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Abstract

The Bibai volcanics of a proposed hotspot origin occur in the Suleman and Kirthar Ranges of
Pakistan and are intermittently exposed near Waziristan, Zhob, Loralai, Muslim Bagh, Quetta, Khuzdar, Bela
and Karachi areas in a zone more than 1200 km long and up to 2 km wide.

The volcanics are mainly alkali basalts but occasionally picro-basalt (MgO 17.57 wt %),
trachybasalt, basanite, tephrite, hawaiite and trachyandesite are also found. Major and trace clement
chemistry confirm their alkaline affinity and within plate (hotspot) signatures. Major elements show
enrichment in K5O, TiO5 and Al,O3 and depletion in CaO and MgO as compared to N-MORB. Their LILE

and LREE enriched patterns and marked positive Nb and Ba anomalies are consistent with an enriched
mantle source. The lower Mg # (41-61), REE, Zr - Zr/Y, La-Cr and Cr-Yb- study show that the parent
magma for the Bibai volcanics was generated by 15%, partially melted garnet-lherzolite source and was
fractionated in an upper level magma chamber. The source diagonastic ratios including K/Ba, P/Zr, and
La/Ce for the Bibai and 0-2 Ma Reunion alkali basalts are almost similar, but the Bibai alkali basalts show
higher K/Y, St/Y, Ba/Y and La/Yb ratios which indicate incorporation of crustal material into the Bibai
parent magma. The Bibai alkali basalts also show remarkable enrichment in LILE and LREE relative to
average 0-2 Ma Reunion and oceanic island alkali basalt, suggesting contamination of the parent magma by
partial melts of Indian continental crust en-route to eruption.
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1. Introduction

The northwestern tectonic margin of the
Indian continent and Afghan Block in Pakistan is
marked by the Waziristan, Muslim Bagh and Bela
ophiolite suture zone (Fig. 1). These ophiolites and
their associated melanges were sporadically
emplaced onto the northwestern margin of the Indian
continent during Late Cretaceous to Early Paleocene
(Kojima et al., 1994). The Bibai volcanic rocks are
interstratified with the continental sediments of
northwestern margin of the Indian plate, which occur
in Suleman Range and found between Quetta and
Muslim Bagh (Fig. 1). Their close spatial location
near the ophiolite compelled earlier workers to
consider them to be a part of ophiolite sequence
rather than having any entity of their own. The
present paper mainly deals with geology,
geochemistry, petrogenesis and crustal contaminations
of Bibai volcanics and their implications on
Paleosedimentary environments.

1.1 Previous Investigations
Several and diversified opinions have been
presented by the past and present workers on the

genesis and geotectonic setting of the Bibai
volcanics. Vredenburg (1901) correlated the Bibai
volcanics of Bela area with the continental tholeiites
of Deccan trap. Jones (1960), DeJong and Subhani
(1979) and Otsuki et al., (1989) have considered
these volcanics a product of Andean type volcanic
arc, formed on the northwestern margin of Indian
plate. Kazmi (1984), on the basis of field and
petrological study, and Khan (1986) on the basis of
petrological and geochemical data, suggested
tholeiitic oceanic island arc environments for these
volcanics. McCormick (1985) first recognized them
as within plate alkali basalts on the basis of
preliminary mineral chemistry of two samples and
suggested that these volcanics were resulted by the
motion of Indian plate over a hot spot as have
already been proposed for the Ninety East Ridge
(Fig. 2) of Indian Ocean by Sclator and Fischer
(1974), and Chagos Laccadive Ridge (Mckenzie
and Sclator, 1971). Sawada et al.,, (1992) and
Siddiqui et al., (1994) on the bases of major and
trace element geochemistry also favored the
same idea. = McCormick (1991) suggested that
these volcanics are tholeiitic in nature and represent
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Fig. 1 Geological map of Muslim Bagh area showing different localities of Bibai volcanics. The small inset map on
upper right corner represent global setting, while larger inset map on upper left corner denotes regional geotectonic
framework and different localities of Bibai volcanis in the area.
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Fig. 2. Schematic geological cross sections exhibiting internal stratigraphy of Bibai volcanics and adjacent rock
formations, in Saran Tangi, (A), Ahmadune (B), Kahan (C), Chinjan (D) and Gunda Manna areas (E).
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the passage of Tethyan ocean floor over the Reunion
hotspot and correlated these volcanics with Deccan
tholeiites and Reunion lavas. He also suggested that
this hotspot existed during Middle Triassic. He
further suggested that these volcanics along with the
Muslim Bagh ophiolite complex were tectonically
emplaced onto the Pakistani continent in Paleocene
time. McCormick (1991) has considered the Bibai
volcanics exposed in Chinjan area (Fig. 1) and the
within plate volcanics which occur in the melange
zone of Muslim Bagh (Sawada et al., 1992) and Bela
Ophiolite Complex (Ahmed, 1991) as similar in
origin. The latter studies showed that, although both
the volcanics are similar in origin but were erupted in
different ages and tectonic environments (Siddiqui et
al. 1996 and Naka et al., 1996). The Bibai volcanics
were erupted around 71 Ma on the northwestern
margin of Indian continental plate and occur on top
of the Late Cretaceous (Late Companion) Parh
Limestone which is considered as a continental shelf
limestone (Fatmi et al.,1986; Butt, 1986). The within
plate alkaline and tholeiitic volcanics which are
associated with Muslim Bagh and Bela Ophiolite
Complex were erupted on the ocean floor of the Neo
Tethys around 81 Ma and tectonically emplaced onto
the north western margin of the Indian continental
plate during 71 to 67 Ma (Sawada et al., 1995).
Siddiqui et al., (1996) on the basis of petrogenetic
studies of Middle Triassic within-plate alkali basalts
and its correlation with the 0-2 Ma Reunion alkali
basalts; documented that Middle Triassic volcanics
represent the first and earliest manifestation of mantle
plume activity related with Reunion hotspot. Khan
et al., (1999) suggested that these volcanics represent
the earliest magma generated from the rising Reunion
hotspot plume.

