
THE ROLE OF ANISOTROPY IN 
OCEANIC LITHOSPHERE FROM 

‘CRADLE TO GRAVE’ 

Lara M. Kalnins, Frederik J. Simons, Georgios-Pavlos Farangitakis, 
and Fred D. Richards 

With thanks to Benjamin Cohen, Neil Mitchell, Jordan Phethean, Wen Shi, and 
many others

1

Your Application Checklist
Use this checklist to track the submission of your application.

Class of 2016

Copyright © 2011 by The Trustees of Princeton University                  26067-12

www.pr inceton.edu/admiss ion

Class of 2016

How to Apply

In the Nation’s Service and in the Service of all Nations

If you are applying under Single-Choice Early Action, your application must be postmarked or submitted electronically by  
November 1, 2011. Applications under Regular Decision must be postmarked or submitted electronically by January 1, 2012, and 
we encourage students to submit their portion of the application by December 15, 2011, if possible. If you wish to apply for !nancial 
assistance, you may submit your Princeton Financial Aid Application by November 10, 2011, for Early Action and February 1, 2012, for 
Regular Decision. Please use this list to review the necessary items you will need to complete your application to Princeton University.

Application Review

 
DATE SUBMITTED DEADLINES: Single-Choice Early Action DEADLINES: Regular Decision

Required Components

Common Application November 1, 2011 January 1, 2012; December 15, 2011, 
if possible

Princeton Supplement to the  
Common Application

November 1, 2011 January 1, 2012; December 15, 2011, 
if possible

Application Fee (or waiver request) November 1, 2011 January 1, 2012

Secondary School Report and Transcript November 1, 2011 January 1, 2012

Teacher Evaluation Form 1 November 1, 2011 January 1, 2012; December 15, 2011,
if possible

Teacher Evaluation Form 2 November 1, 2011 January 1, 2012; December 15, 2011, 
if possible

SAT or ACT
November 1, 2011, is strongly recommended. 
If test is taken in November, please send 
scores directly to Princeton.

Take test by January 2012 (December 2011  
for those residing outside U.S.); have test 
agency send your scores directly to Princeton.

SAT Subject Tests  
(Two Subject Tests required)

November 1, 2011, is strongly recommended. 
If tests are taken in November, please send 
scores directly to Princeton.

Take tests by January 2012 (December 2011  
for those residing outside U.S.); have test  
agency send your scores directly to Princeton.

Midyear Report February 1, 2012 February 1, 2012

Optional Components

Princeton Optional Arts Form November 1, 2011; October 15, 2011,  
if possible

January 1, 2012; December 15, 2011,  
if possible

Interview n/a n/a

If Applicable

TOEFL November 1, 2011 January 2012

Princeton Financial Aid Application (PFAA) November 10, 2011 February 1, 2012

Princeton Non-custodial Parent Form November 10, 2011 February 1, 2012

FAFSA April 15, 2012 April 15, 2012

Common Application Secondary School 
Report with the International Supplement

November 1, 2011 January 1, 2012; December 15, 2011, 
if possible



Most of the time, our models for oceanic l ithosphere are simple:
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1972 model of structure of oceanic lithosphere 2019 textbook model

Vine & Matthews, 1972 Stevens, Physical Geology, 2019



Most of the time, our models for oceanic l ithosphere are simple:
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Fig. 13. Plot of individual depth measurements used in calculating mean depths and 
depths at DSDP sites for (a) the North Pacific and (b) the North Atlantic, 
illustrating the scatter in depths about the mean value. The means and standard 
deviations from the individual profile measurements are offset 2 m.y. The 
correct age is represented by the first column of individual points, some points 
being slightly offset for clarity. The solid circles in Figure 13b are points 
from profiles north of 31øN in the data set of Sclater et al. [1975]. 
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• These are very useful models, but they are just the beginning

• In particular, they are simply functions of time: there is no sense of directionality or anisotropy
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J. van Hunen

~2010 view of the plate model, with lithospheric instability and 
dripping controlling the plate thickness

1977 cooling plate model, thickness empirically 
determined to match depth and heat flow data

Parsons & Sclater, 1977



Anisotropy in the formation and growth of oceanic l ithosphere:
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Rifting: highly anisotropic ‘birth’ of oceans,
often approximately linear

Mature MORs: strong directionality from spreading ridge and 
abyssal hills; contrasting directionality from fracture zones

Thickening: as the plate moves, additional lithosphere forms from 
the shearing mechanical boundary layer



The processes behind the formation and development of oceanic 
lithosphere are extremely anisotropic:

Anisotropy should be a fundamental part of our thinking about 
oceanic lithosphere’s structure and behaviour
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Formation, part 1: Rift ing
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Even at its simplest – orthogonal rifting in a uniform material – rifting is highly anisotropic. In addition, there may be:

