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ABSTRACT 

Strength Envelopes for Deforming Oceanic Lithosphere with Some Implications for the 
History of Lithospheric Deformation of the Equatorial Indian Ocean 

by 

Jaydip Ghosh 

Strength envelopes for oceanic lithosphere inferred from laboratory experiments indicate that 

the oceanic lithosphere in the central Indian basin is several times stronger (-27 TN m"1) than 

the force available to drive deformation (9±2 TN m"1 [95% confidence limits]). Thus the 

strength of oceanic lithosphere is over-estimated. Either pore pressure is much higher than 

hydrostatic, or the effective coefficient of friction is much lower than found in laboratory 

experiments, or both. For models in which the pore pressure is nominally fixed at zero, a 

coefficient of friction (0.11±0.04 [95% confidence limits]) is needed to explain the 

discrepancy. Although very low, this coefficient of friction is significantly larger than the 

coefficient of friction inferred for the interplate thrust at most subduction zones. For models 

resulting in acceptable strengths from various combinations of coefficient of friction and pore 

pressure, the ratio of the force per unit length supported by the brittle and semi-brittle 

components of the lithosphere to that supported by the lower lithosphere deforming by 

creeping flow at a reference strain rate of 10"16 s"1 lies between limits of 3.5 and 12, which 

indicates that 78% to 92% of the strength of oceanic lithosphere lies in its brittle and semi-

brittle portions. It follows that the onset of lithospheric folding at ~8 Ma ago in the 

equatorial Indian Ocean was the result of an increase of driving force of no more than -28%, 

but a much greater increase in driving force at or before 15 to 20 Ma ago cannot be excluded. 
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1. Introduction 

In the plate tectonic approximation, the lithosphere is assumed to be rigid, which implies 

that its strength is greater than the stresses available to deform it. The exact value of its 

strength, however, is debatable. Here we consider the strength of the oceanic lithosphere 

being deformed in the equatorial Indian Ocean. From an analysis of the force required to 

plastically fold oceanic lithosphere, Martinod and Molnar [1995] estimate that the force per 

unit length compressionally deforming oceanic lithosphere in the equatorial Indian Ocean is 

between 4.8 ±1.3 TN m"1 and 11 ±3 TN m"1. From an analysis of two-dimensional visco-

elasto-plastic numerical models in which the material properties depend on temperature and 

pressure, Gerbault [2000] gives alternative estimates of the mean yield stress of the oceanic 

lithosphere in the equatorial Indian Ocean of 200 MPa and 400 MPa. Given her assumption 

of a 40-km-thick competent layer, these correspond to a force per unit length to cause failure 

of oceanic lithosphere of 8 TN m"1 and 16 TN m"1. In contrast to these results, integration of 

a strength envelope for oceanic lithosphere presented by Kohlstedt et al. [1995] indicates a 

much higher strength of 28 TN m"1. Even .greater values for strength would be obtained from 

integrating strength envelopes published before 1995. Consistent with the high strength 

implied by those early strength envelopes, Cloetingh and Wortel [1986], in a pioneering 

study of stresses in the Indo-Australian plate, inferred a force per unit length of 60 TN m"1 in 

the lithosphere of the equatorial Indian Ocean. 

Here we estimate the force per unit length supported by oceanic lithosphere from the 

vertically integrated differential stress between the Tibetan Plateau and central Indian basin. 

It is generally understood that rheological profiles deduced from laboratory experiments of 

the deformation of rocks give only an upper bound to the strength of the lithosphere. Aside 
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from uncertainties about important physical properties such as water content, grain size, or 

the presence or absence of other fluids, additional deformation mechanisms may operate at 

slow rates over geological time more effectively than they operate over the much shorter 

times available for laboratory experiments. Herein we argue that the extrapolation from 

laboratory experiments overestimates the strength of oceanic lithosphere by a factor of ~3 

and analyze what combinations of a lower coefficient of friction and a higher (than 

hydrostatic) pore pressure give results in agreement with the force per unit length inferred 

from the vertically integrated differential stress. We use the resulting set of acceptable 

strength profiles to bound some of the vertically integrated or averaged rheological properties 

of oceanic lithosphere and to bound the allowable change in driving force 8 Ma ago when 

folding began of oceanic lithosphere in the equatorial Indian Ocean. 

