
                                                                           CHAPTER 6

Spatial Variations in Isostatic Compensation 
Mechanisms of the Ninetyeast Ridge and their Tectonic 

Implications 

6.1 Introduction 
6.2 Geophysical Data 
 6.2.1 Sediment Corrections  

6.2.2 Slab Residual Gravity Anomaly Computation  
6.3 Bathymetry and Gravity Anomalies of the Ninetyeast Ridge  
6.4 Elastic Plate Thickness along the Ninetyeast Ridge 

6.4.1 Flexural Modeling  
6.4.2 Admittance Analysis  

6.5 Crustal Structure of the Ninetyeast Ridge  
6.6 Variations of Te values along the Ninetyeast Ridge and Geodynamic Implications 



Chapter 6 

116

Spatial Variations in Isostatic Compensation Mechanisms of the 
Ninetyeast Ridge and their Tectonic Implications 

6.1 Introduction 

The Ninetyeast Ridge is one of the major aseismic ridges of the World Oceans and 

probably the longest linear feature on planet Earth. It extends for more than 5000 km in the 

eastern Indian Ocean from 30°S to 17°N approximately along the 90°E meridian. The 

ridge edifice rises to 2-3 km from the adjacent ocean floor and separates the Central Indian 

Basin on the west from the Wharton Basin on the east (Figure 6.1). The morphological 

characteristics of the Ninetyeast Ridge and its surrounding basinal regions were well-

documented (Stocks, 1960; Udinstev, 1975; Schlich, 1982), but the ridge origin was 

explained by different geophysical models. These include 1) horst-type structure (Francis 

and Raitt, 1967), 2) overriding of an oceanic plate over the other (Le Pichon and Heirtzler, 

1968), 3) fracture zone (McKenzie and Sclarer, 1971), 4) hotspot trace (Bowin, 1973), and 

5) excess volcanism at the junction of a transform fault and a migrating spreading center 

(Sclater and Fisher, 1974).  

The paleolatidues derived from the DSDP Leg 26 samples (Peirce, 1978) clearly indicated 

that the ridge was emplaced on the Indian plate during its northward drift between the late 

Cretaceous and early Cenozoic by the Kerguelen the hotspot. Subsequently, geochemical   

(Frey et al., 1977; Weis and Frey 1991; Frey and Weis, 1995), geochronological (Duncan, 

1978; Duncan, 1991) and isotopic composition (Class et al., 1993) studies brought 

additional evidences for the support of hotspot origin for the ridge. Currently, it is widely 

believed that the ridge was emplaced on the Indian plate when it was moved northward 

over the Kerguelen hotspot during the period 82-38 Ma following the formation of the 

Rajmahal traps on the Indian subcontinent, the Bunbary basalts on the Australian 

continent, the Broken Ridge, and the southern part of the Kerguelen Plateau.  
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Figure 6.1 Satellite derived bathymetry map (Smith and Sandwell, 1997) of the   
northeastern Indian Ocean along with 4000 m depth contour. Tracks of unprojected 
(dashed line) and projected (black line) ship data and satellite profiles (white lines) are 
shown. 
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Marine magnetic anomaly studies of the ocean basins surrounding the Ninetyeast Ridge 

revealed highly diachronous age pattern, suggesting the presence of several fossil ridge 

segments ceased at different ages (Figure 6.2) (Sclater and Fisher, 1974; Sandwell and 

Royer, 1989; Royer et al., 1991; Krishna et al., 1995, 1999). Royer et al. (1991) proposed a 

three phase tectonic evolution model for the emplacement of the Ninetyeast Ridge, which 

suggests that the northern part (north of 2oS) of the ridge was formed in intraplate setting, 

the central part (2.5oS 15oS) was formed at the edge of either Antarctica or a short-lived 

platelet and the southern part (south 15oS) was evolved along a fracture zone by the 

Kerguelen hotspot activity. Subsequently, Krishna et al. (1999) proposed that the central 

part of the Ninetyeast was formed as a result of interaction between the Kerguelen hotspot 

and the Wharton spreading centre. This model suggests successive southward ridge jumps 

and transfers lithospheric blocks originally evolved on the Antarctic plate to the Indian 

plate. Desa et al. (2009) have identified fossil ridge segments and presence of extra oceanic 

crust beneath the northern part of the Ninetyeast Ridge, suggesting on-ridge emplacement 

process even for the northern part of the ridge. Recent compilation of gravity, bathymetry 

and seismic reflection data provided evidences for spreading ridge-hotspot interactions all 

along the Ninetyeast Ridge and suggested that the hotspot was never far from the 

spreading ridge during the evolution of the entire stretch of the Ninetyeast Ridge (Sager et 

al., 2010).   

Bowin (1973) has made the first attempt to model the crustal structure of the Ninetyeast 

Ridge and suggested that the Ninetyeast Ridge is isostatically compensated (local 

compensation) at deeper depth and supposed its origination as a result of emplacement of 

gabbro and serpentinized peridotite within the crust. Further, the isostasy of the Ninetyeast 

Ridge was examined using two-dimensional admittance analysis of ship-borne bathymetry 

and gravity data (Detrick and Watts, 1979; Grevemeyer and Flueh, 2000) and suggested 

local compensation beneath the Ninetyeast Ridge. Subsequently Detrick and Watts (1979) 

computed the admittance by averaging 14 profiles from equator to about 25oS, whereas 

