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Abstract. Recent multibeam bathymetric and geophysical data from the Southeast Indian Ridge
(SEIR) reveal eight propagating ridges (PRs) moving down the regional bathymetry gradient
toward the Australian-Antarctic Discordance (AAD). These PRs are propagating at a nearly uniform
rate of 40- mm yr* despite dramatic variations in axial morphology and segment length, and local
reversals of the regional bathymetric gradient. Because existing dynamic rift propagation models do
not explain the continued, uniform propagation of the diverse SEIR PRs, we have developed a new
model that includes variable crustal thickness and thermally-driven, along-axis asthenospheric flow,

in addition to topographic gradients, as positive contributions to the forces driving rift
propagation. Along-axis asthenospheric flow and variations in crustal thickness along the SEIR
appear to provide the first-order driving force required for ridge propagation, even in the highly
segmented, magmatically starved region in and near the AAD where previous models for ridge
propagation fail. Further, our model development requires that the rift valley at the propagating
tip is a consequence of rifting in the cooler thermal regime of preexisting lithosphere, rather than a
consequence of viscous resistance to flow. This explanation of PR tip topography is consistent
with gravity data from the SEIR that suggest that the rift tip and associated pseudofaults are at

least partially compensated by crustal thinning.

1. Introduction

Mid-ocean ridge propagation was first identified by Shik and
Molnar [1975] and Hey and Vogt {1977}, and since that time,
numerous propagating ridges (PRs) have been recognized
along the global mid-ocean ridge system. Ridge propagation
is one end-member in a continuum of migrating spreading
center offset types and is a fundamental mechanism for the
development and modification of mid-ocean  ridge
segmentation. Evidence for the widespread occurrence of PRs
can be found in the numerous pseudofaults traces that are
evident in global satellite gravity anomaly data [Phipps
Morgan and Sandwell, 1994] and in more detailed, shipboard
studies of ridge axis morphology. To date, propagating rifts
have been studied and modeled on the East Pacific Rise (EPR)
[Carbotte et al., 1991; Macdonald and Fox, 1983; Macdonald
et al., 1984; Perram et al., 1993}, the Cocos-Nazca spreading
center [Christie and Sinton, 1986; Klieinrock and Hey,
1989%a,b; Kleinrock et al., 1989; Phipps Morgan and
Parmentier, 1985, 1986; Searle and Hey, 1983; Sinton et al.,
19831, the Juan de Fuca Ridge [Shoberg et al,, 1991; Wilson,
1990; Wilson and Hey, 1995; Wilson et al., 1984}, the
Reykjanes Ridge [Phipps Morgan and Kleinrock, 1991; Vogt,
1971, '1974], the southern Mid-Atlantic Ridge (MAR)
[Brozena and White, 1990}, the Pacific-Antarctic Ridge [Géli et
al., 1997}, and the East Scotia Ridge [Livermore et al., 1997].
All of these regions share the common characteristics of a
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relatively high magma supply, either due to proximity to a
hotspot, to their fast spreading environment, or to "a localized
melting anomaly" [Livermore et al., 1997].

Concepts from fracture mechanics were first applied to
explain propagating mid-ocean ridge segments by Pollard and
Aydin [1984]. These ideas were further developed by Sempéré
and Macdonald [1986] and Phipps Morgan and Parmentier
[1985] to study the EPR (Easter) and the Galdpagos (Cocos-
Nazca) spreading systems, respectively. Since these
pioneering studies, a significantly larger portion of the global
mid-ocean ridge system has been mapped by multibeam echo
sounders [Cochran et al., 1997, Grindlay et al., 1996; Scheirer
et al., 1997; Sempéré er al., 1997, 1996], and considerable
advances have been made in our understanding of the
mechanisms that produce ridge crest topography [e.g., Chen
and Morgan, 1990a,b; Shaw and Lin, 1996].

Between the Australian-Antarctic Discordance (AAD), near
126°E, and 90°E, the Southeast Indian Ridge (SEIR) undergoes
a transition from EPR-like axial highs to MAR-like axial
valleys despite a near-constant, intermediate spreading rate
(72-76 mm yr’, full rate) [Cochran et al., 1997; Sempéré et al.,
1997, 1996; West et al., 1994, 1997]. Along this part of the
SEIR, eight PRs are actively propagating down the regional
bathymetric gradient toward the deep region of the AAD
(Figures 1 and 2). Although these eight PRs vary dramatically
in both segment length and axial morphology (both axial
valley and axial high type propagating segments occur), they
are all propagating at a nearly uniform rate of 40-50 mm yr™.
They do not conform to the previously proposed correlation
between propagation rate and axial topography [Wilson and
Hey, 1995]. On alocal (single segment) scale, several of the
SEIR PRs are actually propagating into areas of decreasing
axial depth, where the regional bathymetric gradient is locally
reversed (Figure 2). These distinctive characteristics of the
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Figure 1. The location of the Southeast Indian Ridge (SEIR)
and propagating rift systems of the SEIR analyzed by this study
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SEIR PRs have prompied us 10 reexamine the mechanisms of
ridge propagation.

