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vii

(iii) The Permo-Triassic Panchet Formation D =v115.30§
T = +55.6°, |
(iv) The Middle-Late Triassic Tiki Formation and the
Parsora Formation D = 300.20; I=-28.2° and
D = 317.20, I =-42.9° respectively.

(c) A secondary early Tertiary component related to the Deccan Traps
magmatic activity, which»is broken'dowh gradually between
temperatures 300°C - 6750C. This component has been observed in

';he late Early Triassic-Early Jurassic Mahadeva Formatibn and
in the Carnian-early Norian Tiki Formation. The mean magnetization

direction is D = 337.0°, T = -43.0°.

The.palanmagnetic results from Permo-Carboniferous to late—Early.
Permian rocks are open to two interpretations - Primary or- Secondary of
Triaséic—Jurassic‘age. For primary interpretation the reéults are seemingly
in disagreeméné with some earlier established results and invoke an
appreciable polar wéndering during Permian time. An alternative explanation
in terms of a Triassic-Jurassic remagnetization may be invoked because of
their similarity with the Triassic-Jurassic trajectory in the Indo-Pakistan
APWP as proposed before. This interpretation however, seems less 1ikely
because of the predominantiy reversed polarities of the results obtained,
compafed with the world-wide normal polarity bias which has been established

for the Triassic-Jurassic.

The Permo-Triassic and middle to Late Triassic results are in
gross agreement with established results of the Indo-Pakistan and add

further support for the existence of a Triassic-Jurassic loop in the APWP.

Palaebmagnetic directions oBtained‘from both the therﬁal and the
chemical demagnetization techniques have shown good agreement in the
characteristic directions obtained. Chemical demagnetization was more
effective  in separating the primary component from a chémical magnetization
component related to the early Tertiary Deccan Trap magmatic activity. Such
Deccan Trap remagnetization was observed in the present study in coalfields
located both far from and néar to the present exposures of Deccan Traps.

It is argued that since this remagnetization seems to be a locﬁlly prevalent
effect which has ndt been observed on a regional scale, that hydrothermal
fluids associated with the Deccan Trap magmatic activity must be seeﬁ as a

major cause for remagnetization of these rocks in addition to regional-heéting{

A comparison of the Indo-Pakistan APWP as. updated on the basis of

the here obtained results, with APWP trajectories for the other Gondwanaland



continents, such as Australia, South America, "Stable" Africa and NW
Africa, shows that the Permian loop interpreted in the Indo-Pakistan

APWP (in‘éase’of primary magnetiéation ) can be recognized in data from
"Stabie" Africa but is not evidently present in data from the other
continents. . This discrepanéy awaits further study. The Triassic-Jurassic
loop, however, exists also in the Australian APWP and may be interpreted,
though tentatively as yet, in the data from "Stable".Africa, N.W. Africa,

Morocco and South America.

This common Triassic-Jurassic loop may be interpreted as reflecting
an initial rifting stage of Gondwanaland's northefh rim, associated with
the formation of the NeoTethys during late Palaeozoic and early Mesozoic

times.



CHAPTER 1
‘A REVIEW OF INDIAN PALAEOMAGNETIC DATA AND THEIR INTERPRETATION

1.1 v‘v Introduction

Palaéomagnetic studies during thé‘fiftiesfrevived interest in the
continental drift theory as advocated earlier this century by workérs‘
such as Alfred Wegener (1924) and Alex du Toit (1937). Du Toit, in
particular pointed to . the existence of a ‘supercontinent called
Gondwanaland, which contained all the southern ﬁemispherg continents and
India. The Gondwanaland concept wés initially based on the widespread
occurrences of traces‘ of a late Palaeozoic glaciation . The glacial
evidence éuggested that Gondwanaland passed the (south)‘ polar region

during the . late Palaeozoic. Indo-Pakistan 1is the most obvious

Gondwanalandvfragment which is now situated in the northern hemilsphere.
It wmust have drifted at a much higher latitudinal speed than other
‘Gondwanaland continents. For this reason, a palaeomagnetic sﬁudy: of
Indo-Pakistan's drift is particularly iﬁtereSting because latitudinal as

well as rotational movements can be traced by palaeomagnetic methods.

- In a wider persbective, the former unity of Indo-Pakistan within
Gondwanaland and the subsequent bréakup of ‘this supercontiﬁént can be
studied-by comparing'the Appareﬁt Polar Wander Paths>(APWP's) from the
various ‘Gondwana continents. This is most appropriately acheived with
the continents recqnstructed in one of the pfoposed pre—-drift
conflgurations. The conflguration generaliy used Lé the Gondwana
reconstruction of Smith and Hallam (1970), modified for the
Australia—Antﬁrcttca fit accbrding‘ to Grifftths (1974). This type of
comparison depends heavily on the reiiability of existing APWP's for thé
various continents. = The Indo-Pakistan APWP as known heretofore ts

ambiguous in various respect as will be summarised below:



la

1. Interpretaﬁion.of Precambrian palaeomagnetic data in terms of an
APWP is not fpossiblé‘because'of poor conétraints on the radiometrical
‘or chronostratigraphic age of the rtocks studied. For most of the
results, only uncertain relative ages are available, based mainiyv on
superposition criteria and 7lithologic corrélation (see review by
Klootwijk, 1979a).

2. A remaénetization of strata on tﬁe Indian shieid dﬁring Deccan
Trap time (60-65 My., Wellman and McElhinny 1970, Kaﬁeoka and Haramura
1973, Wensink et al., 1977) observed 1in widely separated areas of
“peninsular -Indo-Pakistan.

3. Rocks of Palaecozoic and Tertiary ages are not widely represented
in peninsular Indo-Pakistan, which make the determinatioﬁ of these pérts
of the Indo—Pakistan APWP diffcult. Tertiary pole.positionS'however,
"have been simulated from DSDP core data from the Ninety East Ridge and
from the Arabian Sea.

4. Palaeozoic and Tertiary rocks are petter developed in
extrapeninsular Indo—?akistan but interpretation of palaeomagnetic
results 1s more difficult here, because of the allochthonous nature of
parts of the studied structurai units.

Klootwi jk aﬁd Binhgam (1980) have derived a tentative Indo-Pakistan
APWP bésed on palaéomagnetic resuits ffom both peninsular and
extrapeninsular Indo-Pakistan (Fig. 1.2, Table 1.1) This will . be
reviewed as an introduction to the 1nterpretati§n and discdssion of the.
new results from the more basal pért of the Gondwana System (
-Perﬁo—Carbonifefoug to Upper Triasic) of the Koei-Démodar Valley and Son

Valley (Fig. 1.1).

Though the current study deals with Permo-Carboniferous to Upper
Triasic rocks, a discussion of the whole of the late Palaeozoic to

Tertiary trajectory of the Indo-Pakistan APWP is necessary for a better



understanding of the various éecondary magnetic components observed in.
rbcks from both the peninsular and the exffapeninsulat ‘regions. The
main observations that can be drawn from the Klootﬁijk and Bingham
(1980) APWP for Indo-Pakistan (Fig. 1.2) are:

1. A considerable scafter in Permo—Carboniférous poles.

2. A reasonably good agreement in the Pérmo-Triassic poles.

3. Existence of a Triéssic—Jurassicvloop in the APWP.

4, A fairly well defined Ear1y>Cretaceou5'and Tertiary trajectory.

These points will be discussed in detail with respect‘to data from

peninsular and extrapeninsular Iﬁ&o-Pakistan. An overview of previously
studied 1localities from these regtons is gilven in Figs. 1.l_andvl.45,

and results obtained are summarised in Table 1.1.
1.2 Palaeomagnetic data from Peninsular Indo-Pakistan

figure 1.1 gives a generalised geology df- peninsular Indo-Pakistan
and' is. discussed in greater 'detail im Chapter 2. ’Precambrian‘
metamorphic rocks form the _Eoundatton‘ of the Craton which in gome
- regions is covered with wunaltered . Precambrian sediments. The late
Precambrian—eafly Palaeozoic to Permo—Carboanerous .timespan was. a
period of regressive conditions on bthé‘.Craton and only a scanty
sedimentation record is available. bFrom the Pérmo—Carboniferoqs untill
the Early Crétaceous, predominanfly " continental type sediﬁents Wefe
deposited. The;e are grouped into the Gondwana System, and are now
exposed along fhree main river valleys in ceatral and eastern India,
i.e. the Koel-Damodar - Valley, the. Son-Mahanadi Valley, = the
Wardha—Pranhita Godavari Valley and the Satpura basin (Fig. 1.1). The
peninsular depositional history was interrupted twice by major volcanic
activity, Early Cretaceous extrusion of the Rajmahal Traps (100-105 My.,

McDougall and McElhinny, 1970) ‘in NE India, and the Palaeocene or



Figure 1.1 Simplified geological map of Indian Shield. Solid circles showing the palaeomagnetic
sampled localities of rocks of mainly Gondwana age (latest Carboniferous to Early Cretaceous). The
numbers correspond with results in Table 1.1 and Figure 1.2a.
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older Deccaﬁ Traps (60-65 My., Wellman and McElhinny, 1970f, Kaneoka and
Haramura,1973 .,Wensink et al., 1977 ) 1in western India. It is
suspected that the Deccan Traps once covered an even larger area than
their present 500.000 square kilometer outcrop. They were in part eroded
‘during the Tertiary and the"Quatefnary as indicated by outliers which
occuf as far as thé east'coést near Rajahmundry (Fig. l.L).‘ Tertiary
rocks are not Qery well developed oﬁ the penihsular region except for a

few minor outcrops along the eastern and western coasts of India.

qu many years, palaeomagnetic studies of rocks from peninsular
India have' concentrated on those formations whose magnetic content
could be analysed with relatively simple and wunsophisticated equipmenp
such as the Astatic Magnetometer. Considerable emphasis was therefore
placed on the study of igneous.rocks and 1in par;icular on ' the e;rly
Tertiary Deccan Traps and the Early Cretaceous Rajmahal‘Tfaps (see
review of Klootwijk, 1979a). These early paléeomagnetic studies were
fhen extended to sedimenéary succeséions,vmainly red beds intercalated
in the more basal part of the Gondwana System. Red bédé were preferred
because of their high intensity of Natural,kemanent Magnetization
‘(NRM) and their stable magnetic characteristics. ‘?alaeomagnetic results
were obfained during  the sixties by Indian workers from red bed
successions, of the Kam£hi’Formation, the Himgif beds, the Tiruéati ‘and
Satyavedu beds (Table 1.1, Figs. 1.1,1.2,‘Localities 3;4,11,10, Poles
5,6,13 and 12 ). These results were not supported by later studies §n
Gondwana red beds, carried out by the palaeomagnetic group from Utrecht
Uﬁiversit? (the Netherlands). Results obtalned by the Dutch workers for
the Kamthi Formation , the Mangli Formation and for Jthe Panchet
Formations showed the necessity of detaiied thermal demagnetization (up
to 675 degrees centligrade) in order to remove hard secondary-magnetic

components of early Tertiary age (Tablel.l, Figs.l.1,1.2, TLocalities
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Figure 1.2 Trajectories of the Indo-Pakistan APWP according to the pole
positions listed under Table 1.1. Swath width = 10°,

(A) Corresponds to pole positions from peninsular Indo-Pakistan.

(B) Corresponds to pole positions from extrapeninsular Indo-Pakistan.

(C) Combined A and B plus mean pole positions from DSDP cores and
Silurian-Devonian pole positions.

Legend: Solid Circles = L.Carboniferous~E.Permian
Open Circles L.Permian-E.Triassic
Solid Triangles L.Triassic-E.Jurassic
~ Solid Squares M.Jurassic

]

Solid D = L.Jurassic-E.Cretaceous
Open Squares = Silurian-Devonian
Stars = Tertiary Linear polar projection.

Details of Figure 1.2 A,B,C are given on the following pages.

cont.
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2;5,6, Poles 3,4,7,8 ). This hard secondary overprint was related to
the Deccan Trap magmatism (Klootwijk, 1974, 1975). An example of this
ptedominant Deccan Trap overprinting is .shown in TFig. 1.3.’ The
Perﬂé—Triassid red,Seds from the Wardha Valley (klootwijk, 1975) clearly
show  partial and sohetimes cdmpleté remagnetization during Deccan Trap

time.

Secondary components due to this remagnetization were observed not

only in Gondwana red beds but also in other red beds at distances up to
‘'several  hundred kilometers away from the present outcrop of the Deccan
Traps, e.g+. in late Proterozoic—early Palaeozoic red beds of the Upper

Vindhyan System (Klootwijk, 1973: McElhinny et al., 1978).

Several tentative. explanationé for the acquisition  of this

remagnetization in Deccan Trap times have been given.

1. Regional heating assoclated with ﬁhe Deccan Trap magmatism at
low to moderate temperatures . and over a prolonged period, may have
induced a Viscous Partial Thermoremanence, VPTRM (Chamalaun, 1964:
Irving and * Opdyke, 1965: Bridén, 1965: ©Pullaiah et al., 1975). Iﬁ
addition to this pheﬁomenon, Klootwijk (1975, 1976) suggested a possible
thermo-chemical remagnetization,.reSLﬂttng from circulating hydrothermal
fluids associated with the Deccan Traps magmatism.

2. Acquisition of a éecondary Thermal Remanent Magnetization (TRM)

due to direct heating under influence of the Deccan Trap flood basalts.

The model studies of Jaeger (1957,1959) on the temperature distribution

near to a cooling intrusive sheet show that remagnetization by direct

heating must have been of very limited areal extent.

The Dutch group - have generally observed in the red beds studied

that separation of the hard secondary magnetic overprint from the

primary magnetic component (if any) was possible only through elaborate

thermal cleaning.” Alternating field demagnetization geazrally proved to
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Figure 1.3 Stereographic projection showing directions of eliminated
secondary magnetization component associated with Deccan Trap magmatism,
from Klootwiijk (1979a). '

A) Permo-Triassic Kamthi Formation from the Wardha Valley (Klootwijk, 1975)
where the rocks were partially remagnetized by the Deccan Traps.

B),C) Permo-Triassic results from the Wardha Valley where the rocks were
fully remagnetized by the Deccan Traps.

Legend:
1. Secondary component eliminated by thermal demagnetization.
2. Secondary component eliminated by alternating field demagnetization.
3. Mean direction of primary magnetization component.
4. Upper Deccan Trap direction at the sampling locality extrapolated
according to the axial dipole field formulae.
5. Present field direction at the sampling area.



‘be inadequate to separaté individual componenté of a multicomponent
‘magnetization syétem. No chemical demagnetization stqdies have yet been
made on these red beds. The meﬁhod could prove potentially more useful:
It is for these reasons that interpretétion'of earlier obtained results
from ipeninsular Indo-Pakistan .seem ambiguous on occésion and it is

suspected that secondary Deccan Trap remagnetization components have not

been completely eliminated in some of the studies..
1.3 Palaeomagnetic results from DSDP cores

Apart from the Deccan Traps no Tertiary balaeomagnettc_data are
avail;ble from Indo-Pakistan because Tertiary rocks are ﬁot very well
developed> in the peninsular region ; The Tertiary 1s better developed
in extrapeninsular Indq—Pakistan but tectonic complications creates
diffculties with the interpretation of the results obtatngd.’ Attempts
have been made to obtain palaeomagnetic :esﬁlts from DSDP cores from the
Ninety East ﬁldge and from the Arablan Sea (Pelrce 1976,1978, Klootwl jk
1979a). The palaeomagnetic data unfortunatély suffer from the >abs§nce
of declination control. As a result the arithmetic mean of individual
inclination values underestimates the true palaeoinclination. ?eirce
(1976) following Cox (unpﬁblishéd manuscript) describes an algorithm to
correct for this effect and published a list of- corrected
palaéolétitude determinations. Since the comparison of results is best
carried out through the use of pole positions thgre is a clear need  for
declnation control. Klootwi jk (19793) simulated declinations - for
various time intervals at various sites using the relafive motion data
for the Indian Ocean derived .by Powell et. al (1978). From thesé
simulated declinations and corrected inclinations for various -sites . on

the Ninety East Ridge and the Arabian Sea, Klootwijk (1979a) calculated




Vmeaﬁ pole positions ét 10 My. intervals for the Tertiary period (Table
1.1, Fig 1.2). The Tertiary APWP so deduced for Indo-Pakistan appears
to be 1in 'goéd agreement with »the Australian Tertiary APWP, when
transferred to the Australian plate (Klootwijk and Peirce, 1979).
Further confirmation of this Tertiary APWP by difectf palaeomagnetic
observations from  peninsular 'Ihdo—Pakistén is very desirable;
particulary since this APWP is used as a frame of reference for
determining rotafional movements of allochthonous‘structurgl ﬁnits from

extrapeninsular Indo-Pakistan with respect to the Indian Shield.

1.4. Paléeomagnetic results from Extra-péninsular Indo-Pakistan

The Phanerozolc System is not very well devéloped in peninsular
Indo-Pakistan, Palaeozoic and Tertiary rocks being particularly poorly
preserved 1n surface outcrop. To obta{n a’  better palacomagnetic
coverage of the Phanerozoié, palaeomagnetic studies were started in the
extrapeninsular region of Tndo-Pakistan’ (Klootwijk,  1979b, in P.S.
Saklani). Marine sedimentary successions_ in this region covér‘the
Phanerozoic more completely and it canvbe expected that any effect of
Deécan Trap remagnetization would be significantly reduced. - On the
other haund the Alpine—Himélayan belt was highly tectonized dﬁr{ng and
after the the early Teftiary collision between Indo-Pakistan and the
Eurasian plate. Consequently, the magnetizationAof the rocks has proved
to be generally coumplex. Palaeomégnetic' gtudies carried out in the
northern mountain belts of Indo-Pakistan (Fig.l.4a, Tabie 1.1) showed
the consistent presence of an early Tertiary or younger ﬁagnefic
overprint. Primary magneticrcompopents could be determined only €from
part of the formations studied. A further complication 1s that both the

secondary and primary directions may have to be corrected for local
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Figure 1.4a. Main structural zones of the Extra-Peninsular Indo-Pakistan
(Himalayan belt), after Gansser 1964, 1977. Showing the positions of the
palaeomagnetic sampled localities in solid circles. The numbers correspond
with results listed in Table 1.1 and shown in Figure 1.2b. A
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rotations 1f they are to be used for‘refining the Indo-Pakistan APWP.:
To determine such rotations Klootwl jk (1979b) has compared the observed
diréctions for extrapeninsular Indo-Pakistan either with the expected

directions for peninsular Indo-Pakistan or with the results obtaiﬂed
from the DSDP cores.(sectibﬁ.l{B).- If no correspondiﬁg primary magnetic
data were avaliable from peninsular Indo-Pakistan, rotation correctioné»
- were assumed td .be similar ﬁo - those deduced ‘from the Tertiary
remagnettzatidn components (if any). Rotations so obtained at‘ most of

the studied 10¢altties are shown in Figs.'l.éa and i.4b. These locél
rotations and applied rotationél corrections can Dbe :sumﬁarized _as

follows :

‘ i. The rotational movement of £he allochthonous Salt ‘Range -Potwar

Plateau structurai unit (Fig. 1.4b, Loc.No.l1l3) has not yet been

‘established = (Klootwijk, 1979b). Results from the Early Permian Warchha

Sandstones of this structural vunit’(Fig. 1.>2, Pole Nos. ‘XSA, B) are
therefore to some exfent ambiguous in detailing the Indo-Pakistan APWP.

2. Results»from the Permo-Carbonifefoué Blainl Formation and from tﬁe
Permo-Triassic Krol Limestones of the Krol Belt (Fig. l.4b, Loc.No. 15;
Fig. 1.2, Pole Nos. 17, 18 and 19) have beenbtentatively corrgcted for a
40 degrees clockwise rotation. This .rotation was determined wusing
observed early Tertiary secondary‘ directions deduced from the DSDP -
results.

3. Permian to FEarly Cretaceous results from the Thakkhola region,
Nepal Himalaya (Fig. 1.45, Loc.No. 16; Fig. 1.2, Pole Nos. 20 to 27)
have ~ been corréctea for a 15 degrees clockwise rotatioﬁ with respect to
the Indlan Shield. This correction results from the comparison of
observed primary directions and may be conéidered. as' the best

documented.

4. Results from the Loralai Range i.e. the Loralai Limestones (M-U
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Jurassic) and the Goru Formation-Parh Limestones (Aptian to Coniaqian)
» from northeastern Baluchistan, Pakistan (Fig. l.4b, Loc. No. 17; Fig.
1.2, Pole Nos. 28 and 29) have been corrected for a 50 degrees clockwisg
rotation. These pole positions‘ and results from the Kirthar Range
(Rlootwijk 1979b) further define the Jgrassic—Eafly Cretaceous: APWP‘ of

Indo-Pakistan.
1.5 A Reviéw of the Indo-Pakistan Apparent Polar Wander Path

The tentative Indo—Pakiétan APWP as given by Klootwijk and'Bingham
(1980), based‘oﬁ results from both the peninsular and extrapeninsular
regions, 1is sh&wn in Fig. 1.2. Poles which possibly represent secondary
magnetic directioqs are also plotted on this path. In the following"

discussion all results have been subdivided into seven periods, i.e.

Siluro—Devonian, Permo-Carboniferous, Perwmo-Triassic, Late Triassic,

Jurassic, Early Cretaceous and Tertiary (Table 1l.1).
1 Silurian-Devonian:

A brief discussion of Silurian-Devonian pole positions is presented
here as they are relevant to the interpretation of the new results. The

latest‘ Precambrian to Middle Cambrian part of the A?WP of Indo-Pakistan
is reasonably wéll defined (Klootwi jk, 1979a); but the middle Palaeézotc
trajectory 1is very poorly defined. The Silurién—Devonian pole position
bfor the Rudraprayag Volcanics ( Athavale et al., 1979, Eig.l.Z, Pole no
AT, pole. post. 67°S , 25°% , & 95=12°), whose sampled locality is near
to locality no 15, falls near to the expected’ Palaeozoié pért of ‘the
Indo-Pakistan 'APWP, when a correction is made for a clockwise rotation
of phe sampled locality similar to the correction applied forv the Krol
vBelt samples, Locality no 15 (Jain et al.; 1979). This Palacozoic

trajectory is based on transferred Devonian pole positions from ST.
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Australia (Goleby, 1980, Fig.l.2, Pole no's BGl ,BG2 ., pole. posts.