2. Geology
Field aspects

The Bibai Volcanics are intermittently
exposed near Zhob, Muslim Bagh, Quetta, Khuzdar
and Bela areas. These volcanics are discontinuously
exposed in an area more than 1200 km long and
attaining a maximum thickness of about 2 km near
Gurmai village south of Muslim Bagh (Fig. 1). The
Bibai volcanics generally conformably overlie on top
of the Parh Limestone of Late Cretaceous age
(Hunting Survey Corporation, 1960) and are overlain
by the Mughal Kot Formation of Maastrichtian age
(William, 1959; Shah, 1999). Kazmi (1984) has
given a Campanian age to the Bibai Volcanics on the
basis of lower Campanian microfossils found in the
lenticular bodies of limestone intercalated within the
Lower part of the Volcanics. Siddiqui and Afzal
(1999) on the basis of Late Campanian fauna
(Globotruncana calcarata) assigned a Late
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Campanion age, whereas Sawada et al. (1995) have
documented a 71.4 + 3.4 Ma age on the basis of
whole rock K/Ar radiometric age data. At places the
Bibai Volcanics are unconformably overlain by the
Paleocene Dungan Formation (Fig. 2) and the Pab
Sandstone (H.S.C., 1960). Allemann (1979), DeJong
and Subhani (1979) correlated the Poralai
agglomerates, a part of Bela volcanics of (H.S.C.
1960) with Bibai volcanics. The subsurface basaltic
rocks found during drilling, in the lower part of the
Mughal Kot Formation near Karachi (Dubri Creek)
are also included in the Bibai volcanics due to their
similar stratigraphic position.

During the present investigations Bibai
volcanic were studied in five different localities
(Figs. 1 and 2) of Suleman range which include (A)
Saran Tangi (N 30° 25' 15" and E 67° 13' 10"), (B)
Ahmadune (N 30° 28' 29" and E 67° 23' 05"), (C)
Kahan (N 30° 27' 28" and E 67° 27' 13"), (D) Chinjan
(N 30° 31' 05" and E 67° 53' 32") and (E) Ghunda
Mana area (N30° 37' 53" and E 68° 06' 15"). The
Bibai volcanics are mainly represented by pillow and
massive basaltic lava flow, agglomerate, volcanic
conglomerate, tuffaceous sandstone, mudstone, shale
and marl. The detailed internal stratigraphy of the
above localities are illustrated in Fig. 2, and a brief
description of each lithological unit is given below:

Pillow basalts: The amygdaloidal pillow basalts are
well developed in Saran Tangi (Fig. 2 A), Chinjan
(Fig. 2 D) and Ghunda Manna (Fig. 4 E) areas. In
these areas pillow lavas occur on top of the micritic
and sublithographic Parh Limestone and at places
lenticular bodies or beds up to 50 cm thick, of the
same limestone are also intercalated in the lower part
of the pillow lava sequence, which contains Late
Campanion fauna: Globotruncana calcarata. This
pillow lava sequence is 80 m thick in Saranpangi,
525 m in Chinjan and 28 m in Ghunda Manna areas.
The individual pillows in these areas range in
diameter from 15 cm to up to 2 m. The pillows are
generally without matrix in the lower part and
gradually show arenaceous, sandy to silty matrix
towards the upper part.

Massive Basaltic Lava Flows: Massive basaltic lava
flows are found only in Chinjan area (Fig. 2 D),
where three; lower middle and upper horizon occur
intercalated with pillow lavas and volcanic
conglomerates. In lower horizon three lava sheets are
found intercalated with pillow lava flows, which are
3 to 35 metre thick. In the middle horizon massive
lava flows are about 50 metre thick and occurs within
the volcanic conglomerate. The upper horizon of
massive lava flows are represented by three eruptions
within the volcanic conglomerates. The lower two
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eruptions are 1.5 thick, while upper one is 70 metre
thick. The massive lava flows in all three horizons
are dark gay to black in colour and are amygdaloidal
in nature.

Agglomerates:
well developed in

The agglomerates and tuffs are
Ahmadune and Kahan areas
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(Fig. 3and 4 D and E) and occur on top of the Parh
Limestone. These are 5 to 20 meter thick and also
contain 1 to 3 meter thick lenticular bodies of
massive basalts. The agglomerates are mainly
composed of lapillies and volcanic bombs lcm to
1.5m in diameter, embedded in fine to medium
grained volcanic ash.
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Volcanic conglomerates: The volcanic conglomerates
are observed in all the localities. The beds of volcanic
conglomerates range in thickness from 20 to 50
meter. In Kahan and Ahmadune areas, the beds of
volcanic conglomerates are intercalated with
tuffaceous sanstones (Fig. 4 D and E). The volcanic
conglomerates are mainly composed of rounded to
subrounded fragments of various types of basalts
(porphyritic, non-porphyritic and amygdaloidal),
andesites, diorites, gabbros, limestone, sandstone,
siltstone mudstone and radiolarian chert. These
fragments range in diameter from less than 1 cm to
50 cm and are embedded in a tuffaceous sandy
matrix.