We begin our investigation of
formulation of Phipps Morgan and Parmentier {19851 to
estimate the driving and resisting forces for ridge propagation
along the SEIR, using along-axis variat
topography. We next cxtez‘d this model, first o0 include the
contributions of variations in Moho topography to the force

driving ridge propagation and then to incorporate regionally

the SEIR PRs by using the

o
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driven along-axis asthenospheric flow bencath the SEIR
(Figure 2). We demonstrate that this flow can be of first-order

significance. Finally, we discuss how this new quantitative
model explain the consistency of ridge propagation,
despite the inconsistent morphology and varieble topographic
gradients along the SEIR.

can

2. Effects of Seafloor Topography on Ridge
Propagation

Numerically, a propagating ridge can be formulated as a
crack in an elastic plate (Figure 3) overlying a weak viscous
substrate. Within such a *Cra..‘ewo»’k Phipps Morgan and
Parmentier {1985] assumed that the driving forces for ridge
propagation are shallow gravitational spreading forces due to
excess ridge axis topography relative to off-axis bathymetry.
Balancing the ridge-normal force Plx) with the difference in
elevation between the on- and off-axis seafloor [Phipps
Morgan and Parmentier, 1985; Turcorte and Schubert, 1982]
yields

P(x)=(p - p,Jg8H /2,

o~
e
ot

where 4 is the near-axis elastic plate thickness, g is th
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acceleration of cmv*y S is the topographic difference
between the on- and off-axis seafloor, and p; and py, are th
verage densities of the lithosphere and water, respectively.

from expressions for gravitational
ridge push {ea, Turcotte and
chuber:, 1982, p. 2871, Implicit in this equation is the
ssumption that the density contrasts that compensate the
idge ax*s ‘osovfan‘*w' lie between the seafloor (z=0) and a
fepth of compensation (8+H) [e.g, Tw’co’ze and Schuberr,
82, p. 28/ Figure 6-43“ Thus (1) can be thought of as an
expression for the horizontal force per unit length of ridge
axis due to excess topography
Pratt isostasy where the
H at the selected off-axis reference location is
crustal thickness. Phipps Morgan and Parmerner
exampie, assume a reference location ~15 km off.
lithospheric  thickness of ~/-8 Xm. This
thickness may not be thicker than the crustal
some cases. esp for fasg spreading i ges such as the
East Pacific Rise or for hotspot-dominated ridges such as the
Cocos-Nazca spreading This assumption ki

modified later.

will be
Treating the propagating ridge as a symmetric, pressurized
crack of length 2L, Phipps Morgarn and Parmentier [1985]

Tms equation was derived
lidir g associated  with

o (/)V’

(o9

et

that is supported by regional
plate (lithospheric) thickness
greater than th
19851, for

-axis with 2

elastic o

aiaV

center.

showed that the stress intensity factor at the propagator tip due
10 excess topography can be calculated as follows (using (1)
for P/A/ Je
2 (LN"?L ployax
Ki=7\7) i aam @
H \75/ o -x7y

tress intensity factor for a
ckness H, loaded by a force per

where K7 is the mode I ext

creck in an V.QS‘JC plate of thi

unit length  Plx) [Parker, 19811 Phipps Morgan and
Parmentier, 1985} In the first-order approx4mat?on of

constant H along the ridge axis. employing (1) and (2) requires
nly a knowledge of the along-axis topographic gradient as H
cancels out of the combined equations.

In their study of Galdpagos and Easter propagation
dynamvcs, Phipps Morgan and Parmentier [1985] assumed that

his topographic driving force is co;:mer:)ala wed by viscous
resistance to asthenospheric flow within 2 sebaxial conduit
[Parmentier and Forsyth, 1983] and that propagation occurs

when these two forces are in an appropriate dynamic
equilibrium. This is a corollery t0 the assumption that the

depression  at pfopava‘?no tips is dynamically supported by.
intrasegment along-axis flow [Parmentier and Forsyth, 1985].
Because the mass deficit represented by the tip depression
supplies a negative contribution to the stress intensity factor,
it balances the positive contribution to the stress intensity
factor supplied by the topography. These assumptions are not,
however, supported by our study of the SEIR propagating
ridges (see section 5.2).

3. Ridge Propagation at the SEIR

Eight active PRs have been located along the SEIR between
89° and 145°E, either through direct shipboard observation or
through satellite gravity data [Cochran et al., 1997; Phipps
Morgan and Sandwell, 1994; Sempéré et al., 1997, 1996]. The
tips of these PRs are located near 96°, 104°, 111°, 113°, 126°
30, 128°, 131° eand 134°30E (Figures 1, 4a, and 4b).
Complex transitions in axial morphology along some SEIR
segments have been described by Palmer et al. [1993], Sempéré
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Figure 2. (bottom) Numerical results for a temperature- and pressure-dependent viscosity simulation of buoyant
wasthenospheric flow beneath the SEIR with a ~ 100°C temperature anomaly associated with the AAD [West et al., 19971
High viscosities beneath the AAD are shown by the lighter shades; the total viscosity variation of these simzziations is ~5
orders of magnitude. Vectors show the vertical and axis-parallel components of subaxial mantle flow. The symmetry of
these modeis around 120°E implies that cooie:, nigi’:er-viscosity upper mantie beneath the AAD will resuiz in significant
along-axis flow toward the AAD beneath the SEYR from the east and west, as well as a reduction in mantle LpW»IE.no beneath
the AAD. These calculations are consxste.n ith the geochemical and geophysical characteristics of the AAD, including the
along-axis depth profile shown in the middle panel. (middie) The along-axis depth profile of the SEIR between ~90°E and
~140°E is taken from West et al. 22997}. Regionally, the along-axis depth varies by up to 2 km along the length of the
SEIR, although locally the axial depths are very "nonmonotonic” [Sempéré er al., 1996; Shah and Sempéré, 1998]. The
solid dotted line between ~90°E and ~120°E indicates the average off-axis depth. The location of AAD is shown at the
center of the regional depression. The approximate locations of the observed PRs are shown by the vertical arrows. (top)
The axial bathymetric curve minus the off-axis bathymetric curve of the middle panel. This figure can be thought of as 2
proxy for the location of axial highs (positive values) and axial valleys (negative values) along the SEIR between ~90°E
and ~120°E. Note that many of these PRs are propagating away from an axial valiey, and one (113°E) is propagating toward

a local bathymetric high, 2 result mexpected with the simpie fracture mechanics model.