Grevemeyer and Flueh (2000) used a single profile along 17°S for the analysis. Both of 

these studies could bring out a unique model of local isostatic compensation mechanism 

beneath the ridge.  Subsequently  Tiwari et al.  (2003)  have carried  out  three-dimensional  
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Figure 6.2 Satellite derived free-air gravity anomaly map (Sandwell and Smith, 2009) of 
the northeastern Indian Ocean. Magnetic lineations (thin line), abandoned spreading 
centers (thick lines) and fracture zones (dashed line) are superposed on the map. Black and 
red colors indicate the tectonic features presented in Krishna et al., 1999, Krishna and 
Gopala Rao, 2000 respectively. DSDP/ ODP holes (circle) and dredging stations (square) 
are shown with ages in bracket. 
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admittance analysis using satellite-derived gravity and bathymetry grids over nine 

rectangular blocks from 30°S to 10°N along the ridge. Though admittance analysis using 

girded data can give robust elastic plate thickness (Te) estimate, its spatial variation is 

highly dependent on choice of size of data window. Considering the complex tectonic 

setting of the Ninetyeast Ridge, it is felt that analysis along closely spaced profile data 

would better indicate the variations in isostatic compensation mechanisms than the girded 

data. Hence, flexural modeling and admittance analysis were carried out along 72 profiles 

of ship-borne as well as satellite derived gravity and bathymetry data along the Ninetyeast 

Ridge from 28°S to 8°N.  

6.2 Geophysical Data  

    
Ship-borne gravity and bathymetry profiles crossing the Ninetyeast Ridge were chosen 

from the geophysical database of the eastern Indian Ocean compiled from NGDC as well 

as from different oceanographic cruises of Indian and Russian research programmes. In 

order to have even sampling along the entire ridge the larger gaps between the ship-borne 

profiles are filled with consideration of 54 satellite-derived gravity and bathymetry profiles 

(Sandwell and Smith, 2009; Smith and Sandwell, 1997) (Figure 6.1).  

Free-air gravity anomaly data derived from satellite altimetry measurements have become 

the primary dataset for investigations of oceanic regions, where only limited number of 

ship-borne measurements are available (Sandwell and Smith, 2009 and references therein). 

The accuracy of satellite gravity in comparison to ship-borne gravity measurements, 

particularly in deep ocean regions is 5-10 mGal (Rapp, 1998). The satellite gravity data can 

resolve the geological features having wavelengths greater than 23 km (Marks, 1996). The 

reliability of satellite derived gravity data in the study area is tested by comparing with 

ship-borne gravity data along profile A2093l11 (Figure 6.3a). Both the datasets match very 

closely with a RMS error of 4.4 mGal. 

Bathymetry data from ETOPO-1 database and predicted bathymetry from satellite gravity 

data  (Smith  and  Sandwell, 1997)  are  considered  for  this  study.  Both  the  datasets  are  
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Figure 6.3a Comparison of gravity data along profile A2093l11 with satellite derived 
gravity data (Sandwell and Smith, 2009) extracted along the ship track 

Figure 6.3b Comparison of bathymetry data along profile A2093l11 with satellite derived 
gravity data (Smith and Sandwell, 1997) and ETOPO-1 data extracted along the ship track.  
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Figure 6.3c Comparison of power spectrum of bathymetry data along profile A2093l11 with 
satellite derived bathymetry data (Smith and Sandwell, 1997) and ETOPO-1 data extracted along 
the ship track (right) and coherency between them (left). 
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compared with the ship-borne bathymetry along the profile A2093l11. In general, both 

ETOPO-1 and Smith and Sandwell (1997) data match well with the ship-borne bathymetry 

data with RMS errors of 100 m and 103 m, respectively (Figure 6.3b). However, in 

spectral domain, the Smith and Sandwell (1997) data provide better coherence with ship-

borne data for wavenumbers <0.4 and its power spectral density is higher than that of 

ETOPO-1 for wavenumbers > 0.35 (Figure 6.3c). Therefore, Smith and Sandwell (1997) 

bathymetry data are utilized for the analysis.  

6.2.1 Sediment Correction  

North of 2°N latitude, the Ninetyeast Ridge is partly covered by sediments; therefore it is 

necessary to correct bathymetry and gravity data for the sediments before attempting 

flexural modeling or admittance analysis. Seismic reflection results across the Ninetyeast 

Ridge are reasonably available north of 10°N latitude, whereas south of 10°N very few 

seismic sections are available. Therefore, the sediment corrections were carried out using 

sediment isopach maps published by Levchenko et al. (1993) and Curray (1994). The 

isopach maps suggest that north of 2°N, the thickness of sediments on the flanks of the 

Ninetyeast Ridge progressively increases from 1 to 4 km and at 10°N ridge crest is buried 

under the Bengal Fan sediments. The gravitational effects of the sediments were computed 

using Parker’s method (Parker, 1972) and subtracted from the observed gravity anomaly 

data. The observed and corrected gravity anomaly and bathymetry data along profile S52 is 

shown in Figure 6.4a.  

6.2.2 Slab Residual Gravity Anomaly Computation 

The process of lithospheric subduction below an arch-trench system is known to affect 

gravity on the surface and also some distance away from the trench (Grow and Bowin, 

1975). This is probably a consequence of thermal effects of cold oceanic lithosphere along 

the Benioff Zone (Minear and Toksoz, 1970), which may produce long-wavelength gravity 

anomalies of 50-100 mGal. Following the procedure of Furse and Kono (2003), the gravity 

effect of the subducting lithosphere into the Sunda Trench is computed. The subducting 

plate geometry considered in the present computation is similar to the one followed by 
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Radhakrishna et al. (2008) in their computations. The subducting lithospheric slab is 

assumed to be ~70 km thick below the crust of ~22 km thick (Figure 6.4b). A density 

contrast of 0.065 gm/cc between lithosphere and asthenosphere is considered for the 

computation (Radhakrishna et al., 2008). The gravity anomaly due to the subducting slab 

reveals a symmetrical long-wavelength anomaly with a maximum of 80 mGal (Figure 

6.4b). The slab gravity effect thus computed is subtracted from the observed free-air 

gravity data for profiles north of 2°N. 