2. Difference Between the Vertical Integral of Differential Stress for the 

Tibetan Plateau and that for the Equatorial Indian Ocean 

Molnar et al. [1993] use the mean height of a plateau and the nature of isostatic 

compensation to determine the size of the force per unit length that the Tibetan plateau and 

the adjacent Indian lowland must apply to each other to maintain the plateau. Assuming Airy 

isostasy, Molnar et al. [1993] determined the force per unit length as the vertical integral of 

differential stress oxx - Gzz (where z is vertical and x is in the compressional horizontal 

direction) for the Tibetan plateau minus that for the adjacent Indian lowland; they found the 

force per unit length to be 8.4 TN m"1 with an uncertainty of ±20%. Using the standard 

values of parameters for crustal and mantle densities and for crustal thickness, it can be 

shown that the vertical integral of differential stress for a continental lowland (i.e., 35 km 
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thick crust at sea level) minus that for a column of oceanic lithosphere with the seafloor at a 

depth of 5 km is 1.4 TN m"1 [Turcotte and Schubert, 1982], To find the force that the 

Tibetan Plateau and the equatorial portion of the Indo-Australian plate apply to one another 

through the intervening Indian lowland we sum these two estimates and round to the nearest 

TN m"1 to obtain an estimate of 10 ±2 TN m"1. To balance forces while accounting for the 

10% shorter length of the Himalayan arc (22° arc length between endpoints at 36°N, 72°E 

and 29°N, 97°E) relative to the along-strike (roughly east-west) length of the zone 

accommodating contractional deformation in the equatorial Indian Ocean (from ~5°S, ~74°E 

to ~5°S, ~108°E for an arc length of 24°), we assume that the force per unit length driving 

contractional deformation in the equatorial Indian Ocean is 10% smaller, resulting in a force 

per unit length of 9 ±2 TN m"1. 

3. Methods 

3.1 Overview 

We seek to examine the effect on lithospheric strength of various hypothetical values 

of two parameters, coefficient of friction and pore pressure. To determine lithospheric 

strength for each of these, one must construct a strength envelope, which can be integrated to 

obtain lithospheric strength. We consider a combination of the two parameters to be 

acceptable if the resulting force per unit length is 9 ±2 TN m"1. 

For each strength envelope, we determined a parameter, R, which is the ratio of the 

force per unit length supported by the upper lithosphere, which fails brittlely or semi-

brittlely, to the force per unit length supported by the lower lithosphere, which deforms by 

creeping flow, at a reference strain rate of 10"16 s"1 (or, equivalents, 3 x 10"3 Myr"1). As 
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discussed further below, for each strength envelope we also determine the depths to the 

brittle-ductile transition (BDT) and to the brittle-plastic transition (BPT), the latter of which 

is expected to be deeper, possibly much deeper, than the deepest earthquake foci in the 

lithosphere (aside from earthquakes in subducting slabs). 

3.2 Determination of Strength Envelopes 

To determine strength envelopes for various assumed values of pore pressure and the 

coefficient of friction, one must have a set of rules that prescribe stress as a function of depth 

given a pore pressure and a coefficient of friction (or in some cases, different coefficients of 

friction depending on the value of stress normal to a fault). We adopt (and in some cases, 

generalize) rules given by Kohlstedt et al. [1995]. First we divide oceanic lithosphere into 

three rheological layers. The upper layer behaves brittlely and fails by slip on pre-existing 

fractures and thus is assumed to obey Ammonton's frictional law (as discussed further 

below). The second (middle) layer behaves ductilely but fails by both brittle and plastic 

mechanisms. The relation of stress to depth in this layer is poorly known and is in most 

cases estimated by linear interpolation between stresses determined for the base of the upper 

layer and the top of the lower layer. The exception to this is when Ammonton's law gives a 

lower failure stress than this interpolation; in those cases stress for the semi-brittle layer is 

estimated from Ammonton's law. The third (lower) layer deforms by dislocation creep. It 

follows an exponential law in its uppermost portion, where stresses are higher and 

temperatures are lower, and a power law at greater depth [.Kohlstedt et al., 1995]. 
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3.3 The Upper Layer: Frictional Sliding 

The strength of pervasively faulted and fractured rock in the upper few kilometers is 

probably limited by frictional resistance along faults. At low temperatures and low effective 

pressures, the shear stress, T, at which frictional sliding begins is related to the normal stress, 

on< by Ammonton's law 

T = /UFAN+CF (1) 

where /if is the coefficient of friction and Cf is the frictional cohesive strength [Kohlstedt et 

al., 1995]. Laboratory experiments indicate that for 3 < a„ < 200 MPa, Hf = 0.85 and C/= 0, 

whereas for 200 MPa <an< 1700 MPa, nf = 0.6 and Cf = 50 MPa [Byerlee, 1978]. With 

these specific values for [if and Cf, Ammonton's law is known as Byerlee's law. We 

determined one set of strength envelopes for Byerlee's law. For simplicity, however, for 

most of our calculations we set the frictional cohesive strength to zero and varied the 

coefficient of friction over a range from 0.05 to 0.85. 