Tuffaceous sandstone, mudstone, shale and marl:
These rocks occur as intercalations in almost, all the
localities (Fig. 4). The sandstone and siltstone are
generally dominated in the lower part of Bibai
volcanics whereas mudstone, shale and marl are
dominated towards the upper part. The tuffaceous
sandstone beds range in thickness from 15 centimeter
to one meter. The tuffaceous siltstone beds range in
thickness from 10 cm to 30 cm and tuffaceous
mudstone beds from 2 cm to 15 ¢cm and tuffaceous
shale beds from 2.5 to 60 cm thick. The marl beds
range in thickness from 30 cm to 3.5 meters.

3. Petrography

The Bibai volcanics exhibit porphyritic,
cumulophyric, intersertal, pilotaxitic, trachytic and
vitrophyric textures, cumulophyric to
subcumulophyric textures being the most common.
The main minerals are plagioclase (An3¢-88),
titaniferous augite diopside, olivine, phlogopite,
lamprabolite (oxi-hornblende), nosean, sodalite,
nepheline and devitrified volcanic glass (Table 1).
Apatite, ilmenite and magnetite occur as accessories.
On the basis of petrographic studies, several varieties
of basalts and other volcanic rock types are identified
which include normal alkali basalt (R-1-10)
(dominant), picro-basalt (MgO 17.57 wt %, R 11),
trachybasalts (R 12), basanites (R 13 and 14), tephrite
(R 15), hawaiites (R 16) and trachyandesites (R 17).

4, Geochemistry

Analytical Techniques: The major and trace elements
were analyzed in the Geoscience Laboratory,
Geological Survey of Pakistan, Islamabad, by X-ray
fluorescence spectrometry (RIGAKU XRF- 3370E).
The sample powder (<200 mesh) was thoroughly
mixed with lithium tetra borate (flux) in a 1:5 sample
to flux ratio and the glass beads thus obtained were
analyzed by XRF. The REE, Th, Hf, and Ta were
analyzed at the CHEMEX Laboratory Canada by
INAA.

19

The analytical results and CIPW norms are
presented in (Table 2). The major elements are
recalculated on a volatile free basis. All the volcanic
rock suites presented in the Table 2 plot in their
respective field in the SiO7 versus alkali plot (Fig. 3).
In some instance non alkaline basalts also show high
values for alkalies due to submarine alteration
(Melson et al., 1968; Fife, 1977). Therefore in order
to confirm weather these rocks are truly alkaline or
not, the samples are again plotted (Fig. 4) in Zr/TiO,
versus Nb/Y diagram, which reveals that all the
volcanic rocks are alkaline in nature

Major Elements: The major elements of Bibai alkali
basalt show enrichment in K20, Nap0O, TiOp, Alp03

and P2O5 and depletion in CaO and MgO relative to

N-MORB (Tables 2 and 3), which are consistent
with an alkaline series.

Incompatible Trace Elements: In incompatible
elements in Bibai volcanic rocks are enriched in
whole range of large ion lithophil elements (LILE)
including Rb, Sr Th, U and Ba; and high field
strength elements (HFSE) including Nb, Ta, Zr, Hf
and Y relative to average N-MORB value (Sun and
McDonough, 1989), which are consistent with
basaltic alkaline rocks (Tables 3 to 5). The Bibai
volcanics has lower Zr//Nb and higher Ti/V and
Zr/Y ratios (Table 2) than those of average MORB
(Table 5), which are consistent of an enriched mantle
source.

Spider Diagrams: The spider diagrams or multi-
elements diagram are generally used to study the
behavior of incompatible trace elements in the rocks
and to constrain their source regions, with reference
to N-MORB, primordial mantle or any other
tectonically important compositions.

For this purpose samples from Bibai
volcanics are plotted in N-MORB and primordial
mantle normalized spider diagrams (Figs. 5 A and B)
with normalizing values of Sun and McDonough
(1989).