6.3 Bathymetry and Gravity Anomalies of the Ninetyeast Ridge  

The seafloor topography and gravity field of the Ninetyeast Ridge are clearly depicted in 

the satellite derived bathymetry and gravity data, respectively (Figures 6.1 and 6.2). Apart 

from the ridge structure, several near N-S trending fracture zones, individual seamounts, 

and Andaman Island Arc system are the other major tectonic features are clearly seen in 

the data. The width of the Ninetyeast Ridge is, in general, 200 km wide and the ridge rises 

to 2-3 km above the adjacent seafloor. The ridge is associated with relatively low- 

amplitude gravity anomalies compared to its elevation, indicating the state of isostatic 

compensation at deeper depths. However, the morphology and gravity anomaly signatures 

along the ridge are quite variable. 

South of 10°S latitude, the ridge topography is very prominent with an average width and 

relief of ~200 km and 3 km, respectively (Figure 6.1). The southernmost part of the ridge 

is connected with E-W trending Broken Ridge at about 30°S. The shallowest part of the 

Ninetyeast Ridge is located near 25°S where the water depth is about 1500 m. The ridge 

continues between 20°S to 10°S with the Osborne Knoll adjoining west of the ridge at 

15°S latitude. The Osborne Knoll is a flat-topped circular topographic high with 

approximate radius of 150 km and relief of about 3.4 km. Seismic reflection studies south 

of Osborne Knoll reveals that the eastern edge of the Ninetyeast Ridge is steeply faulted 

(Sclater and Fisher, 1974; Krishna et al., 2001b). It is also observed that the deep scarp of 

about 2 km fault plane observed along the eastern edge of the Ninetyeast Ridge coincides 

with the  89°E FZ.  The  gravity  anomalies  generally  follow  the  trend  of the bathymetry  
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Figure 6.4a Observed bathymetry and gravity anomaly of Profile S52 along with sediment 
corrections.  

Figure 6.4b Computation of the gravity effect of the subducting Indian Ocean lithosphere.  
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(Figure 6.2) with variable amplitudes of 50-75 mGal along the ridge crest. A deep gravity 

low of about -75 mGal is observed on east of the Ninetyeast Ridge. N-S oriented narrow 

gravity lineations associated with the fracture zones along 90°E, 92°E, 94°E and 96°E 

longitudes are clearly seen in the satellite gravity image (Figure 6.2).  

The central part of the Ninetyeast Ridge (10°S to equator) has distinct morphology with 

relatively smaller width (~100 km) isolated rises. The eastern edge of the central part of the 

ridge, unlike to the southern part, is not deeply faulted, whereas the western flank shows 

deeper scraps of about 1 km (Bowin, 1973; Krishna et al., 2001b). The gravity field along 

this part of the ridge is also highly variable corresponding to the seafloor morphology. The 

amplitude of the gravity anomaly as low as 25 mGal, is observed over the minimum relief 

(1 km) of the ridge in the central part.  

North of the equator, the Ninetyeast Ridge appears as en-echelon blocks controlled by NE–

SW faults. In this sector the ridge morphology is quite prominent with ~2 km relief.  From 

the bathymetry data, the ridge is traceable up to 10°N and further north it is buried under 

the Bengal Fan sediments. Northward its sub-surface extension is traceable from seismic 

sections up to 18°N (Curray et al., 1982; Gopala Rao et al., 1997; Maurin and Rangin, 

2009; Michael and Krishna 2011) and further north, the ridge seems to be vanishing. The 

Ninetyeast Ridge separates the Bengal Fan into two lobes: the western is the main lobe of 

the fan and the eastern lobe is called the Nicobar Fan (Hamilton, 1979). The gravity field 

along the ridge in this sector is variable with isolated peaks of amplitude >50 mGal 

associated with the ridge crest. North of 8°N the gravity field is subdued possibly due to 

sediment cover over the ridge structure. The ridge appears to impinge the subduction zone 

at about 6°–10° N latitude (Subrahmanyam et al., 2008). 

6.4 Elastic Plate Thickness along the Ninetyeast Ridge 

Isostatic compensation mechanisms that took place beneath the Ninetyeast Ridge are 

examined using two different approaches: 1) flexural modeling along closely spaced 

profiles to determine Te values along the ridge 2) admittance analysis to understand the 
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overall state of isostasy along the ridge. A total of 18 ship-borne and 54 satellite profiles of 

bathymetry and free-air gravity data crossing the Ninetyeast Ridge between 28°S and 10°N 

with an interval of about 50 km were selected for this analysis. For spectral estimations, 

the bathymetry and gravity profiles were projected perpendicular to the strike of the ridge 

and their length is restricted to 800 km keeping ridge crest in the centre. Short ship-borne 

profiles were extended out on both sides to this length in order to include in the study. The 

data were interpolated at 2.2 km and the mean including linear trend was removed. The 

profiles ends were tapered using a cosine window of 10% profile length prior to the 

spectral estimation.  

6.4.1 Flexural Modeling  

Gravity anomalies observed at the sea surface are sensitive to both the topographic loads 

and the deflections at the Moho boundary. The relationship between the topographic loads 

and underlying Moho deflections as well as the gravity response to each can be described 

in Fourier Domain considering the elastic plate approximations as described in Chapter 3. 

