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Abstract 
The Deccan Traps, one of the best known examples of rapid flood basalt, are considered as 
marking of the inception of a mantle plume on the Indian continental lithosphere.  Their 
emplacement may be associated with the continental break-up of India and the Seychelles 
block and later formation of a new spreading centre, the Carlsberg Ridge, while spreading 
progressively ceased in the Mascarene Basin. Whether rifting, continental break-up, and 
seafloor spreading predated or were the consequence of the Deccan Traps emplacement is 
still a matter of debate. This issue is further complicated by the presence of a continental 
sliver, the Laxmi Ridge, and large basins lying landward of the Laxmi Ridge, such as the 
Laxmi and Gop basins, where nature of the crust is still ambiguous.  The present study 
attempts to decipher the tectonic setting and the imprints of plume-ridge interaction in the 
Gop Basin, where the crust has been interpreted as either volcanics-intruded thinned 
continental crust or oceanic crust formed by a now extinct spreading centre. Based on 
interpretation of an updated compilation of marine geophysical data, the present study 
supports the oceanic nature of the crust underlying the Gop Basin and proposes the 
Palitana Ridge as the extinct spreading centre in this region. The prominent but short 
sequence of fairly linear magnetic anomalies in the Gop Basin does not allow a unique 
identification; it can be reasonably explained either as A31r-A25r (~69.3 - 56.4 Ma) or as 
A29r-A25r (~64.8 - 56.4 Ma) sequence.  The variations of the spreading rates assumed by 
both these models suggest that spreading in the Gop Basin significantly slowed around 65 
Ma, contemporaneous with the magmatic outburst of the Reunion plume on the adjacent 
western Indian mainland.  Subsequently, the Gop Basin spreading centre was waning 
whereas a new spreading centre was developing further south, close to the (relatively) 
southward migrating plume. In this last stage, the Gop Basin spreading centre was 
associated with an abundant magmatism, probably supplied from the plume region. 
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1. Introduction 
The conjugate Arabian and Eastern Somali basins (Northwestern Indian Ocean) 

have been formed by seafloor spreading along the Carlsberg Ridge since early Tertiary 

time; the Laxmi and Laccadive ridges mark the landward boundary of this oceanic crust in 

the Arabian Basin (McKenzie and Sclater, 1971; Norton and Sclater, 1979; Naini and 

Talwani, 1982; Schlich, 1982; Bhattacharya et al., 1992; Chaubey et al., 1993, 1998, 2002; 

Miles and Roest, 1993; Miles et al., 1998; Dyment, 1998; Royer et al., 2002). However, 

between the Laxmi Ridge and the India-Pakistan continental shelf is a wide region of deep 

offshore, whose genesis and evolution still remains to be confidently established.  This 

region is important to understand the geodynamic evolution of the Arabian Sea region, as 

it includes the imprints of rifting of the India-Pakistan continental margin as well possible 

early phases of spreading.  Furthermore, the geographical and temporal proximity of this 

region with the onset of the Deccan Traps, a huge continental flood basalt marking the 

inception of the Reunion hotspot mantle plume on the Indian lithosphere, also provides an 

opportunity to understand the interaction of such a plume with rifted continental margins 

and spreading ridges.  The present study focuses on the Gop Basin, a ~100 km wide part 

of this deep offshore region located immediately north of the northernmost, E-W trending 

segment of the Laxmi Ridge, between latitudes 19°N and 20°N (Fig. 1). The Gop Basin 

can be considered as a sub-basin of the Offshore Indus Basin (Miles et al., 1998; 

Bhattacharya and Chaubey, 2001), located between the landward boundary of the Laxmi 

Ridge and the India-Pakistan continental shelf. 

 

Malod et al. (1997) were the first to delineate the Gop Basin in view of its basement 

structure and conspicuous magnetic lineations. They observed that the basement of the 

Gop Basin forms a sediment-filled E-W graben with a prominent central E-W horst. They 

referred the graben as the Gop Rift / Gop Graben, and the central horst as the Palitana 

Ridge / Palitana Horst. The various use of the terms ‘rift’ / ‘graben’ and ‘horst’ / ‘ridge’ in 

different papers related to this area appears to cause some confusion while discussing the 

genesis and nature of the crust underlying this region; in this paper we therefore refer to 

this region as the ‘Gop Basin’ and to the central basement high as the ‘Palitana Ridge’. 

Opinions vary regarding the nature of the crust underlying the Gop Basin, from thinned 

continental crust intruded by volcanics to oceanic crust formed at a now-extinct spreading 

centre.  
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The prominent high amplitude magnetic anomalies of the Gop Basin have drawn the 

attention of many researchers. Naini and Talwani (1982) recognized the existence of NW-

SE trending magnetic anomalies in this region, for which they considered a non-seafloor 

spreading origin since those anomalies did not match any part of the geomagnetic polarity 

time scale. Miles et al. (1998) interpreted those anomalies in terms of intrusives within a 

thinned continental crust. A seafloor-spreading origin was considered by several authors, 

with various interpretations. Masson (1984) viewed them as pre A28 lineations (~63 Ma 

according to the Geomagnetic Polarity Time Scale of Cande and Kent, 1995, consistently 

used in this study). Karasik et al. (1986, in Mercuriev et al., 1996) and Shreider (1998) 

interpreted them as the continuation of the Arabian Basin sequence up to A31 or A32 (~69 

and ~73 Ma). Conversely, Malod et al. (1997) tentatively interpreted them as symmetrical 

