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Abstract 

Transform Faults, Fracture Zones, and the Kinematics of Horizontal Thermal 

Contraction of Oceanic Lithosphere 

by 

Jay Kumar Mishra 

Plate rigidity is a key assumption of the plate tectonics theory. The assumption allows us 

to study plate motion on Earth with great simplicity. However, recent developments in 

understanding plate cooling have put the assumption of plate rigidity to test. Kumar and Gordon 

[2009] advance the theory of horizontal thermal contraction of oceanic lithosphere as the 

ultimate test of plate rigidity and predict that relative intraplate velocities due to horizontal 

thermal contraction within the oceanic lithosphere of a tectonic plate can be as high as 3 – 10 

mm a
-1

.  Contractional strains have been predicted to vary inversely with age and hence most of 

the strains related with horizontal thermal contraction should be accumulated and dissipated by 

young oceanic lithosphere. Transform faults provide the necessary free boundaries across which 

most of the contractional stresses can be dissipated by ridge-parallel contraction of the oceanic 

lithosphere. The strike of the transform faults, earlier predicted to be parallel to the relative plate 

motion direction, thus, should be biased as a result of transform fault perpendicular contraction 

of oceanic lithosphere. I first improve the global transform fault dataset used in MORVEL 

[DeMets et al., 2010] and then calculate residuals between the observed transform fault azimuths 

and those predicted for the rigid oceanic plates. I find  that on an average, for the six plate pairs 

with both left-lateral and right-lateral slipping transform faults, azimuths are biased by about 

0.75°±0.36° clockwise for left-lateral slipping and by −0.73°±0.22° (= ±1 standard error) 
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counter-clockwise for the right-lateral slipping.  I, then investigate if this observed bias can be 

caused by horizontal thermal contraction. For the six selected pairs with both right-lateral and 

left-lateral slipping transform faults, the mean bias is predicted to be only 0.38° for only right-

lateral slipping faults and −0.46° for only left-slipping transform faults. Thus the magnitudes of 

bias predicted by horizontal thermal contraction are ≈60% as large as the observed residual 

between the observed strikes of transform faults and the strikes observed for the assumption of 

plate rigidity. Thus we cannot exclude some normal faulting in transform fault valleys. A global 

analysis of plate motion based on the transform fault azimuths corrected for the predicted bias 

due to horizontal thermal contraction shows that the hypothesis of no horizontal thermal 

contraction can be rejected with at least 40% of the contractional strains causing the rotation of 

strikes of transform faults and the remaining being accommodated by normal faulting in 

transform fault valleys. Thus we conclude that plates are not rigid. Based on the predictions of 

horizontal thermal contraction, I further test its effect on intraplate velocities and build a 2D 

kinematic model of the Pacific lithosphere between the Rivera and the Heezen fracture zones to 

calculate the predicted intraplate relative velocity field due to horizontal thermal contraction. For 

the kinematic assumption that balances net contraction and extension across the fracture zones, 

young oceanic lithosphere along the Rivera fracture zone is predicted to have a contractional 

velocity of 2.6 mm a
-1

 in the South-Southeast direction. This is big enough to account for the 

misfit of 5±3 mm a
-1

 in the PA-NA-NB-AN plate circuit and not big enough to explain the misfit 

of 14±5 mm a
-1 

for the CO-PA-NZ plate circuit. 
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Chapter 1 

 
Do Transform Faults Parallel Plate Motion? 

Summary 

 

We test a central tenet of plate tectonics—that transform faults are parallel to 

relative plate motion. Because the fit to bathymetric data of azimuths, widths, and lengths 

of global transform fault segments used to estimate geologically current plate motions are 

not well documented in any publication, herein, using GeoMapApp, we create an atlas of 

139 of these globally distributed transform fault segments that occur along 15 plate 

boundaries well populated with transform fault data.  For all 139 segments we compare 

the shaded relief image directly with fault-segment parameters used in the construction of 

the MORVEL set of relative plate angular velocities.  We find that in 90 of 139 cases, the 

parameters agree acceptably with the images. In 49 cases, however, the image presented 

herein permits us to improve the location (34 cases), fault azimuth (14 cases), insonified 

length (13 cases), or some combination of these. We compare the observed azimuths of 

transform faults with those calculated from the best-fitting angular velocities for each 

plate pair and find systematic differences between observed and calculated directions for 

those plate pairs with both right-lateral and left-lateral slipping faults.  For those six plate 

boundaries, we find that left-lateral slipping faults tend to lie significantly clockwise (by 

≈0.8°) of the plate motion direction while right-lateral slipping faults tend to lie 
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significantly counter-clockwise (by ≈0.7°) of the plate motion direction.   Thus, transform 

faults do no parallel plate motion.  It follows that plates are not rigid. 

 

1.1 Introduction 

Transform faults are plate boundaries along which relative plate motion is assumed to 

parallel the strike of the boundary [Wilson, 1965].  Many prior studies, especially studies 

of global plate motion, have implicitly tested the hypothesis that transform faults parallel 

plate motion [e.g. Chase, 1972; Minster et al., 1974; DeMets et al., 1990, 2010].  While 

the hypothesis has survived many such tests, there has been no test to date that considered 

differences in direction between right-lateral and left-lateral slipping faults.   Herein we 

construct such a test.  

Prior tests, and our new test, depend on the knowledge of the locations, azimuths, 

widths, and lengths of transform faults, which may also be important for placing limits on 

processes that occur along transform faults and mid-ocean ridge segments.  Despite this 

importance, the fit to bathymetric data of the parameters describing the geometry of 

global transform fault segments used in plate motion analyses are not well documented in 

any publication.   For example, DeMets et al. [1990] use 121 azimuths of globally 

distributed transform faults in their construction of the NUVEL-1 global set of relative 

plate angular velocities.  According to their analysis, more than one-third of the 

information in the NUVEL-1 data set is contained in these azimuths.  Nevertheless, 
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DeMets et al. [1990] neither justify the uncertainties that they assign to transform-fault 

azimuths nor do they show a single illustration of transform-fault bathymetric data. 

Later, DeMets et al. [1994] proposed a method for more objectively estimating the 

uncertainties in azimuths of transform faults from the geometry of the fault.  Imagine a 

mapview rectangle that contains all of a fault segment.  W, the width of the rectangle, is 

just large enough to enclose the transform fault zone, which is the narrowest 

morphotectonic element of the fault that includes the entire region of active strike-slip 

faulting [Fox and Gallo, 1984; Searle, 1986].  L, the length of the rectangle, is the length 

of a transform fault segment for which we have useful bathymetric data, typically the 

portion insonified in a multibeam bathymetric or side-scan sonar survey minus any 

portion within ≈10 km of a ridge-transform intersection.   If the true azimuth of the 

transform fault lies with equal probability density in any direction contained within the 

long axis of the rectangle, the standard deviation of the azimuth, σ, is given by 

  
          

  
                                       (1.1) 

[DeMets et al. 1994].  If the transform-fault zone was not imaged, then W is the width of 

the transform tectonized zone (which is wider than the transform-fault zone) or, in rare 

cases, of the entire transform valley. 

 More recently DeMets et al. [2010] presented a set of 174 azimuths of globally 

distributed transform-fault segments.  Of these, 163 transform-fault segments lie along 

the boundaries between 26 plate pairs and 11 segments lie along the narrow boundary 
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between a plate and a diffuse plate boundary (for example, along the Central Indian 

Ridge [CIR] between the Somalia plate west of the CIR and the diffuse plate boundary 

between the India and Capricorn plates east of the CIR [DeMets et al. 1994]).  In all 

cases, DeMets et al. [2010] give the location, azimuth, and estimated uncertainty in 

azimuth for each transform-fault segment.  In most cases they also give estimates of the 

width of the zone of active strike-slip faulting and the insonified lengths of the segments; 

where these are available, the uncertainty in fault azimuth is estimated from these widths 

and lengths using equation 1.1.   DeMets et al. [2010] show a bathymetric map for only 

one transform-fault segment (that of the Vema transform along the Central Indian Ridge) 

and nowhere show the rectangle implied by the location, width, and insonified length 

assigned for that (or any other) transform fault segment.  The MORVEL website 

(http://geoscience.wisc.edu/~chuck/MORVEL/) contains 111 images documenting 

bathymetric data used to estimate the geometry of many transform fault segments, but 

only 39 of the 111 images explicitly compare the geometry assumed for active strike-slip 

faulting with the bathymetric data.   

Herein, using GeoMapApp [Ryan et al. 2009], we create an atlas of 139 shaded-

relief images of transform fault segments that occur along 15 plate boundaries well 

populated with transform fault data (see online Supporting Information).  The resolution 

of the transform-fault bathymetric data that we use from GeoMapApp depends on the 

availability of swath mapping data from a given region, which are available for only a 

small fraction of Earth’s seabed [Ryan et al., 2009].  The regions between the swaths use 

http://geoscience.wisc.edu/~chuck/MORVEL/
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depths from version 8 Global Topography [Smith and Sandwell, 1997] of predicted ocean 

floor topography by using ship echo soundings and interpolating between survey lines 

with their analysis of the structure of the gravity field and its correlation with seafloor 

relief [Jung and Vogt, 1992].  Side-scan sonar (e.g, GLORIA [Searle, 1986]), an 

important source of information on transform fault segment geometry, which provides 

information on the location of active faulting that is not provided by swath data  [Vogt 

and Tucholke, 1986], is not included in the data accessed by GeoMapApp.  Furthermore, 

GeoMapApp lacks high resolution data along 16 transform fault segments where DeMets 

et al. [2010] were able to use either swath mapping or side-scan sonar data.  On the other 

hand, swath mapping data are now available through GeoMapApp along two transform 

fault segments (Shaka along the Southwest Indian Ridge and 85.33W along the 

Galapagos spreading center) for which DeMets et al. [2010] had no high-resolution data. 

 For all 139 segments we compare the image available from GeoMapApp directly 

with the fault-segment parameters estimated by DeMets et al. [2010].  We find that in 90 

of 139 cases, the parameters agree acceptably with the images. In 49 cases, however, the 

images presented herein permit us to improve the location, fault azimuth, width, or 

insonified length. We improve the location for 34 transform fault segments, improve the 

azimuth for 14 segments, and reduce the assumed insonified length for 12 segments. Of 

these, we improve both the azimuth and location for 9 transform fault segments, and 

improve both the location and insonified length for two of them.  The resulting data set is 
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used herein to test whether transform faults parallel plate motion and can be used in 

future investigations of regional and global plate motions and of transform faults. 

After presenting the images and documenting both the rectangle implied by the 

parameters of DeMets et al. [2010] and, where improvement seems possible, the 

rectangle implied by the new parameters, we survey and summarize the widths, 

insonified lengths, and uncertainty in azimuth of transform-fault segments.  We 

furthermore investigate whether these parameters depend on spreading rate.  Finally, we 

test the hypothesis that transform faults parallel plate motion and find that observed fault 

azimuths differ by a significant ≈0.7° from the direction of plate motion, with left-lateral 

slipping faults being clockwise of the direction of plate motion and right-lateral slipping 

faults being counter-clockwise of the direction of plate motion.  This misfit is in the 

opposite sense and several times smaller than a previously observed and documented bias 

in slip vectors from earthquakes along transform faults [Argus et al., 1989]. 

 

1.2 Transform Fault Images 

Figures A1-A138 show GeoMapApp images of the 139 transform-fault segments 

used by DeMets et al. [2010] for the following 15 plate pairs (Table 1.1): Pacific-

Antarctica (Figures A1−A10), Pacific-Nazca (Figures A11−A25), Cocos-Pacific (Figure 

A26-A31), Cocos-Nazca (Figure A32-A33), Australia-Antarctica (Figures A34-A52), 

Capricorn-Somalia (Figures A53-A61),  Nazca-Antarctica (Figures A62-A82), Nubia-

Antarctica (Figures A83-A86), Lwandle-Antarctica (Figures A87-A92), Somalia-
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Antarctica (Figures A93-A94), India-Somalia (Figure A95), Arabia-Somalia (Figures 

A96-A100), Europe-North America (Figures A101-A105),  Nubia-North America 

(Figures A106-A109), and Nubia-South America (Figures A110-A138).  We also include 

transform fault segments along the Nubia-Sur boundary, but herein treat them as if they 

were along the Nubia-South America boundary. 

Each image of a transform fault segment shows the location (black-filled square) 

adopted by DeMets et al. [2010] for that segment.   Each image also shows an unfilled 

black-outlined rectangle.  Its width is that assigned by DeMets et al. [2010] to the 

transform-fault zone (or narrowest morphotectonic element containing the transform-fault 

zone).  The rectangle’s length is the insonified length of that transform fault segment 

excluding regions within ≈10 km of a ridge-transform intersection [DeMets et al., 2010].  

We also show earthquake epicenters [Engdahl et al., 1998]. 

On the 49 images where we improved the location, azimuth, or rectangle length, 

we show our new interpretation by a red-outlined rectangle for an improved location, 

azimuth, or insonified length with a small red-filled square marking the center of  the 

rectangle, which we take to be the location of the transform fault to be used in plate 

motion analysis (Figures A5, A12-A17, A21,A27, A29-A31, A33, A36, A38-A39, A44-

A45, A49-A51, A53, A55, A62-A63, A67, A69, A71, A73-A74, A77-A81, A83, A86-

A88, A94, A107-A108, A120, A123-A126, A133, and A135).   In addition, some images 

show small green-filled circles, which are points corresponding approximately to ridge-

transform intersections and which we use elsewhere [Mishra and Gordon, 2015] in 
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estimating the effect of horizontal thermal contraction [Kumar and Gordon, 2009; 

Kreemer and Gordon 2014] on the azimuths of transform faults.  DeMets et al. [2010] 

used higher resolution data than is available through GeoMapApp for 16 transform-fault 

segments (three for Egeria, Gemino, Bouvet, TF iv, TF iii, Socotra, Molloy, two for 

Charlie-Gibbs, Bagration, four for Garret).  In these cases, consistency with the 

MORVEL location, azimuth, width, and length does not imply validation of those values. 

In the Supporting Information we discuss the improvements that we have made to 

the 139-transform-segment subset of the 163 transform-fault segments used to construct 

MORVEL.  The largest change in azimuth was 5.6° for the Argo transform fault along 

the Capricorn-Somalia plate boundary and the second largest change in azimuth was 3.0° 

for the 85.33°W transform fault along the Cocos-Nazca plate boundary.  The remaining 

12 changes in azimuth are 1.0° or less.   Among the 34 location changes of transform-

fault segments, 27 change by less than 5 km while 7 change between 5 and 45 km.  The 

13 changes in insonified length are in every case a reduction in length with the greatest 

reduction being 24 km. 

1.3 Widths and insonified lengths of transform-fault segments 

1.3.1 Width of Transform-Fault Segments 

How wide is a transform-fault zone, the zone of active strike-slip faulting located 

in the transform valley [Fox and Gallo, 1984; Searle 1986]?  Most (58%, 80 of 139) of 

the estimates of the width by DeMets et al. [2010] are less than or equal to 4 km and 83% 

(113 of 139) are less than or equal to 8 km (Figure 1.1).  Specifically 35% (48) are less 
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than or equal to 2 km, 23% (32) are between 2 and 4 km, 13% (18) are between 4 and 6 

km, and 11% (15) between 6 and 8 km. The greatest widths of any transform fault zone 

determined from multi-beam data are between 14 and 16 km and most estimates 

exceeding 8 km come from precision-depth-recorder data, which generally cannot be 

used to resolve the zone of active strike-slip faulting (Figure 1.1).  From the entire data 

set, the median width of the transform fault zone is 4.0 km, but is only 3.0 km if the 

results from satellite altimetry and precision depth recorder data are omitted. 

The widths quoted above, which come entirely from DeMets et al. [2010], are 

almost surely too large on average however.   For a subset (those estimated by one of the 

co-authors of DeMets et al. [2010]) of the transform-fault-segment widths used by 

DeMets et al. [2010] to construct MORVEL, they found that the dispersion of these 

azimuths is smaller than expected given their assigned uncertainties, which are in turn 

nearly proportional to the assigned widths.  This caused DeMets et al. [2010] to decrease 

the uncertainties for segments in this subset by a multiplicative factor of 0.6.   Of the 139 

transform fault segment segments we consider herein, 74 come from this subset, which 

on average should be reduced by ≈40%.   Thus, for all 139 widths that we consider here, 

the values should be reduced on average by ≈20%. Therefore a more accurate estimate of 

the median width of the transform-fault zone is probably ≈20% smaller than 3.0 km, or 

≈2.4 km. 
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Figure 1.1. Distribution in 2-km bins of the estimated widths  of the transform-fault zone 

or the narrowest morphotectonic feature containing it for each of the 139 oceanic 

transform faults offsetting two mid-oceanic ridge segments analyzed herein. 112 

transform faults were imaged using multibeam or side-scan sonar or both (MB/SS), 5 are 

shipboard bathymetry overlaid on satellite-altimetry-derived bathymetry from 

GeoMapApp (GMA) [Ryan et al. 2009], 15 are from precision depth recorder data 

(PDR), and 7 are estimated from satellite altimetry (ALT).  The widths shown are those 

given in table 2 of the Supplemental Information to DeMets et al. [2010]. 

 

The widths of the transform-fault zone tend to decrease with increasing spreading 

rate [Fox and Gallo, 1989], with the average width being about 5 km wide for the slowest 
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spreading and 1−2 km for the fastest spreading (Figure 1.2).   On average, lithosphere is 

older, cooler, and thicker along slow-slipping transform faults than along fast-slipping 

transform faults and it is likely that the width of the deforming zone increases with the 

thickness of the lithosphere or of the brittle portion of it [Fox and Gallo, 1989]. 