Figure 3. A schematic of the fracture mechanics model of a PR (modified from Figure 2 of Phipps Morgan and Parmentier
[19857). See text for summary or Phipps Morgan and Parmentier [1985] for full details. Solid line illustrates the along-
axis asthenospheric flow caused by the advancing crack tip, and the shaded line indicates regionally driven along-axis
asthenospheric flow which we invoke in our flow-driven model.
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eral. (1997, 19961, and Shah and Sempéré [1998]. The SEIR
PRs are located in areas with distinctly different morphologic
and segmentation characteristics from the Galdpagos and
Easter systems. Because of these differences, the SEIR PRs do
not appear to conform to previous ridge propagation models
that are based heavily on Gaiésaoos and Easter examples. In
this paper we examine the specifics of the SEIR PR systems
and their implications for more ge r*e:ai ridge propagation
models.

3.1. Definition of “Excess” Topography in an
Axial Valley Setting

Along zhe Ga?épaoos and Easter PR systems, relatively
uninterrupted  gradients in  axial-high morphology are
interpreted to prowic the necessary driving force for ridge
propagation by increasing the stress intensity factor
propagator tips [Phipps Morgan and Parmentier, 19851, If
this interpretation were directly applied fo regions with highly
segmented, a‘uai valiey ridge morp 0iogy, the gravitational
contribution to the strcss intens factor (Kp) at the rift tip
would be nega-tz ¢, inhibiting r'f propagation aitogether.
This cannot be the case along the SEIR, where short, axial

v tha
LA 94

3E 96'F

44°30°S

457 30°S

WEST ET AL.: FORCES DRIVING RIDGE PROPAGATION

propagating at rates equal 1o or exceeding
{Figures 4a and 4b).

t=

their spreadi
A reexamination of the Phipps Morgan and Parmentier
{1985] model suggests that one possible solution to this
dilemma lies in changing t'tc reference level for calculating the
‘excess’ bathymetr from a mean off-axis value to the
depth of the '\'o')ag or tip itself. With this modification,
even in axial-vailey morphology, a positive contribution to
the stress intensity factor at the PR tip would resuit from the
shallowness of the propagating segment center relative to its
tp. Although this makes the value chosen for Ky sensitive to
the choice of the crack tip position, in most cases, th
tectonic expression of the propagator tip is well defined in
seafloor morphology. and it is relatively easy to reprodumbi

estimate its geographic position.

valley segments are
n

in {1

3.2. Compensation of Propagating Rift Tipsand
Pseudofaults

Phipps Morgan and Parmentier [1986] concluded from
gravity cata that the Galdpagos 953.5°W propagating rift tip
depression is not compensated by thinned oceanic crust. In
contrast, for the SEIR 111°E and 113°E propagators (those for

49°30'S

50°00'S

1i12°E

11I°E
Figure 4a. Bathymetric maps of the four active propagating rift systems observed west

Palmer et al. {19931, Sempéré et al. (1996, 19971,

shown as white dots along the ridge axis (white).

and West et al.
eastward, toward the deepest portions of the AAD. These PRs vary dramatically in their axial m
length, yet are propagating at a nearly uniform rate of 40-50 mm y¢*

) -2760

48°00°S
-3000

48°30'S
-3300
-3600

50°00'S
-3900
4200

50°30°S
-4500

113°E

of the AAD. Data sources include
All propagators are currently propagating
morphology and segment
The choice of the crack tip(s) used in our ana?ysxs are

[1994].
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Figure 4b. Bathymetric maps of three of the four active propagating rift sys
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toward the west.- The 134°40" EPR is not shown because there is insufficient multi-beam coverage.

Table ‘1. PR and FR Chearacteristics With Driving and Resisting Forces as Defined by Phipps

Morgan and Parmentier {1985]

Ridge  Longitude, Latitude Depth of Migration A, B, Kgiving,  Kresisting  Kresisting Isostatic,
deg deg Rxﬁjlp, Rate. km km P Dynamic, Dg m 7
mm yr Pam”
96°E PR 95.80 -45.20 45 62 157 2.5E+08 -5.6E+08 -4.2E+08
104°E PR 104.40 -48.20 4 0 117 46E+08 -1.2E+09 -9.0E+08
11I°EPR 11098 -49.94 34 35 164 27E+08 -13E+09 -9.7E+08
1I3°EPR 112.78 -50.34 33 50 112 S8BT  -T.4E+(8 -5.6E+08
128°E PR 127.53 -50.17 43 50 259 5.1E+08  -T.2E+08 -5.4E+08
96°EFR 95.69 ~45.05 <2911 -45 35 66 1.3B+08  -9.8E+07 <7 A4E+0T7
104°EFR 104.29 -48.11 -3307 -44 45 78 1.4E+08 -2.6E+D -1.9E+08
11I°EFR 110.78 -49.75  -3868 -34 60 174 6.4E+08 -S5.6E+08 -4 2E+08
113°EFR 112.74 -50.21 3788 -53 20 0 92 7.5E+08 -1.3E+08 -1.0E+08
128°EFR 127.80 -50.23 _ -3354 -43 30 53  T7.SE+07  -4.6E+07 -3.358+07

which there are sufficient data), distinct positive mantle
Bouguer anomalies (MBA) associated with the tip depression
and the pseudofaults (the off-axis traces of the propagating rift
tip) - suggest
compensated by thinner crust (Figure 5, also see West and
Sempéré [19981).