Because deformation in the central Indian basin is mainly by thrust faulting, we 

consider only thrust faulting. Hence erj, the least principal compressive stress, is vertical and 

equal to the lithostatic stress. It is convenient in many cases to express the pore fluid 

pressure, pPi in terms of the parameter X, which we define slightly differently than in other 

papers. We take X to be (pp - W) / (03 -W) where W is the weight per unit area of an 

assumed 5 km of ocean water above oceanic lithosphere. Thus, if X =0, the pore pressure is 

not zero but is equal to W independent of depth. If X, =0.30, the pore pressure is hydrostatic 

(for a water density of 1030 kg m" and a lithosphere density of 3400 kg m"). If X = 1, the 

pore pressure is lithostatic. 
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3.4 Flow laws for the lower layer 

Flow strength curves (stress as a function of depth for a given strain rate) are 

constructed using published constitutive equations [Goetze, 1978; Kirby, 1983; Kohlstedt et 

al., 1995] and parameters (for dry rheology) [Chopra & Paterson, 1984; Tsenn and Carter, 

1988; Kohlstedt et al., 1995; Hirth & Kohlstedt ,2003], A combination of a power law and a 

high-stress, low-temperature flow law (exponential law) is used to define the strength 

envelope for the lower lithosphere [Goetze, 1978], At the greatest depths in the lithosphere 

we use a power law, which relates strain rate and differential stress as follows: 

where e = strain rate, Ad is a material property, n is a constant, Qd is the activation energy, R 

is the gas constant, and T is absolute temperature. In oceanic lithosphere, T can be expressed 

as 

where Ts is the surface temperature, Tm is the sublithospheric mantle temperature, z is the 

depth below the surface of the lithosphere, t is age, and K is thermal diffusivity. 

At the higher stresses in the adjacent shallower colder portions of the lithosphere, the 

power-law relationship breaks down, and the strain rate for creeping flow increases 

approximately exponentially with increasing differential stress. For stress in this regime, we 

follow Goetze [1978] and Kohlstedt et al. [1995] in using the following equation to describe 

the low-temperature, high-stress rheology of olivine, 

(3) 

(4) 
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e = so exp 1 -
CT, -a 3 ) (5) 

RT 

where OP, the Peierl's stress (8500 MPa), is the lattice resistance to dislocation glide, QD is 

the activation energy for dislocation glide, and s0 is a pre-exponential constant. Differential 

stress for the high stress flow law (equation 5) is given by 

[Goetze, 1978]. We use this relationship when G1-G3 is greater than or equal to 200 MPa, 

which is the case for most of the part of the lithosphere that is undergoing creeping flow. We 

switch over to power-law creep for C1-CT3 less than or equal to 200 MPa and adjust the value 

of the activation energy for power-law creep to force it to give the same value as exponential 

creep (i.e. equation 6) at the depth for which the latter gives 200 MPa. 

We use a value for QD of 535 kJ mol"1 with uncertainties of ± 35 kJ mol"1 (95% 

confidence limits). To incorporate this uncertainty into our analyses, we calculate each 

strength profile three times, once with QD = 535 kJ mol"1, once with QD = 500 kJ mol"1, and 

once with QD = 570 kJ mol"1. 

Unless otherwise stated, stresses are calculated for a strain rate of 10"16 s"1. 

3.5 Estimating the Depth of the Brittle-Ductile Transition 

To estimate the depth of the BDT, which is the boundary between fully brittle 

behavior and semi-brittle behavior, we follow Kohlstedt et al., [1995], who assume that the 

BDT occurs at the depth at which the creeping flow strength is five times the frictional 

strength estimated from Ammonton's law. 

(6) 
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3.6 Estimating the Depth of the Brittle-Plastic Transition 

Following Kohlstedt et al. [1995], we initially assumed that the depth of the BPT is 

the depth at which 01-03 =0-3, where a\ is the effective confining pressure (i.e., the 

lithostatic stress, 03, minus pp, the pore pressure), a condition that they refer to as Goetze's 

criterion. For the friction coefficients of Byerlee [1978], this gives sensible results. For low 

enough coefficients of friction, however, this gives stresses higher than found from frictional 

sliding. In such cases, we assume that the BPT occurs at the depth at which the frictional 

sliding curve intersects the creeping flow curve. 

3.7 Stresses in the Semi-Brittle Layer 

For strength profiles for which the BPT is defined by Goetze's criterion, we follow 

Kohlstedt et al. [1995] in linearly interpolating stresses between the BDT and the BPT. For 

strength profiles for which the BPT is defined by the intersection of the frictional sliding 

curve with the creeping flow curve, which tended to be the strength profiles with low 

coefficients of friction, the stresses in the semi-brittle layer are assumed to follow the 

frictional sliding law as it gives lower stresses than other failure mechanisms that we 

consider. 