 

Figure 1.2. Width of transform-fault zone (or narrowest morphotectonic element imaged 

containing the transform-fault zone) versus half spreading rate. Widths estimated from 

satellite altimetry or only from precision depth recorder data are omitted.  The best-fitting 

straight line has a slope of -0.08 ± 0.01 (95% confidence limits) indicating that the 

average width of the transform-fault zone decreases with increasing spreading rate. 
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The widths of the transform-fault zone tend to increase with increasing age offset 

across a transform fault with most transform-fault segments having only small age offsets 

(<10 Ma), but with two exceeding 60 Ma (Figure 1.3). 

 

Figure 1.3.   Widths of transform fault segments versus age offset across the transform 

fault. Widths estimated from satellite altimetry or only from precision depth recorder data 

are omitted.  The best-fitting straight line has a slope of 0.16 ± 0.02 (95% confidence 

limits).   

 

1.3.2 Uncertainty of Transform-Fault Azimuths 

The uncertainties in transform-fault azimuths estimated by DeMets et al. [2010] 

are all less than 6° with a median of 1.7° (Figure 1.4).  Given that the widths of 
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transform-fault zones tend to decrease with increasing spreading rate (Figure 1.2), it is 

initially surprising that the uncertainties in the azimuths do not decrease significantly 

with increasing spreading rate (Figure 1.5).   This surprise is explained, however, by the 

observation that the insonified lengths of transform-fault segments also tend to decrease 

with increasing spreading rate (Figure 1.6).  Thus, for transform fault segments that 

satisfy the minimum length requirement of ≈35 km [DeMets et al., 1990],  the ratio of 

width to insonified length tends on average to depend little on spreading rate and thus the 

estimated uncertainty also depends little on spreading rate.  The tendency for insonified 

segments to decrease in length with increasing spreading rate probably reflects a decrease 

in transform-fault segment length with increasing spreading rate caused by the presence 

of multiple extensional relay zones along individual fast-slipping transform faults [Fox 

and Gallo, 1989; Lonsdale, 1998]. 
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Figure 1.4. Distribution of the assigned uncertainty in the transform-fault azimuths 

determined from the assigned width of the transform-fault zone (or the narrowest imaged 

morphotectonic element containing it).  127 of 139 of these values are identical to those 

from DeMets et al. [2010], who reduced the initially assigned transform-fault widths of 

74 of these 139 transform-fault segments by a factor of 0.6.  In addition, herein we have 

modestly increased the uncertainty estimates for 12 of 139 segments for which we 

modestly decreased the estimate of insonified lenth of the transform-fault segment. 
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Figure 1.5. Uncertainties in transform fault azimuths versus half spreading rate.  

Uncertainties estimated from satellite altimetry or only from precision depth recorder 

data are omitted.  The best-fitting straight line has a slope of 0.001 ± 0.004 (95% 

confidence limit) indicating no significant dependence of average uncertainty on 

spreading rate. 
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Figure 1.6. Insonified length of transform-fault zone (or narrowest morphotectonic 

element imaged containing the transform-fault zone) versus half spreading rate. Portions 

of the transform fault zone within ≈10 km of the ridge-transform intersection are omitted. 

Lengths estimated from satellite altimetry or only from precision depth recorder data are 

omitted.  The best-fitting straight line has a slope of -0.9 ± 0.2 (95% confidence limit) 

indicating that the average insonified length of the transform-fault zone decreases with 

increasing spreading rate. 

 

1.4 Left-lateral versus right-lateral slip  

To test whether transform faults parallel plate motion, we compare the observed 

transform-fault azimuths documented herein with those calculated from the angular 

velocity that best fits the plate motion data along a single plate boundary.  To do so, we 

divide the plate pairs into two groups:  (1) for nine of the 15 plate pairs all the transforms 



17 

 

along the plate boundary slip in the same sense; (2) six of the 15 plate pairs are a mix of 

right-lateral and left-lateral slipping transform faults. 

Figure 1.7 shows the results for the nine boundaries for which all transform faults 

slip either right-lateral or left-lateral, but not both.  The mean residual for left-lateral 

slipping faults is an insignificant 0.27° ±0.47° (95% confidence limits), while the mean 

residual for right-lateral slipping faults is an insignificant 0.11° ±0.55° (95% confidence 

limits).   The difference between these two values, 0.15° ± 0.72° (Table 1.2), is also 

insignificant. 
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Figure 1.7. Residuals with respect to the best-fitting angular velocity for each plate with 

a stepped plate boundary, that is, all transform faults along it slip in the same sense, either 

left-lateral (Δ) or right-lateral (O).  Abbreviations: AN, Antarctica; AR, Arabia; CO, 

Cocos; IN, India; LW, Lwandle; NB, Nubia; NZ, Nazca; PA, Pacific; SM, Somalia; CW, 

clockwise; CCW, counter-clockwise. 

 

In contrast, Figure 1.8, which shows the results for the six boundaries with both 

right-lateral and left-lateral slipping segments, demonstrates that left-lateral slipping 

faults have a greater residual than (i.e. are clockwise of) right-lateral slipping fault:   left-

lateral slipping faults have a mean residual of 0.75° ±0.71° (95% confidence limits) while  

right-lateral slipping faults have a mean residual of –0.73° ±0.43° (95% confidence 

limits).  The difference in mean between the two groups, 1.48° ±0.83° (95% confidence 

limits), is positive and significant.  Thus, left-lateral faults tend to strike ≈0.7° clockwise 

of the plate motion direction and right-lateral faults tend to strike about the same amount 

counter-clockwise of the plate motion direction.  Therefore  future efforts at determining 

relative plate angular velocities should take this bias into account to produce unbiased 

estimates of plate motion.  In particular, estimates of plate velocities along stepped plate 

boundaries, those along which all transforms slip in the same sense, are biased by ≈0.7°, 

clockwise if left-lateral slipping and counter-clockwise if right-lateral slipping. 

We believe that the small but significant departure from the prediction for rigid 

plates is due to horizontal thermal contraction of the lithosphere [Kumar and Gordon, 

2009].  We explore this hypothesis further elsewhere [Mishra and Gordon, 2015]. 
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Figure 1.8.  Residuals with respect to the best-fitting angular velocity for each plate with 

both left-lateral slipping transform faults (Δ) and right-lateral slipping transform faults 

(O).  Plate name abbreviations: AN, Antarctica; AU, Australia EU, CO, Cocos; CP, 

Capricorn; Eurasia; NA, North America; NB, Nubia; SA, PA, Pacific; South America; 

SM, Somalia; CW, clockwise; CCW, counter-clockwise. 

 

The bias in transform fault azimuths is smaller than, and of the opposite sign, of a 

previously documented bias in the azimuth of slip vectors for earthquakes that occur 

along transform faults.   Argus et al. [1989] showed that slip vectors along Atlantic 

transform faults tend to be ≈4° counterclockwise of the transform-fault azimuth for left-
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lateral slipping faults and ≈5° clockwise of the transform-fault azimuth for right-lateral 

slipping faults.  The slip-vector bias is thus about six or seven times larger than the 

transform-fault bias and of the opposite sign.  The slip-vector bias presumably has an 

entirely different cause, which may be a bias in the focal mechanisms caused by the 

lateral wave-speed heterogeneity associated with low wave-speed beneath mid-ocean 

ridges [Argus et al., 1989]. 

 

1.5 Conclusions 

 

GeoMapApp is a valuable resource for documenting globally the geometries of 

active transform fault segments. 

The median width of the imaged transform fault zone is about 2.4 km.  The width 

of the transform-fault zone decreases significantly with increasing spreading rate, 

presumably because lithosphere is thinner along fast-slipping transform faults than along 

slow-slipping transform faults [Fox and Gallo, 1989]. 

Transform faults are biased indicators of the direction of plate motion:  Observed 

azimuths for left-lateral slipping faults tend to lie ≈0.7° clockwise of the direction of plate 

motion and observed azimuths of right-lateral slipping faults tend to lie the same amount 

counter-clockwise of the direction of plate motion.   Future investigations of the relative 

angular velocities of the plates, like that of DeMets et al. [2010], should take this bias 

into account.  The bias is likely caused by horizontal thermal contraction of oceanic 
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lithosphere [Kumar and Gordon, 2009; Kreemer and Gordon, 2014; Mishra and Gordon, 

2015]. 
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Table 1.1. Transform Fault Segments 

Identification Lat (°N) 
Lon    

(°E) 
S.R. 

TF 

L 

(km) 

Ins. 

TF 

L 

(km) 

TF 

W 

(km) 

Observed Az. 
Pred. 

Az. 

W. 

RTI lat 

(°N) 

W. RTI 

lon (°E) 

E. RTI 

lat 

(°N) 

E. RTI 

lon (°E) 

             

     
Pacific-Antarctica 

     

             
UNN -63.36   171.27   47.6  L 64 50   2.0 146.0° ± 1.3°   144.3° -63.15 170.96 -63.63 171.69 

Pitman  -64.55   -170.78   55.2  L 67 52   4.0 138.0° ± 1.5°   137.5° -64.34 -171.19 -64.79 189.74 

Saint Exupery  -62.25   -155.47   63.7  L 47 40   4.0 127.0° ± 2.0°   128.2° -62.11 204.19 -62.37 204.89 

Le Geographe  -57.63   -147.48   71.0  L 67 55   4.0 122.0° ± 1.4°   122.0° -57.47 212.04 -57.80 212.99 

Tharp  -54.52* -131.44   78.7  L 465 280 12.0 113.0° ± 0.8°   113.9° -53.80 -134.48 -55.36 -127.79 

Heezen  -55.31   -125.15   79.1  L 389 250   8.0 111.0° ± 0.7°   111.3° -54.85 -127.45 -56.00 -121.62 

Heezen  -55.85   -122.45   79.1  L 389 75   6.0 109.0° ± 1.6°   110.3° -54.85 -127.45 -56.00 -121.62 

Raitt  -54.34   -120.10   80.9  L 85 75   3.0 110.0° ± 0.8°   108.8° -54.20 239.28 -54.47 240.51 

Raitt  -54.45   -119.03   81.0  L 64 48   2.0 108.0° ± 0.8°   108.4° -54.37 240.58 -54.56 -118.49 

Menard  -49.58   -115.22   85.5  L 205 120   6.0 105.0° ± 1.0°   105.9° -49.34 -116.61 -49.82 -113.86 

             

     
Pacific-Nazca 

     

             
Quebrada  -3.74   -102.86   124.6  L 122 35   1.5 102.0° ± 1.4°   100.2° -3.73 -103.75 -3.78 257.34 

Quebrada -3.71* -103.15   124.7  L 122 23   1.5 102.0° ± 2.2°   100.4° -3.73 -103.75 -3.78 257.34 

Quebrada -3.75* -103.38   124.8  L 122 20   1.5 102.0° ± 2.5°   100.5° -3.73 -103.75 -3.78 257.34 

Quebrada -3.76* -103.64   124.8  L 122 20   1.5 102.0° ± 2.5°* 100.7° -3.73 -103.75 -3.78 257.34 

Discovery  -4.01* 256.00   125.3  L 74 26* 1.5 102.0° ± 1.9°   100.9° -3.98 -104.55 -4.03 -103.89 

Discovery  -4.01* -104.31   125.4  L 74 29   1.5 98.0° ± 1.7°   101.1° -3.98 -104.55 -4.03 -103.89 

Gofar  -4.54* -104.96   126.2  L 185 41   1.5 102.0° ± 1.2°   101.5° -4.50 -106.32 -4.60 -104.65 

Gofar  -4.59   -105.23   126.4  L 185 20   1.5 102.0° ± 2.5°   101.7° -4.50 -106.32 -4.60 -104.65 

Gofar  -4.60   -105.85   126.6  L 185 83   1.5 102.0° ± 0.6°   102.1° -4.50 -106.32 -4.60 -104.65 

Yaquina  -6.23   -107.27   129.0  L 33 25   2.0 103.0° ± 2.6°   102.8° -6.20 -107.41 -6.27 -107.12 

Wilkes -9.02* -109.19   132.7  L 182 19   2.0 103.0° ± 3.5°   103.7° -8.87 250.15 -9.18 251.77 
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Garret  -13.41*  -112.13   137.8  L 134 34   2.0 105.0° ± 1.9°   105.0° -13.36 247.68 -13.51 248.91 

Garret  -13.42   -111.80   137.7  L 134 21   2.0 105.0° ± 3.1°   104.8° -13.35 247.68 -13.51 248.91 

Garret  -13.46   -111.53   137.7  L 134 30   2.0 104.0° ± 2.2°   104.7° -13.35 247.68 -13.51 248.91 

Garret  -13.47   -111.25   137.6  L 134 20   2.0 105.0° ± 3.3°   104.5° -13.35 247.68 -13.51 248.91 

             

     
Cocos-Pacific 

     

             
Orozco  15.41   -105.12   84.6  R 49 47   2.0 80.0° ± 2.0°   80.9° 15.37 254.65 15.45 255.10 

Clipperton  10.24* 256.07   103.4  L 87 80   4.0 82.0° ± 1.6°   80.5° 10.18 255.64 10.29 256.43 

Siquieros  8.41   -104.04   109.4  R 138 22   3.0 79.0° ± 4.5°   81.2° 8.39 -104.17 8.44 -102.91 

Siquieros 8.38* -103.67   109.7  R 138 32   2.0 80.0° ± 2.1°   80.7° 8.39 -104.17 8.44 -102.91 

Siquieros 8.37* -103.40   109.9  R 138 20   1.0 81.5° ± 1.7°   80.2° 8.39 -104.17 8.44 -102.91 

Siquieros 8.38* -103.19   110.0  R 138 13   2.0 77.0° ± 5.0°   79.9° 8.39 -104.17 8.44 -102.91 

             

     
Cocos-Nazca 

     

             
Panama  4.15   -82.60   61.8  R 302 160   6.0 358.0° ± 1.2°   -0.4° 6.02 277.32 3.30 277.43 

85.3°  1.24   -85.31   60.1  R 118 87   2.0 5.0° ± 0.8°* 1.2° 0.70 274.63 1.76 274.72 

             

     
Australia-Antarctica 

     

             
Vlamingh  -41.47   80.36   63.0  R 130 100   2.5 47.0° ± 0.5°   47.0° -41.87 79.79 -41.07 80.93 

Geelvinck  -42.20   84.30   64.4  R 221 100   10.0 42.0° ± 2.0°   43.7° -42.89 83.37 -41.44 85.20 

East Geelvinck -41.18* 85.71* 64.4  R 85 50   2.0 42.5° ± 0.8°   42.1° -41.51 85.33 -40.94 86.00 

88.43° E  -41.90   88.43   65.4  R 70 61   4.0 40.5° ± 1.0°   39.9° -42.16 88.15 -41.68 88.69 

95.73° E  -45.93   95.73   67.9  L 103 19* 3.0 36.0° ± 3.1°   34.9° -46.00 95.66 -45.28 96.49 

96.32° E -45.45* 96.30* 68.0  L 103 47   3.0 38.0° ± 1.3°* 34.3° -46.00 95.66 -45.28 96.49 

96.15° E  -46.43   96.15   68.1  L 57 40   8.0 30.0° ± 3.9°   34.6° -46.70 95.88 -46.27 96.28 

100.0° E  -47.71   99.80   68.9  R 137 120   3.0 31.5° ± 0.5°   31.9° -48.23 99.33 -47.18 100.28 

105.17° E  -48.50   105.13   69.6  L 27 25   3.0 29.5° ± 2.4°   27.7° -48.61 105.05 -48.40 105.22 

105.25° E  -48.81   105.21   69.7  L 35 30   2.5 29.5° ± 1.7°   27.7° -48.96 105.07 -48.69 105.31 

106.3° E  -49.07   106.28   69.8  R 57 45   3.0 26.5° ± 1.3°* 26.9° -49.29 106.12 -48.83 106.46 

106.8° E  -48.60   106.84* 69.8  R 70 55   3.0 25.5° ± 1.1°* 26.4° -48.88 106.64 -48.31 107.03 
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108.5° E  -48.90   108.48   70.0  L 23 20   2.5 28.0° ± 2.5°   25.1° -48.98 108.41 -48.80 108.57 

114.5° E  -49.97   114.27   70.3  R 70 20   2.5 19.5° ± 1.7°   20.7° -50.44 113.99 -49.85 114.34 

116° E  -49.87   115.92   70.4  R 36 25   4.0 19.0° ± 3.1°   19.4° -49.98 115.86 -49.67 116.02 

116.3° E  -49.49   116.40   70.4  R 59 55   4.0 18.3° ± 1.4°* 19.0° -49.73 116.28 -49.23 116.53 

Euroka  -49.16   126.15* 70.1  R 121 100   3.0 11.0° ± 0.6°   11.7° -49.83 125.92 -48.64 126.31 

Birubi  -49.27   127.32* 70.0  L 158 90   4.0 12.5° ± 0.9°   10.8° -50.19 127.00 -48.80 127.47 

Tasman  -55.23   146.49   67.1  L 157 96   2.0 354.6° ± 0.7°   -5.5° -54.31 146.29 -55.71 146.58 

             

     
Capricorn-Somalia 

     

             
"O" TF -10.10* 66.58* 35.6  L 76 25   2.0 52.0° ± 2.6°   51.6° -10.33 66.30 -9.90 66.84 

Twelve-south  -11.80   66.00   36.3  L 107 90   8.0 55.0° ± 2.9°   54.0° -12.10 65.57 -11.54 66.37 