A29r-A29n sequences (~65.6 – 64 Ma), with a fossil spreading centre located north of the 

Palitana Ridge. Krishna et al. (2006) accepted their seafloor spreading origin without 

assigning them any ages. Very recently, both Collier et al. (2008) and Minshull et al. (2008) 

consider that the anomalies of the Gop Basin are due to basement topography of an 

oceanic crust and the edge effect at its margins but disagree on the identification of the 

anomalies: Collier et al. (2008) favour a three-polarity sequence (reversed-normal-reversed) 

formed during A31r – A32n, while Minshull et al. (2008) prefer a single reversed polarity 

block formed almost entirely during Chron 29r or Chron 31r. 

 

We take advantage of a new compilation of Indian, French and other magnetic data, 

of improved satellite gravity anomaly, and of new seismic data which have recently 

appeared in the literature (Collier et al., 2004a, 2004b) to revisit the crustal nature, structure 

and age of the Gop Basin and its role in the geodynamical evolution of the Northwestern 

Indian Ocean. 

 

2. Geophysical signatures of the Gop Basin 

2.1 Data 

The data used in the present study are sea-surface gravity and magnetic profiles 

acquired (1) by the National Institute of Oceanography, Goa, India, and (2) during French 

cruises Profindus 1 and 2 (also known as MD 51 and MD 58), complemented by (3) the 

GEODAS Marine Geology and Geophysics database (National Geophysical Data Centre, 

1998). The study also used the satellite-derived gravity anomaly maps (Sandwell and 
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Smith, 1997; 2003) and the recently acquired (Collier et al. 2004a, 2004b) multichannel 

seismic reflection section along profile AB across the Gop Basin. The seismic refraction 

results have been obtained from OBS (Collier et al., 2004b) and sonobuoy (Naini and 

Talwani, 1982). The locations of gravity, magnetic, seismic reflection and refraction profiles 

used in the present study are shown in Fig. 2. 

 

2.2 Basement features from a seismic reflection section 

Fig. 3 shows the published seismic reflection section which extends from the Arabian 

Basin to the southern continental margin of Pakistan. The section clearly shows the 

presence of a ~80 km wide (km 115 to 35) sediment filled graben, the Gop Basin, 

surrounded by two relatively higher basement features. A basement high, ~20 km wide and 

~1.5 sec (twt), is observed in the central part of this graben. It has been delineated and 

named the Palitana Ridge by Malod et al. (1997). The basement high located immediately 

south of the Gop Basin (km 175 to 115) is the Laxmi Ridge while the one to the north 

(beyond km 35) most likely represents the southern continental margin of Pakistan.  

 

2.3 Gravity anomalies 

The north-south gravity anomaly profiles across the northern Arabian Basin and the 

Gop Basin (Fig. 4) show the presence of a broad free-air gravity low between the Arabian 

Basin and the Gop Basin. This E-W trending gravity low is the continuation of the 

characteristic gravity low associated with the Laxmi Ridge. Northwards of this gravity low, 

an E-W trending gravity high parallels the adjacent E-W segment of the Laxmi Ridge and 

corresponds to the major part of the Gop Basin. A short wavelength gravity low is present 

atop the crestal part of the broad gravity high of the Gop Basin. Gravity profiles SG-08, SG-

07, SG-06, CD2087-07 and AB (Fig. 4) depict this characteristic gravity low, which can be 

confidently traced to ~64°15‘E westwards and ~65°10’E eastwards. Its continuation could 

not be traced further eastwards. This gravity low is subtle and not easily depicted on the 

satellite gravity anomaly map (Fig. 4). The composite gravity anomaly profile and seismic 

section presented in Fig. 3 shows that the characteristic gravity low coincides with the 

basement high region of the Palitana Ridge. Occasionally, a small short wavelength gravity 

high is observed (profiles AB and SG-06 in Fig. 4) within the characteristic gravity low, 

which may reflect the local signature of the basement high feature of the Palitana Ridge. 
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2.4 Magnetic anomalies 

To depict the magnetic signature of the Gop Basin, we presented the magnetic data 

as a magnetic anomaly map (Fig. 5) and as projected profiles along the N-S direction (Fig. 

6a). The dense coverage of crisscrossing sea-surface magnetic profiles over the study area 

allowed the computation of a magnetic anomaly grid after cross over error analysis and 

adjustment of the tracks.  

 

The magnetic anomaly map (Fig. 5) depicts various zones with different magnetic 

fabric in the Gop Basin and its immediate neighbourhood. The Laxmi Ridge, associated 

with much subdued anomalies, is flanked on the north and south by prominent magnetic 

anomalies. Immediately south of the Laxmi Ridge (area A), a linear medium amplitude 

negative anomaly may correspond to anomaly A28ny (~62.5 Ma; Chaubey et al., 1998; 

Miles and Roest, 1993). The three prominent magnetic lineations further south correspond 

to anomalies A27n, A26n and A25n. North of the Laxmi Ridge, a prominent E-W positive 

anomaly is observed in the Gop Basin (area B), flanked by two strong negative anomalies. 