67°S, 104°E, E95=28° and 69°S, 84°E, E95=9° respectively).
2 | Permo—-Carboniferous

Permo-Carboniferous poles show a considerable scatter (?ig. 1.2).
There are only two poles available from the.peninsulér regiqnf One is
Erom the well dated Talchir beds (Fig. 1.1, Loc; Né. 13 Fig{ 1.2, 'Poie

:No.' 2). The other result is from the Taroba beds. Théiage ofvthese
beds is, howaver,vnot-very wall established.  They méy be Late Permian
to Early'Triassic or possibly late Precambrian. Other
Permo—-Carboniferous poles come from the extrapeninsular region. Results
from the Warchha Sandstones of the Salt Range,;Pakistah (Fig. 1.1 Loc.
No. 13, Pole Nos. lSa and 15b) have not been corrected - for any local.
rétation, but‘ results from the Blaini Formation of theIKrol ﬁelt (Fig.
1.1 Loc. No. 15, Pole Nos. 17 and 18) have been corrected for a 40
degrges clockwise rotation.b A Permo-Carboniferous to ﬁossiblyiLate
Triassic pole position obtained from the Pir-Panjal Traps, Kashmir
(Loc.No. 14, Pole No. 16) isvin very close agreement with the Deccan
Traps (60-65 My.) pole positton (Pole No; 14); Although the results has
a positive fold test , an early Tertiary seéondary origin is considéred

likely (McElhinny et al. 19738).
3 Permo-Triassic:

Elaborate thermal demagnetization studles were carried out on the
Mangli beds and Kamthi beds from the Wardha Valley and on Panchet clays
from the Damodar Valley (Fig. 1.1, Loc. Nos. 2,5 and 6 respectively).
Results show good internal agreement (Fig 1.2, Pols Nos. 3,4,7 and 8).
In contrast, results obtained from mainly AF demagnetization studies for

red beds "of the Kamthi Formation and from the Himgir beds (Fig. 1.1,
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Loé. Nos. 3 and 4) show a stréaking of the pole positions (Fig. 1.2;
Pole Nos. 5 and 6) towards the TriéSSic and Deccan Trap poles; This h%s
‘been interpreted as the result of incomplete.separaﬁion of a secondary
Deccan Trép component (Klootwi jk, 1974). In addition to these poles
from the peninsular region, there 1is a single ?ermo—Tfiassic pole
available from .extrapeninsular Indo—Pakistan i.e. from the Krol—A‘
Limestones of the Krol Belt (Fig. l.4b, Loc;No. 15: Fig. 1.2, Pole No.
19). This pole position falls far off the main grouping of.the pole
positions obtained from tﬁe peninsular studies. This éasts some doubﬁ
to the brotatioh correction applied to the results from this locality.
Altefnatively uncertalnties in the age of the formation may be advanced

as a possible explanation.
4 Late Triassic:

. There are only two polesvavailable from peninsular Tndia {.e. from the
Pachmarhi beds and from the Parsora beds (Fig. 1;1, Loc.Nos. 7 and 8:
Fig. 1.2, Pole Nos. 9 andl 10 respectivelyj. Originaﬁly, Klootwijk
(1976) interpreted these poles as being no; completely cleaned and
having a Deccan Trap overprintv , because of the streaking of poie
positions towards the Deccan Trap pole position (Pole ‘No. 14). This
interpretation howevér, has now been superseaed’(Klootwijk.and Bingham,
1980) on fhe'basis of recently.obﬁained Triassic énd . Jurassic resglts
from the Thinigaon Limestones andvthe Jomosom Quartzites of the NVepal
Himalaya.(Fig. l.4a, Loc.No. 16: Fig. 1.2, Pole Nos. 2i,22 and 23). It

is now thought that these polés may represent a primary magnetiiation

and may delineate a Triassic—Jurassic loop in the Indo-Pakistan APWP.

5 Jurassic Poles:

There are no Jurassic poles available as yet from peninsular India.
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Several poles (Fig. 1.2, Pole Nos. 24,25 and 28) are available from the
extrapeninsular region, namely from the Jomosom  Limestones‘ and the
Lumachelle Formation from the Nepal Himalayas (Fig. l.4a, Loc. No. 16)
and from the Loratgi Limestones from northeastern Baluchisﬁan,‘ Pakistan

(Fig. 1l.4b, TLoc. No. 17). These Jurassic pole positions further

~delineate the Triassic—-Jurassic loop in the Indo-Pakistan APWP.
6 © EBarly Cretaceous

There are three Cretaceous pole positions_availaﬁle from "peninsular
Indo-Pakistan. A precisely determined pole position (Fig. 1;2, Pole No.
11) from the RajméhallTraps (100-105 My., McDougall and-MéElhinny, 1970)
ana two - other poie positions (Fig. 1.2, Pole Nos. 12 and 13) from the
Satyavedu Sandstones and Tirupati beds (Fig. 1.1, Loc. Nos. 10 and 11)
respectively. The pole posifions f?om the Satyavedu Sandstones and the
Tirupati beds falls very close to the early Tertiary Deccan Tfap pole
position (Fig. 1.2, Pole No. 14), indicating possibly a younger magnetic
age than theilr Early Cretaceous formation age. In addition there  are
three poles .available from the extrapeninsular region namély from the
Kagbeni Sandstones (Wealden) and the Dzdng Sandstongs (late Aptian) frbm

the Nepal Himalaya (Fig. l.4a, Loc. No. 16: Fig. 1.2, Pole Nos. 26 and
27) and also from the Goru Formation-Parh Limestones (Aptian to
Coniacian) from ndrtheastern Baluchistan, Pékistan (Fig.ll.hb, Loc. No.
17: Fig. 1.2, Pole No. 29). These pole éositions when corrected for
best documented local rotations (Kléotwijk, 1979b), are {n agreement

with poles from peninéular Indo-Pakistan.
7 Tertiary:

Precisely determined pole positions are available from the Deccan

Traps (60-65 My.) of west-central India (Fig. 1.2, Mean Pole Pos. 14).
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The Tertiary APWP is based, howéver, mainly on simulated pole positions
obtained from DSDP core resultsvfrom the Ninety East Ridge and from the

Arabian Sea.

Summary

In summary, it should be noted from the above discussion that tﬁe.

Indo—Pakistan APWP possibly sﬁffers from two major deficiengieSa
A. Biased results due to incompletely eliminated Deccan frap
remagnétizatiop components in the peninsular results.
B. Unéertainty in the rotational corrections applied to results from
the extrapeninsular regionf

For these reasons, it ié very necessary to wupdate the ’presént
tentative Indo-Pakistan APWP as follows':;

1. The shape of the Permo-Carboniferous trajectory of the Indo-?akistan

APWP.
. 2. The suspected secondary‘natu:e of some of the Permo-Triassic poles.
3. The reality and possible shape of the Triassic—Jufasstc loop in the
Indo-Pakistan‘APWP, which may reflect the opening of the Neotethys at
Gondwanaland's 'northern rim (Stoneley, 1972: Stocklin, 1977: Bordet,
1978: Sengor, 1979).
Clearly the TIndo-Pakistan APWP has.to be established first as a
reliable frame before it can be used ﬁo' establish whether parts of

present day Asia once formed part of Gondwanaland.

For this purpose, a palaeomagnetic study of the more basal part of
the Gondwana System (Permo-Carboniferous to -Late Triassic) of peninsular

India was- considered to be of great iﬁportance. An extensive sampling

expedition was carried out through north-eastern India 1in regions far

away from the present exposures of Deccan Traps (along the Koel-Damodar
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Valley and the Son Valley, Figure 1.1) by Dr. C. Klootwijk and myself,
from September to December, 1976, in collaboration with the Geological
Survey of India. Geologiéts of the Geological Survey of India guided us.

ifn the field around favourable sampling localities and provided detailed

information on the successions sampled.
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Chapter 2
GEOLOGY OF THE SAMPLED REGIONS

2.1 Introduction

Sampling for the present studyiwas.carried out‘in five major coal
fields 1in north-eastern India, namely the Hutar‘vand Vthe\ Auranga
coalfields in the Koel Vélley, the Raniganj and the North Karanpura
coalfields in the Damodar Valley and the Johilla coalfield in thg Son
Valley (Fig. 2.1). The ages of thé samples collected 'rénge‘_from
Permo-Carboniferous to Late Tfiassic and‘ cover a wide range of

lithologies such as red cléys, shales, siltstones and red sandstones.

TheAgeology of the sampled coalfields in the Koel -Damodar Valley
and the Son Valley is summarised below with particular reference to the

stratigraphy and structure of the sampled localittles.
2.2 Summatry Geology of the Peninsular Gondwana Basins

The Gondwana Sys;em in the vafious Gondwana _ basins of peninsular
India cén be subdivided into three divisions based on floral evidence
(Sastry et al., 1977). The Lower Permian period 'is characterised by
the Glossopteris flora, the Middle Triassic period is characterised byb
the Lepidopteris-Dicroidium .flora and ‘the Jﬁrassic—Early CretaCéous‘
period 1s characterised by the Ptilophylum‘ flora (Table 2.1). The
depositional history 'pf | the Gondwana System started in the
Permo-Carboniferous and lasted ttll the Early Cretaceous. Sedimentation
was predominantly of continental type, with marine inéurstons during the
Permian, as seen in the Umaria, Manandragarh (Ghosh, 1954) and the

Daltonganj coalfield (Dutt, 1965, Fig. 2.1, No. 6). Also marine deposits

of ~Early Cretaceous age occur along the east coast (Fig. 2.1). The



‘ : -pToTITROD ®BITTYOL uT pordues ‘umoys sSITIT[BOOT OM3 DIB BIOSIBJ PUB THLL
¢ (perduesun) f[ueduoiled = 9 ¢ (poTduesun) eTIRYL = G ‘PTRTITBOD IBINH = ¥ ¢pIo1JIBOD BIURBANY =
$PI=TITROD ganduexey 'y = gz Sprori[eo) fuedtuey = 1 °S3T21TO PTIOS £q po3euldTsSap 21 SPTSTIT[LOD

pordues *(/L6T ¢°TB 39 AIlseg WOiJ umeIpal) SPIITF[BOO pardues 3o Su319s TedT80T099 [°'¢ 94nd1d



23.

P

Jemy

»m.'«s 4 S
AN
.I\A.f\

SNISY

ER

- snoase1al)

uelwied |-~ —

- o._wmmE. §

XA

] —oisseun pNYYY

puaban

!waﬂm.o“; m\.\m\/\@.\ _
AR - l
. DL
M )
NISVE TVHVINIMVY _ o
euled © ﬂ Jow
_ | _ w oom 0 o_
288 098 . o8 %8 o




24,

continental'tYpe deposits are not easily correlated between far apart
.basins, and this has led to the establishment of different local
formation names'and different type localities. The Gondwana sediments
are preserved in‘ a number of down faulted basins in centrai India
(Satpuga‘Basin) aﬁd in eastern India (basins along. the Koel-Dambdar~
Valley, the Son-Mahanaai Valley and‘ the Wafdha—Godavari Valley)
(Figl.1). . Gondwana éedtmentation'on the Indian Shield was 1interrupted
by a pértod of volcanic éctivity, the Rajmahal'Traps (100-105 My.) in
NE India covering a relativeiy restricted surface(outcrop. Theser flood
basalts are very similar in petfography to the younger Deccan Traps
(60-65 My.) which cover a considerable part' of western‘ and central

India (Fig. 1.1).
2.3 General Stratigraphy of the Sampled Coalfields, NE.India

A general lithostratlgraphy of the NE India coalfields is shown in
Fig. 2.2, Table 2.1l. This figuré also shows 1ldeal stratigraphic columns
for .some of the Gondwana formations collected for: this study (Table:

2.2).

The Gondwana System can be divided Lithologically into three
distinct assemblages.
a) The’glacials at the base, believed to be of Permo-Carboniferous age.
5) A prolonged sequence of continentallfluviétile depoé{ts ranging in
age from late Sakmarian /Arﬁinskian to Late Jurassic.
¢) Paralic to marine deposits .of Enrly ‘Cretaceous age whlch. are
confined to ‘the east coast.
A brief description of these lithological assemblages and thelr age
ranges followsxbelow. Samples were collected only from  the basal

glacials (a), and the continental fluvyatlle deposits (b).
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Figure 2.2  General vertical distribution of lithofacie observed in
various Gondwana formations of the coalfields, exposed along Koel-Damodar
Valley (redrawn from Cashyap, 1977).

A) Vertical distribution in glacial deposits (Talchir Formation).
B) Vertical distribution in the continental fluviatile deposits
(Karharbari Formation to Panchet Formation).

Some Gondwana Formations collected from these coalfields are shown in
their stratigraphical order with reference to Table 2.2.
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a) Basal Glacials

TALCHIR FORMATTON: Glacial deﬁos{tton 1s.main1y.conftned to the
basal part of the Talchir Formation (Fig. 2.25). Accordihg to Casshyap
(1977) three types of tillites occur in general in the glacigené Talchit
deposits. 1In stratigraphic order these are : |

1. Massive tillites which are considered to be of qontinental origin.
2. Tillites with inclusions of sandstone bodies which can be regarded
as rew&fked tillites. |
- 3. Stratified tillites of sﬁbaqueous origin;
A complete seduence‘of these glacial stéges has not been observed in
all the studied coalfields, but ;he various tillite types present can be .

distinguished aécbrding to Casshyap's scheme.

The glacials are interbedded with coarse and fine clastic strata,
includ{ng conglomeratgs and varve—ltke 1am1natéd siltstones and ‘shaleé.
- In the present stuay the Talchir TFormation was sampleq in three
different coalfields,'i,e, the Raniganj coalfiéld,‘ (RTA); the North
Karanpura céalfield,(TBC)} both »in the DamodarAValley, and the Hutar
coafield (HTA-HTD),in the Koel Valley (Fig. 2.1). The figure shows the
varioﬁs stratigraphicai successions of the Talchir Formations collected
from these coalfields. Tge 1ithologies sémpled variea from fiﬁe to

coarse graiﬁed sandstones, siltstones and varved shales.

Two marine incursions océurred during deposition of the Talchir beés,
as evidenced in tﬁe Manendragarh beds and in the Daltonganj <coalfield
(Fig.r 2.1, VNo. 6). In the Manéndragarﬁ beds, a marine.intercalation
occurs at the base of the Talchir Formation. On Ffaunal evidence. an
Asselian age has been suggested for these beds (Shah.and Sastry, 1973).
The marine beds of the- Daltonganjb coalfield, although fauniétically

similar to the Manendragarh beds, are located near to the top of the
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Table 2.1 -A comparison of ideal stratiqraphical colums ‘of Gondwana Formations exposed along Koel-Damodar and the
Son Valley, NE-India

Age

Area

Damodar Valley

Koel Valiey .

Son Valley

Cretaceous-Early

Ptilophylum Assemblage Zone

Durgapur Beds

Hiatus

Bansa Beds

t

. Lepidopteris-Dicroidium Zone

Mahadeva Formation
Supra-Panchet

Mahadeva Formation'

AWy Unconformi ty sy

Panchet Formation

Panchet Formation

Parsora Formation
AN Unconformity M

1
Tiki (Pali) Formation

Glossopteris Zone

Raniganj Formation
Barren Measures

Barakar Formation
Karharbari Formation

Talchir Formation
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Carboniferous

23°50'N 86°58'E

Table 2.2 A sampling detail of various Gondwana formations collected from the coal fields of NE India.
Formation Age Coal Field Sa.(spec.) site” Sampled Bedding
Site Coordinates . Stratigraphic Strike Dip
. Interval )
. v (mtr.) (°) )
PARSORA Rhaetic Johilia 27 (40) JpPB 0.6 78 9SSE
: 23°22'N 81°6'E 32 (70) JPA 3.0 - 715 18SSE
. 13 (30) JPC 0.5 80 9SSE
14 (29) JPD 1.0 77 9SSE )
11K Carnian to Johilla 50 (120) TPA 4.0 235 TNW-
early Norian. 23°25'N 81°02'E 20 (45) TPB 0.5 270 10N
MAHADE VA late Early- Auranga 19 (40) AMA 8.5 10 195SW
Triassic to 23°45'N B84°35'E
? Early
.Jurassic_
PANCHET Late Permian Raniganj 31 (90) RPA 1.5 100 55SSW
to Early 23°35'N 86°58'E
Triassic
BARAKAR late Early- Hutar 32 (80) HBA 1.2 176 16W
Permian 23°48'N 84°06'E 18 §60) HBB 1.0 85 10S
20 (20) HBC 0.1 180 16W
13 (30) HBD 0.2 180 16W
TALCHIR Permo- N.Karanpura 50 (200) TBC 7.5 280 08
. Carboniferous 23°41'N 85°06'E
‘TALCHIR Permo- - Hutar 13 (30) HTA 2.0 95 128
Carboniferous 23°49'N 84°06E 30 (120) HTB 1.8 95 128
9 (20) HTC 0.5 . 220 TE6WNW
11 (25) HTD 0.5 240 15NW
TALCHIR Permo- Raniganj - 28 (110) RTA 7.0 120 14SW

*] Sa.: Samples; spec.:specimens.
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Talchir Formation, and a lower_Sakmartén age has been sﬁggested (Sastry
and Shah, 1964) The Talchir Formation may thus range in age from

Asselian to lower Sakmarian age.

b) Continental Fluviatile Deéosits

These‘ deposits _of late Sakﬁariaﬁ/Artinskian to Late‘Jurassic age
have been subdivided into different Eérmations in the Xoel-Damodar
Valley and in the Son Valley. Along the KoelfDamédar Valley,
fluviatile deﬁosits are subdivided into the Karharbari Formation, the-
Barakar Formation, the Barren Measures, the'Raﬁiganj Formation, and the"
Mahadeva Formation. Along the Son Vélley, fluviatile deposits are
subdivided into the Karharbari Fo;mation,‘the Barakar Formation, the

Tiki (Pali) Formation and the Parsora Formation (Table 2.1).

There is evidence that sedimentation in the Koel-Damodar Valley went
on almost »uninterrupted from the Karharbari Formation to the Ranlganj
Formatién (Casshyap, 1977). The Karharbari Formation 1is made wup  of
pebbly drkosic_ sandy beds. The Barakar Formation-waSIdeposited largely
iq channels of braided—streéms (Fig. 2.2b). Meandering river syétems
replaced the . braided-channel pattern;. as may be concluded from the
ﬁiniﬁg upward cycles which replaced the nqncyclic fo poorly cyclic
braided-river3sequence§. Tﬁese fining upwacd.cyclesvgrade from coarse to
medium feldspathic sandstoneé to fine clastics which are rich in coal in
the - Barakar ' Formatlon, but are dévotd of workable coal and rich in red
shale {n the succeeding Barren Measures (F{g. 2.2b). Coal forming
environments prevalled agailn during deposition of the Ranigan] Formatlon
when sedimentation occutted largely on the flood plains of meandering
rivers. Siﬁilar fluviatile conditions characterise ;he early Mesozoic

beds of the Panchet Formation which are made ﬁp of red and brown coarse

to medium sandstone and shale alternations. . The succeeding assemblage
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of the Mahadeva Formation and its probable time equivaleunts of the Tiki
and the Parsora Formations in the Son Valley, are also considered to

result from typical flood plain sedimentation on a cratonic basin.

In these'flﬁviatile deposits, sémples' were ' collected from the
.Barakar Formation of the Hutar coalfield, from the Paﬁchet'FoFmatton of
the Raniganj coalfield, from the Mahadeva Formation of .the (Auranga
coalfield, and from the Tiki and Parsoré Formations of the Joﬁilla
 coalfield. - For the Barakér Formation (HBA-HBD) .and the | Panchet
Formafion (RPA), sampled horizons are indicated on the 1idealized

sﬁrat{graphic column (Fig. 2.2b).

BARAKAR FORMATION: The Talchir Fofmation—Karharbari Formation hasr
been dated as eafly "EBarly Permian on the basis of ﬁaflnevfauna. The
Karharbari Formation is overlain by the Barakar Formation, generaxly in
a conformably fashion but at a few 1ocalities only with an‘unconfotmity.
A late Early Permian age has been suggested for the»Barakat Formation on
floral evidgnée,‘ i.e. Glossopteris and Gangamopteris flndings, and on

vertebrate evidence ( Shah et al. 1971).

PANCHET FORMATION: The Panchet;Formatton is wvery rich 1in fossil
assemblages. It has yielded megaflora, mioflora and vertebrates
(Lysfrosaurus) , together with  freshwater invertebrates. - These
assemblages are quite different from the underlying Raniganj Formation
énd also ffom the overlying Mahadeva Formation (Sastry et al., 1977).

On these floral and faunal evidences, an Tarly Triassic age has been

assigned to. the Panchet Formation.

MAHADEVA  FORMATION: In the Koel-Damodar . Valley,: the Mahadeva
Formation unconformably overlies the Panchet'Formatioh. On the basis of .

the lithology and miospore content, the Mahadeva Formation of the
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Raniganjv cbalfiéld has been tentatively correlated with the Durgapur
beds which are Jurassic in age (Table 2.1). The age of the Mahadeva
Formation of the Koel-Damodar Valley basins is howesver, poorly restraint

between the late Early Triassic and the Early Jurassic.

