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difference, with the shelf sediment typically plotting with much higher Fe contents. I 

infer only limited amounts of the clastic sediment can be derived from the Indian margin. 

4.5.2   Neodymium and Strontium Isotopes  

I use the Sr and Nd isotopes to constrain the provenance of the clastic sediment in 

the Nataraja Slide. Cross plotting these isotopes against one another and with known 

compositions of source regions such as the Deccan Traps, Transhimalaya, Karakoram, 

Greater Himalaya, Kirthar and Sulaiman Range, and modern/Quaternary Indus-

derived sediment allows the origin of the sediment to be constrained (Fig. 15). This 

diagram shows that the MTC samples form a relatively discrete cluster with one 

exception that has especially positive Nd values that fall within the Deccan and 

Transhimalayan arrays. When comparing these data with potential sources and other 

sediments, it is clear that the bulk of the sediments lie within the isotopic range defined 

by modern submarine fan sediments at the same drilling sites, consistent with the idea 

Figure 15. Cross plot of strontium versus neodymium isotope data from the 

MTC showing the relationship with other sediments within the submarine fan at these 

drilling locations as well as major source regions onshore and the modern Mahi, 

Tapti and Narmada River sediments (Goswami et al.,2012). Kirthar and Sulaiman data 

is from Zhuang et al. (2015) 
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that much of this material may be reworked Indus-derived sediment. However, it is 

impossible to exclude mixing of sediment from the Tapti or Narmada Rivers. These 

isotopes do not allow the ability to quantify the degree of reworking from these sources. 

Although the samples plot with higher Nd values compared to the Quaternary Indus and 

its canyon, as well as the onshore ranges of the Kirthar and Sulaiman, such a departure 

can largely be explained through the temporal variations in the Indus itself (Clift, 2005; 

Clift, 2018). The one very positive Nd sample is however anomalous and plots with even 

more positive values compared to the  



   
 

39 

 

  

Figure 16. Downhole plots of Nd and Sr isotope composition and clay mineralogy of the 

decarbonated sediment at IODP Site U1456 and Site U1457. Gray vertical bar shows 

compositional range of Quaternary sediments in the Indus Delta (Clift et al., 2010; Clift, 

2008), as well as modern Tapti and Narmada River sediments (Goswami et al., 2012).  
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Tapti River. This is strongly suggestive of erosion from peninsular India and is consistent 

with the presence of vesicular Deccan basalt fragments, as noted above.   

I also look at the stratigraphic variation in these isotopes by plotting them next to 

the sedimentary columns for each section (Fig. 16). In both cases the neodymium 

isotopes plot slightly more positive Nd values or within error of the Quaternary Indus, but 

it's noted that the most positive Nd values in each borehole are found within the debris 

flow breccia units at the base of the lower unit of the MTC. This is especially true at Site 

U1456. Variations in the 87Sr/86Sr also mirror this general evolution. The provenance of 

the coarse grained debris flow deposits is different from those of the finer grained 

sediments overlying. The fine-grained sediments may represent recycling of pre-existing 

fan sediments into the top of the MTC, while the debris flow deposits are more closely 

associated with mass wasting from the western Indian continental margin.  

4.5.3   Clay Mineralogy  

The clay mineral assemblages within the MTC can be used to assess provenance 

through comparing the semiquantitative analyses with existing data from other sources. 

When the data is plotted on the ternary diagram of illite+chlorite, kaolinite and 

smectite, (Fig. 17) there is significant overlap between the new MTC data and other 

Arabian Sea sediments (Rao and Rao, 1995). In general, the MTC clays are very low 

in kaolinite and form an array between the smectite and illite+chlorite end members. In 

this respect, they show a similar behavior to sediments from the Indus fan, and also have 

significant overlap with clays from the Indus Canyon (Li, 2018). Although some of the 

samples have compositions consistent with erosion from the Indus shelf, with relatively 

high smectite contents, it's noted that the bulk of the sediments plot with 
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higher illite+chlorite values. They also tend to have slightly higher kaolinite compared 

with analyses done on sediments from the Indus floodplains on shore (Alizai et al., 2011). 