PR, propagating ridges; FR, failing ridges. Read 2.58+08 as 2.5x105.

that these regions are at least partially

In Figure 5 the MBA values increase by

consistent

more than 15 mGal

compensated topography.
MBA increases by
persist. The persistence of the Bouguer anomaly off axis is

with crustal the PR tip,

22,849

-2706

-3300

-3600

-3900

4200

ems east of the AAD. All are propagating

from segment center to PR tip, consistent
ith crustal thinning of 600-800 m, supporting 150-200 m of
Off-axis, along the pseudofaults,

12-16 mQGal relative to adjacent regions

thinning

beneath
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suggesting, in tumn, that the tip depressions resuit from a
combination of relatively thin crust with stretching of a
reiatively cool lithosphere [Tapponnier and Francheteau,
1978; Chen and Morgan, 1990ab; Neumann and Forsyth,
19931 and not necessarily from viscous flow within a narrow
sub axial conduit.

The possibility that propagating rift
relatively thin crust has significant implications for the
balance of propagating and resisting forces that comtrols
propagation. A tip depression that is supported dynamically
by viscous flow (as in the work by Phipps Morgan and
Parmentier [1985]) provides a 33% stronger resistive force
than a tip depression that is supported isostaticaily. Therefore,
tip depressions that are produced by a combination of
relatively thin crust and lithospheric necking, as appears {0 be
the case for the SEIR, rather than by viscous depression, as
proposec for the Easter and Galépagos examples, must involve
a significantly different dynamic equilibrium between driving
and resisting forces.

tips are underlain by

1

3.3. Analysis of the SEIR PRs

Axial topographic profiles for SEIR propagating and failin
rifts (FRs) are shown in Figures 6 and 7. For ail the PRs, th
dynamic forces resisting propagation as defined by Phipps
Morgan and Parmentier {1985] are greater than the forces
driving propagation (Figure 8 and Tabie 1). Even if the axial

o
>
2
e

-536° 00"
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valley is assumed (0 be only 75% supported by Airy isostatic
compensation, resisting forces remain larger than driving
forces for these PRs (Figure 8 and Table 1). Conversely, for
the FRs the calculated driving forces are significantly larger
than those resisting propagation (Figure 8 and Table 1) (the
only exception is the 104°E FR, which appears to have
recently jumped southward from a deep valley to the north;
Figure 4a). In other words, this formulation predicts the wrong
propagation direction for all SEIR propagating rift systems.

The failing ridges should be propagating, while the
propagating ridges should be failing. Clearly, other
mechanisms in addition to the along-axis topographic

gradients must be considered to derive a seif-consistent model
for the SEIR propagators.

3.4. Sensitivity of K Calculations

The choice of the crack tip location
influence the relative coniributions to
factors of the driving and resisting topographic
shown in Figures 6 and 7,

can significantly
the stress intensity
gradients. As
ur choices for crack tip location
(Figures 4a and 4b) correspond to the change of slope at the
head of the tip depression as seen in the bathymetric data.
This choice results in a reference bathymetric damm that is
close to the depth of surrounding, undisrupted seafioor (Table
1). It is worthwhile, however, t©0 examine the sensitivity of
the stress intensity factor to small relocations of the position

e
-

[E)
Mee
P
tay

=367 067

113

-1z -8 -4 & 4 & i2 it

Mantle Bouger Anomaly (mGal)

v

Figure 5. The mantle Bouguer gravity anomaly (MBA) for the 111°E and 113°E SEIR PRs. Solid lines trace the ridge
axis; dashed lines denote the traces of the pseudofaults. Other SEIR propagators are not shown due to a lack of adequate
gravity data coverage or are previously published {(e.g., see Wesr and Sempéré [1998%; note that this study also shows the
104°E PR as a region of locally thinned crust). The MBA was caiculated using standerd three-dimensional analysis of
gravity anomaly data [Parker, 1973; Prince and Forsyth, 1988]. The gravity fleld due to seafloor topography and
subsurface density variations was caiculated from SeaBeam 2000 bathymetric data gridded using 2 minimum curvature
algorithm [Smith and Wessel, 1990} with 2 spacing of 250 m. Density interfaces between seawater (1030 kg m™), crust
(2730 kg m™), and mantle (3330 kg m”) were assumed to follow the seafloor topography with a crust-mantle boundary af 2
constant depth of 6 km [Chen, 1992} below the seafloor. The MBA values were obtained by point-by-point subtraction of
the mantle Bouguer correction from the free-air gravity anomaly described by Cochran et al. 11997}
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Figure 6. Axial bathymetric profiles of the SEIR propagati

g ridges for which adequate coverage exists on both the PR

and FR. Left and right (dotted) vertical lines of each panel indicates the "A" and "B" distances of Table i, respectively and
correspond to 0 and L in the limits of integration for equation (2). The right vertical line indicates the location of crack tip,

while the horizontal (dotted) line indicates the depth of the crack tip.