4. Results 

Calculated strength envelopes are sensitive to the values assumed for pore pressure 

(pp) and coefficient of friction (|i). Figure 1 shows the strength envelopes corresponding to X 

of 0.30 (hydrostatic), 0.75, 0.91, and 0.95, while \i follows Byerlee's law (n = 0.85 and C/= 

0 MPa when 0 MPa < on < 200 MPa; ja = 0.6 and C/= 50 MPa when 200 MPa < cn < 1700 

MPa). While the force per unit length decreases with increasing pore pressure, the 
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corresponding strength ratio (R) increases with increasing pore pressure. The force per unit 

length corresponding to ?i=0.91 is calculated to be 9.0 TN m"1, similar to the best estimate for 

the available driving force. 

The strength envelopes in Figure 2 correspond to zero cohesion and coefficients of 

friction of 0.30, 0.20, 0.14, and 0.06 while pore pressure is fixed at hydrostatic (i.e., X = 

0.30). While the force per unit length decreases with decreasing coefficient of friction, the 

corresponding strength ratio increases with decreasing coefficient of friction. The force per 

unit length corresponding to the coefficient of friction of 0.14 is calculated to be 9.0 TN m"1, 

similar to the best estimate for the available driving force. 

The strength envelopes in Figure 3 correspond to zero cohesion and coefficients of 

friction (n) of 0.30, 0.20, 0.10, and 0.06 while pore pressure is fixed at zero. The force per 

unit length decreases with decreasing coefficient of friction whereas the corresponding 

strength ratio increases with decreasing coefficient of friction. The force per unit length 

corresponding to the coefficient of friction of 0.10 is calculated to be 9.5 TN m"1, similar to 

the best estimate for the available driving force. 

Figure 4 shows force per unit length and corresponding strength ratios as a function 

ofX while the coefficient of friction (|a) follows Byerlee's law (|i = 0.85 and and Cf =0 MPa 

when 0 MPa < an < 200 MPa; n = 0.6 and Cf = 50 MPa when 200 MPa < an < 1700 MPa). 

The acceptable ranges of X and corresponding strength ratios are demarcated by the colored 

rectangles 0.85 < X < 0.95, which corresponds to a force per unit length of 9 ± 2 TN m"1. 

Figure 5 shows force per unit length and corresponding strength ratios as a function 

of jo, while the pore pressure is fixed at zero. The acceptable ranges of |j. and corresponding 
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strength ratios are demarcated by colored rectangles for 0.04 < jo, < 0.15, which corresponds 

to a force per unit length of 9 ± 2 TN m"1. 

Strength envelopes can be constructed for many combinations of pore pressure and 

coefficient of friction for which the calculated forces per unit length are consistent with 

available driving force per unit length. To illustrate this, contours of force per unit length are 

constructed in Figure 6 for a wide range of values of X, and p.. The acceptable combinations of 

pore pressure and coefficient of friction are bounded by lower limit (at 7 TN m"1) and upper 

limit (at 11 TN m"1) contours on driving force. The lower and upper bounds on strength ratio 

for the acceptable models respectively are -3.5 and ~12 (Figure 6). Within the field of 

acceptable combinations, the strength ratio increases both with increasing X and with 

increasing n (Figure 6). 

To illustrate how the calculated depth of the BDT and the calculated depth of the BPT 

vary as a function of X and (a, three sets (corresponding to activation energies of 535, 500, 

and 570 kJ mol"1) of contours of the depth to the BDT and of the depth to the BPT are shown 

(Figure 7 and 8). The acceptable models indicate depths from 20 to 30 km for the BDT and 

depths from 40 to 45 km for the BPT. The calculated depth to the BDT increases with 

increasing X and with decreasing [i. The calculated depth to the BPT increases with 

increasing X. For fi < -0.35, the calculated depth to the BPT increases with decreasing \i. 

For a f i> =0.35, the calculated depth to the BPT is independent of \x. 
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5. Discussion 

5.1 Discrepancy between driving force and strength from profile 

The uncertainty in the calculated value of the driving force of 9 ± 2 TN m"1 is not 

nearly sufficient to explain the discrepancy with the strength inferred from the rock 

mechanics experiments. Thus, resolution of this discrepancy requires modification of the 

strength envelopes. 

Models with higher-than-hydrostatic pore pressure while |i follows Byerlee's law (jx 

= 0.85 and C/= 0 MPa when 0 MPa < an < 200 MPa and \i = 0.6 and Cf = 50 MPa when 

200 MPa < an < 1700 MPa) show that the higher the pore pressure, the lower the calculated 

force per unit length (Figure 1, 5, 6). It is not until X is as high as =0.91, however, that the 

calculated strength is consistent with the driving force (Figure lc). 

Models with p lower than that in Byerlee's law while pore pressure is fixed at 

hydrostatic shows that the lower the value of p, the lower the calculated force per unit length 

(Figures 2 and 6). A value of (a of =0.14 is required for the calculated force per unit length to 

be consistent with the available driving force (Figure 2c). 