The incompatible trace element patterns in
this diagram exhibit variable enrichment of whole
range of trace elements including LIL and HFS
relative to N-MORB and primordial mantle. These
patterns also show relatively more enrichment of
LILE relative to HFSE with distinct positive spikes
on Ba, Nb and Zr that are consistent with an enriched
mantle source (Pearce 1983; Wilson, 1989). In
Oceanic Island Basalt (OIB) normalized spider
diagram (Fig. 5 C) exhibited patterns of Bibai
volcanic samples are almost parallel to normalized
value of one suggesting a source identical to OIB,
which are hotspot related volcanics.
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Table 1. The salient petrographic features of the Bibai volcanics
Locality
Sam ple - Common Accessory Secondary
No. Rock Name (See Fig. 2) Occurrence Texture Phenocrysts Groundmass Minerals Minerals
. . . chl, ant, idd,
R Saran Tangi Plllgw lava cumulophyric to ti-aug, micro-cryptocrystalline chloroph celado,
. Ahmadune Massive basalt subcumul 1(A; . .
1-10 Alkali basalts . Pl(Ange gg), & glassy, pl + ti-aug + ap +il + mt ura, chalced ,
Kahan & Volc. Conglo ophyric & ] .
. . hl phl + oxi-hbl + nosean cal , natro , stil,
Chinjan merate subintersertal phl, .
claymin
Dykes & pl (An ),
R Volcani hyritic & 50-58 icrocrystalline pl +
Picro- basalt Chinjan olcame POIPRYILC ¢ diopol fmicrocrystaiing p ap + mt +chr ura , ant, idd
11 Conglom subpilotaxatic diop + ol+ diop
erates (Fog9.g5)
Trachybasalt Volcanic trachytic & . . .
R . o ti-aug , aeg- micro-cryptocrystalline . chl, ant, clay
12 Ghunda Mana  conglomerate pilotaxitic aug . ne, ol pl + ti-aug + san + phl ap +il + mt min.
. Microcumuloph micro-cryptocrystalline ap +il + mt
R 13,14 Basanite Ghunda Mana Pillow lava yric & ti-aug , phl & glassy , ti-aug + pl+ chl ] chloroph.,
i anti, cal, saus
subintersertal san + phl+ nosean+ ne
Pillow lava Microcumuloph micro-cryptocrystalline chl, chloroph,
R 15 Tephrite Ghunda Mana yric & ti-aug , phl & glassy, ti-aug + pl + ap +il + mt cal,
subintersertal san+ phl + nosean +ne saus
. micro-cryptocrystalline
. microcumuloph . chl, chloroph,
R 16 Hawaiite Ghunda Mana Pillow lava yric . & glassy, ti-aug + pl + ap +il + mt celado,
ti-aug san + nosean+ ne+ phl ;
clay min, serp
Volcanic . . . .
R 17 Trachy— . ti-aug , aeg- micro-cryptocrystalline . chl, clay min
Andesite Ahmadune conglomerate trachytic aug e, ol pl + ti-aug + san + phl ap +il + mt
Table 2. Bulk chemistry and CIPW norms of the Bibai volcanic rock suites.
Sample R-1 R-2 R-3 R4 R-5 R—6 R-7 R—8 R-9 R-10 R-11 R-12 R-13 R-14 R-I15 R-16 R-17
Sio, 4755 4797 48.63 4792 4725 50.70 4585 4798 4597 50.74 44.66 5273 4290 43.61 43.68 4391 5721
TiO, 2.41 217 231 229 234 245 298 296 297 249 1.59 277 3.88 2.99 376 3.69 1.90
AlyO3 1621 1544 1567 1560 1622 1679 1798 1593 18.08 16.75 10.61 1636 1482 1443 1539 1486 15.87
Fe,03  11.88  11.59 1149 11.65 1150 9.49 11.84 1215 11.79 842 12.38  9.66 15.04 1355 1491 1442 847
MnO 0.16 016  0.15 0.15 0.15 0.08 0.17 0.28 0.17 0.08 0.16 021 020  0.19 020  0.20 0.13
MgO 6.16  6.36 6.43  6.96 6.46 6.44 432 590 425 6.56 17.57 3.28 5.87 6.83 5.27 5.04 3.82
CaO 1098 11.24 1016 10.75 1090 10.37 991 796  9.89 1026 10.62 7.12 10.84 1359 10.65 10.79 5.61
Na,O 269 339  3.67 3.19 354 2,69  3.88 349 375 2705  1.63 4.84 399 299 3.77 358 457
K,0 1.55 1.29 1.12 1.13 1.22 1.61 2.52 287  2.56 1.59 059 244 1.66 1.15 1.50  2.61 2.13
P,04 040 039 037 036 038 034 055 0.53 0.52 0.40 020 0.58 0.80  0.66 0.88 0.90 0.28
TOTAL 99.99 100.00 100.00 100.00 99.9 9996 100.00 10005 9995 9999 100.01 99.99 100.00 99.99 100.01 100.00 99.99
Mg # 52 52 53 54 53 57 42 49 42 61 74 40 44 50 41 41 47
\% 352.0 290.0 297.0 3250 3120 3180 3140 322 309.0 3340 279.0 233.0 3760 410.0 347.0 347.0 200.0
Cr 93.0 2060 1450 178.0 121.0 1700 107.0 101.0 93.0 1750 153.0 52.0  36.0 119.0 41.0 310 139.0
Co 46.0 50.0 55.0  55.0 59.0 38.0 51.0 69.0 51.0 35.0 115.0 420 85.0 54.0 78.0  70.0 39.0
Ni 74.0 109.0 101.0 107.0 89.0 93.0  67.0 83.0 480 103.0 7320 120 30,0 950 29.0 230 400
Cu 97.0 165.0 119.0 1040 97.0  92.0 380 620 410 97.0 103.0 17.0  38.0 191.0 350  40.0 34.0
Zn 107.0 97.0  99.0 96.0  98.0 107.0 102.0 108.0 106.0 99.0 87.0 103.0 1550 119.0 163.0 156.0 80.0
