses plot in the within plate basalt field, in spite of
rnphibolite facies metamorphism. The stability of Zr, Y and Ti02 has been
established, both mutually and against fractionation indices. During intense alteration to biotite schist, Zr/Y remains constant but Ti02 is considerably reduced.
The Zr/Y ratio is higher than that of oceanic or subduction-related basalts in
a11 but two samples. These sample have lower SiOz, higher A1203 and are
more olivine-normative than the other amphibolites, indicating a separate chemical suite. Zr contents are higher than those of subduction zone basalts (Pearce
and Notry, 1979; Hawkesworth and Powell, 1980; Pearce, 1983) in all samples.

The amphibulites have low values of Ti02 and PzOs for a given value
of FeO*/MgO compared with basalts from other CFB provinces. Miyashiro
(1975) compared the Ti01 contents of the Columbia and Deccan plateau basalts
at FeO*/MgO = 2, these being 1.5-2.7% and 1-3%, respectively. The amphibolites have Ti02 = 1-1.5% at the same degree of fractionation, comparable to
the socalled T-type basalts of the south-east Brazil margin (Fodor and Vetter,
1984). This may reflect derivation from a parental liquid formed by a high
degree of partial melting (cf. Cox, 1980). Fractionation of Ti-bearing phases or
depletion of these elements during metamorphism does not provide an adequate
explanation since Ti02 appears to be incompatible in the range of fractionation
observed in these rocks, and the elements are considered to be stable during
metamorphism (Pearce and Can., 1973).

MARBLES AND GRAPHITE SCHISTS
Marbles and graphitic schists comprise two separate formations overlying the amphibolites. The marbles have variable composition, ranging from
massive lenticular bodies to thick-bedded and thin-bedded schistose strata (defined by compositional layering). Colour variations may be conceived as a lithological change from white limestone to black shale with intermediate degrees of
admixture between the two. Brown colour is due to shearing. The purest calcareous compositions are coarsely crystalline white marbles, variably dolomitic,
with a fetid dour, that form large masses considered to be "bioherms" (Martin et dl., 1962), from which deformed fossils have been recovered yielding a
probable Middle Paleozoic age (Martin et dl., 1962; Rosenberg, 1985).
The associated calcschists and impure marbles contain muscovite and some
quartz, graphite, garnet and tremolite/actinolite in addition to calcite/doIornite.

Fig

6

rectonic environment diagrams, a) Zr, Y relations after Pearce and Norry (I979),

A = within plate basalts, B = mid ocean ridge basalts, C = island arc basalts.
b) Ti, Zr, Y relations after Pearce and Cann, (1973), A, B, C = island arc basalts,
B = mid ocean ridge basalts (MORB),D= within plate basalts. Note that two
samples consistently plot in the MORB fieId.

These grade upwards and interfinger with the graphitic schists, which form
Grgeemapp&fe masses;~ h t i v e l y f r e e f f o t t*akire-awaj~
l
k e m t k e c ~ n t a c t_The
,
rocks are quartz-muscovite-graphite schists, with ferruginous material in places,
and numerous boudinaged quartz veins. Garnet is scarcely developed. Exposures
occur in most places where the Swat group is exposed, including Buner. Along
the suture, tectonic slices of greenschists and ultramafic material are thrust into
the schists.