The gravity effect of the bathymetry and its compensation is computed for a range of Te 

values. The computed gravity anomalies are compared with the observed gravity anomalies 

and the best fitting Te values along with their lower and upper bounds are chosen by 

considering the wavelength, amplitude and minimum RMS error criteria. The model 

parameters used for the computations of flexural model is listed in Table 6.1. The flexural 

modeling along closely spaced gravity profiles is expected to bring the spatial variations in 

Te, incase exist, whereas admittance analysis requires averaging of profiles and gives the 

overall sate of isostasy. However, flexural modeling is more sensitive to the errors in 

bathymetry and gravity measurements. In this study, the quality of data is ensured by 

comparing different sources of data at cross over points. The Te values obtained by 

flexural modeling for all the profiles are summarized in Table 6.2.  

The range of Te values thus, obtained along the Ninetyeast Ridge is presented in Figure 

6.5. The overall parabolic trend of the curve, in general, suggests that the central part of the 

ridge is associated with low Te values, whereas the northern and southern parts are 



Chapter 6 

128

associated with higher Te values (Figure 6.5). The southernmost part of the Ninetyeast 

Ridge between 18°S and 28°S is associated with Te values of 10-20 km. In the central part 

between 2°N and 20°S, the Te values are extremely variable (2-25 km). A careful 

examination  of  the  curve suggests two distinct features within the central part 1. between  

Table 6.1 Model parameters used for the flexural computations

Parameter Value 

Density of Sea-Water (ρw) 1.03 gm/cc 

Density of load (ρl) 2.5 gm/cc 

Density of oceanic crust (ρc) 2.90 gm/cc 

Density of mantle(ρm) 3.30 gm/cc 

Average crustal thickness (t) 7 km 

Young’s modulus (E) 100 Gpa 

Poisson’s ratio (σ) 0.25 

Universal gravitational constant (G) 6.67.10-11 Nm2kg-2

Acceleration due to gravity (g) 9.8 ms-2

18°S and 8°S, Te values of the ridge linearly decreases from 20 km to 5 km, and 2. 

between 8°S and 2°N, Te values are extremely variable ranging from 2 to 25 km. The 

northern part of the ridge (north of 2°N) is associated with high Te values of 18-30 km. 

Thus, based on range of Te values, the Ninetyeast Ridge between 28°S and 8°N could be 

divided into four distinct parts: Southern part (south of 18°S), south-central part (18°S to 

8°S), north-central part (8°S to 2°N) and northern part (north of 2°N) for the discussion of 

isostasy of the ridge structure. Highly variable Te values for north-central part were further 

confirmed by Te estimations along 13 additional satellite profiles (Figure 6.5). 

The results of flexural modeling carried out along eight selected profiles from the entire 

ridge with the consideration of two profiles from each part are shown in Figures 6.6a and 

b. For profiles V1811, S12, A20931 and V3305 the match between observed gravity and 

best-fit gravity is fairly good except along the eastern edge of the ridge (Figure 6.6a). This 

could be due to the effect of the 89°E FZ bounding the eastern edge of the Ninetyeast 

Ridge (Krishna et al., 2001b). Highly variable Te values obtained along the north-central 

part of the ridge is evident from the contrasting  Te values  obtained  along  SK 28-3 (Te=3 
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Table 6.2 Best fit Te values along with their lower and upper bounds along Ninetyeast 
Ridge (south to north) obtained by flexural modeling. The latitudes given in the table are 
projected latitude.  
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Figure 6.6a Flexural modeling along selected profiles from south and south-central part of 
the Ninetyeast Ridge. The best fitting gravity anomalies is represented by dark line. The 
values in bracket represent the rms error between observed and computed gravity 
anomalies. The residual gravity anomaly for the best fitting Te is also shown.   
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Figure 6.6b Flexural modeling along selected profiles from north-central and northern part 
of the Ninetyeast Ridge. Notations are same as given in Figure 6.6a 
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km) and SK 28-4 (Te=25 km) (Figure 6.6b). Compared to southern profiles the fit between 

observed and computed gravity anomalies in the northern part of the ridge is relatively less 

(Figure 6.6b). This could be due to the errors in the sediment correction applied to the 

bathymetry and gravity data. The variable isostatic response of the Ninetyeast Ridge and 

its structural and tectonic implications are discussed in detail in sections 6.5 and 6.6. 

6.4.2 Admittance Analysis  

The theory and basic computational procedures for the admittance analysis were discussed 

in detail in Chapters 3 and 4. The admittance estimates along each profile need to be 

averaged before comparing with the theoretical models. The profiles were selected 

according to the Te ranges estimated from flexural modeling for the purpose of averaging. 

The log10 of the amplitude of admittance, coherence and phase along with coherent and 

incoherent gravitational energies for each region is presented in Figures 6.7a, b, c and d. 

The amplitude of the admittance decreases at lower wave-numbers, indicating isostatic 

compensation at deeper depths. The most reliable waveband within which the observed 

admittance values can be compared with theoretical values, is selected based on high 

coherence (γ(k)
 2 > 0.5), phase close to zero and dominating coherent gravitational energy.  

The mean density and water depth for each region is determined from the slope and 

intercept of the linear least square fit to the log-linear plot of the admittance (Table 6.3). 

The estimated densities (~2.36 gm/cc) are lower than the typical oceanic crustal densities 

(2.7 gm/cc). However, seismic refraction and Ocean Bottom Seismometer data from the 

central part of the Ninetyeast Ridge suggested densities of about 2.3 and 2.6 gm/cc for 

oceanic crustal layers 2A and 2B respectively (Krishna et al., 2001b). The densities derived 

from the admittance are only indicative of the densities of the upper most, fractured part of 

the ridge crust. Hence, for theoretical modeling an average density of 2.5 gm/cc is used and 

this represents the bulk density of load (ρl) (Table 6.1). The water depth derived from the 

admittance is in excellent agreement with the observed water depth except for the north 

central part of the ridge, where the difference is about 1200 m (Table 6.3).  