Y 260 250 230 240 240 320 270 33.0  30.0 35.0 16.0 340 400 270 420 420 250
Zr 158.0 199.0 83.0 126.0 181.0 217.0 2350 2040 2480 236.0 1050 210.0 3460 2580 2640 343.0 134.0
Nb 410 400 370 400 39.0 410 610 580 650 430 280 57.0 75.0 84.0 75.0  77.0 30.0
Rb 31.0 280 200 310 240 33.0 51.0 61.0 56.0 37.0 170 41.0 36.0 18.0  48.0 470 38.0
Sr 158.7 6160 2048 17290 77.0 560.0 736.0 627.0 7650 583.0 492.0 12230 4540 11280 16350 5940 438.0
Ba 611.0 472.0 913.0 491.0 4250 617.0 770.0 591.0 741.0 528.0 2760 19100 5730 836.0 589.0 842.0 385.0
Zr/Nb 385 498 224 3.15 4.64 5.29 3.85 3.52 3.82 576 3.5 3.68 4.6l 3.07 352 445 4.47
Zr/Y 6.07 796  3.61 5.25 7.54 6.78 8.70 6.18 8.26 6.74 656  6.18 8.65 9.56 6.29 5.79 5.36
Ti/V 41.08 4490 46.66 4226 450 4623 5694 5516 57.67 4443 3419 7133 6191 4376 6501 63.80 57
Ti/Zr 91.52 6543 16651 10905 77.57 67.74 136.64 87.06 71.85 14229 90.86 79.14 90.23 69.53 8545 64.55 85.07
Qz — — — — — — — — — — — — — — — — —
Or 9.21 7.66  6.69 6.76  6.53 6.87 1457 1499 1558 17.07 3.54  9.87 8.94 18.14 1558 1525 23.74
Ab 23.01 23.03 2871 2545 039 8.55 4121 1594 1059 2431 1093 14.01 17.54 1875 1059 1642 21.12
An 27.82 2331 23.13 25.12 2233 2273 1572 2437 1692 1943 20.08 19.17 20.84 1723 1692 2510 17.32
Ne 0.00  3.18 1.41 0.94 1445 921 — 9.30 10.81 295 1.60 10.77 793 1436 1081 843 15.18
Di 19.76 2448 2026 21.11 20.10 3294 12.60 1723 2510 1347 2529 2294 20.15 13.60 2510 1659 1044
Hy 0.51 — — — — — 1.94 — — — — — — — — — —
Ol 8.38 7.87 8.89 9.84 2830 582 1.05 456 413 9.16 3052  6.69 6.17 439 413 4.63 3.58
Mt 5.76 5.41 5.63 5.58 4.26 6.60 6.26 6.60  7.68 6.60  4.53 7.73 7.79 6.32 7.68 6.60 451
He 462 417 442 438 2.86 5.73 5.29 570  7.07 566  3.04 697 7.21 5.30 7.07 569 290
Ap 0.92 090  0.86 0.83 0.79 1.54 1.35 129  2.11 1.23 0.47 1.86  2.07 1.91 2.11 1.29 1.20
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Table 3. A comparison of major and trace elements of average MORB, Bibai, Hawaii,
Ascension and Tristan Da Cunha Alkali basalts.
N-MORB E-MORB  BIBAI HAWAII ~ ASCENSION  TRISTAN-
1 2 (Hualalai) 4 DA CUNHA
3 5
Major element Wt %)
SiOp 50.40 51.18 48.06 46.37 46.40 40.36
TiOy 1.36 1.69 2.54 2.40 3.47 3.54
Al O3 15.19 16.01 16.47 14.18 15.58 16.19
FeyO3 10.01 9.40 11.08 14.99 14.04 11.37
MnO 0.18 0.16 0.16 0.19 0.22 0.18
MgO 8.96 6.90 5.98 9.47 522 4.57
CaO 11.43 11.49 10.25 10.33 9.20 9.45
Na,O 2.30 2.74 3.30 2.85 3.53 3.97
K,0 0.09 0.43 1.75 0.93 1.24 3.15
P>0O5 0.14 0.15 0.42 0.28 0.95 1.42
Trace elements (PPM)
Nb 2 8.6 47 16 46 110
Zr 97 121 189 160 225 300
Y 37 39 28 21 38.8 50
Rb 23 10 37 22 20 40
Sr 98 155 1003 500 426 1400
Ba 20 97 616 300 280 1000
NOTE: Values in columns 1 and 2 after Humphris et al 1985, 3- after Schilling et al 1984,
4-after Weaver et al 1987 and 5-after Baker et al 1964.
Table 4. Rare earth and trace elements comparison of alkali basalts of the Bibai volcanics,
with average Hawaii, MORB, OIB and Reunion hotspot alkali basalts.
o Hawaii Ave. Reunion
Ave. Bibai .. N-MORB E-MORB
SR-1  SR2 SR3 SR4 SRS SR6  Volcanics (H“allala‘) 2 3 OA{B H"t;p"t
La 47 49 46 36 86 57 53.5 — 2.5 6.3 37 22.77
Ce 106 116 102 82 172 142 120 43 75 15 80 54.38
Nd 40 35 35 35 40.0 50 39.16 — 73 9 38.5 29.15
Sm 1030 1130 970 840 1020  10.30 10.03 5.35 2.26 2.6 10 6.65
Eu 3 35 3.0 2.50 3.0 2.50 2.92 1.76 1.02 0.91 3 2.13
Tb 3 080 140 090 070 1.20 1.3 — — — -
Yb 2 210 180 190 240 2.1 2.05 1.88 3.05 237 2.16 1.99
Lu 030 030 030 030 040 030 0.32 — 0.45 0.35 0.3 —
Y REE 208.6 2172 1978 166.1 314 2642 22798 — 24.08 36.53 170.96 —
Ta 4 4 4 2 12 4.0 5.0 — 0.132 0.47 2.7 —
Th 7 6 6 5 13 6.0 7.16 12 0.12 0.60 4 3.67
Hf 8 8 8 8 8 8.0 8.0 2.05 2.03 7.8 —
U 1 2 2 1 4 1 1.83 — 0.047 0.18 1.02 —
Hf/ Ta 2.0 2.0 2.0 4.0 0.67 2.0 1.6 — — 2.88 —
La/Ce 044 042 045 043 0.5 0.40 0.45 0.44 0.33 0.42 0.46 0.44
La/Yb 2350 2333 2556 1895 3583  27.14 26.1 10 0.52 2.66 17.12 11.44
Th/Yb 350 286 333 263 542 286 3.49 6.38 0.04 0.25 1.85 1.84
Lay/Yby 1571 1560 17.09 1267 2396  18.15 17.45 — 0.55 1.78 11.45 7.65
Cen/Yby 1348 1405 1441 1098 1823  17.20 14.89 — 0.63 1.61 9.42 6.95
Lay/Smy 282 268 293 264 520 3.4l 3.29 — 0.68 1.50 2.28 2.11
Lay/Cey 117 117 119 115 1.31 1.06 1.17 — 0.88 1.10 1.22 1.10