Models with zero pore pressure also indicate that the lower the value of p, the lower 

the calculated force per unit length (Figure 3, 5). A value of p. of 0.11 ± 0.04 (95% 

confidence limits) is required for the calculated force per unit length to be consistent with the 

available driving force (Figures 3c and 5). 

5.2 Comparison with the interplate thrust at subducting plate boundaries 

While our results indicate a coefficient of friction much lower than indicated by 

laboratory results (while using identical values for pore pressure), our results may indicate 

higher coefficients of friction than inferred for the interplate thrust at subducting plate 
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boundaries inferred from field data [Bird, 1978; Tichelaar and Ruff, 1993; Lamb, 2006]. In 

particular, Lamb [2006] estimated values of |i for interplate thrusts at subducting plate 

boundaries assuming nominally zero pore pressure. He found that most subducting plate 

boundaries have values for \x of 0.032 ±0.006 for the crust and 0.019 ±0.004 for the mantle, 

both significantly less than we find here (JJ, = 0.11 ±0.04 [95% confidence limits]; Figure 5) 

for deforming oceanic lithosphere. Lamb [2006] estimated values for two subduction zones 

thought to have higher stresses and found values of ^ of 0.095 ± 0.024 for the crust and 0.026 

±0.007 for the mantle. The value that he finds for the crust is similar to what we find for 

deforming oceanic lithosphere but the value that he finds for the mantle is significantly less. 

All in all, this indicates that the coefficient of friction in deforming oceanic lithosphere is 

greater (or that the pore pressure is lower, or some combination of the two) than that at most 

interplate thrusts in subducting plate boundaries, but may be similar to the coefficient of 

friction in the crustal portion of high stress interplate thrusts. 

The indicated shear stresses differ by even more, with the shear stresses at interplate 

thrusts being 7 to 15 MPa [Lamb, 2006], while the vertically averaged shear stresses in 

deforming oceanic lithosphere implied by our results are -65 MPa, with a large part of the 

difference being due to the steeper dip of faults (-40°) in deforming oceanic lithosphere 

relative to the dip of the interplate thrust at subduction zones for which mean dips range from 

12° to 24° [Lamb, 2006]. 

In any event, these results provide some further support for the prior inference that 

plates on either side of a diffuse oceanic plate boundary, or at least those in the equatorial 

Indian Ocean, are more strongly coupled than are plates on either side of a narrow plate 

boundary, including most subduction zones [Zatman et al., 2001, 2005]. 
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5.3 Depths of the brittle-ductile transition, brittle-plastic transition, and maximum 

depths of earthquakes 

The calculated depths of the BDT and BPT both increase with increasing X and 

decreasing p (except that the depth of the BPT is independent of p for p > 0.35; Figures 7 and 

8). For the acceptable models corresponding to the best estimate of activation energy of 535 

kJ mol"1, the calculated depth of the BDT is =20-30 km (Figure 7a) and the calculated depth 

of the BPT is =40-45 km (Figure 8a). 

The observed maximum depth of earthquakes provides a test for our calculated depths 

for the BPT. The depth of the BPT is expected to exceed the maximum depth of earthquake 

foci, which is thought to occur at the transition from unstable sliding to stable sliding. The 

observed maximum depth of earthquakes for 60-Ma-old oceanic lithosphere, which we 

consider here, is =40 km [ Wiens and Stein, 1983]. Our acceptable models indicate that the 

depth of the BPT is =40 to 45 km. Thus, all models accepted on the basis of the force 

balance are also consistent with the constraint that the depth of the BPT exceeds the depth of 

the transition from unstable to stable sliding and thus cannot be used to further narrow the 

range of acceptable models. The results do, however, suggest that the separation in depth 

between the BPT and the transition from unstable to stable sliding is not more than =5 km. 

5.4 Ratio of force supported by the upper lithosphere to the force supported by the 

lower lithosphere 

All acceptable models have a strength ratio (R), the ratio of the force per unit length 

supported by the upper lithosphere to that supported by the lower lithosphere, between =3.5 
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and 12 (Figure 6). In other words, the upper lithosphere supports between 78% and 92% of 

the load (9 ±2 TN m"1) supported by the entire lithosphere. Thus the upper oceanic 

lithosphere has a failure strength between 7 ±2 TN m"1 and 8 ±2 TN m"1, which has two 

implications. 

First, that the strength of the upper oceanic lithosphere is 78% to 92% of the supported 

load suggests that the Indo-Australian composite plate is in a near-critical state in most 

locations. Not only are the undeforming regions presumably near failure, but the force per 

unit length of the deforming regions is no more than 28% above failure. 