In general, the MTC deposits have lower kaolinite compared with most Western Indian 

shelf deposits, although they do plot very close to the assemblage known from the 

Saurashtra margin (Rao and Rao, 1995). It is also noteworthy that the MTC assemblages 

generally show lower illite+chlorite compared with many of the Indus submarine fan 

deposits, suggestive of a more chemically weathered origin. Taken together, the 

data indicate recycling of Indus Fan deposits, but with the possibility of involvement 

of clays derived from the Western Indian margin, particularly in the vicinity of 

Saurashtra.  

The clay mineralogy shows some significant variation with depth (Fig. 16). At 

Site U1456 the carbonate-rich part of the section shows particularly high smectite 

contents and relatively low (illite+chlorite) values. Smectite only becomes less abundant 

than these two physically weathered clays above the upper Phase 2 carbonate debris flow 

unit. At Site U1457, the carbonate rich part of the section is again seen to be smectite-

rich, but immediately above this level the sediments become more dominated by 

(illite+chlorite), similar to the rest of the Indus Fan. It is noteworthy that the Paleocene 

sediments under the MTC at Site U1457 are essentially 100% smectite, possibly 

reflecting chemical weathering of the underlying basaltic basement. The clay mineralogy 

thus supports the isotope data in showing a significant difference between the material 

within the carbonate dominated section and the mudstone dominated sequences above. I 

infer more Indian peninsula flux to the lower parts of the MTC. 
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Figure 17. Ternary diagram of clay minerals from IODP Site U1456 and U1457 

indicates a clay mineral assemblage consisting mostly of smectite, chlorite and illite. 

Clay mineral data from source regions are plotted to compare their clay 

assemblages. Data from western Indian shelf modern sediments are from Rao and Rao 

(1995), Indus canyon data is from Li (2018) Indus flood plain and delta data is 

from Alizai et al. (2012), and Indus Fan data is from Peng Zhou (unpublished).  



   
 

43 

 

5. DISCUSSION 

5.1 Depositional Mechanisms  

Because of the long run out distance and presence of a hemipelagic zone, the 

deposit is likely to have a complex transport history. Most of the sediment within the 

Nataraja Slide is composed either of debris flow deposits, well sorted calcarenite 

sandstones, or dominantly clastic turbidite siltstones and mudstones. I interpret two main 

phases of deposition of the MTC at Site U1456 (Fig. 3) that show a general fining 

upwards with a dominance of debris flow activity towards the base, and more siliciclastic 

turbidite sedimentation towards the top. Within the two overall fining upwards cycles at 

Site U1456, it is apparent that there are shorter phases of fining upwards. For example, 

the upper part of Phase 1 sedimentation (likely a second emplacement pulse after the 

initial event) comprises a basal unit from between 999.2 and 984.0 mbsf that is 

dominated by rafted carbonate limestone sheets and carbonate debris flow material 

(Figs. 3 and 5B). Above 984.0 mbsf, there is a transition to massive thick bedded 

calcarenite with slump folds, although this is truncated sharply at 973 mbsf, where it is 

overlain by mudstones that rapidly transition into the hemipelagic sedimentation break 

described above. This implies that the basal Phase 1 unit, especially at Site U1456, 

comprises a series of pulses rather than one single gigantic deposit as might have been 

implied by the seismic data alone  (Calvès et al., 2015)(Fig.2).  

 Although Site U1456 is in a more central location within the 

basin, the oldest debris flow breccia at the base of Phase 1 is thinner in this location than 

at Site U1457, and transitions more rapidly up into thick-bedded breccia and interbedded 

calcarenites. Both sections, however, do show an overall fining upward between the base 
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and overlying mudstone units. The initial section of debris flow sedimentation appears to 

be around 94 m thick at Site U1456 (1101.6–1007.2 mbsf) and approximately 48 m thick 

at Site U1457 (1006.4–1054.3 mbsf)(Figs. 3 and 6).  