Arrows and notation indicate the propagation

velocity. Locations of the ridge axis profiles and propagating tips are geographically shown in Figures 4a and 4b.
Significant tectonic unroofing and uplift ahead of the more magmatically starved propagating ridges can be observed in
these profiles as the relatively shallow topography adjacent to the PRs.

of the propagator tip. If the propagating tip is chosen further
from the segment center (toward shallower topography;
Figures 6 and 7), the resisting force will increase because the
reference bathymetric datum is decreased. If the propagating
tip is chosen closer to the center of the segment (initially
toward deeper topography; Figures 6 and 7), the resisting force
will decrease. In both cases, however, the driving and
resisting forces are relatively insensitive to changes in tip
location owing to the r” relationship of (2).

4. Effects of Crustal Thickness and Asthenospheric
Flow on Ridge Propagation

In order to remedy some of the problems discussed above, we
modified the original fracture mechanics model of ridge
propagation to include additional mechanisms that can affect
the force balance and result in the consistent propagation of

the SEIR PRs toward the AAD, despite significant variations in
axial morphology and segmentation.

4.1.
te K;

Contribution of Variable Crustal Thickness

If we assume that the near-axis elastic plate thickness H is
less than the crustal thickness, the Pratt-type isostasy
[Turcotte and Schubert, 1982] used by Phipps Morgan and
Parmentier [1985] is not valid because density interfaces lie
below the compensation depth, 8+H. This is likely the case
for axial high morphologies, where the “decoupling zone” is
wider than “the failure zone” [Chen and Morgan, 1990b}). In
such cases, along-axis variations in crustal thickness may
provide a significant fraction of the driving force for ridge
propagation. In order to quantify this effect, we modify the
description of the horizontal force per unit length (equation
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Figure 7. Axial bathymetric profiles of the SEIR failingridges for which adequate coverage exists on both the PR and‘ FR
See Figure 6 for further details. In the case of the FR the black vectors indicate the velocity with which the failing rift is
retreating, which is equal to the propagation rate of the PR shown in Figure 6. Locations of the ridge axis profiles, and

propagating tips are shown in Figures 4a and 4b.

(1) to include a second density surface, an isostatically

compensating crust-mantle interface, in addition to the
seafloor [Turcotte and Schubert, 1982}:
-p)
P(x)=(p. ~ p,)g8H 2+ B(p, - plg———>"=8HI2,
(Pm PC)
(32)

where B is a factor describing the degree to which seafloor
topography is compensated by the underlying Moho and 8 is
the depth of the propagating rift tip above which is the excess
topography and below which is the isostatically
compensating Moho.  Other variables are as previously
defined. For simplicity in our calculations we assume B=1.0,
and thus zero-age seafloor is perfectly compensated by along-
axis variations in crustal thickness in Airy mode:

(3v)

P(z)=(p, - p,,)eoH.

Equations (3a) and (3b) can be thought of as expressions for
the horizontal force per unit length of ridge axis due to excess
topography that is supported by local Airy isostasy where the
compensating density interface is the Moho. This scenario is
shown schematically in Figure 9.

4.2, Contribution of Asthenospheric Flow to KI

Fundamental to this type of treatment is the assumption that
for propagation to proceed, the forces driving ridge
propagation and the forces resisting propagation must be in an
appropriate dynamic equilibrium. If, for a given PR-FR pair,
the driving forces calculated using (2) and (3b) do not exceed
the resisting forces, a mechanism must be found that will
provide the necessary additional driving force. At least for the
SEIR, a probable additional source of driving force is subaxial
asthenospheric flow. Regional-scale thermal modeling of the
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Figure 8. The driving (Ky) and resisting forces (K,) for the PRs and FRs of the SEIR, according to the definitions of
Phipps Morgar and Parmentier [1985]. For the actively propagating rifts (left-hand side), calculated resistive forces
resulting from both dynamic and isostatic compensation exceed the calculated driving force. For actively failing rifts (right
hand sice), the driving force exceeds the resistive force (except for the 104°E FR, see text). According to these results the
ridges that observed propagating shouid be failing, while those that are failing shou

uld be propagating. These force
balances clearly demonstrate that factors other than those considered by the Phipps Morgan and Parmentier {19851 model
must influence these PRs.

Crack-Tip

'Excess’ Bathymetry
"Tip Depression’

Figure 9. Schematic diagram of our new model for PRs driven by both excess, compensated bathymetry and regionally
driven along-axis asthenospheric flow. Graphic definitions of the crack tip, tip depression, excess bathymetry, and crack
length L are shown. In this model, topographic variation of the seafloor and of an isostatically compensating Moho
contribute to the forces driving and resisting propagation.  Solid black lines represent the depth of the
lithosphere/asthenosphere transition for an axial high (Hjp) and axial valley (Hy) scenario. In axial valley type
morphology, the lack of a "decoupling zone" [Chen and Morgan, 1990a,b] would suggest that only the upper-mantle below
2 given thermal boundary layer would act as the asthenosphere and thus flow along-axis due to regional driving forces.
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SEIR by West et al. [1997] showed that for a temperature-
dependent, variable-viscosity mantle, regional mantle
temperature gradients lead to axial depth and crustal thickness
gradients and to subaxial asthenospheric flow. Earlier workers
he ~ also suggested that rift propagation may be driven by
astaenospheric flow [e.g., Vogt, 1974; Sempere er al, 1996;
West et al., 19971.