This positive anomaly roughly coincides with the Palitana Ridge. North of this set is a strong 

E-W positive anomaly (area C), which extends from 64ºE to 66º45’E. Further north (area D), 

a weaker positive anomaly flanked by two negative anomalies exhibit a N70°E trend. No 

distinct magnetic anomaly is observed between area D and the Pakistan shelf. 

 

The prominent magnetic anomalies of the Gop Basin (Fig. 6a) display peak to peak 

amplitudes of ~800 nT, stronger than any other anomalies in the area. They appear to be 

symmetrical about an axis which is somewhat shifted with respect to the apex of the 

Palitana Ridge. However, magnetic anomalies are usually not observed atop their causative 

bodies, because both the magnetization and the present day magnetic field are not vertical 

vectors. Given an elongated magnetized body, the anomaly observed along a crossing 

profile is skewed (or phase-shifted) by an angle which depends on the inclinations of the 

magnetization and present day magnetic field and the azimuth of the profile (e.g., Schouten 

and McCamy, 1972; Cande, 1976; Dyment et al., 1994). We therefore investigated the 

skewness of the Gop Basin magnetic anomalies by comparing two signals derived from 

these anomalies: the modulus of the analytic signal, a zero-phase signal (i.e. independent 

of the skewness factor) which reaches maxima at the top of magnetic contrasts (Nabighian, 

1972, 1974) on one hand, and the observed anomalies gradually phase-shifted at regular 

angle intervals. The phase shift value for which the location of the inflection points on the 
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phase-shifted anomaly profile and the maxima of the analytic signal modulus are coincident 

is the optimal skewness factor for this anomaly profile (Roest et al., 1992). The skewness 

factor determined over the 14 profiles considered in this study varies from 120 to 160 

degrees, and gives an average value of 150 degrees which was used as the optimal 

skewness factor for the study area. Such a value, which corresponds almost to an inversion 

of the profile, is not surprising for E-W trending anomalies observed near the magnetic 

Equator.  The anomaly profiles crossing the Gop Basin were deskewed with this factor and 

are presented in Fig. 6b, aligned with respect to the characteristic gravity low (marked by a 

red dash-dotted  line) where observed.  

 

From Fig. 6b, it is clear that the prominent negative deskewed magnetic anomaly 

coincides with the axis of the Palitana Ridge. So not only is the Palitana Ridge associated 

with a characteristic gravity low (atop a broad gravity high) but it is also associated with a 

prominent magnetic anomaly. Although the gravity low cannot be traced beyond 65°10’E 

eastwards (Fig. 4), the corresponding magnetic anomaly and its flanking positive anomalies 

are confidently traced eastwards up to ~66°E (Fig. 5) and westwards, they are easily traced 

up to ~63°45’E, and possibly beyond with a slight NW trend. This set of E-W trending 

magnetic lineations therefore extends linearly over about 200 km in the Gop Basin (Fig. 5).  

 
3. Interpretation and discussion 

In order to decipher the nature, structure, and age of the Gop Basin and nearby 

features, we applied forward modelling to the gravity and magnetic anomalies, using 

additional constraints from published seismic reflection and refraction results. Potential field 

modelling is intrinsically non-unique, so such additional data are essential to narrow the 

range of possible solutions. In a first step, we obtained a reasonable crustal configuration 

based on gravity modelling. Subsequently, we used this configuration to model the 

magnetic anomalies, tried to identify the observed sequence of anomalies, and made 

inferences on the age of the Gop Basin.  

 

3.1 Interpretation of gravity anomalies in the Gop Basin. 

To investigate the crustal structure and density distribution of the Gop Basin and 

adjoining regions, we used a ~500 km-long satellite-derived gravity anomalies profile 

(GABH in Fig. 2) which extends from the Arabian Basin to the continental margin of 
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Pakistan. We selected profile GABH because (1) it is orthogonal to the observed magnetic 

lineations, (2) a published multichannel seismic reflection section of recent vintage is 

available over segment AB (Collier et al., 2004a, 2004b), and (3) published (Collier et al., 

2004b) refraction results are available along the nearby parallel profile RS  (Fig. 2). 

 

We constructed an initial crustal model by using the seismic reflection and refraction 

results of Collier et al., (2004a, 2004b). The shallower part (down to the basement) was 

constrained by the seismic reflection results, the deeper parts by the seismic refraction 

results. We used an average velocity of 2.73 km/s for the sediments to convert the depth to 

basement from time to depth units throughout the profile. This value was assumed following 

the empirical formula provided by Malod et al. (1997) for the Gop Basin and the sediment 

velocities provided by Naini and Talwani (1982) for the Arabian Basin. As the velocity 

information from the recent data of Collier et al. (2004a, 2004b) is not available in digital 

form, we had to rely on the velocities of Naini and Talwani (1982) from stations close to the 

gravity profile (Fig. 2). The layer densities have been estimated based on the velocity-

density relationship of Ludwig et al. (1970). The bathymetry and basement reflection are 

available from seismic reflection data (Collier et al., 2004a, 2004b) only for segment AB 

(Fig. 2). Along segments GA and BH the bathymetry has been obtained from the so-called 

“predicted bathymetry” derived from satellite altimetry (Smith and Sandwell, 1997) and the 

top of the basement has been assumed to coincide with the 5 km/s velocity threshold 

observed on the OBS results (Collier et al., 2004b). As seen from Fig. 2, the gravity profile 

cuts across four geological domains – the Arabian Basin, the Laxmi Ridge, the Gop Basin 

and the southern continental margin of Pakistan. The lateral boundaries of each geological 

domain have been assumed from the structures revealed by the seismic reflection profile 

(Collier et al., 2004a, 2004b) and the shape of the gravity anomalies.  