TIKI (PALI ?) FORMATION: Profound differences of opinion exist
(Lele,'1964; Chatterjee and Ray, 1974) regarding the mutual correlation
and age of rocks around Pali and Tiki (FigﬁreIZ.l). These outcrops may
or may not represent lateral equivalentsvexposed in different limbs of a
large synclinalbstructure. Plant fossils cdllécted from the Pali area
are solely from the basal part of this formation. Much of -the upber
part»ofithe Pali sequence is miésing in the type section due to
faulting. This assemblage shows an - Early Tfiaéstc affintty.’ In
contrast, Qertebrate fossiis collected from the Tiki area 'are mainly
from the topmost horizon of this formation and tndicate a Carnian-early.
Norian age. The present sampling was restricted‘to the Tiki area, 'Sso

the age of the samples collected can be taken as Carnian-early Norian.

PARSORAIFORMATION: There i1s no report of faunal evidence sd far ffom
the Parsora Formation but it contalns a variety of plant fossils. Plant
fossils so far reported (Lele, 1965; Gopaleingh, 1975) are referred to
as the Dicroidium assemblage zone,Awhtch is a typical Triassic flora.
The stratigraphic inter—relationship of the Parsora Formatiqn, the Tiki
Formation and the Pélt Formation remains controversiél, though Dutta and
Ghosh (L972)' have convincingly suggested on the basis of €ield
relattoﬁship'and detailed laboratory studies that the Pali Formation and
the Tiki Formation represent‘lateral equivalents exposed on the southern
and nortﬁern limb respectively of a broad syncline. The Pafsora
Formation 1is exposed 1in the more central part of the syncline, and is

regarded as Rhaetic in age.
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c) Paralic to Marine Deposits
These represent the youngest Barly Cretaceoﬁs, G&ndwana beds in the
Indian Shield region. These deposits have not Been reported 80 far for
the coalfields in the Koel-Damodar Valley, but isolated outcrops occur
in the other coalfieldé of tﬁe'Son-Mahanadi Vélley, the Wardha —Goda&ari.
Valley and the Satpura basin.‘. These beds’ were not sampled im the

present study and will not be discussed for that reason.
2.4 General structure of the sampled coalfields

In most coalfields, the Gondwana rocks show a gentle dip southwards
_ .Where effécted by faults or folds the dip diréction and amount of dip
varies’locally. The coalfields are mainly characterised by . numetrous
faults within éhd along the basins, where dolerite dykes and lamprophyre
dykes may occur. Chatterji and Ghosh (1967) ﬁave broadly classified the
faults 1in the Goﬁdwaﬁa coal fields -into three categories, on their
spatial relationship within and between the‘various basins, |

a. Boundary faulté, S

b. Easin marginal cross faults, and

c; Iﬁterbasinal faults.

There is a controversy about the age of theée faults , about thetr.
'influenqe on the sedimentation pattern'and about tﬁeir relatioﬁéh{p with
the tgnéoué intrusions. Ghosh aﬁd Mitra (1975) suggest that the initial
phase of the Talchir'sedtméntatton in- the various coalfields was largely
restrtéted to a few erosional depreésions, peripheral to the 1mportan£
relief Eeatures‘which existed at that time and which exercised dominéﬁt
control on the transporﬁation and supply»of detritus- in the diffgrent
coalfields. From this 1initial stage onwards, the various Gondwana

coalfields assumed their present shape as a result of'_progressive

subsidence during post-Talchir sedimentation. In contrast, others (e.g.
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Ahmad, 1964, 1966; Ahmad and Ahmad, 1977) believe that the Condwana
strata originally formed a éédimehtary blanket covering nearly the
_entire shield area, and were eroded awéy apart from the down_ faulted

Gondwana fields.

The concept of Ghosh and Mitra (1975) seems 1ess_p1ausible, because
the faults are limited iﬁ most basins to one flank or part of a flank -
and many basins are accordingiy considered to be half grabens. There is
a controversy about the syn- or post- sedihentary activity of these
Eaulfs. Attempts have been made to establish the age relgﬁionship of
these‘féults with the basic and ultrabasic 1ntrusives (dolerite and
1amprophyres dykés) present in various fields but.tt is found that such
age relationships vary from field.to field. There 1{is no generalized
picture,  Qhether faulting predated orvpostdated the intrusions. Ahmad
et. al. (19?7) .have‘ postﬁlated, particularly . 1in réferenée to the
coalfields exposed “along . the Damodar Valley, that ' the entlre
tectonic-igneous activctfy is relatéd with the extrﬁsion of the Rajmahal
Traps (100—}05 My.) and thg Deccan’Ttabs (60-65 My.). According to
Ahmad et al., the Damodar Vélley sequence of'events.can be "established
as:

‘a. Strong faulting in a general EW direction recognized now as the
southern béundary faulfs at about lCO—ilO My. ago.
| b. Faultiﬁg in oblique directions.
C. Iﬁtrusion of ultrabasic dykes (lamprophyres etc.).

d. Intrusion of dolerite dykes,.65 My. ago.

e. Further movement along some of the existing faults.

In addition to the above mentioned tectonic—igneous activity stages

recognised in the Damodar Valley, there is a possibility of an earlier.

~period of faulting and possibly even igneous activity which can be
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correlated with epiofogenic movementsbyobserved ~in the Gondwana

coalfields exposed aiong the Koel-Damodar Valley, the Son—Mahanadi‘
Valley, the Wardha—Godavari.Vallef and the Sutpura basin, Fig. 1.1

(Casshyap, 1977).  According to Casshyap, at the onset of the Gondwana
sedimentatlon, the regional palaeoslopé andvpalaeodrainage 1n'peninsulaf
India was dominantly nértherly directed. ) A£ the termination of the
Taléhir glaciation, the river system established across the shield area
flowed dominantly from a SE to a NW direction. This direction of
palaeoélope remained persistent up to the Middle Triassic sedimentatilon.
Subseaquently, 1in Laté Triassic and Middle-Late Jurassic times the'river
drainage and palaeoslope‘éhanged to a SW to W direction in the Satpura
basin (Figure 1.1) and to a westerly drainage for the WardhafGodavari
Vallgy. Also to é northerly drainage into the Tefhyan _shore zone ~ for
the other two basins i.e. Koel-Damodar Valiey and Son—Méhanadi Valley.
During Late Jurassic tolEarly Cretaceous times, the palaeoslope' of the

cratonic block between the Godavari Valley and Mahanadi Valley underwent

a complete réversal to a SE direction. ‘The above mentloned changes Ln
palaeoslopes 1in the Gondwana basiﬁs during 1late Tfiassic td Early
Cretaceoué times, may reflect in a wider‘perspective:

a) Initial breakup of Gondwanaland and the formation of the
Néotethys dﬁring the Permo-Triassic . Accérding to’ Sengor (1979) the
Permo-Triassic Paiaeo"Tethys closed between the Late Triassic and Middle
Jurassic. This closure was caused by the collision with Eurasia of a
Cimmerian continent breaking away from northern Gondwanaland during the’
Triassic,

b) Breék-up of Greater TIndia from Antarctica during the Late

Jurassic and Rarly Cretaceous.

There are various conceptual models for Greater India:

a) In somz models, the Tibatan plateau is considered as an integral
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part of greater Gondwanaland with a Permian to Jurassic opening to the
mantle at the site of the present Indus—Tsangpo suﬁﬁre zone, Figure l.4a
(Crawford, 1974).

b) Powell vand Conaghan's (1973) model explainé the far thiéker'tﬁaﬁ
normal 'sialic crust beneath lthe Tibetan Plateau by postulating a
formerly far greater nérthernv extént of Indian subcontinent i.e. the
Greater Tndia of Veevers et al. (1975),‘ now underthrust beneath the
Tibetan” Piateau and possibly extending as far north as tﬁe Kunluﬂ Nan
Shan zone.

c) In a more recent study Powell (1979) reduced this estimate
considerably. in the more wtdély‘accepted class of models however, the"
Inéus—Tsangpé suture zone 1is seen as the site of initial coilision

between southern Asia (Tibetan Plateau is seen as an integral part of’

southern Asia, although island arc accretion might have occurred) and

the Indian subcontineat. Only moderate subduction of continental crust

took place and southward progradation of fracture zones has -occurred (Le

Tort, 1975; Gansser, 1977). The Indus-Tsangpo suture zone became choked

fo after initial collision (pre-middle Eocene) with a subseqhéntiy
fenewed convergence during the main Himalayan 6rogenic phase‘ (Neogene)
at the siﬁelof the Main Central Thrust zone (Fig. l.ha,‘MCT). From late
Miocene time onwards subduction may have shifted to the Main ABoundary
Fault zone (Fig.1.4a; MBF). " Taking 1into account the underthrusted
portion of the Indian plate and crustal‘shoftening within the. Himlayan
zone, - the proposed northern extent of Greater India fits within the
adapted (Griffiths, 1974; Norton and Molnar, 1977) Smith énd Hallam
reconstruction (1976) and . with facies constra{nts froﬁ the western.
Australia ¢ontinential margin (Veevers and Cotterill 1978,'Kiootwijk and

Bingham 1980).

b-N

To summarize the géneral tectonic-igneous activity stages in the
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Gondwana bésins, it éan be said thqt possiblj bthe main faulting and
folding of Goﬁdwana strata took place during fhe Triassié-Jurassic,
during tﬁe Early Cretaceous and during the early Terfiary. .The wlde
spread garly Tertiary Deccan Trap activity‘has been related to doleritic
and lamprophyric intrusions in difEereﬁf coalfields, The 1amprophyre‘
d&kes possibly may be related to the Eafly Cretaceous extrusion of the
Ra jmahal Traps. No Igneous activity has been réported 1o fér for the

Triassic—Jurassic.
2.5 Local Geology of the Sampled Coalfields

A broad stratigraphical subdivision of the sampled coalfields
(Hutar, Auranga, Raniganj, N—Karanpura‘and,Johilla) is given im Table
2.1 and their 1localities are shown Ln‘F{g. 2.1. The main geological

features of these coalfields are summarised below.
2.51 " ‘Hutar Coalfield

This coalfield is elongated in a NE-SW direction and covers about
200 square kilbmeters (Figure 2.3). The surface outcrop of the Taichir’
Formation is about 20 sqﬁare kilometers.'SQrface outcrop of the Barakar
Formation is about 100 square kilometers and the Mahadeva Formattdn"
exposed in the .western part of .the field covers about"30 square
kilometers in outcrop. Faulting in this coalfield is post—depositional
as all the formations have been aEEedted by the faulfs (Rizvi, 1972).
According to thvi; two phases of faulting occurred‘{n this field as the
faults show‘dlsplacement amongst.themselveé; but the déting of -these
‘ fauits is - uncertain. Two dolerite dykes (probably early Tertiary in.
age) have been mappea. One dyké passes near .the Barwadih area (Fig.2.1,

approx. L km north of the sampled Talchir locality) and the other NE of

Tiharo (Fig. 2.3). The dolerite dyke of Tiharo has been found to be
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displaced by a fault, thus the dolerite activity predates the faulting.
Two formations, the Talchir and the Barakar, were sampled from this

coalfield.

1. TALCHIR FORMATION: An extensive T;ichir section is exposed in
the Deori Nala directif west of Barwadih Village (Fig. -2.3). Sémples‘
were taken in this section at fodr sites (HTA-HTD, Tahle '2.2),‘
Stratlgrabhicaliy HTA site is the youngest and HTD the oldest. From '
site HTA, 13 saﬁples wére collected over a 2 meter. thick éect{on éf
medium to coarse grained sandstones,‘ probably representing a tillite
outwash. At site HTB, 30 samplesvwgpe.collected from an almost 1.8
meter tﬁick varved clay section.

Sites HTC and HTD ware éampled at opposite limbs of a émall uhdulated
‘structure, which may represent part of an olistostrom. For both"of
these sites, sampling was carried out 1in a section of greenish
sandstones aBout 1 meter thick. A total of 20 samples was collected.
The dip of the beds at sites HTA and HTanas approiimately 12 degrees 3,

whereas at sites HTC and HTD the dip-was approximately 15 degrees WNW.

2.  BARAKAR FORMATION: The Barakar Formation was sampled at four
sites (HBA—HBD; going stratigraphically from young to old Fig. 2.3,
Tabie 2.2).. Sampling at site HBA was performed in a cléyey to ébarse
sandy secttqﬁ abproximatély 1.2 meter thick. A total of 32 éamples 'was
collected. At the other sites, mainly red sandstones were sampled. The
sampled sectlon at sites HUBB,HBC and HUBD was approximately ‘1.5 meters
thick and a to;al of 41 sampleg was collected. Beds at sitesVHBA, HBC,V"
and HBD dip about 16 degrees to tﬁe West, whereas the site HBB beds

showed a dip of 10 degrees to the south.

2,52  Auranga Coalfield
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This coalfield iies about 20vkm east of the Hutar coalfield and
encompasses about 220 square kilometers (Fig. 2.4). Exposures of the
Talchir‘ rocks 1in this field are limited andlcover an area of 10 square
kilometers only.- Rocks of the Barakar Formation are well developed and
cover an area of about.ZlO square kilometers. The rocks of the Raniganj
Fofmation, the Panéhet Formation and the Mahadeva Formationb occur in
1solated batches which may represent _éub;basins. Faults 1in this
coalfield. represent tw§ different phases; A first phase of faulting
possibly affected all the formations of the field and a second ﬁhasa of’
faulting resulted in dispiacements between the faults (Rizvi, 1972).

Igneous activity has not been recorded so far in this field. .

Only the Mahadeva Formatioﬂ (AMA) was sampled from this coalfiéld
’(Table 2.2). Sampling was carried out in a section of. Mahadeva beds
which were Well. exposed in the Jharna Nala, east of Latehar village
(Fig. 2.4). Samples Qere collected from a section about 8.5  meter
thick . The lithology varying from medium to éoarse grained ferruginous
and feldspa&hic pale—Brownish to red sandstones.. The ferruginisation of
the samples 1is probably of a' secondary origiﬁ; as it &as confined
generally to the top of the current-bedded layers. A totalg éf 19

samples was collected in beds dipping 19 degrees S.
2.53 Raniganj Coalfield

This eastern mostv field in the Damodar Valley covers an area of
about 1550'square kilometers (Fig. 2.5). ‘Thts coalfield is structurally
the most complex and shows two types of.igneous activities, namely
lampcophyres intrusions and dolerite‘intrusions. The sodthefn boundary

fault 1is  well developed and oblique faults existing within the field
have affected almost all the exposed formations . -Ahmad et al. (1977)

have tentatively dated the sequence of events affecting this basin as
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follows:
1. Strong faulting in a_geﬂéral EW direction recognised now as the
southern boundary faults aﬁ about 100-110 My; 2go0.
2. Faulting in other oblique directions whose age 15 uncertain.
3. Intrusion of 1ampro§hyré‘dykes;
4. Intrusibn of dolerite dykes at about 65 My. ago.
5. Further ﬁovement along somé of the existing faults.
Two formationé, the Talchir Formation‘and the ?anghét F§rmation'weré
collected from»this coalfield (Tabie 2.2).

a. Talchir Formatton:’ Sampiing was performed in a 7 meter thick
seétion dominatea by silty shales and sandstones, exposed along a Nala
which 1s a tributary to the Azay River (Fig; 2.5). A total of.28
samples was -collected in beds dippiﬁg 14 degfees SW. Around7600 meters
south of the‘sampled locality two tntrusiéns , 2 SE trending lamprophyre
: dyke and a dolerite dyke were noticed. They were expected to have a
negligible direct heating effect Qn the sampled rocks.

b; Panchet Formation: The samples were collected SSW of Sonori from
a 1.5 m thick red clay zone. A total of‘31rsamples was collected. The

dip of the beds was about 55 degrees SSW.

2.54 North-Karanpura Coalfield

This cqalfield is exposed in theb eitréme western portion: of the
Damodaf Valley (Figure 2.6). It shows a good exposure of all.formations
of the the more basal'part'of the Gondwana System (up to ‘the Mahadeva
Formation). The structuréivdevelopment of this coal field ls regarded
as being very similar to the Raniganj. coalfield (Section 2.5.3), but
with coaslderably less abundant Igneous actlvlty. Only the Talchlr
Formation, (TBC) Qas sampled from this field (Table 2.2), Despite the

wide areal extent of the Gondwana sediments in this basin, the Talchir
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Formation iS‘éxposed only in discontinuous patches along the periphery
of ;he basin. Sampling was carried out élaqg é Nala, very néar to the
‘Bachra colliary (Fig. 2.6) where an approximately 7.5 meter tﬁick.
section of1 varied 1lithology such as coarse grained lsandstones,
siltstones and Qarved clays was ‘sampled. Thg' éa@pled beds had a

northward dip of about 10 degrees.
2,55 Johilla Coalfield (Son Valley)

This coalfield 1is the nearest to the present Deccan Trap outliers
(which are abput 8 km away in souﬁhern direction). The various.Gondwané
Eofmattons .exposed in this field are the Talchir Format[én, the
Ka;harbari _Formation, the. Barakar Formation, the Tiki. tPali "?5

Formation, - the Parsora TFormatlon and. the Bansa Formation (Table 2.1).

-The Tiki and Parsora Formations were sampled from this coalfield (Table
2.2). A detailed geological map of this field was.not available, so the
sampled localities are shown on a general geological map of the Son
Valley coalfields (Fig. 2.1).

a. Tiki Formation: This formation was sampled at two sites (TPA, TPB)
near the Tiki wvillage, ﬁhe only locality where the fo?mation has been
described. At site TPA, sampling was carried out over a & méter “thick
.section 'of medium grained red soft feldspathic sandstones, whereas at
site TPB, sampling was made in an approximately 0.5 meter thick section
of silicified red clays. 1In total 70 samples were collected from Eoth
of these sites. The sampled beds were dipping NW to N at about 10
~degrees. 4 |

b. Parsora Formation: This formatiod w%s sampled at four sites
(JPA-JPD, Table 2.2) about five kilometers NW of Pall, where a rallway
bridge crosses the Johilla River. Stratigraphically site JPB was the

youngest, with sites JPD, JPC and JPA being of increasingly older age.
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A 3 meter thick band of feddish‘to purple silty clays wasj sampled at
site JPA" and an 0.6 ﬁeter thick- band of siliceous to ferruginous
sandstones was - sampleds at site JPB. At site JPC, a medium to coarse
grained sandstone about 0.5 meter thick with occasioﬁal occurrences of
stliceous'fe?fuginous bands was sampled. At site JPD, a sectiom of red
silty clays about 1 meter thick was sampled. A total samples collected
from Sites JPA;JPD was 90. At stte-J?A, beds dipped 18 degrees- SSE
whereas the beds at the other sites dipﬁed gently in a SSE direction at

about 9 degrees.



46.

CHAPTER 3
'MAGNETIC PROPERTTES OF ROCKS

3.1 Introduction

The samples collected for this study were all sedimentary rocks and.
consisted ' almost = exclusively of flufio-glacial varve-like deposits and
continental red beds. 1In this chapter, the rock mégnettc pfdperties of
sediments. will be summarized briefly with respect to their minerélogy;
particulary of red beds and types of remanence. Although ho specific
rock < magnetic studies ‘have been: carried out, a general overview is
thought to be relevant for the results obtained. For a more extensive
discussion Aof‘-paléeomagnetism and rock mggnettsm; see Nagata (l1961),
Irving (1964), étacey and Banerjee (1974) and McElhinny (1973). The ‘

main points are summarized below.

1. 1In sedimentéry rocks, haemétite is one of the most stabie‘magnettc'
phase upder oxidising conditions (0'Reilly, 1976) and can be of both
syn- and - post-depositional origin in red beds. Other ‘tyées of
sedimentary rocks such as varved clays may. more directly. reflect
mineralogy related " to the source mateftal in the_bed rock terrain and
can be expected to contain both ﬁaematite and magnetite 'as detrital
minerals.

2. The total Natural Remaunent Magnetization (NRM) of rocks ié
commonly " a vector su@ of several different types of remanent
- magnetization. The magnetlzation- may be acquired at  the tﬁhe of
formation of the rock or. at a 1later stage. .In sedimentary rocks
possible types of remanence are a.) Deﬁoslﬁional Remanenthagnetizatton,

DRM, or Post-Depositional Remanent Magnetization, PDRM, b.) Chemical"

Remanent Magnetization, CRM, c.) Thermal Remanent Magnetization, TRM and
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Viscous Partial Thermal Remanent Magnetization, VPTRM, and d.)

Isothermal Remanent Magnetization, TIRM.
3.2 Magnetic Mineralogy of Sediments

Sedimentary rocks generaliy contain magnetic minerals or their

~alteration products. Such alterations can occur in sedimentary rocks at )

thertime of their formation or later. The most stable mineral in the
" iron=titanium-oxide system under ogidizing condit?ons is. haematite. It -
may be of primary origin or may' have resulted frpm’ sya- or
" post-depositional alterationé (Fig. 3.1); The formation of haemati;é ié

discussed below with particular reference to red beds.
3.21 Red Beds

The term red beds covers a variety of sediments with colours ranging
from . b;own to pufple. The common characteristic of red_Beds is their
pigmentation dué to finely.divided héematite or ferric oxyhydroxide.
This secondary haematite @ay form in several ways. o |

a.) During and directly after deposition by chemical alteration upon
coﬂsolidatlon of sediments; through processes like dehydration of iron:
oxyhydroxide 2Fe00H *'Fe203 + HZO’ as described by Hedley. (1968) . and
Strangway (1968). |

b.) Upon burial and particularly in arid and warm humid climatic

condttions,‘ haematite may form upon breakdown of iron bearing silicates . .

and - clays (Walker, 1976).