Argo -13.68* 66.23* 37.9  L 128 95   5.0 54.4° ± 1.7°* 55.3° -14.00 65.77 -13.33 66.73 

UNN -16.25   67.00   40.0  L 109 55   4.0 60.0° ± 2.4°   56.2° -16.55 66.49 -16.05 67.37 

Marie Celeste  -17.50   66.00   40.5  L 209 166   15.0 60.0° ± 3.0°   58.4° -17.97 65.13 -17.06 66.85 

Egeria  -20.12   66.55   42.6  R 46 41   1.0 58.0° ± 0.8°   59.3° -20.23 66.37 -20.00 66.74 

Egeria  -20.24   67.29   43.0  R 65 51   1.1 58.0° ± 0.7°   58.5° -20.41 67.00 -20.11 67.53 

Egeria  -20.35   67.90   43.3  R 32 26   1.5 58.0° ± 1.9°   57.8° -20.43 67.78 -20.27 68.03 

Gemino  -22.75   69.28   45.5  L 37 21   2.5 58.0° ± 3.9°   57.5° -22.89 69.08 -22.70 69.38 

             

     
Nazca-Antractica 

     

             
Chile  -34.72   -108.33   49.4  R 1114 55* 3.0 106.0° ± 1.8°   101.3° -34.56 -109.25 -36.29 -97.13 

Chile  -35.00   -107.30   49.5  R 1114 140* 10.0 102.0° ± 2.4°   99.9° -34.56 -109.25 -36.29 -97.13 

Chile  -35.35   -105.50   49.5  R 1114 157   10.0 98.0° ± 2.1°   98.3° -34.56 -109.25 -36.29 -97.13 

Chile  -35.85   -103.20   49.6  R 1114 171   10.0 96.0° ± 1.9°   96.2° -34.56 -109.25 -36.29 -97.13 

Chile  -36.15   -100.90   49.6  R 1114 167   10.0 92.0° ± 2.0°   94.1° -34.56 -109.25 -36.29 -97.13 

UNN -37.00   263.50   49.9  R 79 57* 1.7 89.0° ± 1.0°   90.2° -37.01 -97.07 -37.00 -96.18 

UNN -37.10   -95.71   49.9  R 71 56   1.3 89.0° ± 0.8°   89.5° -37.11 -96.16 -37.10 -95.36 

UNN -37.32* -94.57   50.0  R 81 74   1.5 88.0° ± 0.7°   88.4° -37.34 -95.03 -37.31 -94.11 

UNN -38.42   -93.00   50.3  R 65 62   1.0 87.0° ± 0.5°   87.1° -38.43 266.63 -38.40 267.37 

UNN -38.97   -92.05   50.5  R 85 83   1.3 86.2° ± 0.5°* 86.2° -39.00 267.45 -38.95 268.44 

Valdavia  -41.09   -91.54   51.1  R 46 41   2.1 84.0° ± 1.7°   85.8° -41.11 -91.83 -41.07 -91.29 
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Valdavia  -41.20   269.22   51.1  R 72 64* 1.1 85.0° ± 0.6°   85.2° -41.23 -91.26 -41.18 -90.40 

Valdavia  -41.32* 271.93   51.2  R 108 54* 1.7 83.0° ± 1.0°   82.8° -41.39 -89.04 -41.29 -87.75 

Valdavia  -41.46   -87.24   51.2  R 172 78   1.5 83.0° ± 0.6°   82.1° -41.51 -87.72 -41.31 -85.68 

Valdavia  -41.35   -85.93   51.2  R 172 41   1.5 81.0° ± 1.2°   81.0° -41.51 -87.72 -41.31 -85.68 

Valdavia  -41.49   -85.12   51.3  R 84 57   1.2 80.6° ± 0.7°* 80.3° -41.56 -85.61 -41.43 -84.62 

UNN -43.06   276.75   51.7  R 51 23* 1.6 78.8° ± 2.3°* 78.8° -43.08 -83.39 -42.99 -82.78 

Guafo -44.81* -80.62* 52.1  R 287 200   7.0 79.5° ± 1.2°   76.6° -45.00 -81.91 -44.45 -78.36 

Guafo  -44.52   -78.83   52.1  R 287 75* 7.0 75.0° ± 2.3°   75.1° -45.00 -81.91 -44.45 -78.36 

Guamblin  -45.68   -77.30   52.3  R 77 63   1.5 73.0° ± 0.8°   73.9° -45.79 282.15 -45.60 283.10 

Darwin  -45.89* 283.70   52.4  R 55 46* 1.5 73.5° ± 1.1°   73.1° -45.97 283.31 -45.83 283.99 

             

     
Nubia-Antarctica 

     

             
Bouvet -54.37* 1.83* 14.6  R 200 165   15.0 44.0° ± 6.0°   45.3° -54.94 0.76 -53.71 3.01 

Islas Orcadas  -54.20   6.10   14.9  R 102 80   15.0 41.0° ± 3.7°   40.6° -54.52 5.63 -53.83 6.66 

Shaka  -53.50   9.00   15.0  R 198 180   15.0 39.0° ± 1.7°   37.2° -54.21 8.05 -52.82 9.93 

Du toit  -53.01* 25.53* 16.2  R 139 95   5.0 21.0° ± 1.0°* 21.2° -53.54 25.19 -52.38 25.95 

             

     
Lwandle-Antarctica 

     

             
Marion  -46.45   33.72   14.2  R 108 85   5.0 16.5° ± 1.1°* 16.1° -46.91 33.51 -45.98 33.91 

Prince Edward  -45.41* 35.13* 14.2  R 164 160   12.0 13.5° ± 1.7°* 14.7° -46.13 34.84 -44.70 35.35 

Eric Simpson  -43.80   39.30   14.4  R 84 80   18.0 13.0° ± 4.4°   11.2° -44.18 39.18 -43.44 39.39 

Fisher  -43.30   41.70   14.5  R 113 100   15.0 10.0° ± 2.9°   9.4° -43.77 41.59 -42.77 41.84 

Discovery II  -41.90   42.60   14.5  R 219 190   15.0 7.0° ± 1.6°   8.5° -42.84 42.43 -40.89 42.79 

Indomed  -39.50   46.20   14.6  R 203 100   15.0 5.0° ± 2.9°   5.6° -40.61 46.01 -38.79 46.21 

             

     
Somalia-Antarctica 

     

             
Novarra  -31.45   58.40   13.9  R 43 35   5.0 359.0° ± 5.5°   -3.3° -31.65 58.39 -31.26 58.40 

Melville  -29.85   60.78* 13.6  R 115 50   5.0 4.0° ± 2.0°   -3.7° -29.11 60.71 -30.20 60.81 

             

     
India-Somalia 
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Owen  12.50   58.25   21.4  L 306 45   4.0 24.0° ± 2.9°   24.7° 10.30 57.01 12.73 58.32 

Owen  11.50   57.90   21.5  L 306 190   35.0 30.0° ± 6.0°   26.5° 10.30 57.01 12.73 58.32 

             

     
Arabia-Somalia 

     

             
TF Vii 12.60   48.00   18.5  R 37 18   3.0 23.5° ± 3.3°   29.1° 12.45 47.92 12.75 48.06 

TF iV 13.10   49.30   19.2  R 32 25   5.0 27.5° ± 3.9°   27.0° 13.00 49.25 13.25 49.39 

TF iii 13.30   49.60   19.3  R 29 20   5.0 28.5° ± 4.9°   26.4° 13.21 49.56 13.44 49.68 

Alula- Fartak  13.80   51.70   20.5  R 172 170   15.0 26.0° ± 1.7°   24.0° 13.10 51.36 14.49 52.06 

Socotra  14.47   53.83   21.8  R 35 21   2.5 21.5° ± 3.9°   21.6° 14.34 53.78 14.63 53.91 

             

     
Europe-North America 

     

             
Molloy  78.87   4.50   14.0  R 127 32   3.0 125.0° ± 1.9°   127.7° 79.18 2.02 78.52 6.82 

Splitsbergen  80.00   1.00   13.8  R 134 120   12.0 124.0° ± 2.0°   125.9° 80.38 -2.19 79.69 3.55 

Jan Mayen  71.30   -9.00   16.5  L 203 100   8.0 114.0° ± 1.6°   113.6° 71.68 -11.92 70.97 -6.66 

Charlie Gibbs  52.65   -33.25   21.2  R 240 80   8.0 95.9° ± 1.0°   96.3° 52.82 324.66 52.53 328.19 

Charlie Gibbs  52.10   -30.85   21.3  R 128 60   8.0 95.5° ± 0.7°   97.5° 52.16 328.09 52.04 329.96 

             

     
Nubia-North America 

     

             
Oceanographer  35.16* -35.61* 25.8  L 121 55   3.0 104.5° ± 1.1°   103.2° 35.29 -36.29 35.04 325.01 

Hayes  33.66* -38.65   26.0  L 70 50   3.0 104.3° ± 1.2°* 103.0° 33.73 321.01 33.58 321.74 

Atlantis  30.05   -42.32   26.1  L 63 38   2.5 103.0° ± 1.3°   102.5° 30.12 -42.67 29.99 -42.03 

Kane  23.74   -45.62   26.2  R 145 90   4.0 99.0° ± 0.9°   101.8° 23.86 -46.37 23.64 -44.97 

             

     
Nubia-South America 

     

             
15-20  15.30   -45.80   23.5  R 169 75   5.0 95.5° ± 1.3°   94.5° 15.37 313.39 15.21 314.96 

Marathon  12.65   -44.50   24.5  R 85 70   3.0 93.0° ± 0.8°   93.5° 12.67 -44.86 12.62 -44.08 

Vema  10.80   -42.30   25.2  R 313 300   12.0 91.5° ± 0.8°   92.0° 10.85 -43.71 10.75 -40.85 

Doldrums  8.83   -40.02   25.9  R 110 85   8.0 91.0° ± 3.1°   90.6° 8.84 319.49 8.82 320.49 

Doldrums  8.20   -38.81   26.1  R 174 150   8.0 91.0° ± 1.8°   89.8° 8.21 320.40 8.18 321.98 
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Abbreviations: Lat, latitude;  Lon, longitude;  S.R., spreading rate (mm a
-1

) (“R” or “L” respectively indicate right-

lateral or lef-lateral sense of slip);  TF L, transform fault length;  Ins TF L, insonified transform length;  TF W, width of 

transform-fault zone (or else if not imaged, the width of the narrowest imaged morphotectonic element that contains the 

transform-fault zone);  UNN, Unnamed.  * indicates that the value differs from that adopted in MORVEL [DeMets et 

al., 2010]. 

 

Doldrums  7.75   -37.37   26.3  R 146 125   8.0 90.0° ± 2.1°   88.9° 7.74 321.98 7.74 323.31 

Doldrums  7.45   -35.66   26.4  R 226 205   8.0 90.0° ± 1.3°   87.9° 7.45 323.32 7.45 325.37 

Bogdanov  7.16   -34.25   26.5  R 75 45   6.0 87.0° ± 2.6°   87.1° 7.14 325.39 7.18 326.07 

Strakhov  3.93   -32.09   27.6  R 110 84   4.0 86.5° ± 0.9°   85.9° 3.89 327.42 3.95 328.41 

St. Paul  0.86* -27.10* 28.6  R 145 40   2.0 82.5° ± 1.0°   83.2° 0.83 332.30 0.95 333.61 

St. Paul  0.70   -25.80   28.7  R 91 50   8.0 80.0° ± 3.1°   82.6° 0.66 333.68 0.76 -25.50 

St. Paul  0.60   -25.20   28.8  R 42 20   5.0 81.0° ± 4.9°   82.3° 0.56 -25.46 0.62 -25.09 

Romanche  -1.01   -23.20   29.3  R 899 260* 12.0 83.1° ± 0.9°   81.4° -1.17 335.47 0.23 343.43 

Romanche  -0.67   -20.80   29.3  R 899 260* 8.0 80.4° ± 0.6°   80.1° -1.17 335.47 0.23 343.43 

Romanche  -0.20   -18.40   29.3  R 899 260* 12.0 77.6° ± 0.9°   78.9° -1.17 335.47 0.23 343.43 

Chain -1.22* -14.45   29.8  R 306 250   10.0 76.0° ± 1.3°   77.0° -1.58 344.14 -0.92 346.81 

Ascension  -6.88   -12.15   31.0  L 202 180   5.0 77.0° ± 0.6°   76.5° -7.08 346.97 -6.66 348.75 

Ascension  -7.37   -13.26   31.1  L 55 40   5.0 77.0° ± 2.5°   77.0° -7.43 346.49 -7.31 346.98 

Boda Verde  -11.64   -13.68   31.7  L 167 140   8.0 79.0° ± 1.9°   77.5° -11.80 -14.45 -11.51 347.05 

Bagration  -16.30   -13.80   32.3  L 128 105   3.0 77.0° ± 0.9°   77.8° -16.42 -14.31 -16.15 346.86 

Rio Grande  -25.66   -13.74   32.8  L 39 25   5.0 74.0° ± 3.9°   78.0° -25.71 -13.92 -25.61 346.45 

UNN -28.22   -12.89   32.8  R 52 25   3.0 74.0° ± 2.4°   77.6° -28.31 346.77 -28.18 347.28 

UNN -28.88   -12.80   32.8  L 61 45   6.0 76.0° ± 2.6°   77.5° -28.94 346.90 -28.81 347.52 

UNN -29.20   -13.42   32.8  L 71 65   10.0 78.0° ± 3.0°   77.8° -29.26 346.23 -29.13 346.95 

Cox  -32.26* -13.92   32.7  L 91 50   5.0 80.0° ± 2.0°   78.0° -32.32 -14.26 -32.17 346.69 

Meteor  -34.16   -14.81   32.6  L 68 50   4.0 79.5° ± 1.6°   78.4° -34.23 -15.21 -34.11 345.52 

UNN -35.28   -15.72   32.5  L 245 85   10.0 78.0° ± 2.3°   78.7° -35.65 -17.82 -35.18 344.83 

UNN -47.32   -12.20   30.8  R 215 150   15.0 73.0° ± 2.0°   76.4° -47.54 346.72 -46.96 349.44 

UNN -49.12   350.89   30.3  R 112 107   15.0 70.0° ± 3.3°   74.7° -49.30 350.13 -48.97 351.58 
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Table 1.2 Statistics of Residuals for Transform Fault Azimuths 

 

 

Plate 

pair 

N  N Mean Std. Mean Std. 
Δ 

Median Median 
Δ 

LL RL LL dev. RL dev. LL RL 

           CO-PA 1 5 1.48 - -1.09±0.72 1.61 2.57 1.48 -0.92 2.40 

AU-AN 7 12 1.19±1.02 2.71 -0.44±0.19 0.65 1.63±1.04 1.78 -0.40 2.18 

SM-CP 6 3 1.56±0.65 1.59 -0.09±0.46 0.80 1.65±0.80 1.32 -0.03 1.35 

EU-NA 1 4 0.39 - -1.75±0.48 0.96 2.14 0.39 -1.95 2.34 

NB-NA 3 1 1.06±0.27 0.48 -2.8 - 3.86 1.33 -2.80 4.13 

NB-SA 10 19 
-

0.17±0.55 
1.72 -0.60±0.43 1.88 0.43±0.69 0.08 -0.49 0.57 

Mixed 28 44 0.75±0.36 1.91 -0.73±0.22 1.48 1.48±0.42 1.14 -0.58 1.72 

 
         

 
PA-AN 10 0 

-

0.16±0.32 
1.00 NA NA - -0.36 NA - 

PA-NZ 15 0 0.30±0.32 1.23 NA NA - 0.33 NA - 

CO-NZ 0 2 NA NA 1.14±2.70 3.82 - NA 1.14 - 

NZ-AN 0 21 NA NA 0.14±0.32 1.44 - NA -0.06 - 

NB-AN 0 4 NA NA 0.17±0.63 1.27 - NA 0.11 - 

LW-AN 0 6 NA NA -0.09±0.51 1.25 - NA -0.12 - 

SM-AN 2 0 0.99±1.29 1.82 NA NA - NA 0.99 - 

IN-SM 2 0 1.39±2.08 2.94 NA NA - 1.39 NA - 

AR-SM 0 5 NA NA -0.21±1.42 3.17 - NA 0.51 - 

Pure 

Stepped 
29 38 0.27±0.24 1.30 0.11±0.28 1.74 0.15±0.37 0.19 -0.05 0.28 

 

The upper part of the table (“MIXED”) analyzes plate boundaries with both right-lateral slipping 

(RL) and left-lateral slipping (LL) transform fault segments. The lower part of the table 

(“PURE”) analyzes plate boundaries with transform faults that slip in only one sense, either 

right-lateral or left-lateral, but not both.  N is the number of transform faults with the indicated 

sense of slip.  Mean is the average residual for that sense of slip plus or minus the standard error 

of the mean residual.   Std. dev. indicates the standard deviation of the indicated group of slip 

residuals.  Δ is the average residual for left-lateral slipping faults minus the average residual for 

right-lateral slipping faults (plus or minus one standard error if indicated). 
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Chapter 2 

 
A New Test of the Rigid-Plate and Shrinking-Plate Hypotheses 

Summary 

 

The rigid plate hypothesis implies that oceanic lithosphere does not contract 

horizontally as it cools (hereinafter “rigid plate”).  An alternative hypothesis, that 

vertically averaged tensional thermal stress in the competent lithosphere is fully relieved 

by horizontal thermal contraction (hereinafter “shrinking plate”), predicts subtly different 

azimuths for transform faults. The magnitude of the predicted difference is as large as 

1.49° with a mean and median of 0.36° and 0.24° respectively and changes sign between 

right-lateral and left-lateral slipping faults.  All six plate pairs with both right-lateral and 

left-lateral slipping faults have average residuals (relative to a rigid plate model) of 

azimuths of left-lateral slipping faults that are clockwise of the average residuals of right-

lateral slipping faults.  r, the sum-squared normalized misfit to global transform fault 

azimuths is minimized for γ = 1.0 ±0.6 (95% confidence limit) where γ is the fractional 

multiple of the predicted difference in azimuth between the shrinking (γ = 1) and rigid (γ 

= 0) plate hypotheses. Thus significant horizontal thermal contraction (up to ≈2% Ma
-1

) 

occurs in young oceanic lithosphere, which displaces the walls of transform valleys 

relative to the stable plate interior.  Horizontal thermal contraction appears to be the 

dominant process by which tectonic plates deform and is up to 3 orders of magnitude 

larger than deformation due to movement of plates over a non-spherical Earth.   Thus 
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plates are not rigid and transform faults do not precisely parallel plate motion, although 

these remain excellent approximations. 