 

The initial crustal model was refined so as to obtain a reasonable good fit between 

the observed and computed anomalies. While refining the model, more reliable constraints 

such as the bathymetry, the depth to basement and the layer densities, have been kept 

unchanged, while the boundaries of the deeper crustal layers have been adjusted. 

 

The final crustal model (Fig. 7) supports the presence of a ~6 km thick oceanic crust 

in the Arabian Basin (km 0 to 170).  Below the sediments (density 2.17 g/cm3), the crust 

displays a two-layered structure made of Layers 2 and 3 (density 2.63 g/cm3 and 2.88 
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g/cm3, respectively). On the continental shelf off Pakistan (km 310 to 500), the crustal 

model is consistent with a ~14 km thick continental crust, which thickens landward. 

Although the densities assumed for the upper and lower layers are consistent with those of 

the upper and lower continental crust, this crust is much thinner than the adjacent 

continental crust of the Indian mainland (~35 km, Kaila and Sain, 1997).  

 

The part of the Laxmi Ridge cut across by the profile (km 170 to 230) consists of a 

2.5 km-thick layer of sediments overlying two crustal layers with densities 2.64 g/cm3 and 

2.86 g/cm3 for the upper and lower layers, respectively. Again these densities are 

consistent with those of the upper and lower continental crust. The Laxmi Ridge appears to 

be isostatically balanced by a deeper Moho, resulting in a total crustal thickness of 11 km. 

Our modelling therefore supports that the Laxmi Ridge is a region of thinned continental 

crust, in agreement with earlier works (Naini and Talwani, 1982; Talwani and Reif, 1998; 

Collier et al., 2004a, 2004b, 2008; Krishna et al., 2006; Bulychev et al., 2006). 

 

The Gop Basin (km 230 to 310) is modelled with a ~6 km-thick two-layered crust 

(densities 2.66 g/cm3 and 2.89 g/cm3 for the upper and lower layers), which underlies a 

~3.5 km-thick layer of sediments. The gravity signature of the Palitana Ridge requires this 

structure to be compensated by a locally deeper (~16 km) Moho. Furthermore, a better fit 

with the observed gravity anomaly is achieved by adding locally, below the Palitana Ridge, 

a slightly lighter body (density 2.6 g/cm3) beneath the upper crust (density 2.66 g/cm3). The 

crustal thickness and densities of the Gop Basin are comparable to those of normal oceanic 

crust, the upper and lower crustal layers (density 2.66 and 2.89 g/cm3) being Layers 2 and 

3 of the oceanic crust, respectively. If the Palitana Ridge is an extinct spreading centre, the 

low-density body inferred under the fossil axis would resemble similar bodies postulated by 

Jonas et al. (1991). Free-air short wavelength gravity anomaly lows atop broader gravity 

highs appear to be the general signature of extinct spreading centres as, for example, in the 

Coral Sea (Weissel and Watts, 1979), in the Laxmi Basin (Bhattacharya et al., 1994a).  

Other fossil spreading centres in the Labrador Sea, Mascarene Basin, Tasman Sea, 

Western Philippine Basin, Parece Vela Basin, and on the Mathematician and Galapagos 

fossil spreading centres show a similar signature, as indicated by the gravity anomaly map 

derived from satellite altimetry (Sandwell and Smith, 1997, 2003).   
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3.2 Interpretation of magnetic anomalies in the Gop Basin 

As mentioned earlier, the Gop Basin exhibits a prominent linear positive magnetic 

anomaly flanked by symmetrical linear negative anomalies (area B in Fig. 5). Although such 

anomalies can be generated by a variety of magnetized sources, we interpret these 

anomalies as reflecting a two-limbed oceanic basin formed by seafloor spreading at the 

now extinct Palitana Ridge spreading centre, because (1) the anomalies show amplitudes 

comparable to the well established seafloor spreading anomalies of the nearby Arabian 

Basin; (2) they exhibit a remarkable coherency and continuity over 200 km; (3) the central 

anomaly coincides with the Palitana Ridge, a prominent axial basement high, and the 

associated axial gravity low characteristic of other fossil spreading centres; (4) the 

deskewed magnetic anomalies show a clear symmetry with respect to the Palitana Ridge 

over the Gop Basin, delineated by a broad gravity high; (5) the crustal structure of the Gop 

Basin is compatible with oceanic crust. In the following sections, we try to identify the 

polarity sequence(s) that properly fit the observed anomalies assuming reasonable 

spreading rates and spreading rate variations. 