Apart from its occurrence as finely divided red pigment, haematite
can also be bfesent in red béds as black specularite grainsr(O'Beilly,
1976). According to O‘Beilly thesg grains aépear to  have Dbeen formedl
upon 1in situ oxidation of magnetite particles.. Unaltered magnetite ié

sometimes present but becomes less abundant with increasing age of the
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e Fe;0, . Fe,0
Wistite - ngnelite ' Huen'?ut?ie
Maghaemite
Figure 3.1 - Ternary composition diagram for FeU-Fe, U_-TiU,. ‘the solld

lines representing the principal solid solution serle$ and the dashed
lines -are some lines of constant Fe:Ti ratio along with oxidation may
proceed in the direction of the arrows. From McElhinny (1973).
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sediments.

3.3 Types of Remanence

The - total magﬁetizatiod ‘of..a' rock“sampLe is termed the Natural
‘remanent magnetization (NRM) and is commoﬁly the Qector sum 'of‘ éevéral
components. Tﬁe components can have different origins and can have
formed at different times in.the rock's history. The acquisition of

such components‘is briefly describrd below.

: A. Depositional and Post—-Depositional Remanent Magnetization

(DRM and PDRM)

The magnetization of sedimentary rocks is most commonly of _thié
» tyéé (Grifflths et al. 1960, Irving and Major 1964). It often results
from thermo—remaneuce already present in the magnétic grains at the time
of _tﬁeir' deposition. The assumption made for DRM in.éedimentary rocks
is that magnetic grains can align themselves in ‘the direction of the
applied .field upon deposittpn_or that such_gratné can rotate into' the
field direction when they are in the water filled inters;itial holes »6f

a wet sediment. This latter process is known as PDRM.

B. Chemical Remanent Magnetization (CRM)

Chemical remanent magnetization in sedimentary rocké nay form iﬁ
magnetic graians at low températureszby chemiéal or phase changes in the
presence 6f the ambient gomagﬁetic field. Collison (1965) concluded
that CRM 1is tﬁe predominant magnetizét{on in sedimentary formations,
particularly inv red beds. Chemical changes in rocks may occur
throughout their history and a CRM Vmay therefore develop.i CRM 1in
sedimentary rocks can develop in various ways:

1. Dehydratioh of 1ron-oxyhydroxides to haematite.
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2. Breakdown -of iron-bearing silicate wminerals with formation of

haematite.

3. Reduction of haematite to magnetite at temperatures around 300

degrees centigrade.

Acquisition of CRM in rocks generally occurs through 'é"nucleétion
prbcesé. 6rigina11y the grains ére very fine particles with
superparamagnetic properties. During growth' the spontapeoué
magnefiza;ion lines wup with the applied field. When the grains pass
fhrough their - critical bloéking diameteré;dBthe | relaxation time T

‘increases ' very rapidly (Definition of T is given : below). The

equilibrium magnetization becomes frozen in and subsequent -changes 1in

the field direction as the grains grow further have no effect upon the

direction of magnetization.

A magnetic grain wdhosé  intttal magnetic moment is Modecays

exponénttally to zero, in the absence of any external field, according
to the following equation:

Mr = MO exp(-t/r) (1) , where Mr = moment léft after

time. t and T relaxation time of the grain. The initial moment will

reduce to one half that is Mr = Moﬁlafter time t = 0.6931 , which  1is
defined as the half life of. the initial remanence.
Furthermore, the relaxation time of the grain {is related to the

ratio of two energies Er = vK and Et = kT  and 1s given by the

following equation:

=1 -1 vk _ : ) S
t T =5 exP(Er/Et) =T exp(ﬁi) (2) » ~where B
internal magnetization energy, v=volume of the grain, K = anisotropy

energy of the grain) Et =thermal fluctuations energy, & =Boltzmann's

constant, T = absolutes temparaturs . and C =vfrequency factor =23ual to
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about 10707,

It 1s clear from equation 2 thatAif.thelvolﬁme of the grain .v {s_
suffiéently small at a given temperature so that Er << Et
"(thermal energy overcoﬁes‘the internal magnetization energy), then the
relaxation time T begomeé vefy small. This résult;Zthe~magnettc moment
of the grain d&unﬁhat sppntangouély accordiqg .ﬁo reiation '1 anq
therefére no remanent magnetization e -be acquired.

- Now, since the anisotropy energy of thé grain K can arise'-from

three factors such as magnetocrystalline antsot:dpy , shape anisotropy
: HJ
’ “c's
and magnetostrictive anisotropy and is given by 75 . Where HC and JS

are Bulk  coercivity and saturation magnetizatlon respectively..

Substituting' - . in equation 2 QNGS
v H Js ' ‘
)

L 3

It is evident from this that for a particular composition of the
magnetic grains, in absence of any exﬁe?nal field, the relaxation time
is dependent on two factors‘; v and T. It becomes small when T is large
b(that is at~higher‘temperature) and also when v 1s small (small‘graln
size). For each grain of volume v tﬁere is thus a criticgl bloéking
temperature TB ét which T  becomes small (say 100 to 1000 sec.) but
which might'also be below the Curie temperatufe. Similarly at any given

temperature T there is a gritical blocking diameter dB (corresponding to

a sphere of volume v) at which T becomes small.

C. Thermal Remanent Magnetization (TRM) and Viscous Partial Thermal

Remanent Magnetization (VPTRM)

Sedimentary vrocks may - acquire a TRM upoh heating and subsequent

cooling. Counsider an extreme case where sedimentary .rocks containing

haematlte grains are heated wup to say, 700 degrees cent{grade; The

remanence 3acquired by such rocks during cooliﬁg from the Curie
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temperature ’(TC = 675 degrees centigrade for »haémattte) to room
temperature 1is called the total TRM. Upon cooling from a high
temperaturé, épqnténeous_magnettzatlon appears at the Curie temperature
TC. and assumes an equilibriﬁmr magnetiéation in the presence ‘of ~an
applied field. Gfains ‘of différent volume v will each haQe different 
blocking temperatures TB. '~ As the temperature drops below T and goes
through the TB of a specific grain, the felaxatlon time 't' of such a
grain increases rapidly. The equilibﬁium magnétiiation stabilizes' in”
the gralans ﬁﬁd subsequent changes in the Eield direction, undergone at

"temperaturés below Tg, have no effect. on changing the directioﬁ of
mégnetization} The TRM 1is " thus acquired over ‘a range of blocklng:
tempgratures ?Brfrom the Curie temperature-’to room temperature (Fig.
3.2). The total TRM can be comsidered to havé been acquired in steps

within successive temperature intervals, i.e. (TC -T. ), (T1 - Tz) and

1
SO on. The part of the total TRM acquired in a particular temperature
interval 1s called a partial thermoremanent magnetization (PTRM). The
PTRM acquired 1in any temperaturé interval depends ‘only on the field

applied during that interval and is not effected by the field applied at

subsequent intervals on cooling.

When sedimentary rocké undergo a long ﬁeriod of deep burial and
thus elevation tovtempefatures of say 100 to 200 °C or aré ‘heated éo
such temperatures bbecause of prolonged igneous activity inrthe nearby
" region, then they will acquire a viscéus " PTRM on cooling from this
temperature to 0°C say. For example, 1In the old  Red sandstone
(Chamalaun and Creer, 1964) the secondary component
(Permo—Carbon[férous) was found to bo dominaat and a much smaller, more
stable éomponént Qas detected only after thermalrdemagnetization to at
least 600°C. They ascribed the secondary component to a rapid increase

in the ‘relaxation time of the 3rains as a consequence of fall in
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Figure 3.2 The acquisition of TRM. The PRTMs acquired over successive

tempervature intervals add up to gi
(1973).

ve the total TRM curve. From McElhinny
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temperature during uplift and folding. Also, In the Bloomsberg red beds
(Irving and Opdyke, 1965) identified a secéndary éomponent of Permain
age which was of comparable magnitude to a more stable component that is >
believed to be of the same age, Silurian,as 'the Bloomsburg Formation
itself. They suggested that the secondary magnettzatton was a moderate
temperature Qiscous remanent'magnetizatipn acquired when the  beds were
buried beneath a thick sedimentary plile or that it could be a cheﬁical
effect due to increase in grain size. These examples sﬁggest that a
similar conditions -Long burial of rocks and eventually their uplift or
their prolonged heating due to_Deccan'Trap magmatic activity —-could have
prevailed for 'the presently studiéd sedimentary formatidns, in‘
acquisition of viécous PTRM. To recognise these typesof ancient orogenic
effects it is necessary to investigate tﬁe compiete blocking tehperahure
spectrum up to the Curie temperature during thermal demagnetization

experiments (section 4.4).

D. Isothermal Remanent Magnetization (TIRM)

IRM 1in sedimentary rocks can be produced by lightning strikes.
These often cause rocks containing magnetite grains to acquire an IRM of

large intensity, but of soft maghetic characteristics.
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CHAPTER 4

SAMPLING, MEASUREMENT AND INTRRPRETATTON TECHNIQUES

o~
.
-

Introduction

Block—- and core- samples were oriented in the field with a magnetic
and- solar compass using an orientation device similar to that described

by Embleton and Edwards, (1973, Fig. 4.1).

Remanence measurements were carried out mainly on: a two—axis
cryogenic magnetometer (3CT) with a 3.6 cm access opening and a 30 litre
liquid helium dewar’ (Fig. 4.2). Bulk susceptibility measurements were

‘carried out on a Digico susceptibility bridge (Fig. 4.3).

Two demagnetization technlques were used to study the magnetic

stability of the rocks.
A) Thermal demagnetization (Fig. 4.4); and

B) Chemical demagnetization (Fig. 4.5).

Reduction and analysis of the directional data was carried out on a
UNIVAC 1108 and more recently on a UNIVAC 1142 computer at the Computer
Sciences Centre, Australian’ Natiomal Uhiversity; Canberra.' Prograas

developed by Klootwijk , Kirschvink (1979) and Morgan (1976) were used -

for data reduction and analysis.
4.2 Sampling Technlques

As discussed In Chapter 2, geological formatlons were sampled over
stratigraphic intervals at differeﬁt_sites. The stratigraphic thickness
sampled at any particular site ranged from a minimum of half a meter ';o

8.5 m (Table 2.2). The " intensity of remanent magnetization of the
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Gondwana sediments was in generél too low to deflect a magnetic compass,
but bearings from both the sun and magnetic compasses were taken as an
extra check. The samples were oriented and collected in' three ways

according to field conditions.

A. Block Samples with Flat Surfaces
“The strike and dip lines were mérked ‘on a 'suitably flat surface
(Fig. 4(1#). The azimuth of the strike direction was measured with. both

a sun and magnetic compass. The dip was measured with a clinometer.

B. Block Samples with Uneven Surfaces
Such block samples were oriented using a sun compass device mounted
on an isosoles tripod (Fig. 4.15)_and a magnetic compass. The lowar

plate of the sun compass mounted immediately on the legs of the tripod

creates an artificial plane, whereas the upper plate is hinged to the -
lower alongv ﬁhe strike direction. For the required orientation plane
the position of the 1legs is adjusted vﬁntil _the upper- surface 1is
horizontal. In this posiﬁton, the azimuth of the strike line is
measured bo#h.with a sun andra'magnetic compass. 'The'dip is measufed as

the angle between the horizontal and the dipping plane.

C. Core Samples
‘Core'samples were oriented with an apparatus similar to that used
for block samples with uneven sﬁrfaces, but now mounted on a tﬁbe; which
~is inserted and oriented 1in the»bore.hole (Fig. 4.1c). A fiducial mark
ts made on fhc core through a slit 90 degrees counterclockwise from the
dip direcfion; this mark indicates the strike direction. The strike and
dip of. the orlentation plané are measured in a manner simllar tb that

described for block samples with uneven surfaces.

In the 1aboratory, the block samples were cored perpendicular to the



Figure 4.1a Orientation of block sample with flat surface,

showing
the sun compass reading for the azimuth. _
Figure 4.1b. Orientation of block sample with uneven surface. The

tripod arrangement is shown for the sun compass azimuth and the inclination

of the plane is read from the clinometer scale, shown at the side of
the instrument.
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Figure 4.1c. Orientation of cored sampled. Sun compass azimuth and
inclination of the plane is recorded as in Figure 4.1b. The fiducial
mark position, i.e. antistrike direction on the core is 90° counter

clockwise from the dip direction.
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orientation plane marked in the field. At least 4 cores were drilled
from each block sample, each génerally sliced into 8 specimens of
approx{mately 2.5 cm diameter and 2.2 cm length. Core samples drilled

in the fleld were sliced in general into 3 specimens.

4.3 Measurement Techniques

Remanence measurements were made mainly on a_ two-axis cryogenic

magnetometer (SCT). A practical lower intensity limit for remanence
g -2

measurements on the cryogenic magnetometer was about 2 x 10 =  m.A/m.

The magnetometer waé interfaced initially with a Digico mini—compﬁter,

and later on a HP 2116B for on line data reduction.

)

Bulk suscebtibility measurements wére made_ “with a Dtgiéo
susceﬁtibility bridge during all steps of a pilot progreséive thermal
demagnetization seriés (Section 4.4). ?aper tape 6utput obtained from
both setsbof measurements was further processed at the ANU UNIVAC 1142

computer. A brief discussion of the operation mode of both the above

" {nstruments is given below.

A. Cryogénic Magnetometer:

External and sectional views of‘the SCT cryogenic mégnetometef are
shown in Figs. »4.2a and 4.2b. The sectional view 0f the cryogeqic
magnetometer shows ‘one set of measurement coils only, though the
magnetometer used in the present study had two sets_of mesurement colls,
which could measure two magnetic components of a specimen
‘slmultaneously, one horizontal component and the vertical component.
The superconducting shield reduceé the ambient field to less than 1OY
at the position of the measurement coils. 'When a sample is inserted

into the superconducting pick-up coils, a current is induced in the pick

up coils due to changes in the magnetic flux linked to the coils. Since
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the coils ére superconducting, this induced current does not decay wi;h
btime.The strength of the induced current is then a direct measure of the
magnetic.moment_éf the sample ‘along the axis of the pick up coils. Thé
Aresponse cur?é of the noh—axiél magnetic compbnent vs. distance with‘
respect to the>méasurement‘cotié is shown in Fig. 4.2b. | The analégue
signal produced 'is also shown on a digital voltmetef, which - is
interfaced to the mini computer for ontline data reduction. Directional
and intensity information is thus obtained more or less instantaneously.
Measurement of the various componeéts and vprocessing of a full

measurement series takes about half a minute.

Operatioﬁ Mode:

Initially thé'cryogenic‘magnetémeter is to 5e calibrated for both the
horizontal and the vertical component. This is achieved by inserting én
afttficial sample made of uniaxially Amagnetized tape tnto‘ both the
direction of the vertical and of the horizontal measurement axis. In
this way the sample holder is aiso aligned with respect to the
instrument fixed orientation system. The software aliows ad justment of-
parameters such as volume of the sﬁectmens méasured,vnorﬁal and iﬁverse
modes with correspondingly measured components as shown in Fig. 4.2¢.
In a normal measurement'sepies, 4 measuréments‘ aré obtained - for each.
horizontal component (X and Y) and 8 measurements for the vertical
component (Z). The mean resultant magnetic components - and .directions
and intensity pf magnetization arve ﬁunched on paper tape for further

processing on the ANU UNIVAC 1142 computer.

B. Bulk Susceptibility Unit:
Magnetic susceptibilities were. measured on a Digico bulk
susceptibility bridge (Fig. 4.3). Tt was found  difficult to get

reproducible results for susceptibilities below 0.2 x 10-6. The unit



Figure 4.2a. A general view of the cryogenic magnetometer with part of
attached electronics. ‘ ‘

Figure 4.3 An external view of the Bulk Susceptibility.Unit (details
in text). , ' '
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works on an electrical bridge principle and has resistive and 1inductlve

balance controls. There are two signal wires, one of which is connected

to the electronics ﬁnit and the other one 1s connected to -  an
4oscilloscope (Fig. 4.3). Before measurement the Bridge is to be brought
into equilibrium by making use of resistive and inductive controls. The
unit 1s now to be calibrated with a sample of known susceptibility.
»After calibration, susceptibility of the épécimené can be measured. -For

this the sample is placed in a wooden box holder and is brought into the

coil. The susceptibility change can be visualized on the oscilloscope

unit. Digital read out is avallable in print form or on paper tape for

further processing at the ANU Computer Centre.
4.4 Demagnetlzation Techniques

Sedimentary rocks may possess various secondary magnetizations
(Section 3.4) in addition to a primary magnetization (if present). The

difference in stability of the various magnetic components forms the

basis for their separation upon magnetic cleanlng and may be explained

according to Neel's single domain theory (3ection 3.3).

1f anisotropy changes with temperature 'T' are neglected, then the
relaxation time .Tl at temperature Tl is simply related to the

- relaxation time 't ' at temperature T as follows
: : 2 - P 9

T 1 = T 1
1 ogC Ty , rosCr,

This means that for a set of uniformly magnetized grains the same effect

upon ‘the remanence is obained either by maintaining them at temperature
%_for»sufficient time Ty (geological condition) or by raising' to a
higher temperature T2 and maintaining them at some shorter time 'T2'
(laboratory condition). Thermal demagnetization was ﬁainly applied in

the course of this study for separation of components wiﬁh distinctly
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different temperature spectra. Chemical demagnetization appeafed most
‘useful to study any post-depositional chemical changes in the rocks._
?urther thermal demagnetization after chemical demagnettzation gave no
satisfactory  resu1ts. Earlier to this project,‘I héd some ekperieﬁcé
Witthiternating field demagnetization - statically glong 'three .axes
according to Utrecht university.conventton - which was carried out on
rocks from foot-hills of the Himalaya region and from the western
portion of Indian Shield region. The lithologies of these sections were
very similaf td.the presently studied Gondwaﬁa Eormations; But the
'demagnetization technique met with i{ttle ‘success in separating‘the
various magnetic components. This was.suspecﬁed because of two reasons.
1) ‘Noise of the A.F.demagnetization machine»ﬁt A.N.U. @ay be ‘much
strongef than the remanence {ntqnsity of the rocks.
2) Rock magnetic properties could have been complex.b
.Realising these diffculties, this teéhnique was not pursued further

for this project.

The normal operation mode upon thermal and chemical demagnetization
is described below. After every demagnetization step, the samples were
kept in mu-metal shields to minimize the acquisition of viscous magnetic

components.

A. Thermal Demagnetization:
betailed thermal 'demagnetizatidn’ experiments (up to 675 degreeé
centrigrade) were carried out in argon gas (to reduce oxidaﬁion during
heating) 1n non-magnetic furnaées described by Mcflhinny et al. (L971).
The furnaces are capabie_of attaining‘ temperature in excess of - 700
degrees centigrade, and aré surrounded by a 10 coil feed-back controlled
field cancellation system (Fig. 4.4). The amBiént magnetic field w{thin

the furnace was kept below + SY'during the heating and cooling cycle’



Figure 4.4 An external view of the thermal‘demagnetization apparatus
(details in text). '

Figure 4.5b. A set up of the chemical apparatus (details in text).
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ﬁhich lasted approximately 2 hours. To reduce the possibility of ﬁutuai
remagnetization of the specimeﬂs in thetr‘demagnetizihg filelds, the
specimens were positioned with appropriate spacing and only specimens of

—roughly‘ thé same NRM intensity werélﬁeated togetﬁer. The position of
the specimens within the furnace was revérsed~ upon every successive
héating cycle to prevent a é?stematic direétional bias (if any) due to

a - possible non-perfect €field cancellation. For pllot progrésétve
thermal demagnetization studies, in generél the following peak
temperatures were reached at successive steps.

STEPS: . 100,200,300,350,400,450,475,500,525,550,575,

600,620,640,660,675 degrees centigrade.

B. Chemical Demagnetization:
Chemical demagnetization was carried out within a Parry coil system
made up of 3 pailrs of coils, about 1 meter across. The ambient field

» at the .centre of this_ set' could be ;ancelled’to about + 100-200Y.
Specimens Qere serrated perpendicular to thelr axis In . the 1lower "aad
upper.part of the sample (Fig.4.5a) to facilitate more rapid penetratiom
wtth‘HClg The specimens were demagnetized in the apparatus shown im -
Figure 4.5b, the inside beakar containing speélmens in écid was covered

on top with a second beaker which neutralized the acid fumes through am

alkali solution present in a wider outer beaker. Remanence measurements .
were taken after 1, 2 and 6 days of leaching in. a 6N-IICL solutiona
Further leaching was carried out at 12N-HCl and measurements were taken
;Etér the 10th and l4th day. Specimens were checked Eér removal of
their red coating; by cutting them in half. 1In most of the specimens,
the red coating remained present for maxiﬁdm of 14 days. After every
leaching - step and before remaneunce bmeasurements, the spécimens were
thoroughly rinsed in water for at least half an hour and‘ then heatgd

to a ‘temperature of 150 degrees centigrade and cooled in zero field as
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~-Figure 4.5a. A serrated specimen.
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Figure 4.6 Orthogonal projection for a thermally demagnetized
specimen. Solid circles denote the projections of the end point of

the changing resultant magnetization vector on the horizontal plane,
open circles denote the projections of these end points on the vertical
plane with E-W axis in common.



68.

described in section %4.4a. The specimens were kept 1in barbecue  bags
during the heating which prevented HCL vapodrS' from corroding the A
furnace. This removal of aggressive vapours through heating was thought

necessary to prevent corrosion of the cryogenlic magnetometer during

subsequent measurementss

-After removal of the red coating, the specimens were subjected to
progressive thermal - demagnetizatlon up to a temperature of 675 degrees
centigrade. The speciméns however behaved erratically .and no additional

nagnetic component could be conclusively identified.

4.5 Interpretation Techniques

The run stream followed for. data reductidn is described below.

A. Reduction of Sun Compass Data:
Sun compaés data were checked against magnetlic compass data for
possible errors. If sun compass data were not available, the magnetic

measurements wete corrected for the magnetic devidtlon'at the sampling

locality.