2.1   Introduction    

The central tenet of plate tectonics, which has revolutionized our understanding of 

how our planet works, is that the plates are rigid.  In contrast, Kumar and Gordon [2009] 

argued that tectonic plates are not rigid, but instead shrink horizontally due to thermal 

contraction as oceanic lithosphere cools with age [Collette, 1974]. The shrinking is most 

rapid for newly created lithosphere and decreases as ≈t
 –1

 where t is age [Kumar and 

Gordon, 2009].  Predicted shrinking of the Pacific plate indicates intraplate displacement 

rates of up to ≈2 mm a
−1

 [Kreemer and Gordon, 2014].  

Several lines of evidence indicate that the lithosphere fully contracts horizontally 

in response to thermal contractional stress averaged vertically from the top of the 

lithosphere to the base of the competent lithosphere, taken to be an isotherm below which 

differential stress is relaxed over geologic time by creeping flow [Turcotte and Oxburgh, 

1967, 1969]. First, the observed variation of depth with age agrees well with thermal 

models that predict the depth of oceanic lithosphere while assuming that thermal 

contraction occurs horizontally as well as vertically [McKenzie, 1967; Parsons and 

Sclater, 1977; Smith and Sandwell, 1997; Hillier and Watts, 2005].  Second, earthquake 

focal mechanisms indicate that the upper part of the seismogenic oceanic lithosphere is 

generally in horizontal deviatoric compression and that the lower part is in horizontal 

deviatoric tension [Wiens and Stein, 1984; Bergman et al., 1984]. Models of thermo-
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elastic stresses in cooling oceanic lithosphere predict this observed state of stress if the 

lithosphere is assumed to contract freely to relieve the vertically averaged thermal 

stresses [Sandwell, 1986; Haxby and Parmentier, 1988; Wessel and Haxby, 1990; Wessel, 

1992]. Third, the geoid anomaly observed across fracture zones also has been 

successfully predicted by incorporating the effects of flexure due to thermal bending 

stresses if the lithosphere is assumed to contract freely to relieve the vertically averaged 

thermal stresses [Parmentier and Haxby, 1986]. Fourth, formation of gravity lineaments 

has been attributed to thermal contraction and corresponding models have been shown to 

match the observed gravity amplitudes and crack spacings if the lithosphere is assumed to 

contract freely to relieve the vertically averaged thermal stresses [Sandwell and Fialko, 

2004]. 

In contrast, Korenaga [2007] disputes these multiple lines of evidence and 

postulates that thermal stresses are relieved by the formation of deep vertical cracks in the 

lithosphere. 

Herein we explore the effect of horizontal thermal contraction on the azimuths of 

transform faults with the aim of using a new set of observations to distinguish between 

the rigid plate hypothesis and the shrinking plate hypothesis.  Roest et al. [1984] 

previously examined the hypothesis that the spacing between fracture zones change with 

age due to thermal contraction acting in concert with other tectonic forces in the central 

Atlantic.  Our approach differs in that we focus entirely on the zone of active strike-slip 

faulting in transform faults and analyze global data. 
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Age-dependent transform-fault-perpendicular and transform-fault-parallel 

displacement rates are first obtained using a formulation slightly modified (as discussed 

below) from Kumar and Gordon’s [2009] formulation for cumulative displacement rate 

with age for oceanic lithosphere assuming orthogonal spreading. Predicted biases in 

transform-fault azimuths are then determined from the predicted transform-fault-

perpendicular displacement rates.  Here we take the bias to be the azimuth predicted for a 

shrinking plate minus the azimuth predicted for a rigid plate (i.e., the direction of relative 

plate motion). We apply the predicted bias to 139 observed transform-fault azimuths 

distributed between 15 plate pairs slightly modified from the work of DeMets et al. 

[2010] by J. K. Mishra and R. G. Gordon (Do transform faults parallel plate motion?, 

manuscript submitted to Tectonics 2015). Thus we test whether a significantly better fit 

to the data is obtained after correction for the predicted bias. 

We find that the predicted bias in transform fault azimuths caused by horizontal 

thermal contraction varies in magnitude between 0.01° to 1.49° with a mean value of 

0.36° and a median value of 0.24°.  We furthermore find that correcting transform fault 

azimuths for the predicted difference between the shrinking-plate hypothesis and the 

rigid-plate hypothesis results in a significant improvement in fit to plate motion data. We 

define a parameter γ, the fraction of predicted bias that is used to correct observed 

transform fault azimuths in a plate motion inversion. γ = 0 corresponds to the rigid-plate 

hypothesis and γ = 1 corresponds to the shrinking-plate hypothesis (or more specifically, 

that all vertically averaged thermal stress is relieved and that transform faults parallel the 
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relative motion of the bounding lithosphere, which generally does not move parallel to 

plate motion). We determine the sum-squared normalized misfit for many values of γ and 

find that the minimum misfit is obtained for γ = 1.0 ±0.6 (95% confidence level).  Thus 

the rigid-plate hypothesis (γ = 0) can be rejected, while the shrinking-plate hypothesis (γ 

= 1) is consistent with the observed transform fault azimuths. 

The results therefore are consistent with the shrinking-plate hypothesis, which 

predicts horizontal shrinking of 2% Ma
-1

 for newly created lithosphere, 1% Ma
−1

 for 0.1-

Ma-old lithosphere, 0.2% Ma
−1

 for 1-Ma-old lithosphere, and 0.02% Ma
−1

 for 10 Ma-old-

lithosphere (Figure 2.1 and Appendix B), which are orders of magnitude higher than the 

mean intraplate seismic strain rate of ~10
−6

 Ma
−1

 (5 × 10
−19

 s
−1

) [Wiens and Stein, 1983; 

Gordon, 2000]. 
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Figure 2.1. Strain rate of horizontal thermal contraction (assuming free contraction) 

versus age for two different values of zero-age thickness of the lithosphere.  A 2-km 

thickness (black curve) is appropriate for fast spreading  and is used in the calculations 

herein.   A 7-km thickness (red curve) is appropriate for ultra-slow spreading and gives 

lower rates of contraction for very young lithosphere. 

 

2.2 Effect of thermal contraction on azimuths of transform faults 

2.2.1. Introduction 

A fundamental corollary of the rigid-plate hypothesis is that transform faults 

strike parallel to the direction of relative plate motion [Wilson, 1965].   If vertically 

averaged contractional thermal stress is fully relieved, however, lithosphere adjacent to a 
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transform fault will have a component of velocity perpendicular to relative plate motion.  

The magnitude of this perpendicular component is approximately inversely proportional 

to the age of the lithosphere [Kumar and Gordon, 2009]. 

The effect of age-dependent transform-fault-perpendicular displacement rates on 

the relative motion between plates is illustrated in Figure 2.2a.  Ridge segments of the 

two plates α and β are separated by a transform fault. Ridges are assumed to spread 

symmetrically at a half rate of 
1 2v . Points on the stable interior of plates α and β are 

represented by Pα and Pβ respectively.  Aα, Bα, and Cα are points along the transform-fault 

wall of plate α, while Aβ, Bβ, and Cβ are the corresponding points along the transform-

fault wall of plate β.  Aαv , Bαv , and Cαv  indicate the transform-fault-perpendicular 

displacement rates of lithosphere in a reference frame in which point Pα, in an old portion 

of the same plate, is fixed and in which the median line of the corridor of lithosphere 

bounded by fracture zones does not rotate.  
Aβv ,

Bβv , and
Cβv  are the corresponding 

velocities for the transform fault wall relative to the old interior of plate β. 

Let Av  be the velocity of Aα relative to Aβ. We neglect the transform-fault-

parallel displacement rate due to thermal contraction as it is ≤ 2% of the half spreading 

rate [Kumar and Gordon, 2009].   Thus Av equals the vector sum of transform-fault-

perpendicular displacement rate due to horizontal thermal contraction and a vector 

parallel to the transform fault with a magnitude equaling the full spreading rate (Figure 

2.2b), i.e., 
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A Aα Aβ2  

1 2
v v v v                          (2.1)  

Thus Av  differs from the direction of relative motion between the stable plate interiors.  

It is counter-clockwise of the direction of plate motion for right-lateral strike-slip faulting 

and clockwise for left-lateral strike-slip faulting.  If the motion between the lithosphere 

on either side of the transform fault is accommodated entirely by strike-slip faulting in 

the transform fault zone (i.e. with no normal faulting in the transform fault valley), the 

magnitude of θ, the local bias in transform-fault azimuth, is given by 

Aα Aβ-1
| - |

|θ| = tan
2| |

 
 
 
 1 2

v v

v
 .                     (2.2) 

θ varies with the location of the point along the transform fault as it depends on the age of 

the lithosphere on both sides of the transform fault. 

 

Figure 2.2. (a) Cartoon of velocities predicted across a transform fault after accounting 

for transform−perpendicular horizontal thermal contraction of oceanic lithosphere.  The 

boundary (yellow line segments) between two plates (grey, Plate α; green, Plate β) 

consist of one long segment, a transform fault, and two short segments, which are 

segments of mid−ocean ridge orthogonal to the transform fault.  Transform-fault 
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perpendicular velocities due to horizontal thermal contraction (red arrows) decrease 

approximately inversely with lithosphere age and result in transform-fault azimuths that 

are not precisely parallel to the direction of relative plate motion. Blue arrows, in a fixed-

mid-ocean-ridge reference frame, show half of the relative velocity of the old interiors of 

the two plates.  Black arrows show the resultant velocities, which are illustrated at 

locations A, B and C along the transform fault. (b) Velocity space representation of the 

velocities across the transform fault at location A where θ is the predicted bias in 

transform-fault azimuth. 

 

2.2.2. Alternative Hypotheses 

Case 1: Rigid plate: The transform-fault valley does not widen with age, and the 

transform fault will parallel plate motion (Figure 2.3a) as is traditionally assumed in plate 

tectonics [Wilson 1965]. 

If vertically averaged thermal stresses are fully relieved by thermal contraction, 

however, transform valleys will widen with age.  We consider two further cases: 

Case 2: Shrinking plate with slip partitioned: Displacement across a transform 

valley is fully partitioned between normal faulting along or near the walls of the 

transform valley and strike-slip faulting in the valley.  In this case, the transform fault 

trace remains parallel to the direction of relative motion of the stable plate interiors 

(Figure 2.3b).  

Case 3: Shrinking plate with no slip partitioned: Slip due to horizontal thermal 

contraction may be accommodated without any normal faulting if the transform fault has 

a strike that is not parallel to plate motion (Figure 2.3c). 

Let γ be the fractional multiple of bias predicted for full contraction (i.e., 

shrinking plate) in case 3.   Thus defined, γ=0 for cases 1 and 2 and γ=1 for case 3. 
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Figure 2.3. Upper panel: Cartoon cross section of a transform fault valley.  Lower panel: 

Three hypothesized alternatives for the kinematics across a transform valley:  (a) No 

transform−perpendicular thermal contraction of lithosphere between transform faults; 

transform walls do not move perpendicular to the transform fault. The transform fault 

zone (TFZ) or transform tectonized zone (TTZ) are parallel to the direction of relative 

motion of the two assumed-rigid plates. In this case, the γ is predicted to be 0 (see the 

text). (b) Full transform-perpendicular contraction occurs in lithosphere between 

transform faults and the transform valley widens with time. In (b) the slip is fully 
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partitioned between the strike-slip faults in the TFZ and the normal faults in the walls of 

the transform valley. Thus the transform fault remains parallel to the direction of relative 

plate motion. In this case also, γ=0. (c) Full transform-perpendicular contraction occurs in 

lithosphere between transform faults and the transform valley widens with time. In case 

(c) no normal faulting occurs in the transform valley. Transform faults are not parallel to 

the relative motion of the old interiors of the plate and instead parallel the relative motion 

of the lithosphere immediately adjacent to the transform fault, which differs from the 

direction of relative plate motion of the stable plate interiors by the angle θ. In this case 

γ=1. 

 

2.2.3. Displacement Rates 

To obtain a relationship between age and strain rate for oceanic lithosphere, we 

slightly modify the formulation of Kumar and Gordon [2010]:   

                                     
1

0

dl C
=

dt' l t' +t


               (2.3) 

where l is the length of a side of a cube of oceanic lithosphere of age t′ (in Ma) 

undergoing isotropic thermal contraction, α is the linear coefficient of thermal expansion 

(=10
−5

 K
−1

), and 0t  is a parameter.  C equals 167.2 K (see Online Supplemental 

Information). 

For simplicity, we use the same value, 0.1 Ma,  for t0 for all our calculations, which 

corresponds to a zero-age lithospheric thickness of ≈2 km [Fontaine et al., 2008; Kumar 

and Gordon, 2009], but analysis of gravity and topography indicates that the effective 

elastic thickness of the lithosphere at mid-ocean ridges varies from ≈2 km for fast-

spreading ridges (v ≥ ≈70 mm a
-1

) to ≈7 km for ultra-slow spreading ridges (v ≤ ≈20 mm 

a
-1

) [Cochran, 1979; Luttrell and Sandwell, 2012].  Figure 2.1 compares the horizontal 
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thermal contraction rates for the two end-member zero-age thicknesses.  At very young 

ages, the use of a 2-km thickness overestimates the contraction rates for the case of ultra-

slow spreading.  The effect on transform-fault bias is smaller and is discussed further 

below. 

For a given value of 0W , the length of a ridge segment, and for a given value of t, 

the age of lithosphere undergoing isotropic thermal contraction, W(t), the width of the 

corridor of lithosphere enclosed between a fracture zone and a transform fault is found by 

integrating equation (2.3) from t′ = 0, when the lithosphere of interest was created, to t′ = 

t,  its current age, to obtain 

                                     ( ) 1

C

0

0

t
W t =W +

t


 
 
 

 .                       (2.4) 

The transform-fault-perpendicular displacement rate of lithosphere,
yv , along one side of 

a transform fault is given by ∂W/∂t, the rate of change of the width of the corridor of 

lithosphere at age t, i.e., 

                                    

1

y 1

C

0

0 0

W C t
v = +

t t




 

 
  

 
                                (2.5) 

The transform-fault-parallel displacement rate relative to newly created 

lithosphere at the ridge axis, xv , due to horizontal thermal contraction can be obtained by 

integrating the strain rate of lithosphere from the ridge axis (t=0) to t, the age of interest, 

i.e., 
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1 2 1x

0

t
v = v C ln +

t


 
  

 
                               (2.6)   

where v½ is the half spreading rate.  The transform-fault-perpendicular displacement rate 

of lithosphere along a transform fault decreases sharply with age (Figure 2.4). 

 

Figure 2.4. Horizontal displacement rates due to horizontal thermal contraction of a 

rectangular segment of lithosphere relative to a reference point, arbitrarily chosen 1500 

km from the ridge, in the old interior of the point along the median line perpendicular to 

the ridge. Ridge segment length is 600 km, transform offset length is 1000 km and 

spreading half rate is 60 mm a
−1

. Velocities are in a reference frame in which the 

reference point is held fixed and the median line does not rotate.  

 

 2.2.4. Predicted Bias  

For stepped plate boundaries, we assume that thermal contraction of a corridor 

bounded by a fracture zone and a transform fault is accommodated by transform-fault-
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perpendicular displacement only along the transform fault. For a transform fault bounded 

by two stepped ridge segments, one with ridge segment length of 0W   and the second 

with a ridge segment length of 
0W   (Figure 2.5a), the shrinking of both adjacent fracture-

zone-bound corridors of lithosphere contribute to the bias.   The magnitude of the bias in 

transform fault azimuth is found by substituting equation 2.5 into equation 2.2, 

                       
1/2 0

| | 1 1
2

C-1 C-1

A-1 A
0 0

0 0

ttC
=tan W + +W +

v t t t

 


 




       
     
       

             (2.7) 

where At   and 
At   respectively are the ages of points Aα and Aβ adjacent to the transform 

fault valley.  The predicted bias is highest near the two ridge-transform intersections 

(Figure 2.6).   If we assume that the zero-age lithosphere thickness is 2 km for all 

spreading rates, then the predicted bias is larger near the ridge-transform intersections for 

slow spreading than for fast spreading, but about the same along most of the transform 

fault (Figure 2.6).  If instead we had used a 7-km thickness for slow spreading, the bias 

for fast and slow spreading would have been calculated to be nearly identical to that for 

fast spreading (Figure 2.6).   The bias averaged over a segment that spans the entire 

distance between two mid-ocean ridge segments (excluding the 10 km nearest each ridge-

transform intersection) is 0.72° for a 2-km initial thickness and is 0.61° for a 7-km initial 

thickness.  Thus, in this paper the bias for ultra-slow spreading is over-estimated by 

≈18%.  In most locations, the amount overestimated will be smaller than this, especially 
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if the insonified portion of the segment ends more than 10 km from the ridge-transform 

intersection or if the spreading rate exceeds ≈20 mm a
-1

. 