NOTE: The values in SR-1 to SR-6 are after Siddiqui et al., 1996, the values in column No. 1 is after Schilling et al., 1985, 2, 3 and 4 are
after Frey & Clague et al., 1983 and 6 after Fisk et al., 1988.
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Table 5. Comparison of trace elements and their ratios of average MORB, average alkali basalts from
Oceanic island, Bibai, Hawaii, Tristan Da Cunha, Ascension and Reunion hotspots.

HAWAII TRISTAN- REUNION
N*MIORB E*MZORB BIBAI O;B (Huzﬂalai) DACISJNHA ASCEEISION HOTEOPT
Rb 0.56 5.04 37.0 31.00 22.00 40.00 20.00 19
Ba 6.3 57.00 616.0 350.00 300.00 1000.00 280.00 210
K 598.0 2092.0 14525.0 11952.0 7719.00 26145.0 10292.0 7636
Nb 233 8.30 47.00 48.00 16.00 110.00 46.00 25
Sr 90.0 155.0 1003.00 660.00 500.00 1400.0 4216.0 429
Zr 74.0 73.0 189.00 280.0 160.00 300.00 225.00 209
Ti 7614.0 6012.0 15240 17232.0 14400.0 21240.0 20082.0 16680
Y 28.00 22.00 28.0 29.00 21.00 50.00 38.00 29
Th 0.12 0.60 7.16 2.7 1.20 — — 3.67
Hf 2.05 2.03 8.00 7.8 3.00 — — -
Ta 0.132 0.47 5.00 2.7 — — — -
P 616 660 1848 2728 1232 — — 1584
Zr/Nb 31.75 8.80 5.83 4.02 10.00 273 4.89 8.36
Zr/Y 2.64 3.17 9.66 6.75 7.62 6.00 5.92 7.21
P/ Zr 8.32 9.04 9.79 9.74 7.70 — — 7.58
K/Ba 94.92 37.0 25.00 28.00 25.70 26.14 36.75 36.36
Ba/Nb 2.7 6.9.0 13.00 7.30 18.75 9.09 6.08 8.4
Ti/Zr 102.89 82.36.0 80.00 61.54 90.00 70.8 89.25 79.81
K/Rb 1067.0 415.0 410.00 386.00 350.00 653.62 514.6 401.89
Sr/Y 3.20 7.04 35.82 22.76 23.81 28.00 110.00 14.79
K/Y 21.35 95.10 519 412 368 — — 263.31
Ba/Y 0.23 2.59 22.00 14.29 12.07 20.00 7.37 7.24
Ti/Ba 1209 105 24.74 49.23 48.00 21.24 71.72 79.43

NOTE: Values in cloumns 1,2 and 3 after Frey and Clague, 1983, 4 after Schilling et al..,1984,5
Baker et al..,1964, 6 after Weaver et al., 1987 and 7 after Fisk et al.., 1988.

Compatible trace Elements: In compatible elements
these rocks are generally low in Cr (31-206 ppm), Ni
(12-109 ppm) and Co(35-85 ppm) except in one
sample of picro-basalt (R-11) in which Ni and Co
values are higher (732, and 115 ppm respectively)

Rare Earth Elements (REE): The rare earth elements
(La, Ce, Nd, Sm, Eu, Yb and Lu) are analyzed for six
samples (Table 3). The whole range of REE are
enriched relative to average N-MORB value (Sun and
McDonough, 1989) and have higher value total REE
(X REE) than those of the average values of
N-MORB, E-MORB and OIB. The Bibai volcanics
also have higher values of normalized LREE/HREE
ratios (Lan/Yby = 12.71-23.96, Cen/Yby = 10.98-
18.23) as compared to average N-MORB value
(Lan/Yby= .55, Cen/Yby = 0.63), which are evident
for their derivation from an enriched mantle source.

Chondrite Normalized REE Diagrams: Chondrite
normalized REE diagrams are generally prepared to
determine the behavior of REE in the rocks and to

constrain their source compositions, with reference to
normalized chondritic values. The Chondrite
normalized REE diagrams (Fig. 5) of Bibai volcanics
(Nakamura, 1974) shows variable LREE enriched
patterns, which are consistent with the enriched
mantle source and indicate the presence of residual
garnet in the parent magma source (Clague and Frey,
1982).

5. Petrogenesis

Nature of Parent Magma: The petrological and
petrochemical studies of Bibai volcanics (Tables 1
and 2) show that these rocks are quartz free and
contain modal and normative olivine, nepheline and
alkali feldspar. Therefore, according to the
classification of Yoder and Tilly (1962), Carmichael
et al,. (1974), and TAS classification of ITUGS (Le
Maitre et al., 1989), all the rock suites of Bibai
volcanics belong to alkali basalt series. The SiO2
versus alkali plot (Fig. 8 A) confirm their alkaline
nature and suggests that they belong to
mildly alkaline series. The ternary plot of normative
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An-Ab-Or shows that these are Na-rich alkali basalts
(Fig. 7 B). The Bibai volcanics of the Bela area
(Fig. 1) have already been proved to be within plate
alkali basalts (Sarwar, 1981) Their Zr/Nb, Zr/Y,
Ti/V and Ti/Zr ratios (Table 2) are also consistent
with the documented ratios (Pearce and Norry, 1979 ;
Shervais, 1982 ; Pearce, 1983) for alkali basalts.