B. NRM Directions:

N’RM directions were meésured on the cryogenic magnetometer,'or on a
Digico ~magnetometer at the time when the cryogenic magnetometer. was mnot
yet in operation (before january 1978). The directional data obtained
in sample <coordinates were transferred to fiéld coordinates. The
field-corrected dtrecttons‘were plotted on equal area ﬁrojecttbn. Pilot
specimens '~ for progressive thermal demagne;izaﬁion were selected by

inspection of the NRM results on a basis of their directions, grouping

and intensities.

C. Orthogonalerojections} Analysis and Detefmination of
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Magnetic Cdmponents:

Pilot specimens selected from NRM data Were;demagnétized thermally.
or chemically. Remanence : measurements  and -bulk “susceptibility
measurements Qere méde after every 'hegting _step; Susceptibility
measureﬁen;s were not carried out in the case of‘ chemical
démagnetizatLon. The variétion of remanence diregtion upon progressive
demagnetization was studied on the basis Aof orthogonal projection
figures and also from normalized -iptensity decay graphs.'.Thé bulk
susceptibility graphs, however, did not show any substantial ghangeS»
upon progressive thermal demagnetization other than a s1ight decrease
(10-20%). This indicatés that no significant chemical altefattons
“occurred in nthe specimens during thermal aemagnetization . Orthogonal
projecflon Elgufes were studied 1n separation of various magnetlc'
components  and detérmination' of their directions. This method i§
thought to be superior to conventional analysis techniques such.as equal
area‘ projection or equal aﬁgle projection} which show only changes in
direction of the resultant magnetic vector and do not  show changes 1in
iﬁtensity. Orthogonal projection figures show changes in the énd point
of the resultant magnetic vector during progressive demagnetization.
These vectors are projected on a hofizontal and a vertical piane.» Both
projections are combined into one figure with one horizéntal axis 1in
common. For illustration, an example 1is shown {n Fig.. 4.6. The
:gsultant magnef[zatlon vector moves durtqg thermal demagnet{zatton in
an ‘ubward direction with an initial slight {increase in intensity
followed by a later steady decrease'toﬁards Ehe orlgln. Clearly thls
specimen contains two magnetizations: a soft component with a.NE
declination and steep positive inclination, and a harder component with

a SW declination and a small negative inclination.

Individual magnetic components were interpreted and determinad froa
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these projecttous‘on the basis of straight' trajectories, based on at
least three measurements. The directions of these observed componénts
were determined with a principal component analysis program ‘adapted

after Kirschvink (1979).

D. Estimation of Mean Directions:

The field corrected magnetic components, determined froh ofthogonal
plots were grouped 6n ‘the- basis of their characteristtc,tehperature
ranges and on the basis of their directions. Mean sbetimen ‘directiéné
of such dompoﬁents Were calculated by giving un{t wéight.to individual
specimens. A correction for bedding.waé made and the pre-, or post-
folding origin of the magnetic component under study was determined from

changes in the precision parameter 'K' upon application of the fold test

(McElhinny, 1964),

E. Palacomagnetic Poles:

Pole positions were computed from the mean directions, either

" corrected or not corrected for bedding. Since the mean directions were

obtalned from the speéimens sampled from a strattgrapﬁic :sectton
sufficiently ‘extensive to average out palaeo—secular,vapiat[on (Table
2.2), the poles may be interpreted as palaeomagnetic poles rather than

virtual geomagnetic poles. All poie»positions presented in this study

are given as south poles, following the estabiished coavention. = These

calculated palaeomagnetic poles have been compared with the previously

“available APWP for Indo-Pakistan (Klootwljk and Bingham 1980).
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CHAPTER 5
PALAEOMAGNETTIC RESULTS
5.1 - Introduction

Palaeomagnetic results for the Gondwana Formatlons studied are
presented in Table 5.2. Some of the more relevant results are

summarized below.

-A. Although similar type of 1itholpgies for example silty shales
,sandstones‘ and silicified red clays, weré usﬁaily found té exhibit
conéistent directions sometimes an erratic directtoqal behaviour was
noticed. Note this - behaviour 1in the Télchir Formation collected from

Raniganj coalfield and the Tiki Formation collected from Johilla

coalfield, 1in contrast to lithologies of other Formations (Table 5.2)ﬂ
This may however, be directly linked. with the distribution of types of

magnetic grains (5P, SD or MD grains) in the rocks.

B. Individual magnetic components observed in the specimens at vgrious
sites are tnterpreted as charactertsticAcomponents (thdervéld, 1967).
Information relevant to the different charaéteristic components observed
upon Thermal and Chemical demagnetizétions are listed in Tables 5.la to
5.le. In general, there was a good agreement between ﬁhesé results .
Chemical demagnetléatton was very successful in éeﬁarating the yarious
mégnetic components present in thevrécks, and Qf prime‘impoftance in
- establishing the pr[mhryfor secondqu nature of the :NRM tn  the rocks .

(Table 5.1 d).
5.2 Palacomagnetic Results of the Talchir Formation

5.2.1° General
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The Talchir Formation was sampled from three différent cbql fields
i.e. from the Hutar coalﬁield (sites ﬁTA, >HTB, HTC, HTﬁ),,”Erom thév
Ranigan] coalfield (RTA), and from the North-Karanpura coélfiéld (TBC).
-The totél nuamber of samples (speciméns)‘coilected‘has been tabulated per
site in Table 2.2. The remanent magnetization of the samples collected .
was studiedAonly through thermal demagnetization 5Consistent dire¢tioﬁs
could only be obtained from two sections éampled in the Hutar
‘coalfield- from a 2 metre thick section‘ of medium to .coérse graiﬁed
sandstones (HTA) and  from a i.8 metre thick seétioﬁ of Qafved clays
(HTB). 1In the North Karanpura coalfield (TBC), results from an upper
section. of siltstones and varved clays showed consistent directions,
whereas lts lower section made up of medium to éoarse grained sandstones
showed randonm >dtrections. The other two sites of the Hutar coalfield
(HTC and HTD, 8 and 11 samples resp.) which were collected from a band
of greénish' sandstones éxhibited only randdm directions. This possibly’
may be attributed to the olistostromic nagure of these beds (Section
2.51). There was an intrusion of eérly Terftary doie:iterdykes about 1
-‘km north of the sampled localities (HTA, ﬁTB, HTC, HTD, Figure 2.3), but
no ..apparent direct.heatiﬁg effect has been notlced in the palaecomagnetic
directions. A random diréctional behaviéur was also noticed in a-
Asectton ‘0of sillty -shales and sandstones (2§ gamples) from the Talchir
Formation of the Raniganj coalfield (RTA). This, however, could bg. due
to the weak initial intensity. (0.05 - 0.1 mA/m) ‘of the samples.
Fold-tests fof the characteristic components observed in specimens €from
sites (UTA, HTB, .TBC) of the Talchir Formation remained inconclusive.
The characteristic components were all of reveréed polarity. A detaiied
description of the characteristic components observed in the Talchlr

Formation at sites HTA, HTB and TBC is given below. Infotrmation about

the . characteristic components and their Fisherlan statistics {is
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Table 5.1a . Hutar, Talchir and Xaranpura Talchir: MeanA Directions of characteristic component after thermal

‘demagnetization
Before Structural Correction
Site “Initial NRM Nn) . N{n') 0 1 K ags R .S.Polé Position d d_
lntensit* Range . oom " . Lat.S Lon?.E P
mA.m™ ) (°) (°) ] (° vy (2)
HTA ) 1-20 9(9) 20(11) 120.7 60.3 46.3 7.6 8.8 5.0 124.4 8.8 1.6
HTB 1-20 27(26) 40(28) 138.4 57.4 30.7 5.1 26.1 16.9 nza 5.4 7.4
TBC 0.2-200 13(12) 52(25) 133.6 54.5 28.4 7.9 12.5 16.6 123.2 7.8 . 110
After Structural Correction
Site . Initial NRM D' I K* qQ, R S.Pole Position d d
lntensit_Y Range m m 95 Lat.S l.ont);.E P m
mA.m™ (°) () (°) (°)- (° )y )
HTA ’ 1-20 136.3 53.6 46.3 7.6 8.8 18.8 121.1 7.4 0.6
HTB 1-20 149.4 47.6 30.1 5.1 26.1 29.8 114.9 4.3 6.6
T8C 0.2-200 125.8 55.7 29.5 7.7 12.5 n.z 126.7 7.9 . 1Na
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tabulated in Tables 5.la and 5.2.
5.2.2 The Natural Remanent Magnetization of Sites HTA, HTB and TBC

NRM inﬁénsities of the speciﬁens at sites HTA and HTB'ranged between
1 'énd 20 mA/m. Site TBC speéimens showad somewhat higher intensities
between 0.2 and 200 mA/m . NRM directions of site HTA were quite
dispersed, streaking from the present field direction (D = 359 degreeé,
I = + 30 degrees) to downward pointing ESE direction‘(Fig. S.Ig).‘ Sites
HTB and TBC specimens showed nicely grouped directions, downward

pointing in the SE quadrant (Figures 5.1b and c).

On progressive thermal demagnetization, HTB and TBC site specimens
showed a very similar directional pattern in blocking temperature
spectra and normalized intensity decay plots (Figs. 5.2b, . 5.2¢, 5.2d).
The higher blocking temperature directions of site HTA specimens were in
agreement with directional information from the above mentioned sites
but their low blocking temperature directions were found to be scattered

(Fig. 5.2a).

v31te HTA specimen revealed the presence of two magnetic components; -
a soft NE directed and upward pointing component which was removed at
110 degrees C and a harder characteristic component SE directed downward
pointing 'comp0nent with a blbcking temperature range of 530 to 675
degrees C. Between 210 and 550 degrees C both the soft and hard

components were removed simultaneously.

In specimens from sites HTB and TBC ‘a soft downward pointing
component was removed at 175 degrees C and a well grouped characteristic
component direction~ could be separated between 175 degrees C to 675

degrees C. The harder component showed a SE and a downward direction in

specimens from site HTB, and ESE and downward for site TBC specimen.



Figure 5.1 Directions of the natural remanent magnetizations in specimens
of the Talchir Formation sampled in the Hutar Coalfield and the Karanpura
Coalfield. Symbols: Open circles (4) denote directions pointing upwards;
Solid circles (3) denote directions pointing downwards; Diamonds (2) denote
local direction of the present axial geocentric dipole field; Solid
triangle (1) denotes present local field direction at sampling locality,
dipping 30° downward. No tectonic correction is applied to specimen
directions denoted in Figures A-G.

(A) Site HTA initial specimen directions.

(B) Site HTB initial specimen directions.

(C) Site TBE€ initial specimen directions.

(D) Thermally cleaned specimen directions from site HTA.

(E) Thermally cleaned specimen directions from site HTB.

(F) Thermally cleaned specimen directions from site TBE. ‘

(G) & (H) Checking of fold test in specimen directions from sites HTB, HTA
and  TBC before and after bedding correction respectively. »

(I) Site mean directions from site HTA (6) before and after bedding
correction, from site HTB (5) before and after bedding correction,
and site TBC (circles) before and after bedding correction.
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The remanent intensity decay curves at allvthesevsttes were very
similar in pattern (Fig. 5.2d). A steady decay in intensity up to the
blocking temperature of 575 degrees (Curile point of magnetite), followad
thereafter by a rapid drop in intensity dp to the blocking temperature
of 675 degrees C (Curile point of haematite). Thié possibly indicates
that the remanent magnetization of the rocks resides both inr magnetite

and haematite grains.

Characteristic Adireétions for sites HTB and TBC épecimens, before
bedding correction (Figs. 5.le énd f) showed a minor directional change
when compared with ;heir NRM directions (Figs. 5.1b and ¢), whereas the °
originally scattered NRM directions at site HTA specimens (Fig.. 5.la)"

showad a marked improvement (Fig. 5.1d).

Application of a fold test to the characteristic directions from
sites HTA, HTB and TBC gives a negative result (Figs‘S.lg, 5.1h ). The‘
precision parameter K, before and after bedding correction decreased
from 840.8 to 47.6. These sites come from two different coalfields -
Hutar and North Karanpﬁra coalfields and their is appreciable
chronostratigfaphical difference between them (Fig..2.2 a). Under thgse«
conditions, the negative fold test is open to two different
interpretations, depending on thé as yet uncertain eétablished magnitude
of apparent polar wandering during Permo-Carboniferous time;

A. 1In case of limited polar wandering, the components from both the
coalfields ‘are comparable and the negative fold test represents their
secondary nature of post folding age.

B. AIﬁ case of appreciable polar wandering, the cbmponents from both
the coalfields are incomparable and the negative fold test is
meaningless. For this case, the characteristic mean directions for sites

HTA, HTB and TBC both before and after bedding correction are shown in
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Fig. 5.1i. ©WNote that the dispersed directional.patterﬁ before bedding
correction lines up after bedding correction in aécordance with their
stratigraphical order (Site HTB to TBC‘ in decreasing age order) .

‘Furthervdiécussion ‘aboutv the ﬁagnetic nature of the compoﬂent is

deferred to the next chapter on interpretation.

5.3 . Palaeomagnetic Results of the Barakar Formation
5.3.1 General

The Barakar Formation from the' Hutar coalfield (Fig. 2.3) was
collected at four sites HBA, HBB, HBC, and HBD with'_site HBA the
youngest and site HTD the oldest sﬁrattgraphically (Table 2.2). The
magnetic remanence content of the vrocks was analysed by thermal
demagnetization and also by chemical demagnetization techniques.

Chemical demagnetization of the specimens was followed by thermal

demagnetization.

The thermal demagnetization and the chemical demagne;lzation result
showed good agreement in directions but continued thermal
demagﬁetiiation after chemical demagﬁe;ization showed only random
directions which may be the result 6f the very iow remaining reménent
magnetic 1intensity >( about 0.05 mA/m ). Site HBA samples, collected
over é section of approximately 1.2 metre thick, dominated by clayey  to
coarse red sandétonés, revealed the presence of only one characteristic.
cbmponent, both upon thermal and chemical demagnetization. Site HBB .
samples, collected from a section about 1 metre thick composed mainly
of red sandstones, also revealed the presencé of only one characteristic
gomponent upon  thermal demagnetization. Chemicalb demagnetization
however, was mnot successful for this siﬁe (10 samples) as most of the

samples broke apart upon chemical treatment. Sites HBC and HBD samples
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Table 5.1b  Hutar Barakar: Mean directions of characteristic component .after thermal and chemical work

" Before Structural Correction

* 3 * * * N
Site mitial M T we)® 0T 1T T o RS sipote Position 4 d
(Tech.) Intensity,Range : m . Lat. Long. P m
mA.m T (°) (°) ) ) ) () (°)
HBA 3-50 20(18) 36(30) 99.2 56.2 36.4 5.4 19.4 7.0N 136.8€ 5.6 7.8
{Thermal) .
HBA © 3-50 10(9) - 15(14) 106.1 62.6 16.4 12.2 9.4 5.5N 127,98 14.9 " 19.0
(Chemical) .
HBB 3-50 9(9) 19(16) 118.9 44.8 24.8 17.2 8.7 12.58 137.4e 13.7 21‘.7
(Thermal) : .
After Structural Correction
Site Initial NRM [N [ K' - g R S.Pole Position d
(Tech.) Intensity_Range T m %95 Lat. LOE?. ': T
: mA.m-1 (°) () (°) - (°) ( ) )
HBA 3-50 1.0 74,3 35.1 5.5 19.4 10.9N ML7e 9.1 10.t
{Thermal)
HBA 3-50 135.9 79.5 16.5 12.2 9.4 8.6N 98.0F 22.2 23.2
(Chemical)
HBB 3-50 124.3 40.4 26.3 16.7 8.7 18.5S 137.26 12.1 20.1
(Thermal) '
Table 5.1¢ Ranﬁgénj Panchet Formation and Auranga Mahadeva Formation: Mean directions of characteristic component
) after thermal demagnetization
Before Structural Correction
Site Initial NRM N(n) N'(n') D | K g R S.Pole Position d dn
Intensity, Range ‘ Lat. Long. P
mA.m (°) (°) (°) (°) (°)
RPA v 3-10 18(16) 20(17) 52.0 37.3 28.2 6.6 17.4 42.0N 169.4e 4.5 7.7
AMA 1-1000 9(9) 20(16) 329.8  -53.3 82.1 10.5 8.8 25.6S 12.1€  10.1 14.5
After Structural Correction
Site Initial NRM D_' I K' R S.Pole Position d d
Intensityl Range n m %95 Lat. Long. P m
mA.m (°) (°) (°) (°) (°) )y )
RPA ) 3-10 115.3 55.6 3.2 6.2 17.4 4.65 134.0t 6.4 9.0
AMA 1-1000 343.6 -39.2 81.2 10.5 8.8 41,45 104.9E 7.5 12.5
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(13 & 9 resp.)-which.Were ;ollected from a section 0.6 métre thick of
red silicified Vsiltstone, showed the presence of only a recent field
.component, ‘both upon thermal and chemical demagnetization. The .
fold-test was inconclusive for the characteristic coﬁponents observed in
specimens from sites HBA and HBB. Relevant palaeomagnetic results

obtained from sites HBA and HBB are listed under Table 5.1b and will be

discussed briefly below.
5.3.2 Natural Remanent Intensities of Sites HBA, HBB, HBC and HBD

The'initial intensity range for samples belonging to éites HBA and
HBB varied from about 3 mA/m to 50 mA/m, - whereas the intensity of
the samples f;om sites HBC and HBD ranged ffom as iow as 30 mA/ﬁ to
abouﬁ 700 mA/m. The NRM directions of site HBA spécimens were quite
disperséd, downward pointing and mainly confined to the NE and SE
quadrants (th. 5.3a), whereas directions obtained ~froﬁ site  HBB
specimens streaked from the present field direction (D = 359 , i,= +30 )
towatrds the N& quadrant upward pointing (Fig. 5.3b). 1In contrast to
these NRM- dipections. from site HBA and HBB specinmens, specimen

directions from sites HBC and HBD showed results grouped around the

recent field direction only.

Specimens from site HBA, on thermal demagnetization revealed mainly
two magnetic  components. ‘A soft recent field éomponenf of about 5% to
10% of thebNRM intensity whichvwas removed at about-200 degrees C (Fig.
5.4a, 5.40), and another hard easterly directed and downward bointing
characteristic component with a blocking temperature range from 545
degrees_ C to 675 degrees C. Between 200 degrees C and 545 degrees C, a
simultaneous breakdown of the recent field component and the harder
compopent was observed, which mainly resulted in a progressive change in

declination. A similar directional pattern was also observed for the
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Figure 5.3 Directions of the natural remanent magnetizations in specimens
of the Barakar Formation sampled in the Hutar Coalfield. For explanation
of symbols 1-4, refer to Figure 5.1 No tectonic correction is applied to
specimen directions denoted in Figures A-F.

(A) "Site UBA intial specimen directions. (B) Site HBB initial specimen
directions. (C) Thermally cleaned specimen directions from site HBA.

(D) Thermally cleaned specimen directions from site HBB. (E) Chemically
cleaned specimen directions from site HBA. (F) & (G) Checking of fold test
in specimen directions from sites HBA and HBB (C & D) representing before
and after bedding correction respectively (note the directional spread after
bedding correction). (H) Site mean directions; site HBA thermally (5)
before and after bedding correction; - site HBA chemically (6) before and
after bedding correction; site HBB thermally (7) before and after bedding
correction. - ' '
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chemical demagnetization results (Fig. 5.4b). Speélmensvfrom site HBB,
after removal at about 200 degrees_C of a soft recent field component,
repreSentiﬁg about 50% of NRM intensity, showed a magnetlcaliy hard ‘ESE
directed and downward‘péinting characteristic component, whose blocking -
temperature’ ranged from 200 degrees C to 675 degrees C. Tﬁe remanent
intensity decay for the characteristic components observed at higher
blocking: temperétureé in specimens from sites HBA and HBB, was found to
be gradual up té the Curie point of haematite at 675 degrees C (Fig;
5.4d). This possibly indicates the presence of a remanent magngtizatlon

in haematite grains.

Characteristic directions of spécimens from sités HBA and HBB before
and after bedding correction obtained by thermal and' cheﬁical
demagnetizationsvare shown in Fig. 5.3h. However, when the fold-test
was .applied to the thérmally obtained characteristic directions from
sites HBA and HBB it came out negatively (Figs. 5.3f, 5.3g), with a
precision parameter X value of 46.4 before bedding corfection decreasing
to 11.1 after bedding correction. - Further discussion is deferred to the
nextvtnferpretation chapter. The characteristic directions in specimens

from sties HBA and HBB were dominantly of reversed polarity. A few

specimens from site HBB ‘also showed normal polarity directions.

In contrast to sites HBA and HBB, speciﬁenSAfrom sites HBC and HBD
showed only a recent field component botﬁ upon thermal and chemicdl
demagnetization. A representative progressive thermal demagnetizdtion
"Zijderveld” plot for a‘-site HBC specimen and a representative
1rogreéstve chemical demagnetization plot €for a étte HBDbspecimeniand"
thé[r intensity decay plots, cléarly ipdicate the dominant presence of

this recent field component in the rocks (Figs. 5.5a,b,c).

5.4 Palaeomagnetic results of the Panchet Formation



Figure 5.4 Demagnetization diagrams of specimens of the Barakar Formation
cleaned with both thermal and chemical demagnetization.