 

Figure 2.5. Cartoon illustrating the accommodation of horizontal thermal contraction for 

different plate boundary configurations.  (a) Stepped ridge segments:  Along the 

transform fault enclosed by the two stepped ridge segments of lengths W0α and W0β, we 

assume that transform-perpendicular horizontal thermal contraction is accommodated by 

widening of this transform fault. The arrows represent the transform-perpendicular 

displacement rates of oceanic lithosphere along the transform fault. (b) Crenellated ridge 

segments: We assume that transform-perpendicular horizontal thermal contraction along 

crenellated stepped ridge segments is accommodated by equal displacement rates of the 

edge of the transform valleys on either side of the crenellated corridor of lithosphere.  All 

else being equal, the rate of widening of the transform valley thus is only half as large as 

if the ridge segment was stepped. (c) Hybrid ridge segment (stepped on one side and 

crenellated on the other): Along the side of the transform fault enclosed by the stepped 

ridge segment of lengths W0α, we assume that transform−perpendicular horizontal 

thermal contraction is accommodated entirely by widening of this transform fault.  Along 

the side of the transform fault enclosed by the crenellated ridge segment of length W0β , 

we assume that transform-perpendicular horizontal thermal contraction accommodated by 

equal displacement rates of the edge of the transform valleys on either side of the 

crenellated corridor of lithosphere.  If W0α  ≈ W0β , the rate of widening of the transform 

valley is approximately three-fourths as large as if both ridge segments were stepped. 
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Figure 2.6. Bias in transform-fault azimuth predicted along the Wilkes transform fault 

(along the Pacific−Nazca plate boundary) as a function of distance from the ridge axis for 

hypothetical full spreading rates of 10 mm a
−1 

and 150 mm a
−1

 (blue curves) and actual 

full spreading rate of 133 mm a
−1   

[DeMets et al., 2010] (red curve).  The length of the 

Wilkes transform fault is 182 km. It is bounded by stepped segments of mid−ocean ridge 

on both sides and the lengths of the adjacent ridge segments are 344 km and 534 km. 

 

The sense of the bias correction for a given transform fault depends on the sense 

of slip along the transform fault.  For right-lateral slip, the bias is predicted to be counter-

clockwise and for left-lateral slip, it is predicted to be clockwise. Azimuths for right-

lateral slipping transform faults, which are measured clockwise relative to north, must be 

increased to remove the bias.  In contrast the azimuths of left-lateral slipping transform 
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faults must be decreased to remove the bias.  Thus the bias for a right-lateral transform 

fault is negative in sign, while that for a left-lateral transform fault is positive. 

If the spreading rate is assumed to be constant, the age of a point adjacent to a 

transform fault is its distance from the corresponding ridge axis divided by the half 

spreading rate. Thus equation 2.7 can be rewritten as 
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                  (2.8) 

where Ax   and 
Ax   are the distances of adjacent points (but on opposite sides of the 

transform fault) from their respective mid-ocean ridge axes. 

Predicted transform-fault-perpendicular displacement rates for crenellated ridge 

segments are half as large as those for stepped ridge segments because we assume that 

displacement due to the contraction of a corridor of lithosphere bounded by a crenellated 

ridge segment is equally divided between its two adjacent transform faults (Figure 2.5b).  

For a transform fault bounded by two crenellated ridge segments, the bias is thus about 

half of that for a transform fault bounded by two stepped ridge segments. For a transform 

fault bounded by a stepped ridge segment on one side and a crenellated ridge segment on 

the other, the bias is about three-fourths of that for a transform fault bounded by two 

stepped ridge segments (Figure 2.5c). 

2.3. Application to global transform-fault data 

2.3.1 Methods 
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The procedure for correcting transform fault azimuths for bias predicted from 

horizontal thermal contraction consists of the following steps: (i) The bias in azimuth, 

taken to be the local bias (from equation 2.8) averaged over the insonified portion of the 

transform fault, is predicted for each transform-fault segment for which azimuth 

estimates are available [DeMets et al., 2010; J. K. Mishra and R. G. Gordon, Do 

transform faults parallel plate motion?, manuscript submitted to Tectonics 2015]. Lengths 

of ridge segments, lengths of transform faults, and distances of midpoints of insonified 

sections of transform faults [DeMets et al., 2010; J. K. Mishra and R. G. Gordon, Do 

transform faults parallel plate motion?, manuscript submitted to Tectonics 2015] from 

ridge axes were measured using a map of 1-minute resolution global topography version 

12.1 of Smith and Sandwell [1997].   Slip rate along a transform fault is determined from 

the best−fitting angular velocity for the relevant plate pair [DeMets et al., 2010].  (ii) The 

bias correction is added to observed transform-fault azimuths and the sum-squared 

normalized misfit is determined using the same least-squares method used by DeMets et 

al. [2010].  For each plate pair we consider two data sets, one consisting of only the 

transform-fault azimuths, and a second consisting of both transform-fault azimuths and 

spreading rates (after correction for outward displacement [DeMets and Wilson, 2008; 

DeMets et al., 2010]).   (iii) Step (ii) is repeated many times for many closely spaced 

values of γ over a range wide enough to locate the best-fitting value and 95% confidence 

limits of γ.  (iv) Step (iii) is repeated for each plate pair.  (v) The results from all plate 
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pairs are combined to find the best global estimate and uncertainty for γ.  γm, our best 

estimate of γ, is that value of γ that results in the smallest sum-squared normalized misfit. 

2.3.2 Data 

Of the 28 plate pairs that are separated in part or whole by mid-ocean ridge 

segments and were investigated by DeMets et al. [2010], we analyzed data for the 15 

plate pairs best populated with transform-fault data (Pacific-Antarctica, Cocos-Pacific, 

Pacific-Nazca, Cocos-Nazca, Nazca-Antarctica, Nubia-South America, Europe-North 

America, Nubia-North America, Somalia-Capricorn, India-Somalia, Nubia-Antarctica, 

Somalia-Antarctica, Lwandle-Antarctica, Arabia-Somalia and Australia-Antarctica) 

(Table 2.1).  Using GeoMapApp [Ryan et al., 2009], J. K. Mishra and R. G. Gordon (Do 

transform faults parallel plate motion?, manuscript submitted to Tectonics 2015) visually 

examined the locations and azimuths of all the transform fault data and improved the 

locations for 34 azimuths of transform faults, the estimated azimuths at 14 locations, and 

reduced the assumed insonified length at 13 locations (Table 2.1).  Twelve of these plate 

pairs have three or more transform-fault azimuths, which is the minimum required to 

estimate γ from only transform-fault azimuths.   The other three plate pairs have only two 

transform-fault azimuths and can be incorporated if we also include spreading rates.  

2.3.3. Results 

2.3.3.1 Predicted Bias 

The bias predicted for the transform fault azimuths that we analyzed varies in 

magnitude from 0.01° to 1.49° with the mean and median values of the magnitude of the 
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predicted bias being 0.36° and 0.24°, respectively.  Only ten transform fault azimuths 

have predicted biases exceeding 1.0° (Figure 2.7).  The greatest biases are predicted for 

transform fault segments for which the adjacent ridge segments are long and which lie 

near a ridge-transform intersection (Figures 2.6, 2.8, and 2.9).   Predicted biases depend 

only weakly on spreading rate and tend to decrease with increasing length of a transform 

fault (Figure 2.8). 
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Figure 2.7.  Distribution of predicted biases averaged over the insonified lengths used to 

estimate the 139 transform-fault azimuths analyzed herein (Table 2.1). Plate name 

abbreviations: AN, Antarctica; AR, Arabia; AU, Australia; CO, Cocos; CP, Capricorn; 

EU, Eurasia; IN, India; LW, Lwandle; NA, North America;  NB, Nubia; NZ, Nazca; PA, 

Pacific; SA, South America; SM, Somalia.  



50 

 

 



51 

 

Figure 2.8.  (a)  Predicted bias (circles) versus transform fault length for the 139 

azimuths of transform faults analyzed herein.  Reference curves show predicted bias 

averaged along an entire transform fault as a function of transform fault length for five 

transform faults while holding the ridge segment lengths and the spreading rates fixed at 

their observed values.  Squares:  fault-averaged bias predicted for the observed length for 

each of the five transform faults. 

(b) Predicted bias (circles) versus the sum of the lengths of the adjacent segments of mid-

ocean ridge.  Only half the length of a ridge segment is used if it is crenellated.  

Reference curves show predicted bias averaged along the entire transform fault for the 

same five transform faults as in part (a) while holding the transform fault lengths and 

spreading rates fixed at their observed values. Squares: fault-averaged bias for the 

observed sum of ridge-segment lengths for each of the five transform faults. 

(c) Predicted bias (circles) versus spreading rate.   Reference curves show predicted bias 

averaged along an entire transform fault as a function of spreading rate for the same five 

transform faults as in (a) and (b) while holding the ridge segment lengths and the 

transform fault lengths fixed at their observed values.  Squares:  fault-averaged bias 

predicted for the observed spreading rate for each of the five transform faults. 
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Figure 2.9. The values of predicted bias are indicated by color and plotted versus (i) 

distance of the midpoint of the observations used to estimate the transform fault azimuth 

from the nearest ridge-transform intersection (RTI) (vertical axis) and (ii) the sum of the 

lengths of the adjacent segments of mid-ocean ridge.  Only half the length of a ridge 

segment is used if it is crenellated.  Most of the higher values of bias result from a 

combination of a distance to the nearest RTI <≈125 km and a ridge−length sum > ≈180 

km. 

 

2.3.3.2 Bias for Plate Pairs with Both Right-Lateral and Left-Lateral Slipping Transform 

Faults 

Six plate pairs have both right-lateral and left-lateral slipping transform faults along 

their mutual boundaries.   As we showed above, the shrinking plate hypothesis predicts 



53 

 

that right-lateral slipping transform faults will be biased counter-clockwise of the plate 

motion direction (Figure 2.2), tending to result in negative residuals, while left-lateral 

slipping faults will be biased clockwise of the direction of plate motion, tending to result 

in positive residuals.  The mean bias for left-lateral slipping faults for six plate pairs is 

predicted to be 0.38° and the mean bias for right-lateral slipping faults is predicted to be 

−0.46° (where clockwise is positive).  The difference between these is 0.84° (Table 2.2). 

These predicted biases and predicted difference can be compared with the residuals 

observed for faults between these six pairs for which the mean residual for left-lateral 

slipping faults is 0.75°±0.36° (= ±1 standard error) and for which the mean residual for 

right-lateral slipping faults is −0.73°±0.22°.   The difference between these is 

1.48°±0.42° (= ±1 standard error) (Table 2.2).  In each case the observed value differs 

significantly from zero (the prediction for rigid plates), but insignificantly from the 

values predicted for the shrinking plate hypothesis. 

Cocos-Pacific and Nubia-North America, which are the two plate pairs predicted to 

have the largest difference between right-lateral and left-lateral slipping faults, also have 

the largest observed difference between right-lateral and left-lateral slipping faults (Table 

2.2). 

2.3.3.3 Examples 

The Cocos-Pacific plate boundary along the East Pacific Rise provides a simple 

example of a plate boundary with both right-lateral and left-lateral slipping transform 

faults (Figure 2.10).   Before correction for bias, the azimuth of the right-lateral slipping 
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Orozco transform fault is ≈1° counterclockwise of the azimuth calculated from the best-

fitting angular velocity (i.e., the one that best fits all the data along the Pacific-Cocos 

boundary). Similarly, three of the four azimuths along the right-lateral slipping Siquieros 

transform fault are up to ≈3° counterclockwise of the calculated azimuths.  In contrast, 

the azimuth of the left-lateral slipping Clipperton transform fault is ≈2° clockwise of its 

calculated azimuth.   Correction for bias shifts the azimuths from the right-lateral striking 

faults up to 1° clockwise and the azimuth from the left-lateral slipping Clipperton 

transform ≈1° counter-clockwise.  This leads to an improved agreement of the azimuths 

from the two right-lateral slipping faults with the azimuth from the left-lateral slipping 

Clipperton transform fault. 

We examine the Clipperton transform fault in more detail in Figure 2.11.  The red 

line illustrates our best estimate of the overall strike of the transform fault zone, 081.3°.  

This differs slightly from the value of 082° estimated by Gallo et al. [1986], adopted by 

DeMets et al. [2010], and used in the analysis elsewhere in this paper.  The 0.7° 

difference between the value shown in Figure 11 and that of Gallo et al. [1986] is mainly 

the difference between the ≈082° strike of individual segments (separated by extensional 

relay zones) and the overall strike, which is shown in Figure 2.11 and includes the 

extensional relay zones. 
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Figure 2.10.  Effects of bias correction for the transform fault azimuths (measured 

clockwise from north) along the Pacific-Cocos plate boundary.  Blue and red symbols 

correspond respectively to observed and bias-corrected azimuths. The blue dashed curve 

shows azimuths calculated from the angular velocity that best fits all the observed data 

from only this plate pair [DeMets et al., 2010].   The red dashed curved showed the 

azimuths calculated from the angular velocity that best fits the bias−corrected data. 1σ 

uncertainties for observed and bias-corrected azimuths are shown respectively by the blue 

and red horizontal line segments for the Orozco and Clipperton transform faults.  
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Figure 2.11.  GeoMapApp [Ryan et al., 2009] image of the Clipperton transform fault 

along the Pacific-Cocos plate boundary. The magenta line shows our best estimate of the 

strike of the Clipperton transform fault from ridge-transform intersection (RTI) to RTI 

minus the 10 km nearest each RTI.  The blue line shows the strike predicted for the 

Clipperton transform if the plates are rigid.   Mercator’s projection. 

 

The blue line, with an azimuth of 080.5°, indicates the direction expected if the 

plates are rigid (Figure 2.10).  It is determined from the best-fitting angular velocity, so it 

is not a pure prediction as the azimuth of the Clipperton was one of six transform fault 

azimuths used to estimate it.  The azimuth from the left-lateral slipping Clipperton 

transform fault is outnumbered five to one by right-lateral slipping fault segments in the 

determination of the best-fitting angular velocity, so the angular velocity is dominated by 

the right-lateral slipping faults.  The azimuth calculated from the best-fitting angular 

velocity lies 0.8° counter-clockwise of the observed overall strike of the Clipperton 

transform fault and 1.5° counter-clockwise of the strike of individual segments between 
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extensional relay zones.  These differences can be compared with the expected difference 

between left-lateral and right-lateral slipping faults along this boundary of 1.2° (Table 

2.2). 

The Nubia-North America boundary along the Mid-Atlantic Ridge provides 

another example of a plate boundary with both right-lateral and left-lateral slipping 

transform faults (Figure 2.12).  Before correction for bias, the azimuths of the left-lateral 

slipping Oceanographer, Hayes, and Atlantis transform faults are up to ≈2° clockwise of 

the azimuths calculated from the best-fitting angular velocity.  In contrast, the azimuth of 

the right-lateral slipping Kane transform fault is ≈3° counterclockwise of the calculated 

azimuth.   After correction for predicted thermal-contraction bias, the mutual consistency 

of the transform-fault azimuths improves.  For example, the difference between the 

azimuths of the Kane and the Atlantis is reduced from ≈4° to ≈2°.  

We examine the Kane transform fault in more detail in Figure 2.13.  The red line 

illustrates our best estimate of the overall strike of the transform fault zone of 098.5°.   

This is identical to the value of 098.5° estimated by Roest et al. [1986] for the overall 

strike of the Kane transform fault GLORIA data, differs by 0.5° from the value of 098° 

estimated by Pockalny et al., [1988] from Seabeam data, and differs by 0.5° from the 

value of 099.0° adopted by DeMets et al. [2010] and used in the analysis elsewhere in 

this paper.   
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Figure 2.12. Effects of bias correction for the transform fault azimuths (measured 

clockwise from north) for the Nubia-North America plate boundary. Blue and red circles 

correspond respectively to observed and bias-corrected azimuths. The blue dashed curve 

shows azimuths calculated from the angular velocity that best fits all the observed data 

from only this plate pair [DeMets et al., 2010].   The red dashed curved showed the 

azimuths calculated from the angular velocity that best fits the bias−corrected data. 1σ 

uncertainties for observed and bias-corrected transform azimuths are shown respectively 

by the blue and red line segments. 
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Figure 2.13.  GeoMapApp [Ryan et al., 2009] image of the Kane transform fault along 

the Nubia-North America plate boundary. The magenta line shows our best estimate of 

the strike of the Kane transform fault from ridge-transform intersection (RTI) to RTI 

minus the 10 km nearest each RTI.  The blue line shows the strike predicted for the Kane 

transform if the plates are rigid.   Mercator’s projection. 