Chapter 6 

134

Figure 6.7a Observed admittance, coherence, phase and gravitational energy plots for 
southern part of the Ninetyeast Ridge  

Figure 6.7b Observed admittance, coherence, phase and gravitational energy plots for the 
south-central part of the Ninetyeast Ridge 
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Figure 6.7c Observed admittance, coherence, phase and gravitational energy plots for the 
north-central part of the Ninetyeast Ridge. 

Figure 6.7d Observed admittance, coherence, phase and gravitational energy plots for the 
northern part of the Ninetyeast Ridge.  
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Table 6.3 mean density and water depth derived from the slope and intercept of admittance 

Water depth (m)              Density (gm/cc) 
Region 

Derived Observed 
Observed-
Derived 

Derived Observed 

South 4350 4277 -73 2.343 --- 

South-Central 4782 4526 -256 2.450 

North-Central 3343 4550 1207 2.115 

2.3 (layer2A)- 

2.6(layer2B) 

North 4324 4620 304 2.537 --- 

 Theoretical and observed admittance values with standard error bars are presented in 

Figures 6.8a, b, c and d.  For southern region (Figure 6.8a), the flexure model with elastic 

plate thickness (Te) of 12 km appears to fit well with the observed admittance for a 

waveband of 0.015 < k < 0.04. For the same waveband, the Airy model poorly fits with the 

admittance values for t > 35, therefore this model is not considered.  

The observed admittance for the south-central part of the ridge is best explained by the 

Airy model with a crustal thickness of about 20 km (Figure 6.8b).  Using seismic refraction 

and gravity data, Krishna et al. (2001b) and Grevemeyer et al. (2001) have found that the 

crust beneath the Ninetyeast Ridge in the south-central part consists of anomalous 

thickness of more than 20 km. On the other hand flexural modeling suggests conflicting Te 

values ranging from 5 to 15 km. Earlier admittance results in this part of the ridge 

suggested that the ridge structure has Airy isostatic compensation with a crustal thickness 

of 25 km (Tiwari et al., 2003) and underplating on a weak elastic plate of Te=5 km 

(Grevemeyer and Flueh, 2000). The present analysis is unable to distinguish between these 

models, but supports the Airy model of compensation.  

For the north-central part of the Ninetyeast Ridge the observed admittance values are in 

agreement with the Airy model with a crustal thickness of about15 km (Figure 6.8c), 

whereas for the northern part of the ridge the observed admittance values neither match 

with a simple Plate model or Airy model.  Hence, an  attempt  has been  made to match the  
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Figure 6.8a Observed admittance (solid dots) with standard error bars generated from profiles in 
the southern part of the Ninetyeast Ridge plotted with Airy and Flexure models. The RMS error 
in mGal/m between the observed and theoretical admittance for various t and Te values are 
shown in bracket. The best fit model curve is shown as continues line.  

Figure 6.8b Observed admittance (solid dots) with standard error bars generated from profiles in 
the south-central part of the Ninetyeast Ridge plotted with Airy and Flexure models. Notations 
are same as given in Figure 6.8a 
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Figure 6.8c Observed admittance (solid dots) with standard error bars generated from profiles 
in the north-central part of the Ninetyeast Ridge plotted with Airy and Flexure models. Other 
notations are same as Figure 6.8a 

Figure 6.8d Observed admittance (solid dots) with standard error bars generated from profiles in 
the south-central part of the Ninetyeast Ridge plotted with Airy and Flexure models. Admittance 
values with coherence >0.5 is only shown. Notations are same as given in Figure 6.8a 
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observed admittance values with an elastic plate model with the consideration of both 

surface and subsurface loading. A reasonably good match is observed for Te=23 km with 

subsurface to surface loading ratio f = 1.5 and depth to the buoyant load z =18 km (Figure 

6.8d). 

6.5 Crustal Structure of the Ninetyeast Ridge  

The admittance results suggest an Airy model for the central part of the Ninetyeast Ridge 

with t =15-20 km and flexural model for southern (Te>10) and northern (Te~23) parts of 

the ridge. In order to further investigate the crustal structure of the ridge two-dimensional 

gravity forward modeling has been carried out along five profiles: V1811, V3305, SK28-3, 

SK28-4 and S52. The locations of these profiles are shown in Figure 6.1 and the derived 

crustal models are shown in Figures 6.9 to 6.13.   

For modeling of profiles V1811, V3305, SK28-3 and SK28-4 (Figures 6.9, 6.10, 6.11 and 

6.12), densities and thickness of oceanic crustal layers have been considered from the 

published seismic refraction and OBS results of the central part of the Ninetyeast Ridge 

(Krishna et al., 2001b; Grevemeyer et al., 2001). Both of these studies, in general, suggest 

the oceanic layer 2A with anomalous velocities ranging from 3.4 to 4 km/s, and  layers 2B 

and 3A are with velocities 4.7-5.7 and 6.4-6.8 km/s, respectively. Grevemayer et al. (2001) 

interpreted the layers 2A and 2B together as intrusive/ extrusive and layer 3A as pre-

hotspot crustal layer. Both of these studies further reveal presence of the anomalous crustal 

layer 3B with velocities 7.3-7.8 km/s. In terms of thickness of crustal layers, both studies 

show consistent results in the Central Indian and Wharton basins adjacent to the Ninetyeast 

Ridge, but considerably vary beneath the ridge. For profile S52 (Figure 6.13), seismic 

velocity information is not available, hence only the sediment thickness details (Levchenko 

et al., 1993; Curray, 1994) were considered for gravity modeling.  