Second, although folding began at 8 Ma ago, its onset did not mark the beginning of 

motion and deformation between the Indian and Capricorn plates, which is known to have 

started at least 15 to 20 Ma ago [Gordon et al., 1998; DeMets et al., 2005; Krishna et al., 

2009; Gordon, 2009]. The force per unit length before 8 Ma ago must have been less than 

what is required for folding to occur, but large enough to cause failure of the lithosphere by 

faulting. Thus, the force per unit length before 8 Ma ago had to be at least 78% to 92% of its 

value since 8 Ma ago, and could not have increased at 8 Ma ago by more than 9% to 28%, 

which is much less than the twelve-fold increase in force per unit length hypothesized by 

Molnar et al. [1993] to have occurred when lithospheric folding began. Our results do not, 

however, preclude a much larger increase in force per unit length at the time of the initiation 

of failure in the equatorial Indian Ocean at least 15 to 20 Ma ago. 

5.5 Role of sediments in facilitating faulting 

Where oceanic lithosphere is heavily sedimented, a force per unit length of 4.8 ±1.3 TN 

m"1 can fold the lithosphere, while for sediment-free oceanic lithosphere, the corresponding 
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force is 11 ±3 TN m"1 [Martinod and Molnar, 1995]. Martinod and Molnar [1995] interpret 

the distribution of deformation in the equatorial Indian Ocean as indicating that folding only 

occurs in heavily sedimented regions of the deforming zone. Thus, they interpreted these 

two forces per unit length as lower and upper bounds on the force per unit length driving 

deformation of the Indo-Australian equatorial zone of deformation. The values that we find 

here for the load currently being supported by Indian Ocean lithosphere (9 ±2 TN m"1) is 

consistent with their bounds. Also the force per unit length that we infer before 8 Ma B.P. is 

consistent within uncertainties with their bounds as the lithosphere was failing (force per unit 

length > 7 ±2 TN m"1) but not folding (force per unit length < 4.8 ±1.3 TN m"1). 

We disagree, however, with their interpretation of where folding is present and where it 

is not on the Indo-Australian composite plate. We believe that the sediment-free Wharton 

basin is the site of lithospheric folds [Petroy and Wiens, 1989; Stein et al., 1989; Royer and 

Gordon 1997]. Moreover, gravity maps now available indicate that the southern limit of 

folding in the central Indian basin is at about 10°S, distinctly south of the southern limits of 

sediments at 8°S. If folding occurs in sediment-free areas, as we believe, then 11 ±3 TN m"1 

is not an upper bound, but a lower bound, on the force per unit length [Martinod and Molnar, 

1995]. Whether interpreted as an upper or lower bound, this latter bound is consistent with 

the value of 9 ±2 TN m"1 that we estimate for the actual current force per unit length. 

5.6 Implications for vertically averaged rheology of deforming oceanic lithosphere 

A model that has been usefully applied to continental deforming regions is that of a thin 

sheet of viscous fluid [Bird and Piper, 1980; England and McKenzie 1982; Vilotte et al. 

1982]. Gordon [2000] suggested that the model may also be applicable to regions of 
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deforming oceanic lithosphere such as those interpreted to be part of a diffuse oceanic plate 

boundary. Gordon [2000] further proposed a simple two-layer rheological model for oceanic 

lithosphere consisting of an upper brittle layer overlying a power-law fluid with a power-law 

exponent of 3. He assumed that the two layers operate in parallel and he determined strain 

rate as a function of force per unit length. Following Sonder and England [1986], he used 

this model to relate the power-law exponent of vertically averaged deforming oceanic 

lithosphere to the ratio of the strength of the upper lithosphere to that of the lower lithosphere 

at a reference strain rate of 10"16 s"1. Using his approach herein, we find that the range of 

strength ratios from acceptable models found above, from 3.5 to 12, correspond to values of 

power-law exponent, n, for the vertically averaged rheology of deforming oceanic 

lithosphere ranging from -14 to ~40. 

These values are substantially larger than estimates for the power-law exponent for 

deforming continental lithosphere, which is ~3 [England and Molnar, 1991, 1997]. One 

consequence of a higher power-law exponent is that—for the same boundary conditions—the 

width of the deforming region is narrower because the width is proportional to nVl [England 

et al., 1985], 

The low end-member value for n of 14 corresponds to the low strength ratio end member 

of 3.5, which is found for low values of X and jx (Figure 6). The high end-member value for 

n of 40 corresponds to the high end-member strength ratio of 12, which is found from high 

values of X and |j, (Figure 6). Thus, if an independent estimate of n was available, it could be 

used to distinguish between the effects of a low coefficient of friction or of high pore 

pressure in giving a strength only one-third as large as that extrapolated from laboratory 

experiments. 
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5.7 Inconsistency of Using a Friction Law in the Semi-Brittle Regime 

For the lower values of jx (Figure 2), we follow a friction law to define the strength 

envelope between the BDT and the BPT. This way of defining the semi-brittle behavior 

seems unrealistic as we expect the lithosphere to fail at a lower stress than the friction law in 

this region. This may be an artifact of an unrealistically low assumed value for the coefficient 

of friction. Alternatively, there may exist some unknown or poorly understood deformation 

mechanism or mechanisms that take effect in the semi-brittle region and which result in 

deformation at stresses lower than those calculated from the friction law. 