 

For the magnetic modelling, we assume the spreading centre to coincide with the 

apex of the Palitana Ridge, and the outer limits of the magnetized layer to correspond to the 

limits of the Gop Basin as defined by a basement scarp observed in the seismic reflection 

data (Fig. 3). The synthetic magnetic anomalies are computed for E-W striking juxtaposed 

normally and reversely magnetized blocks.  As we compare the modelled anomalies to 

deskewed anomalies, we compute the model to the pole. 

 

The anomaly sequence in the Gop Basin is short, hence its identification by 

comparison with the geomagnetic polarity time scale is ambiguous at least. Additional time 

constraints come from the adjacent Arabian Basin, where the seafloor spreading history is 

well established (e.g., Chaubey et al., 1998, 2002; Dyment, 1998; Royer et al., 2002). 

These studies have identified a probable A28ny lineation (~62.5 Ma) immediately south of 

Laxmi Ridge and A27n lineations (~61.3 Ma) further south, and the entire sequence of 

conjugate magnetic anomalies from A27n to the present are observed in the conjugate 

Arabian and Eastern Somali basins, between the Laxmi Ridge and the Seychelles Bank. If 

there was a seafloor spreading episode in the region landward of the Laxmi Ridge, such an 

episode reasonably predates the opening of the Carlsberg Ridge, which started at the time 
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of anomaly A28n (or A27n) and may have been fully achieved only at the time of anomaly 

A24r (~55 Ma), as anomalies A25n to A27n are not observed in the eastern part of the 

Arabian and Eastern Somali basins. We therefore assume this period as the younger age 

bound in our attempt to identify the Gop Basin magnetic anomalies. 

 

As a starting point we considered a simple model in which a central reversely 

magnetized block is flanked on both sides by normally magnetized blocks. Such a model 

may represent an axial anomaly A28r flanked by A29n, (~63.6 - 64.7 Ma) or an axial 

anomaly A27r flanked by A28n (~61.3 – 63.6 Ma). The anomalies computed from such a 

configuration do not match well with the shape of the observed anomalies, particularly 

conjugate second-order anomalies systematically observed on the flanks of the central 

anomaly (Fig. 6 and 8a). Such second-order anomalies can be simulated by adding a 

narrow reverse block within the flanking normally magnetized blocks. This observation 

indicates that the Gop Basin magnetic anomalies may reflect a longer history including at 

least three polarity reversals. Indeed, at slow spreading rates the observed magnetic 

anomalies often correspond to the combined effect of several blocks of different polarity 

(the “sequence effect” of Dyment et al., 1994), so the Gop Basin magnetic anomalies may 

also be caused by multiple blocks of normal and reverse polarities.  

 

Based on the geomagnetic polarity time scale, we tried to find sequences of normally 

and reversely magnetized blocks and adjusted the width of the blocks to obtain a 

reasonable fit of the modelled anomalies with the deskewed ones. We rejected models 

which required wide and random variations of the spreading rate for almost each individual 

block. After many trials, we obtained two models which provide a fair match between the 

observed and computed anomalies with reasonable variations of the spreading rate. These 

two models correspond to: (1) anomaly sequence A31r- A25r (~69.3 – 56.4 Ma, model A in 

Fig. 8a) and (2) anomaly sequence A29r-A25r (~64.8 – 56.4 Ma, model B in Fig. 8a). 

Although A31r polarity interval spans a long period (71.1 – 68.7 Ma), the first model only 

requires the younger part of this interval (~69.3 – 68.7 Ma) to be present in the Gop Basin. 

Similarly for the second model, only the younger part of anomaly A29r (~64.8 - 64.7 Ma) 

may be present in the Gop Basin. In both models, the time of spreading extinction, A25r 

(~56.4 Ma), is not well constrained but has been adopted because it yields to a very slow 

spreading rate for the waning stage of the (soon to be extinct) spreading centre. 
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We did not extend the interpretation of seafloor spreading magnetic anomalies 

beyond the Gop Basin anomalies as delineated above. The strong positive anomaly of area 

C (Fig. 5), although parallel to the Gop Basin anomalies, (1) does not exhibit a conjugate 

near Laxmi Ridge; (2) does not show the same consistency and continuity on the east of 

the area, and (3) is located beyond the scarp that may limit the oceanic extension of the 

Gop Basin (Fig. 3). The N70°E trending anomalies of the area D, where a central positive 

anomaly is flanked by two negative ones, could also have formed at an extinct spreading 

centre. However, their amplitudes are much lower, their consistency and continuity is quite 

poor  and no basement high or short wavelength gravity low, characteristic of fossil 

spreading centres, are observed in association with the axial anomaly.  

 
3.3 Geodynamic consequences 

We have interpreted the sequence of magnetic anomalies observed in the Gop 

Basin either as anomalies A31r-A25r (i.e. ~69.3 – 56.4 Ma, model A) or anomalies A29r-

A25r (i.e. ~64.8 – 56.4 Ma, model B).  These two models have different implications for the 

regional geodynamic evolution. Model A considers a spreading regime for a period of about 

13 m.y. and a half spreading rate that does not exceed 0.6 cm/yr, Model B a shorter 

duration of about 8.5 m.y. and a relatively faster half spreading rate reaching 3 cm/yr (Fig. 