• Tectonic inheritance in the rifting continental lithosphere

• Asymmetry between margin pairs, with one wide and one narrow margin

• Variations between magma-rich and magma-poor segments

• Oblique rifting

• Changes in relative plate motion as the system establishes or regional tectonics adapt



Rifting: Gulf of Cali fornia
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GoA

Guaymas: narrow, 
very magmatic rift

Alarcon: wide, 
amagmatic rift

Cabo-Puerto Vallerte: 
narrow, neither 
magma poor or 
magma-rich rift

N.GoC: Partitioned 
oblique spreading. 
Affected by 
transtensional plate 
motion changes

Carmen, Pescadero & 
Farallon segments: 
magma-poor

• Transitioning from rifting to 
spreading

• Nature of rift segments is 
highly varied
• Thick sediment in the

north may delay rupture
and/or increase
magmatism

• Transtensional plate motion 
changes associated with jump 
in deformation loci
• Abandoned faults add

additional anisotropy
• The Red Sea shows similar

segmented variation, but with 
clear progression from rifted 
blocks in the north to 
established seafloor spreading 
in the south



Rifting: Gulf of Aden
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Modified from Farangitakis et al., 2020

• Multiple factors at play:

• Tectonic inheritance (green bands in [c])

• Oblique rifting

• Asymmetric margin (orange bands in southern part
of [c])

• Change in relative plate motion of ~ 26o at ~20 Ma

• Numerical modelling shows that inherited 
structure can influence the path of the rift [a], but 
the width of the margin is much better explained 
by the change in relative plate motion

• A transtensional rotation of 25o in the model 
reproduces the observed pattern of a broad margin 
at outside corners and a narrow one at inside 
corners.



Formation, part 2: Seafloor spreading
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• Structure of oceanic crust and 
uppermost lithosphere is formed at 
the highly-anisotropic spreading 
ridge. Does this create a persistent 
pattern of directional strength?

• Map shows rose diagrams of 
mechanically strong dimensions 
(measured from coherence between 
bathymetry and gravity) in 1000 km 
x 1000 km boxes (100 
measurements each box)

• Except near margins, strong directions
are generally ridge-parallel

• In some cases, e.g., the row marked 
with arrows, they clearly track the 
subtle small circle pattern of the 
fracture zones.
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Formation & Maturation: Seafloor spreading
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• Same analysis for part of the Pacific

• General pattern holds, but less clearly. 
Many diagrams show 2 or 3 strong 
directions.

• Effect of faster spreading rate, faulting at 
the ridge less important?

• Effect of later changes in plate motion? 
The Pacific has a more complex 
spreading history than the Atlantic, and a 
number of regions show strong 
directions parallel to the Hawaiian-
Emperor Seamounts.

• There is also a lack of robust strong
directions in some regions near Hawaii;
this is also observed around Cape 
Verde and the Canary Islands in the 
Atlantic, but their smaller scale makes 
it less obvious when directions are 
binned at this scale.
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Maturation
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Seismic anisotropy (cyan) and absolute plate motion in a ridge-no-rotation 
reference frame (green), both at 200 km depth

Becker et al. (2014)

• Seismic anisotropy with fast 
directions aligned with plate motion 
commonly found in lower 
lithosphere and uppermost 
asthenosphere (100-200 km depth), 
attributed to crystal alignment

• Will often align with structure
inherited from the ridge, but, as in the 
Pacific, may not due to plate motion 
changes

• Becker et al. (2014) find stronger
agreement between seismic anisotropy
and plate motion at rates > 5 cm/yr, 
consistent with this second signal 
detected in the Pacific

• Anisotropy in resistivity shows a 
similar change from low direction 
ridge-parallel in the crust (fault-
controlled) to ridge-perpendicular 
(crystal controlled) in the mantle 
(Chesley et al., 2019)



Modification: Plate Motion Changes
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• Somali Basin characterised by 
one very dominant fracture 
zone, the Davie Fracture 
Zone (DFZ) 
• Once thought to be the 

continent-ocean 
boundary because of its 
prominence

• Analysis of directional gravity
gradients and tectonic
reconstruction show that a
plate motion change created
an alignment of fracture zones
(red oval)

• The DFZ broke through this 
natural zone of weakness

• Later compression was also
accommodated by this zone

Phethean et al., 2016

sedimentary basins [Salman and Abdula, 1995], suggesting that preexisting lithospheric structure was not a
key parameter leading to breakup.