In order to quantify the additional effect of asthenospheric
flow on the propagation driving force, we can treat any
imbalance in the driving and resisting forces calculated by (3b)
as a net imbalance in the stress intensity factor (Xp). As
developed by Phipps Morgan and Parmentier [1983], the
stress intensity factor resulting from the pressure variation
associated with along-axis asthenospheric flow can be
calculated by treating the pathway for flow as a half-infinite
crack in the lithosphere, with the vertically integrated channel
pressure applied on the crack surface. For a distribution of
point forces P(xj applied to both sides of the crack along a
distance x from the crack tip [7ada et al., 1973}, the individual
contribution 0 K is
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horizontal distribution of vertically integrated pressure as the
superposition of infinitesimal point forces Plx)dy and showed
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Table 2. Modified Driving and Resisting Forces and Estimated Along-Axis Asthenospheric Flows

Ridge K'sriving, K'resisting, Ky+Ky, Differential Flow Asthenospheric Flow Rate,
= Rate, mm yr* )
Pa m? Pa m™? mm yr’
96°E PR 5.0E+08 -1.IE+09 -6.2E+08 -3.46 48.46
104°E PR 9.2E+08 -2.4E+09 -1.58+09 -8.15 52.15
111°EPR 5.3E+08 -2.6E+09 -2.0E+0% -11.36 4536
113°E PR 1.2E+08 -1.5E+09 -1.4E+09 -7.60 60.60
128°E PR 1.0E+09 -1.4E+09 -4 1E+08 -2.29 4529
96°E FR 3.0E+08 -2.0E+08 1.0E+08 0.56 -45.56
104°EFR 2.9E+08 -5.2E+08 -2.3E+08 -1.29 -42.71
11I°EFR 1.3E+09 -1LIE+09 1.5E+08 0.83 -34.83
113°EFR 1.5E+09 -2.7E+08 1.2E+09 6.84 -59.84
128°E FR 1.5E+08 -9.3E+07 5.8E+Q7 0.32 -43.32
1.0E+10
B Kd
K'r

1.0E+09 -

1.0E+08 -

Stress Intensity Factor (K) (Pa ml/ 2)

1.0E+07 -

96°E 104°E 111°E 113°E 128°E

PR PR PR PR

PR

%

96°E 104°E 111°E 113°E 128°E
FR FR FR FR FR

Tip Longitude (approx.)

Figure 10. The driving (K'y) and resisting (K',) forces for the PRs and FRs of the SEIR, according to our definitions of the
horizontal force per unit length in (3). Again, in all cases for PRs the resisting forces are greater than the driving forces.
FRs show the same characteristics as in Figure 8 with the driving forces usually exceeding the resisting forces. Again, the
104° FR is an exception to this trend, likely due to a recent ridge axis jump from the north.
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In these relationships, u is the viscosity of the asthenospheric
channpel, and uy is the along-axis flow velocity in excess of
the rift propagation speed. Further, H and 4 are the assumed
depth and width of an asthenospheric flow “channel,”

respectively. Thus the excess asthenospheric flow velocity
required to reach equilibrium at the propagator tip is given by
2 . . 2
LKl (k,-x,)d ©
x = 3/2 7 372
uH uH’

A couple of points are now worth noting. First, in our
derivation, the along-axis flow uy is the intersegment along-
axis flow that is driven by regional temperature gradients and
not the along-axis, intra-segment, viscous resistance flow
described by Phipps Morgan and Parmentier [1985]. Second,
in this context, ridge propagation driven by asthenospheric
flow is analogous to magmatically driven crack propagation,
as described by Spence and Turcorte [1985]. Here we formulate
the propagating rift as a crack in an elastic medium where the
viscous resistance to fiow in the crack is negligible compare
10 the fracture resistance of the medium. Thus (2), when
vertically integrated, and equation (36) of Spence and Turcotte
{19851, when integrated along the axis of the crack, are
essentially the same. They differ only by 2 factor of 2% since
we have treated our crack as a "penny-shaped” crack, which is
enclosed by the overlying lithosphere and open to the pressure
field of the underiying asthenosphere (see Figure 6b of
Pollard, [1989], for a definition of 2 penny-shaped crack).
Our (2) and Pollard and Aydin's {1984} (4a) are identical when
integrated vertically and along-axis.

4.3. Dynamics and Rate-Limiting Mechanisms of
Flow-Driven Propagation

In order to maintain a long-term dynamic equilibrium, the
propagation rate, averaged over time, must be equal to or less
than the along-axis  asthenospheric  flow  velocity.
Instantaneously, however, the propagation rate can be faster
than the along-axis flow velocity because tectonic fractures
within the lthosphere can act on a shorter timescaie than
asthenospheric flow. Thus along-axis asthenospheric flow,
while serving in as 2 long-term driving force for ridge
propagation, will also act, on a shorter timescale, as a
resisting force when tectonic stresses cause rapid advancement
of the rift tip. The long-term aiong-axis component of mantle
flow can be faster than the propagation rate if tectonic stresses
hinder advancement of the lithospheric crack. An ideal
situation (i.e., propagation through a uniform plate without
complexities) is reached when the propagation rate through
the lithosphere is equal to the asthenospheric flow rate.