8b). A more important difference is the relative timing of the spreading period with respect 

to the nearby emplacement of the Deccan Traps at ~65 Ma (e.g., Courtillot et al., 1986), a 

major volcanic event caused by the inception of the Reunion plume on the Indian 

lithosphere. As the Gop Basin is located less than 1000 km away from the centre of the 

Deccan Traps area, such a question is of importance to understand the geodynamic 

evolution of the Gop Basin in relation to the Reunion plume inception - whether rifting and 

spreading predated this event or they were one of its consequences.   

 

Model A implies the existence of an active (although very slow) spreading centre in 

this region about 4 m.y. before the emplacement of the Deccan Trap and a significant 

decrease of the spreading rate around this event. This model suggests that the Deccan 

volcanism has post-dated the rifting and initiation of spreading by several million years and 

therefore both these events are probably unrelated. Conversely, Model B considers that 

seafloor spreading started at the time of the Deccan Trap emplacement and gradually 

slowed down until extinction.  This model suggests that the plume inception is the cause of 

both the Deccan volcanism and the rifting and spreading in the Gop Basin.  Both models 
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consider that spreading along a new spreading centre, the paleo-Carlsberg Ridge 

separating Seychelles and Laxmi Ridge, initiated while the spreading centre in the Gop 

Basin was in its waning stage. 

 

For both models, the spreading rate started to decrease at the time of the inception 

of the Reunion hotspot on the Indian lithosphere and the formation of the Deccan Trap. At 

first it may appear inconsistent that seafloor spreading slowed down and finally ceased 

whereas abundant magmatism was creating a large igneous province less than 1000 km 

away.  However, it should be noted that the oceanic crust of the Gop Basin does not exhibit 

the classical rough topography associated to faults and tectonic extension of the ultraslow 

(Model A) or slow (Model B) spreading centres (e.g. Macdonald, 1982), but a smooth 

topography more typical of the hot and magmatic spreading centres (e.g. Canales et al., 

1997), as shown by the seismic data of Collier et al. (2004a, 2004b) (Fig. 3b).  Despite a 

decreasing spreading rate, the Gop Basin spreading centre kept such a smooth topography 

until its extinction, supporting that a strong magmatic activity persisted until spreading 

cessation and possibly beyond.  The ~2 km high (with respect to the nearby basement 

depth), ~20 km wide Palitana Ridge is probably a construction associated with later stages 

of the volcanic activity, quite similar to the Hellas seamount on the Wharton fossil spreading 

centre (Hebert et al., 1999) and the Guadalupe Island on the Guadalupe fossil spreading 

centre (Batiza, 1977).  The three major seamounts atop the inferred fossil spreading centre 

(the Panikkar Ridge) in the nearby Laxmi Basin (Bhattacharya et al., 1994a, 1994b), is 

another possible example of such strong magmatism at fossil ridges.  This abundant 

magmatism in both the Gop and Laxmi basins most likely reflects a relationship with the 

nearby Reunion hotspot.  Interestingly, spreading cessation at these fossil ridges did 

obviously not result from magma starvation but may reflect an incompatible geometry with 

respect to a changing geodynamic context.  It is worth noting that the formation of the 

Palitana Ridge by later stages of volcanism on the dying Gop Basin spreading axis is not 

inconsistent with our simplified magnetic model of juxtaposed normal and reversed polarity 

blocks (Fig. 8).  If the Palitana Ridge was formed during the period of dominantly reversed 

geomagnetic polarity spanning anomalies 28ny and 24no (62.5 – 55 Ma), any complex 

distribution of volcanics emplaced at slow rate should have the effect of a reversely 

magnetized block at the sea surface. 
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The decrease of spreading rate and the extinction of the Gop Basin spreading centre 

is probably linked with the opening of the paleo-Carlsberg Ridge, another spreading centre 

located further south which propagated eastward and replaced the Gop Basin spreading 

centre as the plate boundary between Africa and India.  Such an evolution has been 

described north of Iceland, with a new spreading centre, the Kolbeinsey Ridge, rapidly 

growing at the expense of the Aegir Ridge, resulting in the abandonment of latter and the 

isolation of a small continental sliver, the Jan Mayen micro-continent (e.g. Jung and Vogt, 

1997).  The comparison is adequate, indeed, as both cases involve slow spreading centres 

in the vicinity of a major hotspot. The locations and orientations of the spreading centres in 

the Gop and Laxmi basins were most likely inherited from a past three plate scenario for the 

separation of Laxmi Ridge from Indian mainland (Malod et al., 1997; Yatheesh, 2007), with 

the Laxmi Basin fossil spreading centre trending NW-SE, the Gop Basin fossil spreading 

centre trending E-W, and the inferred aulacogen of the Narmada rift graben (Fig. 1) forming 

the third arm of the triple junction, akin to the present day scenario of the Afar region. This 

geometry may not have been able to accommodate the divergence of the Indian and 

African plates in an area affected by the (apparent) southward migration of the Reunion 

hotspot. Therefore the paleo-Carlsberg Ridge developed in a location and orientation which 

could accommodate that situation better. 