(A) Thermally cleaned specimen from site HBA. (B) Chemically cleaned
specimen from site HBA. (C) Thermally cleaned specimen from site HBB.
(D) Normalized intensity decay curves of total remanent magnetization
during thermal cleaning and chemical cleaning. Open circles represent
thermal cleaned site HBA specimen; squares represent chemically cleaned
site HBA specimen; solid circles represent thermally cleaned site HBB
specimen, _

Figure 5.5 Demagnetization diagrams of spécimens of the Barakar Formation
cleaned with both thermal and chemical demagnetization,

(A) Thermally cleaned specimen for site HBC. (B) Chemically cleaned
specimen from site HBD. (C) Normalized intensity decay curves. Solld
circles represent thermally cleaned site HBC specimen; squares represent
chemically cleaned site HBD specimen. '
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5.4.1 General

The Panchet Formation was collected at ohe.site (RPA) from the
Raniganj coalfield (Fig. 2.5). The - éampling was carried out 1in a
section about 1.5 metre of red clays which were steéply SSW dipping at
55 degreés (Table 2.2). The magnetic content of the samples was
analysed through thermalldemagnétlzation. One characferistic component
with a blocking femperatures range from 370 degrees C to 655 degrees C
was noticed. - The direction 'ofr the characteristic component‘befqre

bedding ~correction showed no correlation with earlier available

palaeomdagnetic results from: Gondwana rocks. After bedding correction

this result shows a good agreement with earlier results for the Panchet
Formation (Klootwijk, 1974) and comes much closer to the directional
results described previously for the Talchir and Barakar Formations

(Table 5.1lc). The characﬁeristic component direction was of reversed

polarity (Table 5.2).

5.4.2 The Natural Remanent Magnetization of Site RPA

“NRM intensities of the spectmené varied from 3 mA/m to 10 mA/m .
NRM directions were all downwards pointing and showed a sfreaking from.
the recent field dtpection to the NE quadrant (Fig. 5;6a). On thermal
demagnetization two components could berdtstlnguished, a soft recent
fleld component (10 to 15% of NRM 1intensity, Fig. 5.7B)> which waé
removed after heating up to 200 degrees C (Fig. 5.7a). Aﬁother
character[sflc component NE ward and downwnrd polnting was obsefved with
blocking temperatures range from 370 degrees C to 675 degrees C. .The

remanent Lntenslty decay was very gradual throughout thlis blocking

temperature range (Fig. 5.7b) possiBly ‘ind1Cating the presence of

remanent magnetization in haematite grains.
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Figure 5.7

(A) Demagnetization diagram of specimen of the Panchet Formation (RPA)
cleaned with thermal demagnetization. ‘

(B) A normalized intensity decay curve of total remanent magnetiiation
upon thermal demagnetization.

Figure 5.9

(A) Demagnetization diagram of specimen of the Mahadeva Formation (AMA)
cleaned with thermal demagnetization.

(B) A normalized intensity decay curve of site AMA specimen during thermal
-demagnetization.
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The characteristic component directions before bedding correction
(Fig. 5.6b) when compared with the rather scattered NRM directions (Fig.
5.6a) show a wmarked improvement in grouping. Characteristic wean

directions both before and after bedding correction are shown in Fig.

‘5.6¢c.
5.5 Palaeomagnetic Results of the Mahadeva Formation

5.5.1 General

The Mahadeva Formation was collected at oné site (AMA) from Auranga
coalfield (Fig.AZ.h). The éampling at this site was carried out {n én 8
metre thick sectjon dipping 19 degrees 33W and made up of medium to
coarse grained ferruginous and feidspathic pale brownish to reddish
sandstoneé.(Table 2.2). The magnetic content  of the samples was
analysed through thermal demagnetization studies. Only one
characteristic component was observed in specimens studie& for site AMA,
whose blocking temperatures £anged' from about 310‘degrees C to 675
.degrees C (Table 5.1lc). Tﬁe foldftést hoWeﬁer, could’ not - be applied
because of the uniform dip.of the bedé. The»characteristtc component

divections were of normal polarity (Table 5.2).

5.5.2 The Natural Remanent Magnetization of Site AMA

The NRM intensity of the specimens varied from l.Ol mA/m to 1000.
mA/m. The NRM directions were spread over the NW and the NE quadrant,
both d0wnﬁard and  upward polnting (Fig. 5;85). On  thermal
demagnetlzation; two compoﬁenté' were observed (Fig. 5.9a). Absoft
receat field compondeat ( 30%10E the NRM intensity, Fig. 5.9b) whlch was
removed at 310 degrees C. Subseqﬁehtly a NW and upward pointing
characteristic component was removed .with its blocklng temperatﬁres

ranging from 310 degrees to 5695 degrees C. The remanent intensity
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decreasedvgrédually with temparature (Fig. 5;95). This gradual decrease
up to the Curie point of haematite indicates that part of the remanent

magnetization resides in haematite grains.

The characteristic component directions before bedding correction
(Fig. 5.8b) group markedly better than their scattered -NRM directions
(Fig. 5.8a). Characteristic mean directions both before and after

bedding correction are shown in Fig. 5.8c.
5.6 Palaeomagnetic Results of the Tiki Formation

5.6.1 General

Iﬁe Tiki formation was collected at two sites,vTPA and TPB fromlthe
Johtlla coalfield (Fig. 2.1). The sampling at site TPA was carried out
throﬁgh a 4 metre thick section dipping 19 deérees SS5E, and made up of
- medium grained red sandstones. At site TPB, samples were collected from
'a‘ band 0.5 metre thick of silicified red clays, dipping 10 degrees N
(Table 2;2). The magunetic content of the samples at s{te TPA was
analysed both by thermal and chemical demagnetization studies. Chemical
demagnefization was followed up with a  progressive thérﬁal
demégnetizatibn, but thié follow-up was not successful and exhiﬁited
random directions only, possibly because of the remaining low remanent
intensity of the specimens after leaching. The 15_samp1es ffbm site TPB
were thermally de@agnetized and exhibited only_ random directions.
Specimens from. site ‘TPA revealed the presence of one characteristic
compogent upon thermal demagnetization. This characteristic‘ component
however, could be removed at the initial steps of chemical
demagnetization. With COntinuéd - chemical demagnetizations, specimens
showed another characteristic component whose direction Ehroughou; the

site were well grouping. This component was mnot recognized from the



Table 5.1d

Tiki_Formation, Johi11a‘Coa1 Field:
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Mean directions of characteristic components after
thermal and chemical demagnetization

Before Structural Correction

Site Initial NAM N(n)  N'(n') N I K ags R 5.Pole Posit1on 4 4
(Tech.) Intensity, Range : : Lat.S  Lon P n
A ¢ ) GOt e e
TPA 1-15 23(22) 55(45) 331.3 -40.9  24.0 6.31 22.0 35.4 113.7 4.6 7.6
(Thermal) . )
TPA 1-15 29(25)  40(36) 332.9 -4i.2 . 52.8 6.1 28.4 . 36.0  112.0 4.5 7.4
{Chemical ’
at lower
steps) .
TPA 1-15 13(10) 40(36) 302.0 -22.5 30.8 7.5 12.6 23.2 145.6 4.2 7.9
(Chemical .
at higher
steps)
After Structural Correction
Site Initial NRM D' . K' R S.Pole Position -~ d - d
Intensity_ Range n %5 lat.S  Long.E p n
mA.m ! (*) (°) (°) (°) {°) () ()
TPA 1-15 331.0_ -46.6 22.2 6.58 22.0 35 11.0 5.4 8.4
(Thermal)
TPA 1-15 332.4 -48.2 51.0 6.1 28.4 30.9 109.1 5.2 1.9
{Chemical
at lower
steps)
TPA 1-15 300.2 -28.2 28.9 7.8 2.5  20.0 143.6 4.6 8.5
{Chemical
at higher
steps
_ Table 5.1e Parsora Formation from Johilla Coal Field: Mean directions of characteristic components after
thermal and chemical demagnetization
Before Structural Correction
Site Initial NRM N Nt(n") D I K ' R s.Pole Position  d
Intensity_ Range m m %5 Lat.S. Long.E P T
mA. - () ) ) ) ey e
JPA 1-10 15(14)  35(28) 293.2  -53.7 21.5 8.4 4.3 4.2 130.5 8.2 1.7
(Thermal)
JP8 1-10 8(8) 20(20) 317.2 -42.9 18.6 13.2 7.6 26:2 124.3  10.17 6.3
(Thermal) -
JpC 1-10 1y 15(12) 296.1  -48.3 44.8 6.8 0.7 8.9 133.4 5.9 9.0
(Thermal)
JPD 1-10 12(10) 14(11) 114.6 45.7 144.9 3.6 1.9 9.0 135.9 2.9 4.6
(Thermat)
JPA 1-10 8(7) 12(10) 309.4  -65.4 56.7 7.4 7.8 5.6 112.6 9.7 12.0
(Chemical) .
JPB 1-10 2(2) 5(5) 300.0  -69.5 148.9  20.6 1.9 2.5 112.2 301 35.2
(Chemical)
Jpc 1-10 9(8) 10(10) 318.6  -39.0 53.8 7.0 8.8  29.2 125.6 5.0 8.4
(Chemical)
1-10 8(8) 10(9) 115.3 54.2  67.5 6.7 7.9 5.4 129.2 6.7 9.5
(Chemical)

_Contd.



Table 5.1e

Parsora Formation from Johilla Coal Field:
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thermal and chemical demagnetization

Mean directions of characteristic components after

After Structural Correction

© Initial NRM D A K

*8N'(n') . = Number of specimens (samples) originally studied.

Site 1 R S.Pole Position d d

Intensity Range m m 35 Lat.S Long. P n
mA.m"! () (") () - ) ) )

JPA 1-10° 305.4 -41.7 21.7 8.3 14.3 18.8 132.7 6.2 10.2

(Thermal) .

JrB 1-10 320.0 -36.0 18.6 13.2 7.6 31.6 126.1 8.9 15.3

(Thermal) : .

JPC 1-10 303.1 -42.6 44.9 6.8 10.7 16.8 133.6. 5.2 8.5

(Thermal)

- JPD 1-10 120.7 - 40.2 147.5 3.5 1.9 15.9 136.4 2.6 4.3
(Thermal) : . :
JPA 1-10 320.2 -52.7 60.1 7.2 1.8 21.7 116.1 6.8 9.9
(Chemical)

JrB 1-10 314.0 -62.0 147.3 20.7 1.9 11.0 13.2 24,9 321
(Chemical) i
Jrc - 1-10 321.7 -31.1 53.9 7.0 - 8.8 35.0 127.4 4.4 7.9
(Chemical) . ' . -
(JPD 1-10 123.3 48.5 67.4 6.8 7.9 14.0 129.5 5.8 8.9
(Chemical) ' .
Table 5.] Parameters
*1 N(n) = Number of specimens (samples) in population used to calculate mean direction.
*2'0 (0.") = Declination with respect to present (palaeo-)} horizontal.
S*3 1 (1) = Inclination with respect to present (palaeo-) horizontal. -
*4 K (K') = 'Estimate of the precision parameter for a population of directions
with respect to present (palaeo-) horizontal.
*5 agg = ~ Semi-angle of the cone whose apex lies at the origin and whose axis coincides Cove
with the estimated mean direction, calculated from a population of directions
and within which the true mean direction lies with 95% probability. The
intersection of this core with a surrounding sphere describes the circle of
confidence at the 95% probability ]evel (Fisher. 1953) ..
*6 R = The magnitude of the resultant vector of a population of unit vectors (in the
present study unit weight has been given in the specimen direction).
*7 dp.dm = Refer to Table 1.1
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thermal demagnetization studies, which clearly shows the advantage of

combined thermal and chemical demagneﬁization studies.

The fold-test could not be applied to the . characteristic  component
observed 1in specimens from from site TPA. The characteristic component

directions were of normal polarity. A detailed discussion of these

characteristic components 1is given below. Their mean direction and

statistical parameters are listed under Table 5.1d.
5.6.2 The Natural Remanent Magnetization of Site TPA

NRM. intensities of specimens from site TPA ranged ﬁetweén 1 ﬁA/m
to 15 mA/m . Their upward pointing NRM directions>Were dispersed over
the NW and the NE quadrants (Fig. 5.10a). Upon thermal demagnettzatibn,
the spec{men revealed two magnetic components (Fig. 5.11a). A soft
recent field component whtéh was removed at 155 degrees C at maximum.and

a characteristic component, NW directed and upward pointing, with
blocking temperatures ranging from about 200 degrees to 675 degrees C.
Individual specimen directions for this characteristic cémponent (Fig.
5.10b) showed a markedly improved Agrouping »wﬁen compared with tﬁe
scattered NRM directions (Fig. 5.10a). The mean characteristic
directions of.this comﬁonent both before (D => 331 degrees, 1 = 7—41
degrees) and after (D = 331 degrees, 1 = —46 degrees) bedding correction
“for a slight dip of the beds resemble the early Teftiary Decéan Trap
" direction (D - 340‘ degrees , I = =44 degreeé, Klootwijk, 1974).
Chemical demagnetization was carried out therefore,in the hope that the
Deccan Trap overprint could be removed and thét a primary magnetizatibn
could be determined. Upon chemiéal’ demagnetizatlon, speclmens showad
two diEEerenﬁ magnetic components (Fig. 5.11b). A componeﬂt removed
after leaching with 6N-UCL over L to 6 days, was found to be very

similar to the characteristic component observed £from the thermal
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1magnetizatton results (Fig. 5.1lla). bAfter leaching in 12N-HC1 fof ub to
14 days, after which specimens still showed a slight red colouratioﬁ,
another ;hanacteristic component = was observed which had directions
ent{rely ‘different Erom ghe characteristic components observed from
thermal results and chemical results ‘at' lower 1eachingv steps. ‘Thé
individual .specimen directions of this éomponent' before bedding’
corréct[on are shown in Fig. 5.10& which shows a. good grouping 1n

directions whea compared with the scattered NRM directions.

The characteristic mean directions of all these three components
observed under thermal and chemiéal vdemagnetizatlon, both before .and
after bedding. éorrecttqn» are shown in Fig. 5.10e.> Note the good
agreement of the chafactertstlc component’ direction betwaén thermal
demagnetization _results and the results obtained after the lower steps
of chemical demagnetization. Results obtained after the higher steps of

chemical leaching show entirely different directions.

5.7 Palasomagnetic Results of the Parsora Formation

5.7.1 General

The Parsora Formation from.Johilla coalfield (Fig. 2.1) was sampled
at four sites (JPA,JPB,JfC,JPD), stratigraphically site JPB is the
youngest whereas, sites JPA, JPC aﬁd JPD are of increasingly older age.
The sampling at site JPA was carried out in a 3 metre sectlon .domlnated
- by reddish to purple silts and mudétoneé, at site JPB in a 0.6 metre
section of slitceods to fefruginous sandstones, at site JPC in a 0.5~
metre section of medium to coarse grained red sandstones and at site JPD
in a 1 metre thick section dominated by red silty claystones (Tablé
2.2). Thermal - and chemical demagnetizations show the presence of " one

characteristic component 1In these sites. Thermal demagnetizatlon
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carried out on chemically leached specimens did not reveal any
consistency in the directional results. There was a very good agreement

between the characteristic - directions obtained from thermal and from

chemical demagnetization.

The foid—test showed a slight but not significant improvemeant in
groupiﬁg df the characteristic component directions. The character{stic
directfons showed ﬁoth normal and reveésed polafity. Speciméns -from
" sites JPA, JPB and JPC showed normal polaritf diréctions, whereas site
vJPﬁ specimens ' showead  reversed polarity ‘directions. This different

polaftty pattern was observed ﬁoth in bthe thermal and the chemical

results.

A detailed description of these characteristic components 1is given
bélow and their mean directions, corresponding pole positions and other

statistical parameters are listed under Table 5.le.

5.7.2- The Natural Remanent Magnetization of Sites JPA, JPB, JPC,

and JPD

NRM‘intensities obéervéd at all sites ranged from 1L mA/m to 16 mA/m.
NRM.directions were dispersed over ;he NE and thg NW quadrant with both
downward and upward pointing directions (ths. 5.12a to d). Specimens
from all the sites were both thermally and chemically demagnetized.
During thermal deﬁagnettzatlon gpeclmens from sites JPA, JPB and JPC
showedra recent field component, removed at about 230 degrees C and a
characteristlic NW. directed and upward polntlng component wilth blocking
temperatures ranging from about 300 degrees C to 675 degrees C (Figs.
.5.13a‘ to D). Site JPD specimens Trevealed  a 35W directed downward
pointing characteristic component with a blockling temperature range

similar to the characteristic components observed in specimens from



*0dlf °3TS woxy mGOHuomuav uswToods poueald ATTEWIAYL (9H)
: "(8) Qdr °3TSs pu® (L) 0dr 93TS
£(9) mmh ®1Ts {(G) Vdr 23Ts :UOT3ID21100 3urippeq 193Je puB °2103J3q
coaumuaum:wmawv ATTEOTWSYD pue A[TPWILY3 Aq Y3OQq SUOTIDIITP uBaW SIITS ([) .
*ddf 93TS WoIJ SUOTIVDATP uswIdads pauea[d A[TBOTWAY) ()
*Ddf 93TS WOIJ SUOTIVDITP uswrdods paueald %Hﬁmoﬁ&mso (r)
‘Vdl °3Ts WOoIJ SuoT3O2ATP uswrdeds pauesld ATTeoTWay) (1)
*ddr 93TS WOl SUOTIODATP uswrdads paues(d ATTewiayl (H)
€40 93TS WO1j SUOTIVVITP UsWIOSdsS pauea[d ATTRWIADYL )
‘Vdl @3Ts WolJ SUOT3O2aTP uswrdads pauea[d AJTewaay] (d)
*SU0T3IVLITP uswIoads TBTITUT QAr °3TS (Q)
*SUOTI021Tp uswydads TBTITUT Odr 93TS (2)
SUOTIV9ATP udwrdads TeRIITUT gdr 93TS (4)
*SUOTI091TP uawrdads TBTIITUT V4L 93IIS A4v

M|< seandTjy Ul poajousap

. SuU0T]108aTIp uswidads 03 @mHHa&m ST UOTID3I10D DTUOJD3] ON *T°G 2an8TJ 03 Io3el
%=1 SToquis 10 ‘PIoTIFTRO)D BTTTYOl 9Yyj utr pardues coaumauom BIOSIBg 2yl JO
susuroeds UT suoTIBZTIDUSEW JusUBWAI TeINIEU 243 JO SUOTIDAITQ Z1°C 2in3T11



98.

- ) SO NRD
4000 xeas




99.

: *Vdrf ©3Ts wold uswtoads pauedTd ATTBITWIYD
qussoideoi saienbs ‘yar 931TS wolij usurdads poued[d A[TBRUILY3I B JuosSaIdal SOTOITO PITOS :suoTiezTioudewap
TeoTWayD pue TEWIdY3 SUTINp PoAIasSqo UOTIBZTIdudew jJusUBWRI TBIOI JO SOAIND ' ABDOpP K1TSu°3luUT pozIlemiou

Jo 3sei3uod B SuIMOYS (H) 4l ©93ITS WOiJ uswrdads pauesaTd LrTeoTway)y (JI) V4L 93Ts wolg uswoads

poueeTo ATTEOoTWRY) (F) QAL ©3TS wWOlF uswroeds paued[d AT(ewIRyL (@) "Od4f 93TS Woi3 usutoads paueald
ArTewasyy (D) *ddrf 93TS woly uswrdads pauesTd ATTeuILy] (9) °vdr @3T1s woij uswrdads paueald A1Temasyy, (V)
: : C . S . *suoT3BZTIoUSBWSP TBO TWaYD
vﬁma@&umﬂumuﬂusvAmmh|¢mhvﬁoaum&uommuomummwﬂuwo suswoads Jo sueISeTp UOTIBZTISUIBWS(Q €1°C 2ans1g

NMOO—8
. PAOL0 21NN |
ro— I 1 1 S im

R ]

- 1 T T L 1 1 m

otz FeYWHOAINGI

(Vw9620 =LINNL

PV yZLOm LINL




100.

sites JPA to JPC. This same direct{onal pattern Qas also observed upon
chemical demagunetization. Two chemically demagnetized specimens from
sites JPA and JPD (Figs. 5.13e,f) show a consistent directtonal»pattefn,
similér to thermally demagnetized speciméns, over the'comblete leaching
process. Two representative notmalizad'remanent intensity decay curves,
one each frohvthe thermal and chémicai demagnetization (Fig. 5.13gj show
a gradﬁal decay in_remanent intensity of.the.-characteristtc coﬁponent,
ﬁrobably indicating the presence of remanent magnetization in haematite

grailns.

The characteristic compénent directions 'és observed in épecimené
‘from different sites upon thermal and chemical demagnetizations (Figs.
5.122 to k) show a markedly improved grouping when compared with the NRM
directions (Figs. 5a to 5d). The characteristic mean directions‘of all
four sites, both for thermal and chemical démégnettzatton, are shown I[n
Fig.5.121 ©before <and after bédding correc;ion. A fold-test applied to
characteristic méan directions observed ~upon thermal demagnetizatién
showed an 1increase in the precision parameter vaiue K from 80.3 to
117.4. Charactefistic mean directions observed by chemicat
demagnetization showad an ' increase 1in the precision parameter K from
29.6 to 33.1. This increase in the preciéion parameter K vélues,‘ both
ﬁor thermally and chemically observed characteristic mean directions .
was, however, insignifigant at the 95% level of confidence (McBlhinny,
1964). This most probably ?efleéts the only minor difference in dip
(around 9 degrees) between slte JPA and sﬁteé JPB, JPC and JPD (Table

2.2).

5.8 Summary of Results

A summary of the vresults discussed above is p%esented-in_Table 5.2
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and some of the relevant points seen are mentioned below:

(a) Rocks of similar lithological appearance showed widely variable

magnetic characteristics.

(b) The magnetic content of different Gondwana Formationé studied;
upon  thermal | demagnetization showed in general a characteristic
co@ponent with a wide blocking temperature range from 300 degreesr c to
6751 degrees C, vand a soft recent field component removed at about 300
degreés C. For. the Talchir Formation, the remanent magnetization
probably resides in both magnetite and haematite gratné. The red beds
studied from the Barakar Formatton, from the Panchet Formation, from the
Mahadeva formation, from  the Tiki Formation and from the Parsota
Formation, the presence of temanent magnepization probably reside in
haematite grains. Chemical demagnetization carried out on red Seds from
the Barakar Formation, the Tiki Formation. and . the Parsora TFormation
showed Aa good = agreement with thermal demagﬁettzation resplts.
Acquisition of this CRM component 1s therefore supposed to be
poét—depositional; although the time lapse of CR& acquisitton’wtth

respect to acQuisition of the "M is as yet undetermined. Thermal

demagnetization as a follow-up to chemical demagnetization showad

~erratic results only. This probably indicates that the remanent

magnetization of red beds was dominantly controlled by haematite grains

and less significantly by original specularite grains (DRM, {f any).