The criteria generally used to determine
whether the basalts occurring in an area represent the
primary melts from the mantle peridotite source or
these are the product of fractionated liquids, is as
follows:-

a) The presence of mantle peridotite (lherzolite)
xenoliths within the basaltic volcanics series.

b) The high MgO contents and higher magnesium
number (Mg # = Mg/Mg+Fe?").

¢) Higher contents of compatible elements (Ni, Cr
and Co).

The basaltic magma coming from up to 30%
partially melted mantle peridotite source must have
Mg # in the range of 68-75 (Green, 1976; Frey et al.,
1978; Hanson and Langmuir 1978). Gill (1981) has
suggested a Mg # > 67, whereas Tatsumi and Eggins
(1995) have documented a Mg # > 70 for primary
basaltic magmas. The basalts with 250-300 ppm Ni
and 500-600 ppm Cr contents are considered to be
derived from a primary mantle source (Perfit et al.,
1980; Wilkinson and Le Maitre, 1987). The Co
contents in primary basaltic magma must range from
27-80 ppm (Frey et al., 1978).

So far no mantle lherzolite xenolith is
reported from any Bibai volcanic rock assemblage in
Pakistan. The MgO (3.82-6.96 wt %) Mg # (40-61),
Ni (12-109 ppm), Cr (21-206 ppm) and Co (26-41
ppm) contents in most of the basaltic rocks of Bibai
volcanics are well below the values just mentioned
(Table 2), except in the case of one picro-basalt
sample which is taken from the chilled margin of a
porphyritic gabbro dyke transecting the pillow lavas
and volcanic conglomerate. The MgO contents and
Mg # are 17.57 wt. % and 74 respectively. The Ni,
Cr and Co contents in these rocks generally range
from 12-109 ppm, 31-206 ppm and 35-78 ppm,
respectively. In picro-basalt sample Ni, Cr and Co
contents are 732 ppm, 153 ppm, and 115 ppm. It is
therefore suggested only picro-basalt may represent
the partial melts from an enriched mantle peridotite
source or alternatively it may represent the earliest
fractionated liquid formed due to the cumulus
enrichment in the lower magma chamber. Rest of the
rock assemblege have not directly derived from the
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primary melts from the deep mantle reservior, but
were fractionated in an upper level magma chamber.

Nature of the Source of Parent Magma: The Zr
versus Zr/Y and Cr versus Y diagrams (Figs.5, 6
and 7) provide useful information about the nature of
source, degree of partial melting and fractionation
etc. The plot various samples of Bibai volcanics in
this diagram suggest that the parent magma was
generated by 10-15% partially melted enriched
source. The 0-2 Ma Reunion hotspot alkali basalts
(Fisk et al., 1988) also plot (Fig. 6A) in the same
field, suggesting the similar degree of partially
melted enriched mantle source for the parent magma
and similar degree of fractionation for both the
volcanic groups.

A comparison of average major and trace
elements of N-MORB and alkali basalts from Bibai,
Reunion, Hawaii (Hualalai), Ascension and Tristen
Da Cunha (Table 4 and 5) show resemblance of
average bulk chemistry of Bibai volcanics with other
hotspot related volcanics.

6. Tectonic Setting

A number of plots and tectonomagmatic
discrimination diagrams based on major, minor or
trace elements are designed to study the parent
magma and tectonic setting of the volcanic rocks.
The diagrams based on major elements or large ion
lithophile (LIL) elements must be used with great
caution, as these elements are more mobile during
post-magmatic alteration or metamorphic processes
as compared to high field strength (HFS) elements
(Pearce and Can; 1973; Winchister and Floyed,
1977).

The plots of samples from Bibai volcanics in
various discrimination diagrams, including, TiO,-
MnO-P,0s plot (Mullen, 1983), suggest that they
belong to oceanic island arc alkali basalts. The Ti-
Zr-Y (Fig. 8 C), and Zr versus Z1/Y plots (Figs. 8 D
and E) propose their within plate origin, while Nb-
Zr-Y plot (Fig. 8 F) further confirm their within plate
alkaline signatures.

7. Crustal Contamination

The crustal contamination studies of within
plate basalts offer great difficulties owing to their
source heterogeneities caused due to the difference in
the degree of partial melting and the depth of
enriched mantle sources. The Zr versus Zr/Y studies
(Fig. 6) and the average La/Ce, P/Zr and K/Ba.
(Tables 4 and 5) ratios which are diagnostic for
source composition (Wilson, 1989) are more or less
similar for Bibai and 0-2 Ma Reuniion alkali basalts,
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after Sun and McDonough, 1989 and for Chondrite normalized REE diagram are after Nakamura, 1974 ).
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revealing similar enriched mantle sources. The Bibai
volcanics have higher La/Yb, K/Y, Sr/Y, Ba/Y,
K/Rb, and lower Zr/Nb, Ti/Ba, Ba/Nb, Ti/Zr ratios,
which suggest the contamination of the parent
magma of the Bibai volcanics with the continental
crustal melts before eruption. The MORB and
chondrite normalized REE trace element patterns of

average Bibai, 0-2 Ma Reunion alkali basalts and
average OIB (Figs. 5 E and 5 F) exhibit more LILE
and LREE enrichment for the former indicating the
crustal contamination. Most of above mentioned
ratios and remarkable increase in Th, Ba, Rb, Sr and
K in the average Bibai volcanics relative to average
oceanic island basalt (OIB) and 0-2 Ma reunion alkali
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basalts are also in broad agreements with crustal
contamination of the parent magma. For further
confirmation, the samples of Bibai volcanics are
plotted in some famous discrimination diagrams
generally used for this purpose.