The crustal structure along the profile V1811 derived from gravity modeling is shown in 

Figure 6.9.  The thickness of layer 2A beneath the ridge is anomalously high (~5 km) with 

a low density of 2.32 gm/cc corresponding to the seismic velocities of 3.4-4.3 km/s. The 
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low seismic velocities of the Ninetyeast Ridge were earlier (Krishna et al., 2001b) 

attributed to the changes in physical properties of the ridge material due to intense 

weathering after its formation above sea-level followed by subsidence. The present gravity 

model (Figure 6.9) suggest that the crustal load is supported by down flexing of crustal 

layers 2A, 2B and 3A with amplitude of about 2.5-3 km. The flexure of crustal layers and 

Moho boundary is sliced by the 89°E FZ along the eastern edge of the ridge. This was 

attributed to the movement of lithospheric blocks between the fracture zones due to the 

extensional and compressional stresses generated by the ridge jumps (Krishna et al., 

2001b). Further east, the Ninetyeast FZ is also manifested by downward flexing of the 

crustal and Moho boundaries. This crustal model results are in excellent agreement with 

the results derived by the flexural model and admittance analysis.  

The gravity model of the Ninetyeast Ridge along profile the V3305 (Figure 6.10) suggests 

very thick (20 km) oceanic crust beneath the ridge consisting layers 2A, 2B and 3A along 

with underplated body of ~10 km thick. The density of underplated material is considered 

as 3.05 gm/cc following the earlier results (Bowin, 1973; Mukhopadhyaya and Krishna, 

1991; Krishna, et al., 2001b). Normal crustal thickness of 7 km is observed for the oceanic 

crustal region adjacent to the Ninetyeast Ridge. The admittance analysis of the south-

central part of the ridge also suggests crustal thickness of ~20 km. The ridge may have 

emplaced on a weak and hot lithosphere, which in turn allows accretion of magma as 

underplated material within the lower crustal layer. The excess magma mixes with the hot 

crustal rocks and becomes over-thickened crustal layer 3. Seismic refraction and OBS 

studies of Krishna et al. (2001b) and Grevemeyer et al., (2001) also suggest anomalous 

crustal thickness beneath the central part of the Ninetyeast Ridge.  

The crustal structure results of the Ninetyeast Ridge along the profile SK 28-3 are almost 

similar to that of the profile V3305, where the observed gravity anomaly is explained by 

thickened crust beneath the ridge (Figures 6.11 and 6.10). Gravity model along the profile 

SK 28-4, which lies ~100 km north of the profile SK28-3 within the north-central region, 

shows altogether a different crustal structure, where the volcanic load is supported by 

down-flexing of crustal layers only (Figure 6.12).  The  crustal  model  results  are  in good  
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Figure 6.9 Two-dimensional gravity model with interpreted crustal structure along profile 
V1811. Depth and densities of oceanic crustal layers 2A, 2B, 3A are considered from 
seismic refraction results of Krishna et al., (2001b) and Grevemeyer et al., (2001).  
Numerical values within brackets indicate the densities (gm/cc) of different strata.  
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Figure 6.10 Two-dimensional gravity models with interpreted crustal structure along 
profile V3305. 
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Figure 6.11 Two-dimensional gravity models with interpreted crustal structure along 
profile SK28-3.  
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Figure 6.12 Two-dimensional gravity models with interpreted crustal structure along 
profile SK28-4.  
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Figure 6.13 Two-dimensional gravity models with interpreted crustal structure along 
profile S52. The sediment thickness data along the profile where extracted from the 
isopach maps of Levchenko et al. (1993) and Curray (1994).  



Chapter 6 

146

agreement with low and high Te values (3 and 25 km) determined for the profiles SK28-3 

and SK28-4 respectively using flexural modeling (Figure 6.6b).  

The Ninetyeast Ridge along the Profile S52 in the Bay of Bengal region (6°N) is buried 

under the Bengal Fan sediments. The thickness of the sediments ranges from 0.5 km over 

the ridge to about 3 km on either side in basinal regions (Figure 6.13). For gravity anomaly 

modeling along the profile, average densities of 2.35, 2.7 and 2.95 gm/cc have been 

considered for sediments, crustal layers 2 and 3, respectively. The model results suggest 

that the volcanic load (ridge material) is compensated by a broad flexure of the crustal 

layers with wavelengths greater than that of the ridge. The gravity anomaly trend along the 

eastern side of the ridge merges with that of the Sunda trench. This is reflected as up-warp 

of the crustal layers ridge followed by dip toward the trench. The model also suggests 

presence of low-density mantle rocks of thickness ~4.5 km beneath the ridge. This model 

is in good agreement with the results of admittance analysis of the northern part of the 

ridge, which clearly suggest flexural model with surface and subsurface loading. The depth 

to the buoyant load (z) derived from the admittance analysis matches well with the depth to 

the low-density mantle.  