Chemical demagnetization = revealed the presence of two different

characterlstle components In the Tilkl Formation, which could not be

separated upon Thermal demagnetization. This emphasises thé.importance

- of comblned thermal and chemlcal demagnetizations Ln digstingulshling - the

magnetic components of red beds.

(c)‘ The characteristic directions in the differgnt formations were
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'found to be éf both .ﬁormal and reversed polarities. The Talchir
Formation showed reversed polarity direction. The Barakar Formation
dominantly showed reverséd polarity direction with a few samples showéd
normal pblarity directions. The Pancﬁet Formatioﬁ .also exhibited
reversed polarity directlons. ' The 'Maﬁadeva Formation and the Tiki
Formation revealed normal poiafity directions. The Parsora Formation
was dominantly of normal polarity with a few samples from its oldest
site JPD also showing reversed polarity directions. |

(d) The fold-test on characteristic components from the Talchir and
the Barakar Forﬁations éhowed an inconclusive fesult, mainly‘bécause of
appreciable chronostratigraphical diEEé:ences lﬁ the sampled sites. 'Tﬁe
fold-test could ndt be applied on resultg from the Panchet Formation,
the Mahadeva Formation and the Tiki Fofmation because of the uniform dip
of the beds. The Parsora Formation showed a positive fold-test, which

was not significant howaver, at the 95% 1level because of the sltght

difference in the dip of the sites.
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CHAPTER 6
INTERPRETATTON AND DISCUSSION

6.1 Introduction

Interpretation of the various characteristic components observed for

the Gondwana formatibné studied (Table 5.2) is essentially based on;

(a) éomparison with the Indo-Pakistan- APWP as compiied by Klootwi jk and
Bingham (1980, see Fig. 1.2, Table 1.1);

(b) the magneticvpolarity structure of the observrd directions (Tables
5.la-e, 5.2); | |

(c) comparison of directions prior and after correction for tllting' of
the beds |

(d)_the possibility of remagnetizétlon ddé to reglogal ﬁeattng. and
hydrothermal fluids associated with the prolonge& period of Deccan Traﬁ
magmatism (éullatha et al., 1975; Klootwijk, 1975), and

(e) the possibility of an earlier remagnettzatign event aésociated with
a tensional regime 1in northern Indo—Pakis£an d;rihg -,Fhe late

Palaeozoic—early Mesozoic opening of the Neotethys at'Gondwanaland'g

northern rim.

The main. conclusions drawn are:

1. Tt cannot be decided as yet whether result; obtained from the
Permo—CérbontEerbus Taléhir Formation and from the ﬁppept Lower Permian
Barakar Formation (Figs. 6.la, 6.lc - HTB, HfA, TBc; HBB, HBA) represent

.a primary magnetlzatton of a secondary-magnetization component obtatned
during Triassic-Jurassic times.
2. The pole position from the Permo-Triassic Panchet Formation (Fig.

6.1c - RPA) is in good agreement with earlier studies and is intérpreted_’

as a primary magnetization.
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3. The pole position for the Mahadeva Formation (Fig. 6.1a,,6.1bv
- —-AMA) of 1a£e Early Triassic to Early Jurassic age is very similar to :
the Deccan Tr;p ‘pole position  and 'may ‘refiect a remagnetization
associated with the Deccan Trap magmatism.. |

4. The pole positions for the Upper Triassic Tiki and Parsora
Formations (Fig. 6.1c - TPA, JPA-JPD), when compared with the previously
obtained late Triassic and Jutaséic pole positions foryfhe Indo-Pakistan
continent, clearly suggest‘the existence of a Triaésic*Juraséic loop iﬁ

the Indo-Pakistan APWP.

A deﬁailed account of the 1interpretation of resulté from the
_various formations studied is given below. It should also be stated
that although the results of both chemical and thermal demagnettzation
studies are considered 1in drawing conclusions (Figs. .6.1a,b), the

thermal demagnetization results are based on much more elaborate studies

than the chemical demagnetization results.
6.2 Talchir and Barakar Formations

. The pole positions derived from the characteristic directional
components of tﬁe ‘Talchir Formatién (H4TB, HTA,»TBC) and the Barakar
Formation (HBB, HBA) are shown both before and after bedding correction
(Figs. #6.la, 6.1b). The pole positions before bedding correction are
dispersed quite close to the Triassic;Jurastc trajectory of the APWP as
given by Klootwijk = and Bingham (1980). However, Afterv bedding
correction the pole positions show a trend tﬁ accord with their
stratigraphic order (Fig; 6.1b). ”The age of tilting of the Talchir and
the Barakar Format[oﬁs s not well known. There are - two views about

the age of tilting of the beds. Firstly, in about early Tertiary time

(Rizvi, 19723 Section 2.51) and secondly, in about Triassic-Jurassic

times {Casshyap, 1977; J5=2ction 2.4). Both of these pariods of
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Figure 6.1 Trajectories of the Indo-Pakistan APWP ‘according to the pole
positions listed under Table 2.2 with superposition-of recently obtained
pole positions listed under Tables 5.la-e. Swath width = 10°. :

(A) Superposition of recently obtained pole positions, before bedding
correction, a hypothetical case looking for any secondary magnetization
of Triassic-Jurassic or early Tertiary times. (B) Bedding corrected
pole positions. (C) Proposed Indo-Pakistan APW.

For legend refer to Figure 1.2. Linear polar projection.

Details of Figures 6.1 A,B,C are given on the following pages.

Cont.
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structural activity are suspected to have {nfluenced the formation of
secondary magnetization in the focks; Also, a fold test on the Talchir
and the Barakar Formations results, may only be applied with caution
because of the appreciable chronostratigréphical difference between the
sampled horizons (Fig. 2.2). 1t is only in the case of limited apparent
pdlar wandering during Permian tihevthat.the fold-test’may be applied.
The tmblidat[ons of (1) limited polar wandertng, and (2) appreciable
Vpolar wéndering in Permian time are noﬁ congidered.

V) ASSﬁming ‘limited polar wandering, appiication of tﬁe fold;test
gives a  negative result (Figs. 5.1,> 5.3) which could mean that the
acquisition of the magnetic components for the Talchir and- the Barakar
Formations took piace after tilting of the beds. The negative outcome

of this fold-test 1s to be ascertained with respect to two possible

tilting stages of the beds. 1In case of an early Tertiary tilting, the
pble positions of tﬁe Talchir and the Barakar Formations are expected td
come close to the pole position suspected for remagnetization during
early Tertiary Deccan Trép magmatism (Fig. 6.la, Pole No. 14), or
towards much "younger pole positiéns. This certainly is not the case
(Fig. 6;1a), which means that acquisition of the magnetic component
aftér tilting of the beds certainly did not take place during early
Tertiary or yéunger times. The pole positions for the Talchir and the
Barakér Formations before bedding correction 'grbup lbosely in the
Triassic-Jurassic trajectory of the APWP given By Klootwijk and Bingham
(1980). This may indicate that this magnetic componeant may have been

acqu{red after tilting of the beds during>Triassic—Juraésic times.

(2) In the second case of appreclable polar wandering during Permian
time no fold-test can be applied. The pole positions for the Talchir

Formation (HTA, HTB and TBC) and the Barakar Formation (HBA and HBB)

which are- disperse before "bedding correction, line up after bedding
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correction on ﬁhe APWP track as indiéated  by Klootwijk and - Bingham
(1980), while nicely maintéiningA the stratigraphical orderv of the
respective sites studied. ' A suspécted remagnetization in the rocks
during early Triassic—Juraésic‘ times 1caﬁ be ascertained now af£er
bedding goffection for the Talchir and the Barakar pole positioﬂs.
These results show no correlation_witﬁ‘early Tertiary'Deccan Trap pole
positton‘(Flg. 6.13; Pole Né. 14), and neither good ‘agreement wtth
Triassic . —Jurassic pole positioﬁs. The sé obtained polé positiohs for'
the Talchir and the Bafakér Formations deLineate a polar wander path
tﬁat is bff the above trajectories of the indo?Pakistan APWP. .
The concluéioné that can be drawn from bbth cases discusséd above
are; that the characteristic directional components in the Taichir aﬁd
" the Barakar Formatiomns in .the casé of assumed 1limited polar wander,
probably may Be interpreted H as a secondary component acquired during
Triassic—-Jurassic times, and in’the case of assgmed extensive polar
wandering may be interpreted .as primary magnetizations. The latter
tnterbretatton tnvokes acquﬁsitton of the ﬁagnet[zatton’ during the
Kiaman reversed polarity epoch (McElhinny,-1973; Fig. 6.2), which is in
gdod agreément wlth reversed polarity £esu1ts obtained throughout the -
Talchir Formation (Fig.: 5.1) and predominantly throughout the Barakar
Formation (th.-5f3). The Barakar Formation 'site HBB has ;hown Eew‘
normal polarity directions as well, which may:bé difficult to explain in

relation to Kiaman magnetic reversed polarity epoch.

Pursulng a pf[mﬁry orlgin for tﬁe magnetizatlon, an additional
difficulty 1in interpretation 1is encountered as the Talchir and .the
Barakar Formatlon pole positions are seemingly In disagreement with
earlier available results from peﬂLnsular and exgrapeninsular
Indo-Pakistan. Two results are avallable from pentnsular’Indo-?akistan,

namely from the Permq-Carboniferous Talchir beds (Wensink andeloo;wijk,
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Figure 6.2 Percentage of normal polarity measurements observed in world-wide
palaeomagnetic data for the Phanerozoic. The number of. measurements for each
period is indicated by the size of the point. From McElhinny (1973).
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i968; Fig. 6;lb,'?ole No. 1) and from the'Taroba beds (Wensink, 1968;
Fig. 6.1b, Pole No. 2) of . Late Permian—Earlyv Triassic  or may be
Precambrian age. bBbth of these results are in dtsagreement with the
pole positions obtained from the Talchir and the BarakarfFormtions. For
the Taroba beds a Late ﬁermian—Early Triasslc age seems to be doubtful
as their pole position falls 6n the Permo—Carboniferous trajectory of
the APWP here obtained. An oldef, possibly, Ppecambrtan,vage ﬁor the
Taroba.beds canﬂot be excluded. The Talchfr bédS'studied by Wehsink and
Klookwijk (1968) had a positive fold-test. The small scale folding“of
the gampled var&e—liké beds was attributed to glacial action which
occurred probably shortly after deposttﬁon (Klootwijk, 1980 pers;
comm. ). Interpretatibn of the‘ Talchir Fo%ma;ion result in terﬁs of a
primary magnettzﬁtton leads té the ambigulty of an inversion tﬁ the . age
of the Barakar site. HBA pole position, with respect to the Talchir
(Wensink énd Klobtwtjk,‘1968) result. This may casts some doubt on (a)
the effectiveness of the AF-cleaning applied to the Talchir ﬁeds
studied, (b) the Talchlir age of jthe studied rocks,. or () 6n the

corractness of the interpreted APWP as shown in Fig. 6.1lb.

Permo—Carbonifer0qs pole positions from extrapeninsular .
Indo-Paklstan are available from thfee'dtfferent structural units (a)
the Krol Belt, (b) the Salt Range, and (c) the Kashmir Himalaya.

(a) The results Erom the Krol Belt i.e. the Permo—CgrboﬁtEerous- Lower
Bléini' diamictite, the Blaini Limestones énd the PermorT:iassic Krol;A
Limestones (Jain et al, 1979; Pole WNos. 17, 18, 19). 'These pole
positions have been corrected for a 40 degrees clockwise rotation of the
Krol Belt with respect to the'IndLan shield, as deduced from compar[soh.
of early Tertiary secondary directions from the Krol Belt with the
Indo-Pakistan APWP.

(b) The results from the Early Permian Warchha Sandstones of the Salt
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Range (Wensink, 1975 : Pole Nos. 15a, B). The Salt Range is an
allochthonous structural unit whose rotational movement 1is as &ét
largely undefined (Klootwijk, 1979b).

“(c¢) The ‘results from tﬁe Permo—Carboniferous to‘may be Late Triésstc
.Panjal Traps of Kashmif (McElhinny ét al., 1978). This - ﬁole posittoﬁ
has not been éorrected for rotational movement bf thé Panjal Nappe (Fig.v

6.1b, Pole No. 16).

The here obtained bole positions for the Talchir andb Barakar
.Formaﬁions fall off the rotation corrected pole positionsrfrom tﬁe Kroi
Belt (Fig. 6.1b, Pole Nos. 17, 18, ‘19). it 1is péssible that this
disagreement results from an incorféct rotétionallCerection applied to
the Krol Belt and to the absence of such a fotattonél cortéctiop for the
results of _thé allochthonous Salt Range structural ZUnip. It is
interesting though that the pole positidn for site HTB of the Talchir
Formation falls close to the Permo-Carboniferous to may be late Tptasst;
Pir-Panjal Trap pole posittoh (Fig; 6.1b, Pole VWo. ,16). There 1s a
positive fold-test 6n the Panjél Trap results; witﬁ folding being dfr
middle to late Tertiary‘age. The close agreement of the Panjal Trap
pole positidn with the Deccan VTrap pole position Qas interpreted
(McElhinny et al., 1978) as ind{cative ' for an - early ‘ Tertlary
remgnetiza:ion of the Panjal Traps.: The revised Permo-Carboniferous
trajectory for the Indo-Pakistan APWP (Fig; 6.1c) suggests a primary
origin of the Panjal Trap magneﬁization as an equallf plausible
1a1ternattve; _Néwly obtained middle and eafly paléeozoié\pole _posittons
from SE Auétralia (Goleby, 1980), when transferredbto the In&o-Pakistan
plate, in conjunction wlth Athavale et"al.,(t979) pole positlon Erom
ExtraPen{nsular Indo—Pakistan(Sec;’ 1.5.) add further support for such

an Interpretation (Flg. 6.lc, Pole Nos.AT, BGl, BG2 )
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Tt may thus be concluded Erém ,the .above discussion that bn ther
presumption of appreciable polar wandering in the Perumian, thé
Lntefpreted smooth trend in the apparent polar ‘wander path, aﬁd. the
observed reversed polarity “for the 'Talchir Formation énd the
predominantly. reversed polarity for the Barakar Formation, that the
Talchir and fheABarakér Formation resﬁlts may be interpreted in terms of
a primary magnétization. Alternatively, on the presumption §f limited
polar wandering 1in the Permian and negative fold tesﬁ, the internal
dispersion. of here obtailned .reshlts and their agreemeat with the
TriassinJurassic segment of the IndOfPakiétan APWP may indicate a
secondary Triassic-Jurassic origin for éhe Talchir and ‘the Barakar
charactgristic- magnetization. Clearly more work ié to be done to

resolve this ambiguity in the interpretation.
6.3 The Panchet Formation

The Upper Permian-Lower Triassic Panchet 'Formation pole position
(RPA) derived frém the characteristic directional'component; areishown
both before and after bédding corréction (Figs. 6.1a,6.1b; Tabie Sflc).
There is no fold-test available for these resuits and the time of
folding of the beds ié quite uncertain (Section 2;53). The sfeep dip of
the asémpléd beds (around 55 degrees southwards)'hbwever, allows for a
ﬁestzof a primary or a éecondary origin of magnetization. Thé» pole
position for thé Panchet Formation (RPA) comes only after Bedding
correction into good agreement with earlier established Perﬁo—TriaSsic
tesults from bentnsﬁlar Indo-?akistan, 1.e. with results for the Kamthi
Formation aﬁd for the Mangli Formation from the Wardha Valley (Wensink,
1968b; Fig. 6.1b, Pole Nos. 3 and 4), forvthe Kamthi Formation from the
vWardhé Valley and for the Panchet Formattén from the Damodar Valley

(Klootwijk, 1974, 1975 Fig. 6.15, Pole Nos. 7 and 8). The Panchet
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Formations pble positton'ﬁowevér, -is 1in diéagréement with the pole
-positioq for the Kamthi Formation from the Godavari Vaiiey (Verma and
Bhalla, 1968; Fig. 6.1b, Pole No. 5) and for the Himgir beds from the

Mahanadi Valle& (Athavale et al., 1970;‘Verma et al., 1973 ‘ Fig.‘6.1b,
Pole No. 6). This disagreement with pole position G'ﬁay be interpretéd
in. support of Klootwijk's (1974) suggestion of incomplete maghetic ’
cleaning of a possibly eérly Térttary Deccén Trap overbrtnting énd' with
pole posi;ion: 5 may be interpreted in support of 1its secondary
magnetization during Tfigssic—Juféssic time. For-the lattef, it may be

invoked 1n view: of the new resulﬁs from the Talchir and the ﬁarakar

Formations which are open to two interpretations — Primary magnetization

or acquisition of secondary-magnetization during Triassic—JuraSSicltime.

6.4 The Mahadeva Formation

The pole position derived £from the chéracteristic directional
component for the late Barly Triassié to- Early Jurassic Mahadeva
Formation (AMA) is shown both before and after bedding correction (Figs.
6.1a,b; Table 5.1c). There is no fold-test available‘ for the sahpled
béds. ,‘Tilting of the beds possibly occurred during the early Tertiary
>(thvi, 1972;  Section 2.52). The pole poéitlons for the Mahadeva
" Formation both before and after bedding correctiop are near to the early
Tertiary Deccan Trap pole position (Fig. 6.la,b, Pole No. 14), though
the bedding corrécted pole position for the Mahadeva4Formapion is better
in agreementthth the Déccan Trap pole position than-the Mahadeva result
before ’bedding correction. The result is therefore‘tnterpreted as an
early Tertiary remagnetization during the Dgccan Trép magmatic aétivity
with acquisition of magnetiza;ion probably preceding tilting of the
beds. The normal polarity observed in the'épecimens studied (th.b 5.8)v'

supports a secondary = Deccan Trap origin, as most Deccan Trap '
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remagnetization components observed in Gondwana sediments are of normal

bolarity.

6.5 The Tiki Formation

The polé positions derived froﬁ‘ the'chafacteristic direcfional
components observed upon thermal aﬁd chemical demagnetization, for‘ the
Carnlan-early Norian T{ki Fofmafion (TPA) are shown both before and
after bedding correction (Figs. 6.la,b; Table 5.1d). There 1s no
fold-test availéble for the Tiki Formation stﬁe TPA and the time of
Eoldiﬁg ié uncertain (Section 2.55, Table 5.2). The pole poéitions for
the Ttk1> Formation observed from thermal démagnetization and from the
lower steps of éhemical deﬁagnetization are in gobd agréement with the
early Tertiary Deccan Trap pole position (Figs. 6.1la,b
Pole No. 14). This .agreemeﬁt becomes even better after bedding
correction (Fig. 6.1b), and can ‘thus be interpreted as a secondary
Deccan Trap magnettzapion acquired prior ;o tiltiﬁg of - the beds. The
bole position derived from the characteristtc directional component
.observed at higher s;eps of '~ chemical demagnetization for the Tiki
Formation (TPA), agrees after bedding cér;ection with the Late Triassic
pole positions for the Parsora Formation (Section 6.6). Tt also conforms
bwith fesults from previous Late Triassic studies cafr[ed out in
peniﬁsular Indo-Pakistan i.e. the Late Triassic Pachmarhi beds (Wensink,
1968; Fig. 6.1b, Pole No. 9), and extrapeninsular Indo—Paktstah i.e.
from the Carnian té Norian Thinigaon 1limestones from Nepal Himalaya
.(Klootwijk and Bingham, 19803 Fig; 6.1b, Pole Nos 21 and 22). The
result from tﬁe Tiki Formation is thérefore‘ {hterpfeted as a ‘prtmary

maghetization.

6.6 The Parsora Formation
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The pole pbsitions derivedv froh/'the charactefistic directioﬁél
components observed upon  thermal demagnetization and  chemical
demagnetization, for the Parsora Formation of Rhaetic ége are shown both
before‘and aftér‘bedding correction (Fig.s 6.la,b; JPA, JPB, JPc; JPD).
- A fold tesf applied upon results from site JPA and sites JPB,JfC and JPD
is_positive but not statistically significant (Section 5.7, Fig. 5.12).
The age of the folding »of the beds 1is uhcertéth. ‘The directions
observed for.the characteristic componeunts are of normal polarity in
sites JPA, JPB and JPC, but are of reversed polarity for site JPD (Fig.
5.12). The pole positions for the Parsora Formation obtained fgom béth
‘thermal and chemical demagnetization, whéﬁ corrected for beading come 1in
good agreement with eérlier established Late Triassic results from
pen{nsular Indo—Pakistan, i.e. the pole posittdn for thé Pafsora bads
(Bhalla and Verma, 1969; Fig. 6.1b, ~Pole No. 10) and from
extrapeninsular Indb—P;kistan, i.2. the Jomosom Quartzites of Rhaetic
age (Klootwijk and Binghan, 1986 H Fig; 6.1b, Pole No. 23). | The
predominantly normal polarity.dlreCtions in the Parsora Formattoﬁ also
;ubstaﬁtiate a primary origin of magﬁétization, as the Late Triaésic is
a predominantly nofmal polarity period (McElhinqy, 1973; Fig. 6.2).