For spreading centers with axial-high morphology, it has
been proposed that lower crustal material may be “decoupled”
from the rigid lithosphere (Figure 9) [Chen and Morgan,
19902,b; Skaw and Lin, 1996}, thus allowing the weak lower
crust to flow with the deforming mantle {crustal material below
Hy in Figure 9). For spreading centers with axial valley
morphology, however, it is more likely that the lithosphere
extends through the entire crustal section into the mantle so
that only mantle material constitutes the flowing
asthenosphere (mantle material below Ay in Figure 9). Thus
the propagation. velocity described by (8) could simplistically
represent some complex combination of lower crustal and
upper mantle along-2xis flow velocities (and viscosities) in a
region displaying an axial high.
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4.4. Estimates of the SEIR Asthenospheric Flow
Velocities

Table 2 and Figure 10 show the results of our analysis of the
SEIR propagating and failing ridges using the more complex
formulations that we have derived. First, when we apply (2)
and (3) using the same tip locations as before (Table 1), we
find similar results (Table 2 and Figure 10) as when we applied
the Phipps Morgan and Parmentier [1985] formula. The
observed propagation is not predicted for any SEIR PR/FR
pair: resisting forces are greater than driving forces for all
PRs, while driving forces exceed resisting forces for all FRs
(with the exception of the 104° E FR, as discussed above;
Figure 4a). This demonstrates that topographic variability is
not sufficient to explain the observed propagation.
""""" calculating the along-axis flow magnitudes
required to balance forces and drive ridge propagation for each
SEIR PR/FR pair in turn, we evaluate our hypothesis for
consistency. The results show that for reasonable flow
magnritudes this mechanism can reproduce the observed
propagation, consistent in rate and direction, despite widely
varying axial depths (Figure 11). In the calculation the extra
flow (Table 2) is superimposed on the observed propagation
velocity (Table 1) and calculated assuming d=H=25 km and

=10" Pa's. For these choices of d, H, and u the calculated
along-axis flow values are consisient with estimates of the
along-axis flow velocities beneath the SEIR based on
regional-scale mantle convection models [West e al., 19971,
The estimated flow magnitude for the 113°E system is greater
than that estimated for the other locations. This may reflect
the frst-order nature of the calculations, indicating the extent
to which d, H, and ¢ may vary along the SEIR, or it may
represent 2 local perturbation, such as the superposition of a
hree-dimensional, segment-scale mantle upwelling structure.

A second point of consistency is that PR/FR pairs with

similar offsets - appear to- have -similar -along-axis - flow
velocities {(e.g., 96°E, 113°E, and 128°E). This can be

explained as follows. For small-offset propagators the two
segments sample the same part of the along-axis flow field.
For increasingly large offsets the likelihood of sampling
different iocal velocities within a continuocusly varying fiow
field increases until, for sufficiently large offsets {e.g., 111°E)
or recent ridge jumps (e.g., 104°E), the offset itself may
perturb the subaxial flow field, thereby enhancing or creating
the intersegment flow velocity contrasts.

5. Discussion

Our calcuiations demonstrate that at least in the case of the
Southeast Indian Ridge (SEIR), along-axis asthenospheric
flow is likely a first-order driving force for ridge propagation
and that modifications are required to simpler models for the
driving forces of ridge propagation based primarily on the
Galdpagos and Easter propagating rifts. In the light of our
more complex model, we can now reexamine some of the
earlier data.

5.1. Galapagos 95.5°W Propagating Rift

Using (1) and (2), Phipps Morgan and Parmentier {19851
showed that the driving (Ky) and resisting (X,) forces of the
Gealdpagos (95.5°W) PR are approximately balanced with the
driving and resisting stress intensity factors at the crack tip
equaling 4 x 10° Pa m"? and 4 x 10° Pa m'?, respectively.
When we incorporate the topographic gradient of the Moho
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into the calculation, these values become 8 x 10° Pam™ and -
8 x 10° Pa m™” (equation (3)). Here, we assume an isostatically
compensated topographic gradient, consistent with recent
findings of lro and Lin [1995] and Ito er al. [1997], who
showed that ~70-80% percent of the long-wavelength
variations in crustal thickness on the Cocos-Nazca Ridge can
be explained by crustal thickness variations. We conclude
that the along-axis asthenospheric flow beneath the
Galdpagos (95.5°W) propagator is approximately equal to the
known propagation rate (53 mm yr’) since no extra
asthenospheric “push” is required to balance driving and
resisting forces. Thus this PR is in equilibrium with the
underlying along-axis asthenospheric  flow. A  similar
conclusion can be reached for the Easter PRs.

5.2. Axial Morphologic Variations Along
Propagating Ridge Segments

A common characteristic of ail observed PRs is that the “tip
depression,” an axial region that is deeper and more deficient
in magma supply than the remainder of the propagating
segment. For example, the magmatically robust Galdpagos
95.5°W propagating ridge is characterized by an axial high
away from the axial valley at the propagating tip. At the other
end of the spectrum the shallow axial valley of the
magmatically starved SEIR, 113° E PR deepens and widens into
the tip (Figure 4a).

Small variations in crustal thickness may significantly
modify the overall strength of near-axis lithosphere and
thereby influence how it deforms in response to extensional
and buoyant forces. Several recent theoretical studies have
addressed the relationship between axial topography and
crustal thickness {Chen and Morgan, 1990a,b; Shaw and Lin,
1996]. Chen and Morgan {1990a,b], for example, proposed
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that the axial topography of mid-ocean ridges is the result of
the relative width of a “decoupling zone” beneath the ridge
where stresses in the brittie plate due to mantie flow exceed the
yield strength. The cross-axis width of this decoupling zone is
primarily a function of the thickness of the oceanic crust and
its thermal structure. At slow spreading ridges or in regions
with thin crust, coupling between ridge-perpendicular mantle
flow and the crust will result in deformation of the elastic plate
and the formation of a rift vailey. In contrast, at faster
spreading ridges or in regions of thicker crust, where the
elastic plate is relatively weak and prone to break along-axis,
the greater width of the decoupling zone will cause the mantle
and the plate to respond separately to extension. Buoyancy
forces may then lead to uplift of the broken plate and the
creation of an axial high [Chen and Morgan, 1990a,b; Magde
and Detrick, 19951, .