6.6 Variations of Te values along the Ninetyeast Ridge and Geodynamic 
Implications 

Both admittance analysis and flexural modeling of southern part of the Ninetyeast Ridge 

reveal flexural compensation with Te values >10 km, suggesting an emplacement of 

volcanic rocks on an intermediately strong lithosphere. Present Te values are differing 

from the Te values derived by Tiwari et al., (2003), where they have estimated Te=22 km 

and indicated off-ridge emplacement of the ridge. Their model requires both surface and 

sub-surface loading. However, the two-dimensional crustal model developed along profile 

V1811 (~26°S) suggest that the load of the ridge is supported by down flexing of crustal 

layers with amplitude of about 2.5-3 km with out any subsurface loading (Figure 6.9). It 

should be noted that “off-ridge” emplacement requires emplacement on a strong plate, 

which can support the enormous load created by the hotspot as in the case of the Hawaiian 

Ridge emplacement on the Pacific plate (Watts, 1989; Watts et al., 2006). Plate 
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reconstruction models of eastern Indian Ocean suggest that south of 11°S the Ninetyeast 

Ridge evolved along the 89°E FZ (Royer et al., 1991). This fracture zone kept growing 

along with the northward migration of Wharton spreading centre and acted as a structural 

and thermal boundary for the magma erupted by the Kerguelen hotspot. This clearly 

indicates that the eruption must have occurred along a plate which has been weekend by 

the 89°E FZ and it is difficult to reconcile “off-ridge” scenario for the emplacement of the 

ridge. The crustal model and isostatic response of the ridge (Figures 6.6a and 6.9) support 

emplacement on an intermediately strong plate plausibly along the edge of the Indian plate 

(Royer et al., 1991; Krishna et al., 1999).   

The northern part of the Ninetyeast Ridge is also flexurally compensated with high Te 

values of >20 km, suggesting emplacement of the ridge on a strong lithosphere. The model 

also includes subsurface loading. The crustal model derived using gravity forward 

modeling (Figure 6.13) suggests that the magmatic material generated by the Kerguelen 

hotspot has accreted below the crust providing up-ward bouncy forces, which further 

support the load of the ridge. It is interesting to note that the underplated material never 

becomes a part of the crust as observed in the central part of the Ninetyeast Ridge (Figure 

6.11). Mukhopadhyay and Krishna (1995) also observed anomalous mass beneath the ridge 

and opined that they act like “cushion” for the isostatic compensation. Further, using geoid 

and gravity data analysis Rajesh and Majumdar (2009) observed presence of large volume 

of hotspot related underplated material below the northern part of the Ninetyeast Ridge. 

Watts et al. (1985) observed that flexed oceanic crust (Te=25 km) beneath the Hawaiian-

Emperor seamount is underlain by a 4 km thick body of anomalous seismic velocities of 

7.4-7.8 km/s. The northern part of the Ninetyeast Ridge also seems to possess similar 

crustal structure.  

The plate reconstruction models suggest that the northern part of the Ninetyeast Ridge was 

emplaced by the Kerguelen hotspot on a relatively old lithosphere formed during the 

Cretaceous Magnetic Quite Period (Royer et al., 1991). However, based on E-W lineations 

in the vertical gravity field corresponding to the extrusive features over the Ninetyeast 

Ridge, Sager et al., (2010) suggested an emplacement of ridge near spreading axis with 
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successive ridge jumps towards south. This idea probably supports the proposed fossil 

ridge segments near to the Ninetyeast Ridge suggesting discrete ridge jumps (Desa et al., 

2009). However, the idea of ridge jumps beneath the northern part of the Ninetyeast Ridge 

remains elusive as the magnetic anomalies over the ridge are highly disturbed (Desa et al., 

2009).  

In contrast to southern and northern parts of the Ninetyeast Ridge, Airy model is suggested 

for the central part of the ridge with crustal thickness (t) ranging from 15-20 km. This 

implies that the Te values within this region should be consistently very low. Interestingly, 

highly variable Te values are observed for the central part of the Ninetyeast Ridge. It is 

well established that the Te values are dependent on the age of the oceanic crust during the 

formation of the ridge. Therefore, age data along the ridge track and adjacent oceanic crust 

are further investigated in detail for better understanding.   

A new compilation of geochronology data along the Ninetyeast Ridge obtained by precise 

Ar/Ar dating of rock samples of DSDP Sites 214, 216, 254 and ODP Sites 756-758 along 

with newly dredged rock samples from sites Dr 7, Dr 16, Dr 32 and Dr 33 revealed linear 

north-south age progression from 80 to 40 Ma (Pringle et al., 2007, 2008). Studies of 

marine magnetic anomalies suggests that  the age of oceanic crust west of 86°E FZ 

increases systematically from south to north, whereas on east of the 90°E FZ there is no 

regular age pattern (Krishna et al., 1999; Krishna et al., 2011b). Pairs of  crustal age pattern 

east of the Ninetyeast Ridge led to the identification of an east-west fossil spreading 

centers in the Wharton Basin, which were ceased at about 42 Ma  followed by the initiation 

of spreading activity along the Southeast Indian Ridge (Liu et al., 1983; Royer and 

Sandwell, 1989;  Royer et al., 1991; Krishna et al., 1995). The Wharton spreading centers 

close to the Ninetyeast Ridge are believed to have jumped several times towards south and 

the process led to extend the length of the Ninetyeast Ridge (Royer and Sandwell, 1989; 

Royer et al., 1991). Subsequently, Krishna et al. (1995) and Krishna and Gopala Rao 

(2000) identified abandon spreading centers (ASCs) between the 86°E FZ and Ninetyeast 

Ridge and interpreted them as western extension of  the Wharton spreading ridge.  
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The magnetic anomaly pattern between the 86°E FZ and the 90°E FZ suggests highly 

variable age pattern with traces of Abandoned Spreading Centers (ASC) of ages 65 and 42 

Ma. The ridge segments within the corridor ceased spreading and jumped southward 

several times, thus the spreading ridge segments have maintained a minimum distance with 

the Kerguelen hotspot location. In other words, during the evolution of the Ninetyeast 

Ridge, whenever the spreading centre reached a critical distance from the hotspot it moved 

towards the hotspot by southward ridge jumps. These ridge jumps resulted capturing of 

crust segments initially belonged to the Antarctica plate and adding them to the Indian 

plate. Evidences for successive ridge jumps are obtained from the extrusive faulted 

structures obtained from seismic data and corresponding E-W trending vertical gravity 

gradients (Sager et al., 2010). Further, Krishna et al. (2011b) noticed that the rate of 

accretion of Ninetyeast Ridge between ODP 758 (77 Ma) and 756 (43 Ma) is higher by at 

least a factor of two than that of the adjacent basins.  