The obtained results for " the. Rhae;ic. Parsora Formation and the
Carnién té early Worian Tiki Formation, together ﬁith earlier
established results from Peninsular and extrapeninsular Indo—?akistan
show a streaking which may be interpreted in terms of a Triassic
—Jufassic_loop in the Indo-Pakistan A?WP. This. loop possibly méy
reflect a Triassic—-Jurassic phase of rifting at Gondwénaland‘g ndrthern

rim.
6.7 Discussion

A major aim of the present study was an attempt to clarify some
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uncertainties in the Indo-Pakistan APWP, namely:

1. The shape of the Permo-Carboniferous trajectory which was based on
only oné pole position from the Talchir beds from the Peninsulaf'region
and four other poie positions from the extrapeninsularAregion'(Fig. 1;2,
fable 1.1). | |

2. A suspected secondary nature of some "of the earlief obtained
Permo—friaésic pole positions. (Fig. 1.1, Pole Nos. 5 and 6).

3. ’Tﬁe reality and shape of the Triassic-Jurassic 1loop 1in the
Indo-Pakistan APWP which originally was based on results from the

Thakkhola region of the Nepal Himalaya‘ (Klootwijk and Bingham, 1980;

Fig. 1.2, Pole Nos. 21, 22 and 23).

The above mentioned problems probably have resulted from two

-effects.

‘a). _ Wide spfead early Tertiary Deccan Trap overprinting observed in
rocks even'at distances wup to several hundred kilometers from the
preéent exposures .of Deccan Traps. Such secondary acquisition of
magnetization has been suggested to result from regiénal heating and
possibly hydrothermal activity associated with the prolonged magmatic

activity of the Deccan Traps.

b). Uncertainty about the need to apply rotation corrections for the

various formations sampled from the extrapeninsular region.

A reappralsal of these problems on the basis of the results here

obtained shows:

a) The results from the Mahadeva Formation (Auranga Coal Field) which
is- far away (about- 300 km) from the pfesent exposures of the Deccan

Traps (Fig. 1.1) and from the Tiki Formation (Johilla coal field) which

{s much closar to the the Deccan Trap exposures {about 20 km), clearly
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represent a Deccan Trap remagnetization. Such a coméonent has not beenv
observed in other formations which were sampled neér to the locality of
the Tiki Formationbi.e. the Parsora Formation, or near té the- locality
of the Mahadeva Formation, i.e. in’thé'Talchlf Forﬁétton, {n the Barakar'
Formation, and in thé Panchet Formation. On the basis of tﬁese results,
it seems more plauéible thatAhydréfhérmal agents were mainly responsible
for the acquisition of a secondary CRM‘componcntv tﬁ the réd beds in
contrast to acquisition of a VPTRM component due to prolonged heating of‘
the sedtmen;s at the time of Deccan Trap mégmétlsm or deep burial .of the
rocks for long time. A VPTRM éomponent if prevalent would_haVe been
expected to represent a  more widespread and  rather uniform

remagnetization.

b). It 1is possible that »the_magnitudes of rotational corrections
appliéd for the extrapenynsular regtoﬁs ﬁay not"beb‘correct. T have
observed a disagreement between the pole positions obtained from the
'Tﬁlchir Formation and the Bafakar Formattoq (in case of primary
magnetization), wheﬁ compared with - the Permo—Cérboniferous‘ pole
positions from the Blaini Formatioﬁ of the Krol Be¥t. This may héve to
be interpreted as +the result of an wuncertainty in thevrotgfional
corrections On the other'-hand, the pole posittons for thé Tiki
Formation and the Parsora Formation are in géodiagreement with the pole
poéttton for the late Triassic Thinigaon Limestones and for the Jomosom
Quartzites from Thakkhola region of the Neﬁal Himalaya.' These 1attef:
pole posittons have been obtalned aE;er a 15 degrees glockwtse
rotational correction and this agreement can be seen aé support for the
correctness of thls rotational corection. = Further evidencé for
rotational movements may be obtained from future palaeomagnetic studies

in extrapeniansular Indo-Pakistan.
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Finaily it -is importaant to note that the obtained results clearly
have shown the need for the chemical demagnetization in order to remove
secondary magnetization components, like the one related to the Deccan

Trap magmatism, for instance observed in the Tiki Formation (Fig. 5.10).
6.8 Summatry of Interpretation

A summary interpretation of all characteristic components observed
in the various Gondwana formations studied (Table 5.2) is 1listed in

Table 6;1.' The main goncldsions drawn are:

1. The.resuits from tﬁe Permo-Carboniferous Talchir Formation and from
ﬁhe upper waer Permian Barakar Formatton‘ are open to two different
tnterpretétions A) Primary magnetization B) Alterﬁatively these‘results
may represent a secondary ﬁagnetization associated with a ‘1ate

Palaeozolc-early Mesozoic rifting phasé in the northern rim  of

Gondwanaland.
2. The results from the Upper Permian-Lower Triassic Panchet Formation

“are interpreted as representing a primary magnetization.

3. The results ffom the upper Lower Triassic 'tb Lower ;Jurassfc
Mahadeva Formation probably représent é secondafy magnetization, related
with the early Tertiary Deccan Trap magmatic activity.

4. The résults from the Carnian—loWerJNdrian Tiki Formatiqon show two
different magnéttc cémponents. A secondary magnetic component, observed
- at the lower steps of chemical demagnetization and also during thermal
demagnetiéation up.to 675 degrees C, has been related ’tp the eérly
Tertiary Deccan Trap magmatic ';cttvity. Another magnetic componént,
exclusively obéerved-at the'highér steps of chemical demagnetization has
been interpreted as a primary component.

5. The results from the Parsora Formation of Rhaetic age has been
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‘ interpreted as a primary magnetization.

Tﬁe Indo-Pakistan APWP on the basis of the assume primary and
secondary magnetization results observed in the various Gondwana
Formations is shown (Fig. 6.1c," Table 6.1). Palaeopositidns of the
Indo-Pakistan continent acording to some selected data are showg in Fig.

6.3 and is discussed below.
6.9 Palaeopositions

The palaeopositions of ﬁhe Indo-Pakistan cont Lnent are dériyed by
rotating pélaeomagﬁetic .south poles, (Table 6.1), to the geographical
south pole (Fig. 6.3). The northern boundary §f Gpeater India, 1s‘
tentative1§ drawn, ~accounting ‘to the magnitude of intracontinental
underthrusting along the Main Central Thrust ( Klootwi jk énd ﬁingham,
1980) and cruétal shortening witﬁin the Himaiayan zone (Gansser 1977);

The oldeét palaeomagnetic result obtained during this study 1is . from
the Permo-Carboniferous Talchir Formation (5ite HTB) and has produced a
palacoposition of Indo-Pakistan within the latitudes 10°3-40°3. The
result from the upber ﬁower.'Permian_lBarékar Formation (site HBA)
produced a palaeoposition of TIndo-Pakistan wtthin the latitu&es.
(35°5-60°3). } These two positions suggest a southward and clockwise
motion for the Indo-Pakistan continent during thé Perﬁo—CarbontEerous
(in  case these represent_ primary magﬁetization ?) (Fig. 6.3). From
late Early Permian time untill the Late Tria;sic,‘lndo-Pakistan driftedb
in a ﬁorthward direction wﬁile rotating anticlockwtse as indicated by
the resﬁlt from the Panchet Formatlon RPA and the Parsora Formatlon site
JPB ( ld°3—35°3 , Fig. 6.3). 1In géﬁeral, the drift of the Indo-Pakistan
‘continent, seems to have been smooth except for some efratlc movements

as 1indicated by the results of the Barakar Formation site HBB and. the

Tiki Formation site TPA. However, Tt should be aoted that the pole=
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positions for these two sites are of rather low accuracy.
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CHAPTER 7

COMPARISON OF THE INDO-PAKISTAN APWP WITH THE APWP'S OF

OTHER GONDWANALAND CONTINENTS:
7.1 . Introduction

A comparison is made of the Indo—Pékis;an APWP obtained in this
study with the Aow'g of the other Gondwanaland ~continents.  The data
for ' the,vother Gondwénaland continents has been taken mainly from
Irving's (1964, pp.294-315), and McElhinny's .pole lists _8?16 (1968
‘a,b,69,70,72 a,b,77,78;79). The data set used in this comparison has
been confined mostly to results with an 95% value of probabilityb level
1ess» &han 15 éegrees and to results based on at lean 10 samples. The
comparison ié made with the contiments reassembled in‘ the SmithA and .
.Hallam confiéﬁration_(1970), modified according to Griffiths (1974) and

Norton and Molnar (1977), with Africa held in its present day - position.

Particular attention is paid to compariﬁg the pooriy defined
Permo—CarbdniEerous 1oop (In case'the Talchir and the ﬁarakar Formatious
represent vprimary mégnettzations) and the Triassic-Jurassic ioop of‘the

‘Indo-Pakistan APWP, with the data from the other Gondwana continents.

The main points noticed in this comparision are as follows:
a). The Permo-Carboniferous loop as suggested in the Indo—Pakistén

APWP may posstblf be recognized in the data from the stable " Afrlca
‘but is not been observed in the data from Morocco, ﬁw Africa, nor is it
distlnct in the‘Australlanvbr thé South American' APWP.

| b). The Triassic-Jurassic loop in the Indo-Pakistan APWP is in.good‘
'égreement‘ with the Triasstc;Jurassic loop in  the AAustralian APWP

(Embleton, 1980). The loop can also be recognised, though on a more

tentative basis in the South American, African and Moroccan APWP's.
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7.2 - Comparison ofvlndb—Pakistan'é APWP with_thevAustraliaﬁ APWP

The Indo-Pakistan APWf (Fig. 7.1, Table 1.1,6.1) and Australian APWP

(Fig. 7.2, Table 7.1) are shown with the coﬁtlnents reconstructed
according to -thé Smith and vHallam reconstructioﬁ (1970), modified
accordtng to GrifEiths (1974). Theﬁpole positions shown range in age
from late Carboniferous to Eariy Cretaceous. The Australian APWP is
based . on the recent interpretation of Embie;on. (1980), who 'has
emphasised the effe;té-qf'a very widgspread Late Cretacéous overprinting
rinv'rocks of 5% Aﬁstralia. This overpriﬁttdg ié related to a period of
burial and raised crustal tehperatures‘p;tor—to initial rifting of the
. Tasman Sea. The Late Carboqiferous to Early‘Permian pole positlons on
the'Australian APWP (fig. 7.2a, Pole Nos. 1-4) are found - to be nicely
bgroupéd near to the Late Cretaceous part of the APWP, thus possibly
reflecting the above meng{oned overprinting. There is only one FRarly
Triassic pole 'position for Australia (Fig. 7.2a, Pole no. 9), whoée »
position to some extent supports the Permo~CarboniEeroﬁs 160p ’tn‘ the
Indo-Pakistan APWP. Eate Triassic—Early Jura551C»§61e positions for
Australia are well grouped (Fig. 7.2a, Pole Nos. 9-13, 17 aﬁd 18),
whefeas ‘Middle Jurassic—-Late Jurassic péle positions (Fig. 7.2a, Pole
Nos. 15, 16 and 20) are more disperse and seem to define part of a 'loop
even more extensive than that interpreted for the Indo-Pakistan APWP.

In summary, the existence of the Permo-Carboniferous loop 1is

vuncertain as yet when the Indo—Pakistan AfWP is compared with the
Australtén APWP (th. 7.2b). Also, there s convtnctngr'agreement

‘between the‘Triassic—Juraésic loops in both APWP's.
7.3 Comparison of the Indo-Pakistan APWP with the African APWP's

Twp African APWP's are considered in this study of African data: (a)

The mainland proper (“"stable” Africa) and (b) NW - Africa, i.2. mainly
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60E

30S

@ L.Carb.~E.Permian
O L.Permian-g Tr,
A L.Tr.-E.Jurassic

L M. Jurassic
@ 1 Jurassic-E Cret.

Figure 7.1 Indo-Pakistan APWP from the late Carboniferous-Early Permian

to Early Cretaceous plotted according to the Smith and Hallam reconstruction,
by keeping Africa in its present day position. The proposed path is on the
basis of established results listed under Table 1.1 and here obtained

results listed under Tables 5.la-e. Swath width = 109. LInear polar pro-
jection. ' ' :
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from the Morbccan region which in parts has been tectonized during the

Hercynian and the Alpine orogenties.

a). The APWP Eor("stablé"kAfrica, shown in Fig. 7.3a, Table 7.2. The
PermoCarboniEerqus trajectory of the APWP for “"stable" Africa is baséd
on Ffour pole positions (Fig. 7.3a, Pole'NQSQ 1-4) which show appreclaﬁle
poiar wandering. The pole positions for younger periods i.=. " the
Permb-Triassié (Fig. 77.3a, Pole Nos. 5-7), the Late Triass{cEar1y~
Jurassic A(Fig; 7'33’. Pole Nos. 9-16) and the Midd1e to Late Jurassic
(Fig. 7.3a, Pole Nos. 17 and 18) form a rather loése group with some of
tﬁe late Triassic pole positions'(Pole Nos. 9 andZIO) lying further from
the main grouping. A very tentative trajectory is drawn in Fig{ 7.3a
through these pole positions. 1Tt shows some similarity with the
indo—Pakistan APWP, although some of the Late Triassic-Early. Jurasstc

pole positions (Fig. 7.33{ Pole Nos. 11 and 13) fall outside the swath.

The "stable” African APWP shows a broad similarity with the =
Indo-Pakistan APWP in the Permo-Carboniferous loop and possibly also in

the Triassic-Jurassic loop.

b). Much palaeomagnetic work has been carried out on rocks Ffrom
Morocco, NW Africa. An‘APWP based on the Moroccan data (Table 7.3) is
shown in Fig. 7.4a. The Permo —Carboniferous (Fig. 7.4a, PolelNos; 1-4)
to Middle Triassic pole positioné (Fig. 7.4a, Pole NOs. 6-11) show an
appreciable polar waﬁdertng. The Late Triassicb bart of the Morogcan
APWP is not very well defined. The Late Triassic pole posit;on from the
Argana red beds (Fig. 7.Aa, Pole No. 12) and pole position. from the
Triassic Teloutet lava which is not very‘ﬁell dated (Fig.A7.4a, Polé No.
5) disagree with the early Mesozoic part of .the apparent polar wander
path and also with the @T®arly Jurassic (Fig. 7.4a, Pole Nos. 13-16) and

Late Jurassic-Early Cretaceous (Fig. 7.4a, Pole No. 17) pole positions.
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Compar{son of the Moroccan APW?Fwith'the Indé-?akistan APWP (Fig.
7.4Db) éhows that the Permo-Carboniferous part of ;hé Moroccan APWP is in
reasonable good agreement with the Indd—Pakistan APWP, 5ut the Moroccan
poles do hOt show any évidence fof a *Permoécarboniferops .loop." The
Middle Triassic and Early Jurassic poIe positions from Mprocco can be
interpreted in terms of an APWP rather similér to thét propdsed‘for the

Indo-Pakistan and "stable" Africa.

7.4 Comparison of the Indo-Pakistan APWP with the South American

APWP

An APWP for South America is drawn.uétng the data presented in Table
7.4 (Fig. 7.5a). The Pefmo—Carboniferous .pole positions of‘SOuth-
America are in good agreement, apart from pole position 9, with the
Permo-Carboniferous trajectories of 'AEWP'§ for the other Gondwanaland
cbnttnents. Ihe pole positions for other ﬁertods such as | the
Permo—Triassté (Fig. 7.5a, Pole VNos. 10f18) and the Middle to Laﬁe
Triassic (Fig. 7.5a, Pole Nos. 19 and 426) group 'reasonabl§ well,
although some Permo-Triassic poie positions (Fig. 7.5a, Pole Nos; 14 and
15) lie further from‘ the main grouping. Two Middle Jurassic pole
positions lie away from the main grogptng observed fér the Permo
-Triassié pole _positions énd  suggest continuing appafent polar
wandering. This interpretation of the Permo—-Carboniferous to Jurassic
part of the South Ameriéan APWP allows linkage with 1its Cretaceous‘
trajectory, which in part may reflect the épening of the SouthrAtiantié
Ocean since the Early Cretaceous (Norton and Sclater, 1979).

A comparison of the South American APWP with the Tado-Pakistan APWP
is shown Lln Fig. 7.5b. The Permo-Carboniferous poleApositLons of . South
America are in reasonably good agreéhent with some éf the Indo-Pakistan

Permo-Carboniferous pole positions, but do not support the suggested
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Permo-Carboniferous loop 1in the Indo-Pakistan APWP. The other main
feature tentatively deduced from the South American APWP is a'suggestion‘
of the Triassic-Jurassic loop as observed in the APWP's of'mgst of the

other Gondwanaland continents.
7.5 'Summary

The. Indo—Pakistan APWP suggested hete, when compared with the APWP' s
for other Gondwanaland continents, shows (within the uncertainty limits)
a reasonably good agreement for the Permo—Carboniferous to Late Jurasslc
pole positions. Two main features have been noted in the Indo—Pakistan

APWP: |
1) Thé Pérmo-Carboniferous 1nop

2) The Triassic—-Jurassic loop

1. . The Permo—Carboniferous loop éuggested indicates -an apnreciable
polar wanderingvduring Carboniferous and Pefmian times. A similar 1nop
may exist in data from "stable” Africa but'hné not been observed in the
data from Morroco. The loop can also be seen but,no£ so distinctly in
nhe‘Australian data. However,It does not‘appear to be preSént tn the
South American data. The reality of the Permo -Carboniferous loop for
the APWP of Gondwnnaland as a whole must be‘théréfore donbted. More data

are needed 1f the reality of this .loop is to be demonstrated.

2). The Triassic-Jurassic loop may reflect the tnitiallbreak-up of the
northern part of Gondwanaland and the forﬁation of the Neotethys during
the 1ate Palaeozoic—eariy Mesqznic.‘ A similar loon nas been qbserved
for Australia (Embleton, 1980) andimay also exist for Morocco, "stable”
Africa and South America. Thé demqnstrétion of this 1qop in the daté
ffomrthe latter two fragments of Gbndwnnaland is rather tentative and

awaits further study of Late Triassic and Jurassic rocks. On presently
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available data, Triassic-Jurassic loop is suggested for all the Gondwana

continents.
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CONCLUS IONS

Thermal and chemical demagnetization results 6btained in a
palaeomagnetic study of Permo—-Carboniferous  to possibly Triassic -~
Jurassic red beds from Condwana<basins in the Koel-Damodar Valley and

the Son Valley,.N.E. India, have led to the following conélusions.

A). Permo-Carboniferous pole positions from the Talchir Formattoﬁ
(Permo—-Carboniferous) and the Barakar Formation (upper Lower Permian)
when interpreted as representing a primary magneti;étion, indicate fast
polar ﬁandering during the late Palaeozoic (Fig. 6.ic, Pale, Nos. HTB,
' HTA, TBC, "HBA and HBB); The trajectoryrof éhe‘Indo-Pakistan APWP is
substanttated:by some of the recently obtatned‘ bole positions from
extrapeninsuiar Indo-Pakistan, i.e.the Krol Belt (silurian-Devonian, AT)
:’ and the Kashmir Himalaya (Permo-Carboniferous) (Fig. 6.lb, Pole No. 16).
 Bu£ it is more diffﬂcult to. reconcile this trajectory witﬁ earlier
established results from peninsular Indo-Pakistan and other results from-
extrapeninsular indo—Pakistan, such as ffom the Krol Belt and the Salt.
vRange. The sﬁggested Permo-Carboniferous trajectory of ‘the
Indo-Eakisfan APWP 1is also 1in agreement Qtth a recently determined,
middle Palaeozoic AfWP ;trajectory Ver‘>SE> Australia (Goleby, .1980).
(Fig. 6.1lc, Pole Nos.BGl;BGZ).

An alterﬁaﬁtve explanation for the Permo-Carboniferous rvesults in
terms of a Tfiéssic-Jurassic remégnetization is also suggested because
of their similarity with that part of the Tndo-Pakistan APWP as proposed
by Klootwijk and Bingham (1980) and  can be invoked only in case of
limited‘pélar Wandering._ Such an tnterpretatton. however, seems less
likely because of the predominantly reversed polarities observed whereas’
a worldwide normal 'pdlarity bias is characteristic of ° the

Triassic-Jurassic magnetic interval (McElhinny, 1973, Fig. 6.2).
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B) ‘ Resuits from the Late Permian-Early Triassic Panchét Formation

agree with previously established results (Fig. 6.1lc, Pole No. RPA).

C) Results from the Middle to Léte Triassic Tiki Formation and the
Parsora Formation ére in gqod agreement with previously established
results (Fig. 6.1lc, Pole Nos. TPA, JPA, JPB, JPC and JPD). The results
support. for the broad Triassic-iuraséic 1o§p in the Indo—Pakistan APWP

proposed by Klootwtjk and Bilngham (L980)L

D) Comparisoﬁ_of both}chemical and thermal demag;etization results {ﬂ
‘the Tiki,.Formation and thermél,demagnetization results in the Mahadeva
Formation indﬁcates a remagnettiatton pfocesses which a;é attributed to
‘the Deccan Trap magmatic activitj (Fig.n 6.1b, Péle Nos. TPA, AMA).
Because of the non-blanket cﬁaracter ofvthe oﬁerprint, it 1s argued
that hydrothermal activity may have playéd_an important role in theitf
‘acqﬁisition in addition to regidnal hgating.

E) Chemical demagnetization has been found to be able to separate and
remove hard magnetic componeﬁts, such as. those attrib;ted to the Deccan »

Trap magmatic activity in comparison to thermal demagnetization. For

~example, the separation of secondary component from the Tiki Formation,

TPA ( Figs.5.11, 6.1 b,c).

) Comparisoh éf the suggested Indo-Pakistan APWP with those from‘ the
other -Gondwanaland continents shows: - |

(a) A Triassié-Jufassic loop for Indo-Pakistan, Australia and
possibly Morocéo, "stable” Africa and South America.

(b) Lack of evidence from the other Gondwanaland continenté for the
primary interpretation suggested for the Permo-Carboniferoué results of
the Indo—Pakistan, which means no clear support for a

Permo—Carboniferous loop.
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