south, the marbles tend to thicken (Fig. 1) with large massive
bodies becoming more abundant, so that Rosenberg (1985) has differentiated
the massive marbles as a separate formation. These rocks, however, are an integral part of the carbonate formation and their separation is not justified. The
.development of quarttites and a general increase in quartzcontent of the dastic
rocks towards the south suggests a southern source for the cl~sticmaterial. The
presence of pure q u a r ~ i t esouth of the massive carbonates and the interpretation
$ these rocks as reefcores is consistent with a general northward dip for the
basin.
DISCUSSION
. A model for the development of the basin by the rifting of continental
crust and the extrusion of flood basalts over a large part of the incipient basin
is proposed. Temporal constraint on this event is the 510-520 m.y. age of the
peisses (Rb/Sr whole rock isochron, Le Fort et al., 1983). Also by the early
Devonian, reefoid carbonates were flourishing over much of the northern Indian
plate ( S t a d , 1968). Thus, during the Silurian, a widespread rifting episode
probably occurred over much of the northern margin of t h e present Indian
plate. Lithospheric cooling during extension resulted in subsidence of the rifted
margin (Stedcler and Watts, 1978; Royden and Keen, 1980). Extensive flood
basalts preceded the gradual subsidence of the developing basin (Fig. 7). Such
a process was probably operative along the length of the present Lcsser Himalayas, forming the passive margin that characterizes the northern part of the
Indian plate during the Middle Paleozoic (cf. the reconstructions by Klootwijk,
1979, and Rickard and Belbin, 1980).
TO the

Fig. 7. A cartoon reconstruction of !Si: Eaieozoic continental margin. From b l o w , the

crystalline basement intruded by dykes which feed fissure eruptions of flood
basalts. The basalts are intercal-ated with detrital sediments, carbonates and possibly evaporites, and are overlain by a shelf carbonate sequence. A reef-core is
depicted in the southern part of the basin which presumably dips north. The
carbonates contain clastic material, the content of which increases upward and
outwards, interfingering with black shales deposited on the outer shelf.

The basalts were erupted on a granitic basement with a thin covering of
feldspathic sediments (arkoses). Thin cakaxxous layers were developed in places.
Quartzite and micaschist represent contemporaneous fluvid/marine activity, and
the upper surface of the !mas probably underwent some erosion before it was
submerge& Carbonate development began before the termination of magmatic
activity in the basin, and shallow mn~ineconditions probably alternated with
continental ones.
Calcareous schists and impure marbles overlying the basalts were probably
derived by the breakdown of the reefs flourishing in the basin. Actual reefs may
not have developed in the Mingora area, but were present to the south. Minor
igneous activity may have continued during the early phase of aeposition and
some dykes and sills intruded the flows and even the basal layers of the c a r b
nates. The lime sands and muds were mixed with carbonaceous clastic mud that was
being deposited further offshore. Thick calcshales were formed in this manner.
Continued marine transgression. resulted in the deposition of thick black shales
overlying the calcareous strata. This was probably due to anoxic bottom con&.
tions on the shelf, such as described by Leggett (1980) for Lower Paleozoic
black shales of the British isles. Thin ferruginous sand layers and small pebbles
have been recorded in places in the graphitic schists.
CONCLUSIONS
Geochemical analysis of amphibolites intercalated with mag~esianmarble,
calcsilicates and schists, indicates an igneous origin for these rocks. Recent field
work near Alpurai has revealed relict intrusive features in garnet amphibolites
identical to those of Mingora. The parent rocks were basalts of CF'B-afKnity
erupted in a zone of crustal attenuation similar to basalts from Greenland
(Brooks and Nielson, 1982; Kalsbeek and Jepsen, 1984), Brazil (Bellieni et al.,
1984; Fodor and Vetter, 1984), Deccan and Africa (Cox, 1980). This indication
of rifting is accompanied by evidence of subsequent subsidence, marine transgression a n d passive margin sedimentation. Subject to uncertainties in the ages
of the overlying carbonates, these amphibolites are evidence of SilureDevonian
magmatism. Taken together the evidence suggests the developmnt of s Middle
PaIeozoic passive margin and the opening of an ocean, possibly the Paleotethys.
The extent of this basin has been traced from Malakand in the west to
Besham in the east. The gneissic basement has a known extent along most of
the Lesser Himalayas (Le Fort et dl., 1983). Le Fort (1975) has described "a
remarkable lithologic control of the gneisses by quartzite, carbomceous schist
levels, and more or less dolomitic limestones that play a marker part along the
1200 km recognized". Further, he adds that the gneisses are often associated
with amphibolites, which he tentatively relates to a Silurian-Devonian infilling
of the Lesesr ~imalaya'sbasin. This account is strongly reminiscent of the Swat
region.
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