5.8 Alternative coefficients of friction 

Recent studies on slow-spreading ridges show that serpentinization of oceanic 

lithosphere may lower the coefficient of friction substantially [.Escartin et al., 1997; Escartin 

et al., 2001]. The most common kinds of serpentinites in the oceanic lithosphere are lizardite 

and chrysotile, which have a low coefficient of friction (|i= -0.15 to -0.45). Lizardite is only 

stable, however, up to -350 to 400°C [Escartin et al., 1997], i.e., up to a depth of -25 km. 

Because this is at a substantially shallower depth than the depth we calculate for the BPT of 

-40 to 45 km, it cannot explain the apparently low coefficient of friction that we infer at 

depths exceeding 25 km where the strength of the lithosphere is the greatest. 

Moore and Rymer [2007] discussed the presence of talc-bearing serpentinite in the 

creeping part of the San Andreas fault, where talc replaces serpentine minerals along the vein 

walls. Talc forms along the foliation in sheared serpentinite grains as well. Talc has very low 

shear strength in the temperature range 100° to 400°C, which corresponds to depth range -5-
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25 km. It is not clear how talc could be formed or transported to the depths over which 

oceanic lithosphere has most of its frictional strength. 

6. Conclusions 

The load supported by oceanic lithosphere in the central Indian basin is 9 ±2 TN m"1. Its 

failure strength is 78% to 92% of this value. These values are much less than those indicated 

by standard strength profiles extrapolated from rock mechanics experiments. Either pore 

pressure is much higher than hydrostatic, or p, the effective coefficient of friction, is much 

smaller than that in laboratory experiments, or both. For hydrostatic pore-pressure, a low 

value of p (=0.14) is required to explain the apparent discrepancy. If values of p from 

Byerlee's law are assumed, a very high value of pore pressure (A,=0.91) is needed to explain 

the apparent discrepancy. For zero pore pressure, a low value of p (=0.11 ±0.04 [95% 

confidence limit]) is required to explain the apparent discrepancy. As low as these values 

are, they are significantly higher than those inferred for the interplate thrusts at most 

subducting plate boundaries [Lamb, 2006] by a factor of 3 to 5. 

For the acceptable models, i.e., those for which the calculated strength is 9 ±2 TN m"1, 

the ranges of depth for the BDT and BPT respectively are =20-30 km and =40-45 km, the 

latter being consistent with the maximum observed depth of earthquakes in oceanic 

lithosphere of =40 km [Wiens and Stein, 1983]. The acceptable combinations of pore 

pressure and p indicate bounds of =3.5 to =12 on R, the ratio of the force per unit length 

supported by the upper lithosphere to that supported by the lower lithosphere. For these 

calculated bounds on the strength ratio, the vertically averaged rheology of the oceanic 

lithosphere in the central Indian Ocean can be approximated by a power law fluid with 14 < n 
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< 40, where n is the power-law exponent. The high end of the range (n=40) corresponds to 

laboratory like values of |i and very high pore pressure (X> 0.8). The low end of the range 

(w=14) corresponds to low p. (|i < 0.35) and moderate pore pressure (k < 0.7). Thus, these two 

alternatives could be distinguished given an independent estimate of n. Because the 

lithosphere was already deforming, albeit at a slower rate, before 8 Ma ago, the increase in 

force per unit length near ~8 Ma ago was 28% or less, but this does not preclude a much 

larger, increase in force per unit length at or before 15 to 20 Ma ago. 
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Table 1. Parameters and values for the power law and for the high-stress flow law 

Parameter Value Definition 

A 104'46 (MPa"n s"1) Material property 

£ 10"16 s"1 Reference strain rate 

5.7 x 10U s"1 Pre-exponential constant 

n 3.6 Power-law exponent 

Qd 529.3 kJ mol"1 Activation energy (power law) 

QD 535 kJ mol"1 ± 35 kJ mol"1 Activation energy (high-stress law) 

R 8.3143 J mol"1 K"1 Gas constant 

Tm 1300°C Sublithospheric mantle temperature 

K 10"6 m2s"' Thermal diffusivity 

t 60.4 Ma Age of the lithosphere 

8500 MPa Peierl's stress 

24 



E 

Q. (D D 

0 200 400 600 800 
Differential Stress (MPa) 

Temperature (°C) 

E 

Q. 
o 

0 200 400 600 800 
Differential Stress (MPa) 