In general, calcarenite sandstones alternate with debris flow breccias (Fig 6A) 

indicating an alternation of depositional mechanisms within the overall emplacement 

episode. Individual debris flow events are followed by high-energy upper flow regime 

periods of sedimentation, where massive well-sorted calcarenites are deposited before 

another debris flow unit, although presumably all of these units are emplaced over a 

relatively short period of time. The carbonate-dominated debris flows form the initial 

erosive base of the MTC, followed by mud-dominated turbidite sedimentation and 

hemipelagic fallout representing the tail of the MTC. Soft sediment deformation is 

commonly seen in the more laminated sections indicative of slumping after 

sedimentation. It seems unlikely that poorly consolidated mudstones and siltstone could 

have been emplaced hundreds of kilometers in a semi-coherent form, unlike the well 

lithified limestones seen close to the base of each section.  

5.2 Triggering Mechanisms 

Rapid accumulations of sedimentary deposits, a sloping seafloor, and 

environmental stresses are the most common conditions associated with the triggering of 

submarine landslides (Hampton and Locat 1996). My hypothesis is that the rapid 

accumulation of sediment on the Western Indian continental margin, sourced from the 

Indus and smaller western Indian rivers, resulted in an unstable stratigraphy that was then 

more liable to mass wasting. There is strong evidence that the margin is gravitationally 

unstable because of the observation of compressional thrusts towards the base of the 
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slope, seen between Saurashtra and the Bombay high (Nair and Pandey, 2018). This 

demonstrates gravitational collapse, which has yet to be manifest in the dramatic fashion 

seen in the Nataraja Slide. Sequence stratigraphic interpretation of seismic data from the 

Laxmi Basin show chaotic reflections representing a large increase in clastic sediments 

from a major transgression (Pandey and Pandey, 2015). The large increase in sediments 

to the margin can also be correlated with the increase in the Asian monsoon from ~24 Ma 

until ~10 Ma (Clift et al., 2008). A strengthening in the monsoon would have caused an 

increase of erosion of the Himalayas that would have resulted in an increase of sediment 

loading the Indian margin. This increased influx of clastic material resulted in gravity 

driven tectonics and growth faults that could’ve been the beginning of this mass failure. 

Additionally, the way the sediment was originally deposited on the continental slope 

could promote weak layers that will eventually fail.  

Peninsular India is a stable continental region. However, the area is still at risk of 

large intraplate earthquakes (Chung and Gao, 1995). In 1819, the Kutch earthquake, with 

a moment magnitude of 7.8, occurred near the town of Bhuj. It was felt over an area of 

nearly 3 x 106 km2, within the area of the scarp of the mass movement described here. In 

1965, a second earthquake, the Anjar earthquake, occurred very close to the previous 

event. Both of these events are presumed to be associated with a paleo riftzone (Chung 

and Gao, 1995). The northwestern margin of India is characterized by Mezozoic rifting, 

of which has created three rift basins; Kutch, Cambay, and Narmada (Biswas, 1989). 

Although records of earthquakes do not extend to the time period of the mass movements 

described here, this is a possible cause of the large redeposition of sediment during the 
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late Miocene. The observation that former rift zones are sites of midplate seismic activity, 

plays an important role here (Chung and Brantley, 1989).  

More than likely the cause of the mass wasting was a combination of many 

conditions occurring during the mid to late Miocene time on the Western Indian 

continental margin and warrants further study and investigation. 