 
4. Summary and conclusions 

Available magnetic data indicate that the Gop Basin region contains alternate bands 

of positive and negative magnetic anomalies with amplitudes comparable to the nearby 

seafloor spreading anomalies of the Arabian Basin. These magnetic lineations are fairly 

linear for long distance and are contiguous and parallel to the adjacent segment of the 

Laxmi Ridge. The Gop Basin region is also characterized by the presence of a 

characteristic short wavelength gravity low atop the crestal part of a broad wavelength 

gravity high. This gravity low coincides with the Palitana Ridge, a conspicuous basement 

high observed all along the axial part of the Gop Basin. Forward modelling of magnetic and 

gravity data, under the constrains of previous seismic results, suggest that: the crustal 

structure of the Gop Basin is consistent with oceanic crust and the magnetic lineations of 

the Gop Basin can be explained in terms of juxtaposed normally and reversely magnetized 

blocks within the uppermost basement layer. The sequence of these magnetized blocks is 

symmetrical about a central narrow reversely magnetized block, the axis of symmetry 

coinciding with the characteristic gravity anomaly and the prominent subsurface basement 
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high trend of the Palitana Ridge. These observations supports the interpretation that the 

Gop Basin region is underlain by oceanic crust which was formed by an episode of a now 

extinct seafloor spreading and the Palitana Ridge is the extinct spreading centre related to 

that spreading.  

 

With the available type of data, the anomaly sequence of the Gop Basin cannot be 

uniquely identified, and can be reasonably explained either as a A31r-A25r or as a A29r-

A25r sequence. Based on our model, the seafloor spreading in the Gop Basin would have 

started around 69 Ma (A31r-A25r sequence) or around 65 Ma (A29r-A25r sequence) and 

ceased around 56 Ma.  Between 63 and 56 Ma (A28n-A25), both the Gop Basin spreading 

centre and the Paleo-Carlsberg Ridge (which later created the Arabian and Eastern Somali 

basins between Seychelles and the Laxmi Ridge) were simultaneously active, before the 

latter took over.  The spreading rates estimated under the assumptions of both these 

models suggest a significant slowing of spreading around 65 Ma, when the Reunion plume 

was forming the Deccan Traps on the adjacent western Indian mainland.  After anomaly 

28ny (63 Ma), the Gop Basin spreading centre was gradually waning whereas a new 

spreading centre, the paleo-Carlsberg Ridge, was developing further south, between the 

continental Laxmi Ridge and Seychelles block, close to the (relatively) southward migrating 

plume.  Such a southward ridge jump is not observed in the later evolution of the paleo-

Carlsberg ridge.  Instead, for more than 14 m.y. (Chrons 28ny – 22ny), the ridge 

accompanied the relative southward migration of the Reunion plume and relocated in the 

vicinity of the hotspot through ridge propagation and transferral of crust from one plate to 

other (Dyment, 1998; Chaubey et al., 2002; Royer et al., 2002).  Widely observed highly 

reliable imprints of large scale ridge propagation in the area (Miles and Roest, 1993; 

Chaubey et al., 1998, 2002; Dyment, 1998; Miles et al., 1998; Royer et al., 2002) indeed 

strengthen this inference.   

 

Evidence of extinct spreading in the Gop Basin has important consequences in the 

geodynamic evolution of the Arabian Sea and on the thermal history of the adjacent 

continental margins. It is therefore essential to precisely identify (i. e. date) the magnetic 

lineations of the Gop Basin. The experience of the present study shows that sea surface 

magnetic data is unable to provide the high resolution required to identify unambiguously 

the anomalies on such short anomaly sequences. Based on available technology, only a 

deep tow magnetic survey can provide the sufficiently high resolution magnetic data. Till 
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such a deep tow magnetic survey is carried out in the Gop Basin (and the Laxmi Basin as 

well), time constraints in the early geodynamic evolutionary history of the Arabian Sea will 

remain a matter of speculation.   
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Figure captions 

 

Fig. 1: General map of the continental margin and adjoining deep offshore 

region off western India / southern Pakistan along with selected 

bathymetric contours. The thick dashed line is the gravity low axis of 

the Laxmi Ridge and the thick continuous line is its bathymetric limit 

after Bhattacharya and Chaubey (2001). Darker shaded areas within 

India are the extents of Deccan Traps. Solid dots joined by thick black 

line correspond to the reconstructed track of the Reunion plume (after 

Muller et al. 1993) and the numbers beside the solid dots are the 

predicted ages in Ma. The dashed box indicates the outline of the 

study area. GB: Gop Basin; LB: Laxmi Basin; LAB: Laccadive Basin; 

MR: Murray Ridge; LR: Laxmi Ridge; LP: Laccadive Plateau; NR: 

Narmada Rift 
Fig. 2: Locations of gravity, magnetic and seismic profiles used in the present 

study. Thin black lines represent sea-surface gravity and magnetic 

profiles. Thick dotted line (AB) represents the seismic reflection profile 

presented in Fig. 3. Thin dashed line (GABH) represent the gravity 

anomaly profile presented in Fig. 7. Locations of OBS refraction 

stations (of Collier et al., 2004a, 2004b) and locations of sonobuoy 

refraction stations (of Naini and Talwani, 1982) are marked by open 

triangles and solid stars (annotated with station numbers), 

respectively. Dark and light grey shaded areas mark the extent of the 

Laxmi Ridge (LR) and gravity high region, respectively, both 

approximated from free-air gravity anomaly contours derived from 

Satellite altimetry (Sandwell and Smith, 1997). Hatched area 

represents the extent of the Palitana Ridge (PTR) defined from 

basement contour map of Malod et al. (1997). The thick black lines 

and dashed lines in the Arabian Basin are the magnetic lineations and 

pseudofaults, respectively, as mapped by Chaubey et al. (2002). 