 

The blue line, with an azimuth of 101.8°, indicates the direction expected if the 

plates are rigid (Figure 2.12).  It is determined from the best-fitting angular velocity, so it 

is not a pure prediction as the azimuth of the Kane was one of four transform fault 

azimuths used to estimate it.  The azimuth from the Kane is outnumbered three to one by 

right-lateral slipping fault segments.  The azimuth calculated from lies 3.3° clockwise of 

the observed overall strike.  This difference can be compared with the expected 

difference between left-lateral and right-lateral slipping faults along the Nubia-North 

America boundary of 1.7° (Table 2.2).  If the diffuse plate boundary between the North 

and South America plates along the Mid-Atlantic Ridge continues south of the Kane 
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transform fault, some of the difference between observed and predicted strike of the Kane 

transform might be due to distributed deformation accommodated in this diffuse plate 

boundary [DeMets et al., 1990; Gordon, 1998]. 

2.3.3.4 Global Analysis 

When only transform faults are analyzed (with no spreading rates), the only plate 

pair with data that exclude γ=0 is Australia-Antarctica (Figure 2.14).  The plate pairs that 

best constrain γ favor a value near one (Figure 14).  When all plate pairs are combined, 

γ=0 is excluded with mγ  determined from only transform-fault azimuths being 1.1 ± 0.7 

(95% confidence limit) (Figure 2.14, Table 2.3).  mγ determined from transform fault 

azimuths combined with spreading rates is 1.0 ± 0.6 (95% confidence limits)  (Table 2.3; 

Figure 2.16). The bias correction improves the fit for 8 out of 12 plate pairs having three 

or more transform fault azimuths (Figure 2.14, Table 2.3). 
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Figure 2.14. The parameter γ estimated from only transform-fault azimuths (i.e., no 

spreading rates) for the 12 individual plate pairs (blue) with the smallest uncertainties.  

Green line segments show the 95% confidence limits.  The estimate from combining all 

data (red) is consistent with γ=1 and excludes γ=0. 
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Figure 2.15. The parameter γ estimated from combined spreading rates and transform-

fault azimuths for the six individual plate pairs (blue) with both left-lateral and right-

lateral slipping transform faults.  Green line segments show the 95% confidence limits. 

Abbreviations: AU, Australia; AN, Antarctica; NB, Nubia; NA, North America; SA, 

South America; CO, Cocos; PA, Pacific; SM, Somalia; CP, Capricorn; EU, Eurasia. The 

“Combined” estimate (red-filled circle) is from all 15 plate pairs.  The Combined, the 

Australia-Antarctica plate pair, and the Nubia-South America plate pair each are 

consistent with γ=1 and exclude γ=0.   

 

2.3.4. Discussion 

The azimuths of transform faults are fit significantly better when corrected for 

horizontal thermal contraction of the lithosphere, as predicted by the shrinking plate 

hypothesis, i.e. that the lithosphere contracts freely in response to its vertically averaged 

thermal stress [Parmentier and Haxby, 1986; Wessel, 1992; Sandwell and Fialko, 2004; 
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Kumar and Gordon, 2009].  Are the transform-fault azimuths accurate enough to 

distinguish between the rigid-plate and shrinking-plate hypotheses?  The uncertainty in 

azimuth of an individual fault segment is estimated from the following formula: 

  
          

  
                                       (2.9) 

where W is the width of the transform fault zone and L is the insonified length used to 

estimate the azimuth [DeMets et al., 1994].  From multi-beam or side-scan sonar data, the 

transform fault zone (or the wider transform tectonized zone) can in most cases be 

identified and is ≈2 km wide.  From application of this formula, the median uncertainty in 

transform-fault azimuth is less than ±2° (±1σ).  So from an individual measurement we 

can only rarely distinguish between the rigid plate and shrinking plate models as the 

differences in predicted azimuth are typically about 0.5°.   From more than 100 such 

observations, however, the accuracy of the global average is better than ±0.2° (cf. Table 

2.2, which considers six of the fifteen plate pairs), which is accurate enough to 

distinguish between the predictions of the two models, which can differ by as much as 

1.72°.  This significant difference is indicated by the confidence limits that we find for 

the global estimate of γ of 1.0±0.6 (95% confidence limits) (Figure 2.15). 

An alternative explanation for the systematic differences in transform-fault 

azimuth that we observe is that the faults in transform fault zones also have a component 

of dip slip.  Studies of earthquake mechanisms in transform faults indicate the strike-slip 

expected from a transform fault with no indication of dip slip (although the fault planes 
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may in some cases be steep but non-vertical) [Bergman and Solomon, 1988; Abercrombie 

and Ekstrom, 2001].  While it would be difficult to exclude tiny amounts of dip slip from 

such observations, significant dip slip not only seems unlikely but it would be surprising 

if it would be of the right sign and about the right amount to cause fault strikes to mimic 

the direction expected from horizontal thermal contraction.  Thus, the observed 

significant differences in strikes between right-lateral slipping and left-lateral slipping 

transform faults seem best explained by horizontal thermal contraction of the young 

oceanic lithosphere. 

Thus, plates are not rigid, although plate rigidity remains a useful approximation.   

Transform faults (and possibly other elements of the transform valley as well) serve to 

relieve much of the vertically averaged thermoelastic stress in young oceanic lithosphere 

and appear to do so for a wide range of lengths of mid-ocean-ridge segments (Figures 

2.8b, 2.9).  If part of the widening of transform fault valleys is also accommodated by 

normal-faulting in the valley walls [Wilcock et al., 1990] and other processes that thin the 

lithosphere in the transform fault valley, then an expected consequence would be 

weakening of the transform fault and valley lithosphere relative to adjacent lithosphere. 

Although transform faults do not precisely parallel plate motion, that the mean 

bias is merely 0.36° indicates that the effect on estimated directions of plate motion is 

tiny, all the more so for plate boundaries with both left-lateral and right-lateral slipping 

transforms, for which the bias has opposite signs and will partly cancel out in estimates of 

relative plate velocity [e.g., DeMets et al., 1990; 1994; 2010]. 
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While we can exclude the hypothesis that all of the widening of transform fault 

valleys is accommodated by normal faulting in the walls of the valley (middle panel of 

Figure 2.3), we cannot exclude the possibility that some of the widening is 

accommodated by normal faulting [Wilcock et al. 1990].   With mγ  = 1.0 ± 0.6, the best 

estimate is that no widening is accommodated by normal faulting, but with an upper limit 

of as much as 60% of the widening being accommodated by normal faulting. 

In contrast, Korenaga [2007] questions prior evidence that the lithosphere 

contracts freely in response to horizontal thermal contraction.   He instead proposes a 

thermal cracking model wherein thermal stresses are dissipated by widespread tensional 

cracking in shallow lithosphere. He argues that thermal stress release by cracking is 

localized and thus thermal cracking should be present everywhere in oceanic lithosphere. 

As far as we know, the tensional cracking postulated by Korenaga [2007] has not been 

observed anywhere.  His model predicts no net horizontal contraction of the lithosphere 

between transform faults or fracture zones and thus predicts the same azimuth for a 

transform fault as does the assumption of rigid plates.   Thus our results contradict the 

predictions of his model. 

Our results also help us to understand the magnitude of intraplate horizontal strain 

and the relative roles of some of the processes that may contribute to it.  Our model 

predicts strain rates in young (≤17 Ma old) lithosphere ranging from ≈2% Ma
−1

 for newly 

created lithosphere to ~10
−4

 Ma
−1

 for 17 Ma-old lithosphere (Figure 2.15 and Appendix 

B).  Thermal contractional strain rates are, of course, orders of magnitude lower than 
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strain rates averaged across narrow plate boundaries, which range from ≈3 to 10
3
 Ma

−1
 

(Figure 2.16) [Gordon, 1998, 2000].  On the other hand, thermal contractional strain rates 

in very young oceanic lithosphere appear to be comparable to strain rates in diffuse 

oceanic plate boundaries and to overlap slightly the strain rates for diffuse continental 

plate boundaries (Figure 2.16) [Gordon, 1998, 2000].  Moreover, thermal contractional 

strain rates in young oceanic lithosphere are orders of magnitude greater than the average 

oceanic seismically released strain rate of 10
−6

 Ma
−1

 (lower bound on strain rate of stable 

plate interiors as shown in Figure 2.16). 

 

Figure 2.16. Range of spatially averaged strain rates for selected tectonic processes.  The 

lower bound for strain rate of stable plate interiors is the mean seismic strain rate 

estimated from oceanic seismic moment release [Wiens and Stein, 1983; Gordon, 1998].  

Space geodetic data provide an upper bound [Argus and Gordon, 1996; Dixon et al., 

1996; Argus et al., 2010], but we emphasize a lower upper bound estimated herein for 

plate motion over a non-spherical Earth [McKenzie 1972; Turcotte and Oxburgh, 1973].  

Strain rates from narrow plate boundaries and diffuse oceanic plate boundaries are from 

Gordon [1998, 2000] and those for diffuse continental plate boundaries from England 

and Molnar [1997] and Davies et al. [1997]. 
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Another cause of intraplate strain is that of the movement of tectonic plates over a 

non-spherical Earth [McKenzie, 1972; Turcotte and Oxburgh, 1973] and it is useful 

compare the strain rates expected from this process with those from thermal contraction 

of young oceanic lithosphere.  McKenzie [1972] estimates that strains of ~1% are 

produced in a plate the size of the Pacific plate when it moves through 90° of latitude.  

The Pacific plate currently rotates (right-handed) at 0.89° Ma
−1

 about 63.4°S, 100.3°E 

relative to a deep mantle reference frame inferred from seismic anisotropy [Zheng et al. 

2014].  The component of this angular velocity through the equator is ≈0.4° Ma
−1

, 

indicating that it takes ≈225 Ma for the Pacific plate to move through 90° of latitude.  

Thus we infer a strain rate of ≈ 4 × 10
−5

 Ma
−1 

(
=
1% / (225 Ma)) as shown in Figure 2.15.  

This is similar to the thermal contractional strain rate that we infer for 40 Ma-old 

lithosphere.   Thus, for the Pacific plate, straining from movement over a non-spherical 

Earth is less than the thermal contractional straining for lithosphere younger than ≈40 

Ma, comparable for lithosphere with an age near 40 Ma, and exceeds the thermal 

contractional straining for lithosphere older than ≈40 Ma.  For plates smaller than the 

Pacific plate, the straining due to motion over a non-spherical Earth is less important.  In 

summary, for lithosphere younger than ≈40 Ma, thermal contractional strain is likely to 

be the dominant process of intraplate deformation, which is further supported by the 

improvement to the fit to the strikes of transform faults documented herein. 

2.4. Conclusions 
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Global plate motion data, in particular the azimuths of transform faults, are fit 

significantly better when the azimuths of transform faults are corrected for the predicted 

effects of the shrinking plate hypothesis, i.e., horizontal thermal contraction assuming 

that the vertically averaged thermal stress of the competent lithosphere is fully relieved 

by contraction.  The rigid-plate hypothesis (no−contraction) (Figure 2.3a) can be rejected 

while the shrinking-plate hypothesis (full contraction) [Sandwell, 1986; Parmentier and 

Haxby, 1986; Haxby and Parmentier, 1988; Wessel, 1992] is consistent with the observed 

strikes of transform faults.  Other hypotheses that predict no widening of transform 

valleys [e.g., Korenaga, 2007] can also be rejected.  Given the uncertainties of γm (=1.0± 

0.6), at least 40% of the widening of transform−fault valleys results in an azimuth that 

differs from that expected if the plates were rigid.  Within uncertainties, some (≤60%) of 

the predicted contraction could be manifest as normal faulting in the walls of the 

transform fault valley [e.g., Wilcock et al., 1990]. 

We conclude that horizontal thermal contraction [Kumar and Gordon, 2009; 

Kreemer and Gordon, 2014] results in the biggest failure to plate rigidity, the central 

tenet of plate tectonics, but deformation due to plate movement over a non-spherical 

Earth [McKenzie, 1972; Turcotte and Oxburgh, 1973] may be larger in continental and 

older oceanic lithosphere.   Thermal contraction rates in young oceanic lithosphere are 

comparable to the highest strain rates in diffuse oceanic plate boundaries, but strain rates 

due to movement over a non-spherical Earth are not. 
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In any event, horizontal thermal contraction of oceanic lithosphere causes the 

observed transform azimuths to deviate slightly from the direction of relative plate 

motion.  Given the small magnitudes of the bias, the assumption that the transform faults 

parallel plate motion remains an excellent approximation. 

 

Table 2.1. Transform fault azimuth locations and measurements 

ID Lat. (N) Lon. (E) 
S.R. 

(mm/a) 

Dist  

RTI  

(km) 

TF L 
(km) 

Ins. 

TF L 

(km) 

Ridge segment 

lengths & types                          

West
 
              East 

Pred. 
Bias 

            
                                                                       Pacific-Antarctica 

      

            
UNN −63.36° 171.27° 47.6 28 64 50 87 S 81 S −0.31° 

Pitman  −64.55° −170.78° 55.2 31 67 52 240 S 228 S −0.80° 

Saint Exupery  −62.25° −155.47° 63.7 24 47 40 134 S 383 S −1.22° 

Le Geographe  −57.63° −147.48° 71.0 34 67 55 291 S 274 S −0.93° 

Tharp  −54.52° *  −131.44° 78.7 214 465 280 108 S 61 S −0.04° 

Heezen  −55.31° −125.15° 79.1 155 389 250 61 S 208 S −0.07° 

Heezen  −55.85° −122.45° 79.1 335 389 75 61 S 208 S −0.21° 

Raitt  −54.34° −120.10° 80.9 43 85 75 208 S 12 C −0.30° 

Raitt  −54.45° −119.03° 81.0 27 64 48 12 S 173 C −0.14° 

Menard  −49.58° −115.22° 85.5 104 205 120 422 C 1608 C −0.52° 

            
                                                                           Pacific-Nazca 

      

            
Quebrada  −3.74° −102.86° 124.6 99 122 35 36 C 1359 S −1.31° 

Quebrada      −3.71° * −103.15° 124.7 67 122 23 36 C 1359 S −0.56° 

Quebrada      −3.75° * −103.38° 124.8 41 122 20 36 C 1359 S −0.41° 

Quebrada     −3.76° * −103.64° 124.8 13 122 20 36 C 1359 S −0.38° 

Discovery     −4.01° * -104.00° 125.3 61 74 26* 69 S 36 S −0.16° 

Discovery     −4.01° * −104.31° 125.4 27 74 29 69 S 36 S −0.14° 
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Gofar     −4.54° * −104.96° 126.2 150 185 41 216 S 69 S −0.16° 

Gofar  −4.59° −105.23° 126.4 121 185 20 216 S 69 S −0.13° 

Gofar  −4.60° −105.85° 126.6 53 185 83 216 S 69 S −0.24° 

Yaquina  −6.23° −107.27° 129.0 16 33 25 351 S 216 S −1.34° 

Wilkes     −9.02° * −109.19° 132.7 74 182 19 534 S 344 S −0.46° 

Garret    −13.41° * −112.13° 137.8 21 134 34 1106 S 534 C −1.31° 

Garret    −13.42° −111.80° 137.7 57 134 21 1106 S 534 C −0.72° 

Garret    −13.46° −111.53° 137.7 86 134 30 1106 S 534 C −0.76° 

Garret    −13.47° −111.25° 137.6 116 134 20 1106 S 534 C −1.31° 

            
                                                                     Cocos-Pacific 

      

            
Orozco    15.41° −105.12° 84.6 25 49 47 347 C 593 S 1.49° 

Clipperton      10.24° * −103.93° 103.4 48 87 80 199 C 593 C −0.61° 

Siquieros      8.41° −104.04° 109.4 14 138 22 199 C 1359 C 0.53° 

Siquieros   8.38° * −103.67° 109.7 55 138 32 199 C 1359 C 0.45° 

Siquieros   8.37° * −103.40° 109.9 84 138 20 199 C 1359 C 0.60° 

Siquieros   8.38° * −103.19° 110.0 107 138 13 199 C 1359 C 0.94° 

            
                                                                            Cocos-Nazca 

      

            
Panama      4.15° −82.60° 61.8 208 302 160 29 C 41 S 0.03° 

85.3°      1.24° −85.31° * 60.1 60 118 87 597 S 69 S 0.62° 

            
                                                                      Australia-Antarctica 

      

            
Vlamingh  −41.47° 80.36° 63.0 65 130 100 154 S 286 S 0.40° 

Geelvinck  −42.20°   84.30° 64.4 108 221 100 286 S 13 S 0.14° 

E. Geelvinck   −41.18° * 85.71° * 64.4 49 85 50 13 S 225 S 0.34° 

88.43° E  −41.90°   88.43° 65.4 37 70 61 225 S 745 C 1.07° 

95.73° E  −45.93° 95.73° 67.9 10 103 19* 56 S 745 C −0.45° 

96.3° E   −45.45° *   96.30° * 68.0 78 103 47 56 S 745 C −0.94° 

96.15° E  −46.43° 96.15° 68.1 36 57 40 310 C 56 S −0.37° 

100.0° E  −47.71° 99.80° 68.9 68 137 120 310 C 198 S 0.34° 

105.17° E  −48.50° 105.13° 69.6 14 27 25 21 S 191 C −0.43° 

105.25° E  −48.81° 105.21° 69.7 20 35 30 85 C 21 S −0.18° 

106.3° E  −49.07° 106.28° 69.8 27 57 45 85 C 14 S 0.11° 

106.8° E  −48.60° 106.84° * 69.8 34 70 55 14 S 126 C 0.12° 
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108.5° E  −48.90° 108.48° 70.0 10 23 20 31 S 126 C −0.34° 