5.3 Other Mass Movements 

The processes and subsequent deposits seen in the mass movement of the Nataraja 

Slide can be compared to other mass transport complexes around the world. The 

submarine landslides on the Miocene carbonate platforms of the Luconia Province, 

offshore Malaysia, show prograding carbonate platforms that were oversteepened before 

failing (Zampetti et al., 2004). Like in the Nataraja Slide, hemipelagic muds were 

intermixed with the carbonate-rich slide blocks. The triggering mechanism here was 

attributed to active faulting in the area. Other mass transport deposits differ in that they 

are mostly made up of sandy material, but still show a variety of processes ranging from 

sliding to debris flows (Bahk et al., 2016). The popular Storegga Slide also includes 

processes as described here. The mass movement was entirely siliciclastic in character 

and was comprised of debris flows that were transported into the basin with high 

mobility, suggesting hydroplaning (Bryn et al., 2005). The triggering of the Storegga 

Slide included a combination of factors such as a glaciated margin and seismicity. The 

Algulhas Slump, found offshore South Africa, was also triggered from seismicity, but 

included slumping of the margin, and less high energy deposition, as seen in the Nataraja 

Slide (Dingle, 1977).  



   
 

47 

 

 

Figure 18. Schematic cartoon model showing the two-fold emplacement of the 

mass transport complex 
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6. CONCLUSIONS 

This study reveals for the first time the internal structure and origin of the 

Nataraja MTC, which was made possible through drilling, and extends our understanding 

based on the earlier seismic surveying of the deposit. At Site U1456 there is clear 

evidence that the MTC was then placed in two major phases, separated by a significant 

break (Fig. 18). The larger earlier Phase 1 can be further broken down into at least two 

stages, indicative of pulsed emplacement. The basal part of each drilled section of the 

complex comprises debris flow carbonate breccias and larger rafts of shallow water 

limestone, which can be traced back to collapse of the carbonate edge of the continental 

shelf offshore Saurashtra. The MTC is emplaced as a number of fining upward sequences 

with debris flow breccias, overlain by well sorted coarse calcarenite, deposited by high 

velocity currents following in the wake of the initial mass wasting landslide. These are 

overlain by muddy and turbiditic deposits which are increasingly siliciclastic in character. 

At Site U1457 only the earlier Phase 1 is preserved, contrasting with the presence of two 

phases of MTC emplacement at Site U1456. Again, there was an emplacement of 

carbonate rich debris flow deposits, which was preceded and followed by muddy 

turbidite deposits that were largely reworked from pre-existing sediments of the Indus 

Fan. The top of each drilled sequence, or MTC unit, shows a separation between 

sediment where the biostratigraphy is mixed and where slumping continues to occur in 

the aftermath of the original depositional event.  

Bulk geochemistry suggests the sediment is similar to that from the Indus 

Canyon. The sediment falls in the field of wacke and iron-rich shales. Nd and Sr isotopic 

data show that the siliciclastic fraction of the deposit is associated with the Western 



   
 

49 

 

Indian continental margin at least in the debris flow part of the deposits. The overlying 

muddy turbid units share the same characteristics in Nd and Sr isotopic data as the Indus 

submarine fan. They also suggest entrainment of sediment which was already deposited 

in Laxmi Basin in the wake of the carbonate-rich debris flows that triggered the MTC in 

the first place.  

I envisage that enhanced sediment delivery to the western Indian continental 

margin driven by strong monsoon during the middle Miocene resulted in an 

oversteepened continental margin that was in a gravitationally unstable state. Exactly 

what triggered the collapse is not clear, but may well be related to seismic activity in the 

nearby Rann of Kutch where large earthquakes continue to the present day. 

Compressional deformation structures in the western Indian continental margin south of 

Saurashtra suggest that this region too is in a compressional and potentially unstable 

situation. However, decreasing sediment flux to the continental margin since the middle 

Miocene has lessened the instability of the continental slope and reduced the chance of 

mass wasting, especially further south away from potential seismic triggers. The western 

Indian margin, however, has also experienced the increasing sedimentation rates linked to 

the onset of northern hemisphere glaciation and so the potential for significant geohazard 

still exists. Nonetheless, the fact that there has been no similar event since 10.8 Ma does 

argue for this being relatively low risk at the present time. 
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