As discussed earlier the 89°E FZ has acted as a thermo-mechanical boundary for the 

volcanic outpour of the Kerguelen hotspot. This fracture zones which bounds the eastern 

edge of the southern part of the Ninetyeast Ridge crosses the ridge at about 11oS, and 

thereafter borders the western edge of the ridge towards north (Figure 6.2).  Interestingly, 

this ridge-fracture zone junction separates the north-central part from the south-central part 

of the Ninetyeast Ridge. The random Te values in the north-central part of the ridge can be 

due to the emplacement of the ridge on lithosphere of complex age pattern resulted from 

the series of southward ridge jumps. The successive ridge jumps must have resulted 

mechanically heterogeneous lithosphere of variable age. The Kerguelen hotspot eruption 

on such lithosphere may lead to variable isostatic compensation of the ridge. This is 

evident from the contrasting Te estimates and gravitational response of the ridge as 

observed in the flexural as well as two-dimensional gravity forward models along profiles 

SK 28-3 and SK 28-4 (Figures 6.6b, 6.11 and 6.12). 

Geochemical studies of rock samples from ODP Site 757 and DSDP Site 214, which lie 

within the south-central part of the ridge suggests interaction between Kerguelen hotspot 

and spreading centre (Weis and Frey 1991; Frey and Weis, 1995). The first ridge jump at 



Chapter 6 

150

about 65 Ma brought the spreading centre close to the hotspot leading to on-axis 

emplacement of the ridge. This hypothesis is supported by a low Te values (< 5 km) 

obtained for the south-central part of the Ninetyeast Ridge form the present analysis. 

However, towards south the Te values increases and reaches a maximum value of 20 km 

near 18°S latitude, suggesting a progressive increase in age of lithosphere during the 

emplacement. This could be explained by hotspot eruption on transferred crustal blocks of 

Antarctica Plate as a result of a major ridge at about 42 Ma (Krishna et al., 2011b). Similar 

to this observation, Lyons et al., (2000) observed that the Te values consistently increases 

from southeast to northwest along the Louisville Ridge in Pacific Ocean with a marked 

discontinuity associated with an extinct spreading centre.  

It is widely known that Te values are in general sensitive to the age of the lithosphere at the 

time of the formation of the load ( t∆ ). The empirical relationship between them (discussed 

in detail in Chapter 4) is widely used to predict the age of volcanic loads when the age of 

crust is known and to predict the age of the crust when the age of load is known (Calmant 

et al., 1990). The age progression along the Ninetyeast Ridge between ODP Sites 756 (43 

Ma) and 758 (77 Ma) is well constrained from the dating of rock samples, whereas the age 

of the surrounding ocean floor is poorly known. Hence, an attempt has been made to 

predict the approximate age of the oceanic crust beneath/ close to the Ninetyeast Ridge. 

The predicted age beneath the Ninetyeast Ridge along with age of seafloor obtained by 

marine magnetic anomalies west of the 86°E FZ, east of 90°E FZ and between 86°FZ and 

Ninetyeast Ridge is presented in Figure 6.14.  In general, the predicted age beneath the 

ridge follows an increasing trend from south to north following the age of seafloor west of 

the 86°E FZ. The variations in age due to the transferred crust could be clearly observed, 

particularly in the central part of the ridge. It should be noted that the predicted age may 

have considerable inaccuracies due to the uncertainties in Te estimations and the possible 

scatter in Te-age relationship beyond the error bounds given in the empirical equation. This 

is evident from the unrealistic ages (>120 Ma) predicted for the central and northern part of 

the Ridge (Figure 6.14). Nevertheless, the present results suggest that Ninetyeast Ridge, 

especially the central part from 20°S to 2°N was evolved on a much complex tectonic 

setting than previously thought. 
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Figure 6.14 Age verses latitude plots for the Ninetyeast Ridge. a) Age of the crust at the 
time of loading with error bars determined using the Te-age empirical relation. b) Age of 
the Ninetyeast Ride determined from Ar/Ar dating). c) Predicted age of the crust beneath 
Ninetyeast Ridge (solid black) compared with the age of oceanic crust west of 86°E FZ 
(green diamond), between the 86°E FZ and the Ninetyeast Ridge (red circle) and east of 
the 90°E FZ (blue square).    
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The tectonic model for the evolution of the Ninetyeast Ridge based on the present study is 

compared with the existing models in Figure 6.15. The evolutionary model for the southern 

and northern part of the ridge agrees with that of Royer et al., (1991) and Krishna et al., 

(1999), whereas for the central part a more complex model with interaction of spreading 

centre with hotspot along with multiple ridge jumps beneath the Ninetyeast Ridge is 

proposed. The north-central part must have emplaced on a crust of highly variable age 

produced by multiple southward ridge jumps, whereas the south-central part was emplaced 

on a crust of uniformly increasing age produced as a result of a major southward ridge 

jump.   
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Figure 6.15 Comparison of the proposed evolutionary model of Ninetyeast Ridge with the 
existing models (Royer et al., 1991, Krishna et al., 1999 and Tiwari et al., 2003).    