114.5° E  −49.97° 114.27° 70.3 56 70 20 402 C 110 S 0.49° 

116° E  −49.87° 115.92° 70.4 13 36 25 110 S 20 S 0.46° 

116.3° E  −49.49° 116.40° 70.4 28 59 55 20 S 44 C 0.09° 

Euroka  −49.16° 126.10° * 70.1 61 121 100 54 C 87 C 0.07° 

Birubi  −49.27° 127.30° * 70.0 105 158 90 888 C 87 S −0.31° 

Tasman  −55.23° 146.49° 67.1 103 157 96 595 S 39 S −0.33° 

            
                                                                       

                                                                          Capricorn-Somalia       

            
"O" TF  −10.10° * 66.58° * 35.6 40 76 25 71 S 41 S −0.14° 

Twelve-south  −11.80°   66.00° 36.3 58 107 90 186 S 31 S −0.24° 

Argo   −13.68° * 66.23° * 37.9 61 128 95 211 S 186 S −0.37° 

UNN −16.25°   67.00° 40.0 64 109 55 68 S 65 S −0.13° 

Marie Celeste  −17.50°   66.00° 40.5 106 209 166 283 C 68 S −0.12° 

Egeria  −20.12° 66.55° 42.6 22 46 41 283 C 53 S 0.52° 

Egeria  −20.24° 67.29° 43.0 36 65 51 53 S 44 S 0.18° 

Egeria  −20.35° 67.90° 43.3 15 32 26 44 S 50 S 0.32° 

Gemino  −22.75° 69.28° 45.5 26 37 21 270 S 56 S −0.74° 

            
                                                                       Nazca-Antarctica 

      

            
Chile  −34.72° −108.33° 49.4 86 1114   55* 102 S 80 S 0.06° 

Chile  −35.00° −107.30° 49.5 185 1114 140* 102 S 80 S 0.03° 

Chile  −35.35° −105.50° 49.5 353 1114 157 102 S 80 S 0.02° 

Chile  −35.85° −103.20° 49.6 568 1114 171 102 S 80 S 0.02° 

Chile  −36.15° −100.90° 49.6 777 1114 167 102 S 80 S 0.02° 

UNN −37.00°  −96.50° 49.9 51 79  57* 80 S 12 S 0.11° 

UNN −37.10°  −95.71° 49.9 40 71   56 12 S 17 S 0.05° 

UNN    −37.32° *  −94.57° 50.0 41 81   74 11 S 116 S 0.21° 

UNN −38.42°  −93.00° 50.3 33 65   62 12 S 68 S 0.17° 

UNN  −38.98°   −92.05° 50.5 43 85   83 68 S 143 C 0.25° 

Valdavia  −41.09°  −91.54° 51.1 24 46   41 96 C 18 S 0.17° 

Valdavia  −41.20°  −90.78° 51.1 40 72  64* 18 S 13 S 0.06° 

Valdavia     −41.32° *  −88.07° 51.2 81 108 54* 22 S 25 S 0.08° 

Valdavia  −41.46°  −87.24° 51.2 40 172 78 172 S 28 S 0.33° 

Valdavia  −41.35°  −85.93° 51.2 150 172 41 172 S 28 S 0.14° 
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Valdavia  −41.49°  −85.12° 51.3 42 84 57 28 S 19 S 0.06° 

UNN −43.06°  −83.25° 51.7 12 51   23* 121 S 234 S 0.85° 

Guafo   −44.81° *  −80.62° * 52.1 104 287 200 234 S 155 S 0.24° 

Guafo    −44.52°  −78.83° 52.1 249 287  75* 234 S 155 S 0.36° 

Guamblin  −45.68°  −77.30° 52.3 44 77 63 155 S 45 S 0.29° 

Darwin     −45.89° *  −76.30° 52.4 32 55  46* 45 S 64 S 0.27° 

            
                                                                         Nubia-Antarctica 

      

            
Bouvet  −54.37° * 1.83° * 14.6 94 200 165 98 S 193 S 0.19° 

Islas Orcadas  −54.20° 6.10° 14.9 47 102 80 193 S 100 S 0.38° 

Shaka  −53.50° 9.00° 15.0 101 198 180 100 S 34 S 0.10° 

Du toit     −53.01° *  25.53° * 16.2 63 139 95 723 S 122 S 0.78° 

            
                                                                        Lwandle-Antarctica 

     

            
Marion  −46.45° 33.72° 14.2 54 108 85 73 S 74 S 0.17° 

Prince Edward  −45.41° * 35.13° * 14.2 84 164 160 74 S 123 S 0.27° 

Eric Simpson  −43.80° 39.30° 14.4 43 84 80 75 S 181 S 0.58° 

Fisher  −43.30° 41.70° 14.5 53 113 100 181 S 49 S 0.34° 

Discovery II  −41.90° 42.60° 14.5 106 219 190 49 S 176 S 0.14° 

Indomed  −39.50° 46.20° 14.6 125 203 100 107 S 205 S 0.19° 

            
                                                                         Somalia-Antarctica 

     

            
Novarra  −31.45° 58.40° 13.9 22 43 35 130 S 253 S −1.14° 

Melville  −29.85° 60.78° * 13.6 36 115 50 253 S 451 S −0.89° 

            
                                                                             India-Somalia 

      

            
Owen  12.50° 58.25° 21.4 280 306 45 148 S 127 S −0.33° 

Owen  11.50° 57.90° 21.5 165 306 190 148 S 127 S −0.10° 

            
                                                                           Arabia-Somalia 

      

            
TF Vii 12.60° 48.00° 18.5 19 37 18 44 S 19 S 0.17° 

TF Vii 13.10° 49.30° 19.2 12 32 25 24 S 19 S 0.20° 

TF Viii 13.30° 49.60° 19.3 11 29 20 19 S 59 S 0.28° 
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Alula-Fartak  13.80° 51.70° 20.5 86 172 170 78 S 45 S 0.16° 

Socotra  14.47° 53.83° 21.8 15 35 21 40 S 24 S 0.19° 

            
                                                                    Europe-North America 

     

            
Molloy  78.87° 4.50° 14.0 63 127 32 65 S 530 C 0.45° 

Splitsbergen  80.00° 1.00° 13.8 74 134 120 80 S 65 S 0.13° 

Jan Mayen  71.30° −9.00° 16.5 111 203 100 377 S 81 S −0.22° 

Charlie Gibbs  52.65° −33.25° 21.2 142 240 80 447 S 41 S 0.17° 

Charlie Gibbs  52.10° −30.85° 21.3 73 128 60 41 S 129 S 0.15° 

            
                                                                     Nubia-North America 

      

            
Oceanographer      35.16° *    −35.61° * 25.8 63   121 55 87 S 69 S −0.13° 

Hayes         33.66° *  −38.65° 26.0 33 70 50 505 S 83 S −1.02° 

Atlantis        30.05°  −42.32° 26.1 35 63 38 787 S 61 C −1.22° 

Kane       23.74°  −45.62° 26.2 78 145 90 787 S 935 C 0.93° 

            
                                                                     Nubia-South America 

      

            
15-20 TF  15.30° −45.80° 23.5 87 169 75 935 S 281 S 0.71° 

Marathon   12.65° −44.50° 24.5 39 85 70 282 S 49 S 0.57° 

Vema   10.80° −42.30° 25.2 154 313 300 139 S 67 S 0.13° 

Doldrums  8.83° −40.02° 25.9 54 110 85 60 S 69 S 0.14° 

Doldrums     8.20° −38.81° 26.1 87 174 150 69 S 43 S 0.09° 

Doldrums     7.75° −37.37° 26.3 72 146 125 51 S 22 S 0.07° 

Doldrums     7.45° −35.66° 26.4 113 226 205 36 S 27 S 0.04° 

Bogdanov     7.16° −34.25° 26.5 40 75 45 35 S 104 S 0.20° 

Strakhov     3.93° −32.09° 27.6 55 110 84 185 S 151 S 0.37° 

St. Paul     0.86° * −27.10° * 28.6 92 145 40 27 S 27 S 0.04° 

St. Paul     0.70° −25.80° 28.7 58 91 50 43 S 18 S 0.07° 

St. Paul     0.60° −25.20° 28.8 29 42 20 27 S 16 S 0.11° 

Romanche   −1.01° −23.20° 29.3 149 899 260* 191 S 208 S 0.10° 

Romanche   −0.67° −20.80° 29.3 418 899 260* 191 S 208 S 0.04° 

Romanche   −0.20° −18.40° 29.3 690 899 260* 191 S 208 S 0.07° 

Chain       −1.22° * −14.45° 29.8 162 306 250 218 S 126 S 0.15° 

Ascension   −6.88° −12.15° 31.0 100 202 180 24 S 197 S −0.16° 
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Abbreviations: ID, Identification or name; RTI, ridge-transform intersection; TF, 

transform fault; S, Stepped ridge segment;  C, Crenellated ridge segment; UNN, 

Unnamed. Bias is negative for left-lateral slip and positive for right-lateral slip. “*” 

indicates a difference from DeMets et al. [2010].  Fault parameters are documented in the 

work of J. K. Mishra and R. G. Gordon (Do transform faults parallel plate motion?, 

manuscript submitted to Tectonics). 

 

Table 2.2. Predicted Mean Biases and Observed Mean Residuals 

 

Plate Pair 
N N   

LL
1
 RL

1
 Δ

1
 

  
LL

2
 RL

2
 Δ

2
 

LL RL     

CO–PA 1 5 

 

0.43° −0.80° 1.23° 

 

1.48° −1.09° 2.57° 

AU–AN 7 12 

 

0.34° −0.33° 0.67° 

 

1.19° −0.44° 1.63° 

CP–SM 6 3 

 

0.29° −0.34° 0.63° 

 

1.56° −0.09° 1.65° 

EU–NA 1 4 

 

0.22° −0.23° 0.45° 

 

0.39° −1.75° 2.14° 

NB–NA 3 1 

 

0.79° −0.93° 1.72° 

 

1.06° −2.80° 3.86° 

NB–SA 10 19 

 

0.20° −0.15° 0.35° 

 

−0.17° −0.60° 0.43° 

           Total (N) 

or Mean 
28 44 

 
0.38° −0.46° 0.84° 

 
0.75°±0.36°  −0.73°±0.22° 1.48°±0.42° 

Results are shown for the six plate pairs having both right-lateral slipping and left-lateral 

slipping transform faults along their mutual boundary.  
1
Predicted bias.

  
 

2
Observed 

residuals.   Abbreviations: N, number of transform fault segments; LL, left-lateral 

slipping fault; RL, right-lateral slipping fault; Δ, mean bias (or mean residual) of left-

lateral slipping faults minus that for right-lateral slipping faults; CO, Cocos plate; PA, 

Ascension   −7.37° −13.26° 31.1 28 55 40 83 S 27 S −0.22° 

Boda Verde  −11.64° −13.68° 31.7 86 167 140 42 S 351 C −0.18° 

Bagration  −16.30° −13.80° 32.3 56 128 105 163 C 232 S −0.30° 

Rio Grande  −25.66° −13.74° 32.8 19 39 25 84 C 297 S −0.88° 

UNN −28.22° −12.89° 32.8 35 52 25 297 C 69 C 0.30° 

UNN −28.88° −12.80° 32.8 30 61 45 19 S 78 C −0.11° 

UNN −29.20° −13.42° 32.8 34 71 65 51 S 25 S −0.16° 

Cox  −32.26° * −13.92° 32.7 32 91 50 126 S 170 S −0.37° 

Meteor  −34.16° −14.81° 32.6 38 68 50 46 S 58 S −0.18° 

UNN −35.28° −15.72° 32.5 195 245 85 328 S 44 S −0.14° 

UNN −47.32° −12.20° 30.8 85 215 150 154 S 265 S 0.24° 

UNN −49.12° −9.11° 30.3 59 112   90 265 S 138 S 0.44° 
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Pacific plate; AU, Australia plate; AN, Antarctica plate; CP, Capricorn plate; SM, 

Somalia plate; EU, Eurasia plate; NA, North America plate; NB, Nubia plate; SA, South 

America plate.   Quoted uncertainties are plus or minus one standard error. 

 

 

Table 2.3.     for all the plate pairs 

 

  Both spreading rates and TF azimuths    TF azimuths only 

Plate pair        N γm  χ
2
 (γ=0) χ

2
 (γ=1)       N γm 

χ
2
 

(γ=0) 

  χ
2
 

(γ=1) 

        
  AU-AN 186  1.3±1.1 182.6 178.2 

 
19  1.5±1.2 20.8 16.2 

NB-NA 165  1.9±1.2 168.4 175.2 
 

4  1.2±1.4 2.9 0.1 

PA-NZ 57  2.3±3.3 55.3 57.1 
 

15  1.1±2.0 5.9 4.6 

CO-PA 67 0.6±2.2 72.0 72.6 
 

6   1.0±2.5 1.6 1.0 

PA-AN 58  0.0±2.3 53.8 52.9 
 

10  -0.2±2.4 5.8 6.7 

NB-SA 128  0.2±2.0 113.3 112.8 
 

29  1.1±2.7 22.8 22.2 

NZ-AN 86  -0.6±3.2 76.7 75.8 
 

21  -1.2±3.3 18.8 19.9 

SM-CP 65  2.2±2.9 58.2 59.6 
 

9  1.9±4.3 4.4 3.8 

EU-NA 459  8.7±5.5 479.5 481.6 
 

5  4.7±7.6 3.4 2.8 

NB-AN 83  -2.0±4.4 78.3 77.3 
 

4  5.3±15.3 0.6 0.4 

LW-AN 29  -3.5±16.5 13.7 13.6 
 

6  -3.5±16.8 1.1 1.2 

AR-SM 56  -7.6±22.7 53.1 52.9 
 

5  -16.6±44.0 2.1 2.2 

CO-NZ 
a
 90  -9.9±4.9 105.5 102.1 

 
2 NA NA NA 

SM-AN 
a
 63  -1.7±19.4 25.7 25.7 

 
2 NA NA NA 

IN-SM 
a
 115  -11.4±32.8 112.5 112.4 

 
2 NA NA NA 

Combined     1707  1.0±0.6 1654.2 1644.1     139  1.1±0.7 90.1 81.1 

 

γm=0 is expected if plates are rigid;   γm=1 is expected if plates the azimuths of transforms 

are affected by plates shrinking as proposed by Kumar and Gordon [2009]. Uncertainties 

are 95% confidence limits.   Abbreviations: N, number of data; AN, Antarctica; AR, 

Arabia; AU, Australia; CO, Cocos; CP, Capricorn; EU, Eurasia; IN, India; LW, Lwandle; 

NA, North America; NB, Nubia; NZ, Nazca; PA, Pacific; SA, South America; SM, 

Somalia; TF, transform fault.  (a) These plate pairs have only two observed azimuths of 

transform faults. 
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Chapter 3 

Pacific Plate Intraplate Velocities Due to Horizontal 

Thermal Contraction: A Simple Kinematic Model 

Summary 

 

A simple kinematic model is constructed to estimate intra-Pacific plate velocities 

due to horizontal thermal contraction.  The building blocks of the simple model are 

fracture zone-bounded corridors of lithosphere.  We analyze the motion of adjacent 

corridors along and across their shared fracture zone and assume that the corridors are 

pinned at the old end of their mutual fracture zone.  A simple analytical model is used to 

describe deformation of an individual corridor of lithosphere bounded by fracture zones.  

In this deformation isochrons remain straight lines as does the medial line of each 

corridor perpendicular to the isochrons.  Other lines deform.  If isochrons in adjacent 

corridors remain parallel, gaps form between the two corridors except at the pinned point.  

If adjacent corridors are rotated such that no gaps form, then the corridors overlap one 

another everywhere except at the (oldest) pinned point and the youngest point along the 

fracture zone.   We explore some options for minimizing the total area of gaps or 

overlaps while adjacent corridors are pinned at their old end.  In our preferred models, the 

fracture zone perpendicular velocity is continuous across the fracture zone where 

lithosphere on the younger side ranges from ≈5 Ma to ≈8 Ma.   The fracture zone forms 
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gaps for lithosphere younger than this age and the fracture zone forms overlap for 

lithosphere older than this age.  Applying this methodology to Pacific plate lithosphere 

between Baja California and the 0.78 Ma isochron along the Heezen transform faults, we 

estimate a mean fracture-zone-perpendicular component of velocity of ≈0.2 mm a
-1

 and 

we estimate an intraplate velocity between Baja California and the 0.78 Ma isochron 

along the Heezen transform fault of 2.6 mm a
-1

.  

3.1. Introduction 

Plate rigidity is the central tenet of plate tectonics.  Kumar and Gordon [2009] 

proposed that horizontal thermal contraction of oceanic lithosphere is the ultimate limit 

on plate rigidity.  In their analysis, they estimated a relative intra-Pacific plate velocity 

between Baja California and the 0.78 Ma isochron along the Heezen transform fault to be 

≈3–10 mm a
-1

. If true, horizontal thermal contraction of oceanic lithosphere on other 

tectonic plates may significantly affect other plate circuits around the globe. The 

prediction of Kumar and Gordon [2009] was, however, based on a single strip of 

lithosphere stretching between the East Pacific Rise and Baja California. Oceanic 

lithosphere, in general, is composed of multiple corridors of oceanic lithosphere such that 

ridge segments are offset by transform faults. Much of the contractional deformation may 

be accommodated along these transform faults by opening up of transform valleys and 

normal faulting of transform fault walls [Mishra and Gordon, 2015, submitted to 

Tectonics]. Thus the actual effect of horizontal thermal contraction on the relative 

intraplate velocity may be much smaller than that predicted by Kumar and Gordon.  
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 To test the effect of horizontal thermal contraction on oceanic lithosphere with 

ridge offsets, we present a simplified flat earth model of the portion of Pacific lithosphere 

between Baja California and Heezen fracture zone. We use Kumar and Gordon’s [2009] 

formulation, as modified by Mishra and Gordon [2015], for predicting contractional 

velocities in each corridor of oceanic lithosphere. We then combine various such 

corridors, one adjacent to the other, by first pinning the oldest lithosphere along the 

common fracture zone of the adjacent corridors. We then force a continuity in fracture 

zone-perpendicular velocities between the adjacent corridors at an age such that the sum 

of divergent velocities along the fracture zones are balanced by the sum of convergent 

velocities. We obtain a velocity of 2.6 mm a
-1

 for the young oceanic lithosphere along the 

Rivera fracture zone relative to 0.78 Ma old lithosphere along the Heezen fracture zone. 