Fig. 3: Gravity and magnetic signatures (top), seismic section (middle) and 

interpreted line drawing showing the seafloor and basement (bottom) 

along profile AB, which extends from the Arabian Basin to the 
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continental margin of southern Pakistan and cut across the Laxmi 

Ridge, Gop Basin and the Palitana Ridge (modified after Collier et al., 

2004b). Location of the profile is shown in Fig. 2. PTR: Palitana Ridge 

Fig. 4: Free-air gravity anomaly map derived from satellite altimetry (Sandwell 

and Smith, 1997) in the Gop Basin and its neighbourhood. Also shown 

are selected along-track projected sea-surface gravity profiles with 

cruise identifiers. The SG lines represent profiles along which the 

gravity anomalies have been extracted from satellite derived gravity 

anomalies grid. Outlines of the Palitana (PTR) and Laxmi (LR) ridges 

are shown as thick dotted and dashed black lines, respectively. GB: 

Gop Basin. 

Fig. 5: Magnetic anomaly map in the Gop Basin and its neighbourhood. 

Different zones discussed in the text have been labelled (A, B, C, D). 

Identified magnetic anomalies in the Arabian Basin have been labelled 

after Chaubey et al. (2002). Other details are as in Fig. 4. 

Fig. 6: Selected magnetic profiles [(a) observed profiles and (b) deskewed 

profiles)] projected perpendicular to the strike of the inferred magnetic 

lineations and stacked with respect to the characteristic short 

wavelength gravity low (SWL) axis atop the broad gravity high of the 

Gop Basin (GB). Where axis of the gravity low could not be traced, the 

profiles are stacked based on contiguity of the prominent magnetic 

anomalies. Thick dash-dotted line is the axis of stacking of magnetic 

anomalies and it is in red colour wherever the axis of the SWL could 

be traced. Pink lines represent inter-profile correlation of anomalies; 

blue dotted lines represent northerly and southerly boundaries of the 

Laxmi Ridge (LR) region along the profile crossings. After deskewing, 

magnetic anomalies are located above their causative source and a 

positive magnetization contrast is associated to a positive anomaly. 

The grey-shaded zones represent zones of positive deskewed 

magnetic anomalies flanking the central prominent negative deskewed 

magnetic anomaly which coincides with the SWL / Palitana Ridge. 

Locations of the magnetic profiles are shown in Fig. 2. 

Fig. 7: Gravity anomaly modelling along profile GABH from the Arabian Basin 
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to the continental margin of southern Pakistan. Top: Observed 

(continuous lines) and computed (dotted lines) gravity anomalies. 

Bottom: Crustal structure with densities and crustal velocities (in the 

box). PTR: Palitana Ridge; LCC: Lower continental crust; UCC: Upper 

continental crust. The location of the profile is shown in Fig. 2. 

Fig. 8: (a) Two possible interpretations of magnetic anomalies in the Gop 

Basin. Model A corresponds to anomaly sequence A25r-A31r and 

Model B to anomaly sequence A25r-A29r. Modelled magnetic 

anomalies computed to the pole are shown along with deskewed 

profile CD2087-06 (projected to an azimuth of 0°). This profile is 

located in the close vicinity of seismic profile AB, along which digital 

magnetic anomaly data were not available to us. Magnetized layer 

(with a magnetization of 20 A/m) is considered to be 0.5 km thick and 

upper surface is approximated to the basement topography derived 

from seismic reflection. Normally magnetized blocks are indicated with 

grey shading. The slow spreading rate results in a single observed 

magnetic anomaly corresponding to the combined effect of several 

polarity reversals. Modelled magnetized bodies are shown along with 

the inferred crustal structure of the Gop Basin to emphasize that the 

assumed magnetized bodies lie within the oceanic basement layer as 

derived from gravity modelling.  Other details are as in Fig. 7. 

 

(b) Half spreading rates yielded by the two models shown in (a). 

Dashed line corresponds to Model A (i. e. anomaly sequence A31r-

A25r) and continuous line corresponds to Model B (i.e. anomaly 

sequence A29r-A25r). Grey shaded limit corresponds to the timing of 

the maximum volcanic activity of the Reunion hotspot on the adjacent 

western Indian mainland. 

 



                                                     Page   23  of   32 

 

 

 

Fig. 1 



                                                     Page   24  of   32 

 

Fig. 2 



                                                     Page   25  of   32 

 

 

 

Fig. 3 



                                                     Page   26  of   32 

 

Fig. 4 



                                                     Page   27  of   32 

 

 

Fig. 5 



                                                     Page   28  of   32 

 

Fig. 6 



                                                     Page   29  of   32 

 

 

Fig. 7 



                                                     Page   30  of   32 

 
 

 

Fig. 8 

 

 