In the Western Somali Basin, however, there is little evidence for a magmatic breakup, as discussed earlier
(section 6.1.). This is most likely a function of the WSB’s distance from the volcanic center in Mozambique as
seen in the Gulf of Aden. Here, volcanic margins formed close to the Afar hotspot, yet farther away, east of
longitude 468E, the margins are magma-poor [Leroy et al., 2012]. Breakup along the Tanzanian-Kenyan and
Kenyan-Somalian rift sections is therefore less likely to have been influenced by magmatism and thermal
weakening of the lithosphere [Buck, 2007]. It is apparent from the spreading lineaments detected in the
WSB that initial spreading occurred in a NNW-SSE direction, in agreement with principal extensional stresses
around the Mozambique basin [Le Gall et al., 2005]. This is consistent with the occurrence of strike-slip tec-
tonics along the NNW-SSE trending Rovuma Basin and oblique rifting along the N-S trending Kenya-
Tanzania margin (Figure 9b), both of which are mechanically favorable [Emmel et al., 2011; Brune et al.,
2012]. This is similar to observations from the Gulf of California where oblique rifting assisted continental
breakup through the efficient focusing of crustal thinning within pull-apart basins bounded by large offset

Figure 9. (a) Commonly interpreted basin configuration, where the continent-ocean transition is assumed to follow the DFZ [e.g., Bunce and Molnar, 1977; Coffin and Rabinowitz, 1987;
Gaina et al., 2013]. (b) Schematic of the basin configuration suggested in this study, with strike-slip tectonics dominating along the edge of the Rovuma Basin, while much of the Tanza-
nia Coastal Basin should be considered as an obliquely rifted margin. The Davie Fracture Zone is a major ocean-ocean fracture zone, not the continent-ocean transform margin. DFZ,
Davie Fracture Zone; DHOW, Dhow Fracture Zone; VLCC, Very Large Crude Carrier Fracture Zone; ARS, Auxiliary Rescue and Salvage Fracture Zone. (c) Free-air gravity overlain with inter-
pretation as for Figure 9b.

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006624
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(the necking, hyperthinned, and exhumed mantle domains), before oceanic crust marks the onset of the
oceanic domain [Tugend et al., 2015]. The necking and hyperthinned domains accommodate most of
the crustal thinning, containing continental crust <10 km thick, and typically extend 100–200 km from the

Figure 7. Plate tectonic reconstruction of Madagascar’s escape from Africa from the Early Jurassic to the cessation of spreading in the Cretaceous. Madagascar is shown without the remainder
of East Gondwana (India, Antarctica, and Australia) attached. (a) Present-day sediment thickness in the Western Somali Basin taken from the CRUST1.0 model. (b–e) The key stages of Madagas-
car’s motion out of Africa. Modeled flow lines are shown as blue-arrowed lines where the center of symmetry is marked by orange circles. (f) Madagascar’s present-day position, which is reached
at around 125 Ma. Flow lines closely match the fracture zone pattern of the basin (additional black lines), and the basin’s predicted final symmetry (orange circles) lies in good agreement with
the interpreted extinct mid-ocean ridge system (red lines). Locations of magnetic anomalies used to temporally constrain plate motions shown with symbols as interpreted by Davis et al. [2016].

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006624
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Modification: Volcanism
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Richards et 
al., 2018

• Tasmantid Seamounts off eastern Australia criss-
cross extinct Tasman Sea spreading centre, but 
postdate it by 10s of millions of years

• Position of volcanoes appears unaffected, but size, 
shape, and overall morphology all correlate with 
position relative to the spreading ridge (on an inside 
corner, outside corner, fracture zone or mid-
segment)

• For example, large, elongate volcanoes typically occur 
along fracture zones and rough, irregularly shaped ones 
on outside corners or across multiple short segments

• Influence of shallow ridge structure despite >20 Ma of 
‘normal’ lithospheric thickening beneath it

• Effective elastic thickness analysis of the mechanical 
strength of the lithosphere suggests the lithosphere 
remained very weak, lacking the typical correlation 
between age of the lithosphere at seamount 
emplacement and strength

• Potentially due to increased amagmatic strain and faulting 
as spreading ceased



Destruction: Subduction
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Future Work:
• How do the strong directions in the downgoing plate align with trench orientation and convergence direction, 

both at subduction initiation and throughout the subduction zone’s life?

• For ocean-ocean subduction zones, how does this compare with the strong directions in the overriding plate?

• Does the alignment influence the pattern of faulting on the outer rise?

• Does it influence the decrease in mechanical strength observed as the plate bends into the trench, e.g., Hunter & 
Watts, 2016



Conclusions

15

• Oceanic lithosphere forms through processes that are highly anisotropic. It acquires an anisotropic 
signature during:

• Rifting

• Seafloor spreading

• Thickening as it matures

• This anisotropy affects how later plate motion changes are accommodated, and both affects and is
affected by later volcanism, with the potential to affect subduction patterns as well

• Anisotropy should thus be a fundamental part of our thinking about oceanic lithosphere’s 
structure and behaviour