Ridge propagation creates unique thermal and mechanical
environments at the propagating tip, where older and
substantially thicker lithosphere bounds the active rift tip.
Regardless of spreading rate or axial topography, these
conditions will inhibit the development of a decoupling zone
beneath the advancing rift, promoting the development of the
axial valley structure known as the tip depression. Thus the
rift valley at a propagator tip is a consequence of rifting in the
cooler thermal regime of preexisting lithosphere, rather than 2
consequence of viscous resistance flow as previously
suggested [Phipps Morgan and Parmentier, 1985].

5.3. Geochemical Implications of Flow-Driven
Ridge Propagation

Wilson and Hey [1995] interpreted patterns of high
magnetization around the Galdpagos hotspot to reflect the
eruption of fractionated lavas in response to gradients in

65.00
B Propagating Rift
60.00 ] Failing Rift

35.00

50.00

45.00

40.00

Along-Axis Asthenospheric Flow Rate (mm yr-1)

96° E

104° E

111°E 113°E 128° E

Tip Longitude {(approx.}

Figure 11. Predicted along-axis asthenospheric flow rates for the SEIR PRs and FRs (defined as positive if motion is
toward the center of the AAD near ~120°E). These values were calculated using d=H=25 km and 4=10" Pa s and the observed
(long-term averaged) propagation rate. Since the dimensions of any asthenospheric channel are likely highly variable
along the SEIR, these calculations are performed only as first-order estimates of the asthenospheric flow velocity.
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magma supply and along-axis flow of hotspot-derived
asthenosphere. According to this interpretation, eruptions at
the distal end of a segment with a strong gradient in magma
supply (such as a propagating rift tip) will be dominated by
evolved magmas arriving from the segment center rather than
by primitive magmas extracted from the mantle below.

Alternatively, Christie and Sinion [1981] argued that the
extensive fractionation of lavas from the 95.5°W propagator
in the Galdpagos can be explained by the unique thermal
gradient near the propagating tip and that the extent of
differentiation is controlied by a balance between cooling rate
and magma supply rate. Before a mature magma system is
established behind the propagating ridge tip, isoiated magma
pools some distance behind the PR tip are cooled at optimal
rates, leading to extensive fractionation. At the PR tip,
differentiation is impeded by rapid cooling, and primitive
lavas can only erupt in direct response 0 tectonic disruptions.
These findings were later extended to the 85°W Galédpagos and
Juan de Fuca PRs by Sinton er al. [1983], who also showed that
the strongest geochemical (and, by implication, magnetic)
anomalies develop when the propagation direction is parallel
10 the absolute motion of the plate boundary.

Along the SEIR, however, the chemical anomalies
associated with the PRs are relatively weak, extending over
relatively short distances and encompassing relatively small
ranges of FeO and other differentiation indicators (B. Sylvander
et al., manuscript in preparation, 1997). This apparent
suppression of the PR-related magmatic perturbation may
partly reflect the northward absolute motion of the SEIR,
orthogonal to the pronaoaazoh directions, but it may also
resuit from the invoivement of along-axis asthenospheric flow
in the propagation process, as we have described. Along-axis
mantie flow, moving in the same direction as propagation,
will effectively reduce the differential motion of the rift tip
relative to the asthenosphere, shortening the distance over
which enhanced fractionation exists.

Other potentially important factors affecting the thermal
balance at a propagating rift tip include, specific mantie
temperature and ridge offset geometry, both of which may
influence the thickness of the lithosphere into which the rift is
propagating. For exampie, for a given offset length 2 warmer
asthenosphere will cause a steeper along-axis temperature
gradient, and the fractionation peak will be closer to the rift
tip. For the same reasons, at a given upper mantle
temperature, larger offset between the PR and FR will cause the
thermal structure of the tip to be colder, the along-axis
ternperature gradient to be greater, and the fractionation peak
1o be farther from the rift tip. Evaluation of these additional
effects would require additional data beyond the scope of this
study.

6. Conclusions

1. Regardless of specific compensation styles, models for
rift propagation that incorporate only topographically derived
forces are unable to explain the continuous propagation, at

uniform velocity, of Southeast Indian Ridge PRs over a range
of axial depths and morphologies. Progressively more
complex numerical treatments show that a non isostatic
mechanism, most likely down axis, regional asthenospheric
flow, is required for a more self-consistent rift propagation
model in this region. Along-axis flow within an
asthenospheric channel beneath a ridge segment can provide a
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positive contribution to the stress intensity factor, promoting
propagation at z uniform rate and in 2 consistent direction,
despite diverse axial morphologic signatures, non monotonic
axial bathymetry gradients, and variable segmentation
characteristics.

2. The presence of an axial valley at the propagating rift tip

reflects lithospheric thinning and reduced magma supply as a
natural consequence of rifting into the cooler thermal regime
of preexisting lithosphere. The thinning of oceanic crust near
the propagating tips of the SEIR is consistent with the
evolution patterns of magmatism behind the advancing tip
{Christie and Sinton, 1981; Sintorn er al., 19837 and with
theoretical models of lithospheric stretching as a mechanism
for formation of axial valleys at spreading centers [e.g.,
Tapponier and Francheteau, 1978; Chen and Morgan,
1990a,b; Neumann and Forsyth, 1993; Phipps Morgarn and
Chen, 1993; Shaw and Lin, 1996},
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