Temperature (°C) 

E 

Q. d> 
Q 

0 200 400 600 800 
Differential Stress (MPa) 

Temperature (°C) 

10 

20 
E XL 

30 
Q_ 0} Q 

40 

50 

60 

G 

BDT T 

BPT -

d 

0 200 400 600 800 
Differential Stress (MPa) 

Temperature (°C) 

Figure 1: Strength envelopes assuming a coefficient of friction (jj.) as in Byerlee's law (| i = 
0.85 and Cf = 0 MPa when 0 MPa < on < 200 MPa; = 0.6 and Cf = 50 MPa when 200 MPa 
< an < 1700 MPa). The flow law curves correspond to QD = 500, 535 and 570 kJ-mol"1. T, 
temperature in °C, G, Goetze's criterion, (a) >-=0.30 (hydrostatic); Strength = 27.4 TN m"1, 
Strength ratio (R) = 3.6 (b) X = 0.75; Strength = 16.3 TN m"1, R = 8.6. (c) X = 0.91; Strength 
= 9.0 TN m"1, R = 11.8. (d) X = 0.95; Strength = 6.1 TN m"1, R = 12.8. 
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Figure 2: Strength envelopes assuming hydrostatic pore pressure. The flow law curves 
correspond to QD = 500, 535 and 570 kJ-mol"1. T, temperature in °C; G, Goetze's criterion, 
(a) p = 0.3; Strength = 17.7 TN m"1, Strength ratio (R) = 2.7. (b) p= 0.2; Strength = 12.3 TN 
m"1, R - 3.7. (c) p = 0.14; Strength = 9 TN m"1, R = 4.4. (d) p = 0.06; Strength = 4.3 TN m"1, 
R = 4.6. 
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Figure 3: Strength envelopes assuming zero pore-pressure. The flow law curves correspond 
to Qd = 500, 535 and 570 kJ-mol"1. T, temperature in °C; G, Goetze's criterion, (a) |i = 0.3; 
Strength = 24.1 TN m"1, Strength ratio (R) = 2.1. (b) n= 0.2; Strength = 17.2 TN m"1, R = 2.9. 
(c) \i = 0.1; Strength = 9.5 TN m"1, R = 4.5. (d) |x = 0.06; Strength = 6.1 TN m"1, R = 4.9. 
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Figure 4: Force per unit length (solid curves) and strength ratio (dashed curves) are shown as 
a function of X = (pp -W) / (czz- W). p, the coefficient of friction, is assumed to be that 
specified by Byerlee's law (p = 0.85 and Cf = 0 MPa when 0 MPa < an < 200 MPa; p = 0.6 
and Cf = 50 MPa when 200 MPa < an <1700 MPa). Curves with red triangles show results 
for the best estimate of QD (535 kJ mol"1); blue curves show results for limiting values of QD 
(squares, 500 kJ mol"1; circles, 570 kJ mol"1). Yellow rectangle shows the range of X that 
produces an acceptable force per unit length of 9 ± 2 TN m"1. Green rectangle shows the 
range of strength ratios that correspond to the resulting acceptable range of X. 
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Figure 5: Force per unit length (solid curves) and strength ratio (dashed curves) are shown as 
a function of |i, the coefficient of friction, while assuming a nominally zero pore pressure (pp 
= 0). Red curves with triangles show results for the best estimate of QD (535 kJ mol"1); blue 
curves show results for limiting values of QD (squares, 500 kJ mol"1; circles, 570 kJ mol"1). 
Yellow rectangle shows the range of p. that produces an acceptable force per unit length of 9 
± 2 TN m"1. Green rectangle shows the range of strength ratios that correspond to the 
resulting acceptable range of |i. 
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Figure 6: Force per unit length (red contours) and strength ratio (blue contours) are shown as 
a function of p (coefficient of friction) and X (= [pp - W] / [azz -W]). (a) For QD = 535 kJ 
mol"1; (b) For QD = 500 kJ mol"1; (c) For QD = 570 kJ mol"1. 
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Figure 7: The calculated depth of the brittle-ductile transition (red contours) is shown as a 
function of (coefficient of friction) and X (= [pp - W] / [CTzz -W]). Blue curves (from Figure 
6) show limits on acceptable combinations of (j. and X. (a) For QD - 535 kJ mol"1; (b) For QD 
= 500 kJ mol"1; (c) For QD = 570 kJ mol"1. 
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Figure 8: The calculated depth of the brittle-plastic transition (red contours) is shown as a 
function of |x (coefficient of friction) and X (= [pp - W] / [azz -W]). Blue curves (from Figure 
6) show limits on acceptable combinations of p. and X. (a) For QD = 535 kJ mol"1; (b) For QD 
= 500 kJ mol"1; (c) For QD = 570 kJ mol"1. 
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