The plot of the Bibai volcanics in TiO3-
K20-Pp05 diagram progressively
increasing trend parallel to the mixing vector
projecting towards KO apex (Fig. 9 A). The ternary

plots of Zr/Nb-Y/Nb-Rb/Y and Zr/Nb-Zr/Y-Ba/Y
ratios for the Bibai volcanics show a progressively
increasing trend towards Rb/Y and Ba/Y apexes in
Figures 9 B and C respectively. The Rb/Y and Ba/Y
ratios are generally distinctly higher in continental
crustal rocks. The plots of the Bibai volcanics in
these ternary diagrams confirm the wvariable
incorporation of crustal material into the Bibai
primary magma before its eruption through Indian
continental crust.

exhibits a

8. Discussion

The petrogenetic study in the foregoing
pages strongly suggests that the Bibai volcanics are
hotspot related alkali basalts which represent the Late
Cretaceous (71.4 + 3.4 Ma) hotspot related mantle
plume activity. According to Molnar and Tapponnier
(1975) the paleoposition of northwestern margin of
Indian plate was around 23 degree south latitude,
while, Klootwijk et al., (1992) have given a 19 degree
south latitude paleoposition during 71 Ma (Fig. 10
and 11). The present paleomagnetic and rock
magnetic study (Khadim et al., 1996) have given a
17°+ 8° south latitude for the Bibai volcanics which
nearly coincides with the present position of the
Reunion island in the Indian Ocean. The Reunion
island and the Chagos-Laccadive ridge (Fig. 10) have
been postulated to be formed in a hotspot related
setting (Dietz and Holden, 1970; Whitemarsh, 1974).
Backmann et al.,(1988) suggested a hotspot origin for
both, the Chagos-Laccadive ridge and Deccan basalts
(Fig. 10). Duncan and Pyle (1988) and Fisk et al.,
(1989) have documented that the Deccan Trap and
the Chagos-Laccadive ridge represent manifestation
of Reunion hotspot formed by the passage of Indian
continent and Indian ocean floor during 68-66 Ma
respectively. The 81-57 Ma journey of Neo Tethys
ocean floor, Indian continent and Indian ocean
floor is illustrated in (Fig. 12 A to D). The Fig. 12 A
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exhibits eruption of 81 Ma intra-plate volcanics
(Siddiqui, et al., 1996) when the Neo Tethys ocean
floor passed over the Reunion hotspot. Fig. 12 B
indicate the eruption 71 Ma of Bibai volcanics on the
nortwestern continental shelf of Indian plate passed
over this hotspot. Fig. 12 C represents the 66-68 Ma
eruption of Deccan basalt within the Indian continent.
The obduction of Muslim Bagh ophiolite and
associated melange zone having slices of Neo-
Tethys ocean floor containing 81 Mahotspot related
volcanics on to the northwestern margin of Indian
plate during 67 Ma. (Fig. 12 D) exhibits 57 Ma the
passage of Indian Ocean floor over the Reunion
hotspot and construction of the Chagos-Luccadive
ridge.

9. Changesinthe Paleosedimentary

Environments

The sedimentary rock formation just below
the Bibai volcanics is Parh Limestone (Late
Cretaceous) which is micritic and sublithographic in
nature and generally contains abundant radiolarian
chert nodules towards its upper part. This limestone
is considered to be deposited on the outer north-
western shelf of Indian Continent (Fatmi et. al., 1986
and Butt, 1986). The pillow lavas of Bibai volcanics
are generally followed by tuffaceous sandstone or
volcanic conglomerates, and at places the matrix of
pillow lavas is also tuffaceous sandstone. These
volcanics are overlain by sandy and marly facies of
Mughal Kot Formation which is in turn followed by
Pub Sandstone of Maastrichtian age. The present
study suggests that just after the inception of the
Bibai volcanism, the sedimentary environments on
the north-western margin of Indian Plate suddenly
changed from relatively deeper to shallower or even
terrestrial  indicated by the development of
conglomerate and laterite between Parh Limestone
and Paleocene Dungan Limestone in Ziarat area
(Shah, 2009).

The hotspots are generally characterized by
a geoid high, (1-2 km high and up to 1000 km in
diameter) on astheno-lithosphere boundary that
persists beneath the hotspot traces (Crough, 1983).
When the north-western margin =~ of Indian plate
reached this hotspot during Late Campanian it was
consequently uplifted which caused partial to
complete regression of sea during Late Campanian,
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marked by the development of coarse clastic rocks
included in the Bibai volcanics, Mughal Kot
Formation and Pub Sandstone in some areas or
laterite and ferruginous conglomerates in others.
Thus the Late Campanian journey of Indian
continental plate over this hotspot was responsible for
the change of paleosedimentary environments on the
northwestern margin of this continent.

10. Conclusions

The current petrogenetic studies suggest that
the Bibai volcanics are hotspot related mildly alkaline
soda-rich alkali basalts, erupted during Late
Campanion (71.4 £ 3.4 Ma) due to the passage of
northwestern continental shelf of Indian plate over
the Reunion hotspot. The parent magma of these
basalts was generated by 15% partially melted
enriched garnet-lherzolitic mantle source, which was
fractionated in an upper level magma chamber. The
studies further suggest contamination of parent
magma by the partial melts of Indian continental
crust en-route to eruption and a change of
sedimentary environment from neritic to littoral or
terrestrial on the northwestern margin of this
continent.
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