The age at which continuity in fracture zone-perpendicular velocities should be applied is 

calculated to be 8.2 Ma. This age marks a transition from relative divergence for 

lithosphere across fracture zone younger than 8.2 Ma to relative convergence for 

lithosphere across the fracture zone older than 8.2 Ma. Hence we predict extension across 

fracture zones younger than 8.2 Ma and contraction across fracture zones older than 8.2 

Ma. 

 An analogous, continuous strain-rate model has been presented by Kreemer and 

Gordon [2014] that best fits the age based strain-rates predicted by horizontal thermal 

contraction. They obtain intraplate velocities of 2.2 Ma for the young oceanic lithosphere 
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south of Baja California relative to the 0.78 Ma isochrons along the Heezen transform 

fault. While the results of our models are comparable to that of Kreemer and Gordon 

[2014], our model is more focused at understanding how thermal strains are distributed 

across young fracture zones and may give an insight into longstanding questions related 

to evolution and strength of young fracture zones. 

3.2. Methods 

3.2.1. Horizontal thermal contraction of oceanic lithosphere 

We follow Kumar and Gordon’s [2009] method of determining the depth-averaged 

contraction rates of oceanic lithosphere to predict the displacement rates of the oceanic 

lithosphere due to horizontal thermal contraction.  For oceanic lithosphere of age tʹ (in 

Ma), the depth averaged contraction rate can be written as                 

      
  

     
                                                             (3.1)                  

or,                  
 

   

  

 
  

  

     
                                                    (3.2) 

where l is the length of a side of a cube of oceanic lithosphere undergoing isotropic 

thermal contraction, α is the one-dimensional coefficient of thermal expansion (=10
−5

 

K
−1

), and  is a parameter taken to be 0.1 Ma, which corresponds to a zero−age 0t
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lithospheric thickness of ≈2 km [Kumar and Gordon, 2009], which is appropriate for fast 

spreading [Cochran, 1979; Luttrell and Sandwell, 2012].  C equals 167.2 K [Mishra and 

Gordon, 2015].  

We take the temperature at the base of the oceanic lithosphere to be 1300 °C. The 

base of the competent oceanic lithosphere is defined by the 700 °C isotherm.  The 

variation in temperature with depths in the cooling oceanic lithosphere is calculated using 

a half-space cooling model [Turcotte and Oxburgh, 1967]. 

3.2.2 Velocity field due to horizontal contraction of a single corridor of lithosphere 

First we consider a single corridor of lithosphere bounded on the east by a spreading 

ridge and on the north and south by fracture zones (or transform faults) (Figure 3.1).  To 

estimate the velocity field across a plate or a portion of a plate, we consider it to be the 

result from the deformation of such corridors and their interactions with neighboring 

corridors.  Thus a single corridor is the building block for our further analysis. 
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Figure 3.1. The predicted intraplate velocities due to horizontal thermal contraction of a 

rectangular corridor of oceanic lithosphere. We arbitrarily hold fixed a reference point at 

the old edge of the corridor along the medial (center) line perpendicular to the ridge 

bounding the eastern edge of the corridor. Isochrons and the medial line do not rotate.  

The corridor is bounded on the north and south by fracture zones (or transforms faults). 

The half spreading rate is 60 mm a
-1

.  

In Figure 3.1, a point in the old part of the plate is arbitrarily held fixed and the axis 

of symmetry that runs east-west through this point is not allowed to rotate.  If the length 

of a ridge segment is taken to be , W(t), the width of the corridor of lithosphere 

enclosed between a fracture zone and a transform fault is found by integrating equation 

(3.2) from t′ = 0, when the lithosphere of interest was created, to t′ = t,  its current age, to 

obtain 

                                                                                      (3.3) 

The ridge parallel velocity, , of a point in the lithosphere corridor is obtained as the 

rate of change of ridge length due to ridge-parallel shrinking with respect to age and is 

given as  

                                                    
   

  
   

 

  
 
     

                             (3.4) 

where W/2 is the perpendicular distance of the point from the east-west running line of 

symmetry [Mishra and Gordon, 2015]. The ridge perpendicular velocities, , of the 

0W

( ) 1

C

0

0

t
W t =W +

t


 
 
 

yv

vx



82 

 

point in the lithosphere corridor can further be obtained by integrating equation (3.2) over 

the distance of the given point from the reference point and is expressed as 

                                                                                (3.5) 

where  is the scalar half spreading rate.  The net displacement rate of a given point 

relative to the reference point is obtained as the vector sum of equations (3.4) and (3.5).  

  

As the transform fault parallel velocities are function of age only, for all the 

points on a given isochron, transform fault parallel velocities are the same and hence the 

isochrons always remain parallel to the N-S direction and don’t rotate relative to each 

other. They can however shorten in the N-S direction due to ridge-parallel contraction. 

Ridge parallel velocities of all the points along the medial line are zero relative to the 

reference point and hence the medial line always remains parallel to the E-W direction 

and therefore perpendicular to the isochrons. For any arbitrary E-W parallel line (except 

the medial line), both ridge-parallel and transform fault-parallel velocities strongly 

depend on age and consequently the E-W parallel line rotates don’t remain parallel to the 

medial line.  

3.2.3. Combining two adjacent corridors of lithosphere for zero age offset 

Before considering age offsets across fracture zones, it is useful to consider the 

simpler case of two corridors of lithosphere joined across a fracture zone with zero age 

1 2 1x

0

t
v = v C ln +

t


 
  

 

1 2v
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offset. Two corridors of oceanic lithosphere, like the one shown in Figure 3.1, are placed 

side by side, one north of the other, with isochrons aligned and parallel (Figure 3.2a).  To 

specify their relative motion we furthermore pin them together at their old end of their 

mutual fracture zone and require that the medial lines of each corridor (shown by blue 

and red lines respectively for the north and south corridors) do not rotate (which is 

equivalent to requiring that the isochrons do not rotate)  (Figure 3.2a).  In this case the 

two corridors of lithosphere diverge everywhere along their mutual boundary except for 

the pinned point (Figure 3.2a). 

In our second example, the two corridors are again pinned at the oldest point along 

their mutual fracture zone, but we now require that the north-south component of velocity 

vanishes for both corridors where they meet at zero age along their mutual fracture zone 

(Figure 3.2b).  In this case, the medial line of the northern corridor moves south while the 

southern corridor moves north at an equal but opposite rate.  These assumptions result in 

north-south convergence everywhere along their mutual boundary except the maximum 

age, where they are pinned, and at zero age (Figure 3.2b). 
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Figure 3.2. The predicted intraplate velocities due to horizontal thermal contraction of 

two corridors of oceanic lithosphere with zero age offset across the intervening fracture 

zone. The two corridors are pinned where the lithosphere is the oldest along the fracture 

zone (sold black circle). (a) The medial lines of the corridors (blue and red stripes) and 

isochrons do not rotate. Maximum velocities of 4.2 mm a
-1

 are predicted for the northeast 

and southeast corners. (b) Rotations are applied to the corridors such that the north 

component of velocity vanishes along the fracture zone at 0 Ma (black cross). Maximum 

velocities of 8.5 mm a
-1

 are predicted for the northeast and southeast corners.  

Convergence is predicted along the entire length of the fracture zone. (c) Rotations are 

applied to the corridors such that the north component of velocity vanishes along the 

fracture zone at 50 Ma (black cross). Maximum velocities of 4.2 mm a
-1

 are predicted for 

the northeast and southeast corners.  Convergence is predicted along the fracture zone 

west of 50-Ma-old lithosphere and divergence is predicted along the fracture zone east of 

50-Ma-old lithosphere.   (d)  Rotations are applied to the corridors such that the north 

component of velocity vanishes along the fracture zone at 7.6 Ma (black cross). 

Maximum velocities of 4.3 mm a
-1

 are predicted for the northeast and southeast corners.  

Convergence is predicted along the fracture zone west of 7.6-Ma-old lithosphere and 

divergence is predicted along the fracture zone east of 7.6-Ma-old lithosphere.  In this 

case the mean convergence along the fracture zone vanishes. 

 

In our third example, the two corridors are again pinned at the oldest point along 

their mutual fracture zone, but we now require that the north-south component of velocity 

vanishes for both corridors where they meet at 50 Ma (at the midpoint of their mutual 

fracture zone) (Figure 3.2c).  In this case, again the medial line of the northern corridor 

moves south while the southern corridor moves north at an equal but opposite rate.  These 

assumptions result in north-south convergence along their mutual boundary west of the 

midpoint (except the maximum age, where they are pinned) and north-south divergence 

along their mutual boundary east of the midpoint (Figure 3.2c).   Because of the age 

dependence on contraction rate, this results in greater net divergence than net 

convergence (Figure 3.2c). 
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In our fourth example, the two corridors are again pinned at the oldest point along 

their mutual fracture zone, but we now require that the north-south component of velocity 

vanishes for both corridors where they meet at 7.6 Ma  (Figure 3.2d).  In this case, again 

the medial line of the northern corridor moves south while the southern corridor moves 

north at an equal but opposite rate.  These assumptions result in north-south convergence 

along their mutual boundary west of the 7.6 Ma (except the maximum age, where they 

are pinned) and north-south divergence along their mutual boundary east of 7.6 Ma 

(Figure 3.2d).   In this case, the net divergence and net convergence are exactly balanced, 

i.e., the mean convergence along their mutual fracture zone vanishes (Figure 3.3). 
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Figure 3.3. The north component of relative velocity along the fracture zone shown in 

Figure 3.2d.  Divergence of 8.3 mm a
-1

 is predicted at zero age.  

 

3.2.4. Combining two adjacent corridors of lithosphere for a non-zero age offset 

As in the examples above, two corridors of oceanic lithosphere, like the one shown 

in Figure 1, are placed side by side, one north of the other.  The isochrons of the two 

corridors are initially parallel, but the isochrons of the north corridor are now offset to the 

west of isochrons in the south corridor (Figure 3.4a).  We take the western limit of the 
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model to correspond to the 100 Ma isochron of the northern corridor; we take the same 

western spatial limit for the southern corridor but the corresponding isochron will be 

older than 100 Ma by the amount of the age offset between the two corridors (Figure 

3.4a).   To specify their relative motion we again pin them together at their old end of 

their mutual fracture zone and we require that the north-south component of velocity 

vanishes for both corridors where the northern corridor is 8.8 Ma (Figure 3.4a).  These 

assumptions result in north-south convergence along their mutual boundary west of the 

8.8 Ma (except the maximum age, where they are pinned) and north-south divergence 

along their mutual boundary east of 8.8 Ma (Figure 3.4a).   In this case, the net 

divergence and net convergence are exactly balanced, i.e., the mean convergence along 

their mutual fracture zone vanishes.  For the frame of reference shown in Figure 3.4a, we 

require that the northern and southern corridors rotate at equal but opposite rates.  Within 

either corridor, the isochrons remain parallel to one another, but the isochrons of one 

corridor rotate relative to the other. 

Figure 4b shows exactly the same model as Figure 4a except that we plot the 

velocities in a different frame of reference.   In Figure 4b, the northwest corner of the 

model (point O in Figure 3.4b) is held fixed and the isochrons in the northern corridor do 

not rotate.   It follows that the isochrons in the southern corridor rotate counter-clockwise 

about point A1 (identical to the filled black circle in Figure 3.4a), which itself moves 

northward towards point O.  In Figure 3.4a, point A1' (shown as a cross in Figure 3.4a) 

has zero northward motion on both sides of the fracture zone.    In Figure 3.4b, the same 
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point now has identical northward motion on both sides of the fracture zone and is the 

one point (aside from the pinned point A1) for which the north component of velocity is 

continuous across the fracture zone.  In general, however, the east (i.e., fracture-zone 

parallel) component of velocity is discontinuous across point A1' and elsewhere across 

the fracture zone except at the pinned point A1.  This motion across A1' specifies the 

rotation of corridor β relative to corridor α about A1.  The resulting velocity field in 

corridor β is a superposition of the intra-corridor velocities due to shrinking and the 

rotation of corridor β relative to corridor α. 
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Figure 3.4.  (a) The predicted intraplate velocities due to horizontal thermal contraction 

of two corridors of oceanic lithosphere with an age offset of 5 Ma across the intervening 

fracture zone. The two corridors are pinned at point A1 (solid black circle) where the 

lithosphere is the oldest along the fracture zone. A rotations is applied to each corridors 

such that the north component of velocity vanishes along the fracture zone where the 

northern corridor is 8.8 Ma (point A1'; black cross), which has the property that the mean 

convergence across the fracture zone vanishes. Maximum velocities of 4.3 mm a
-1

 are 

predicted for the southeast and northeast corners.  Convergence is predicted along the 

fracture zone west of 8.8-Ma-old lithosphere and divergence is predicted along the 

fracture zone east of 8.8-Ma-old lithosphere.  (b) Enlarged view of the region near A1', 

illustrating that the north component of velocity vanishes on both sides of the fracture 

zone at this point.  (c)  Same model as part (a), but in a different frame of reference. As in 

part (a), the southern corridor is pinned to the northern corridor at point A1 along their 

mutual fracture zone and the north component of velocity is continuous across point A1′, 

where the northern corridor is 8.8 Ma.  Differing from part (a), the north west corner of 

the northern corridor is fixed and isochrons in the northern corridor do not rotate.  If 

follow that the isochrons and medial line in the southern corridor do rotate clockwise 

about A1, which itself moves northward toward point O.  .  (d) Enlarged view of the 

region near A1', illustrating that the north component of velocity, which non-zero, is 

identical on both sides of the fracture zone at this point for the model and reference frame 

of part (c). 

 

For constructing a model with an additional corridor of lithosphere, thus bringing 

the total to three, another corridor γ is similarly added to the two-corridor lithosphere 

segment model by first pinning the third corridor γ to the corridor β at the point A2.  We 

then require that the northward (fracture zone perpendicular) component of velocity be 

continuous across A2', which is located along the fracture zone joining corridors β and γ.  

This requirement specifies the rotation of corridor γ relative to corridor β about A2.  The 

resulting velocity field in corridor γ is a superposition of the intra-corridor velocities due 

to shrinking, the rotation of corridor γ relative to corridor β, and the rotation of corridor β 

relative to corridor α. 

Additional corridors can be added to the south in an analogous manner. 
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3.2.5. Flat Earth Model for a Portion of the Pacific Plate 
  

The red rectangular box in Figure 3.5a roughly encloses the area of our two-

dimensional flat Earth model of the Pacific plate between Rivera (≈18°N) and Heezen 

(≈52° N) fracture zone, spanning a north-south distance of ≈8200 km.  This region 

includes 16 fracture-zone bounded corridors of lithosphere with widths varying from 170 

km to 1700 km. Ridge offsets along the transform faults vary from 25 to 300 km. We 

approximate each of these corridors as a rectangle of lithosphere bounded by a ridge 

segment in the positive x direction and fracture zones (including transform faults) on the 

positive and negative y directions (Figure 3.5b).   Of the 15 intervening transform faults, 

six are right-lateral slipping and ten are left-lateral slipping transform faults.  The 

negative x boundary of the model (along the older end of the lithosphere) is arbitrarily 

taken to be 4200 km away from the ridge segment closest to Baja California, resulting in 

the oldest lithosphere being ≈70 Ma old.  The half rate along the East Pacific Rise and 

Pacific-Antarctic Rise corresponding to our model ranges from ≈40 mm a
-1

 to ≈70 mm a
-1 

[DeMets et al., 2010].   For simplicity in our model we use a constant half-spreading rate 

of 60 mm a
-1

.  Lengths of transform faults and ridges are calculated from the 1-minute 

resolution global seafloor topography map [Smith and Sandwell, 1997].  
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Figure 3.5. (a) The Pacific plate between the Rivera Heezen fractures.  (b) Simplified 

geometry of the region approximately in the red rectangle of part (a).   We use this 

geometry to predict intra-plate velocities due to horizontal thermal contraction. 

 

In similar fashion to the two-corridor model (Figure 3.4a), which was pinned at the 

oldest age of 100 Ma along the fracture zone, the adjacent corridors of the Pacific plate 

are also pinned at the oldest age along their common fracture zone (pinned points are 

shown by small unfilled circles in Figure 3.6a).  We choose the age which the fracture-

zone-perpendicular velocity continuity is applied such that net convergence and 

divergence of corridors are balanced across all the fracture zones between the sixteen 
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corridors. We determine the age, 8.2 Ma, such that the net convergence equals the net 

divergence across all fifteen fracture zones.  

3.3. Results 

3.3.1 Intraplate velocities of the Pacific plate lithosphere relative to a point along the 

Rivera fracture zone 

Initially we determine intraplate velocities in a reference frame in which the oldest 

lithosphere along the Rivera fracture zone is fixed and the isochrons on the corridor 

between the Rivera and Orozco fracture zones do not rotate (Figure 3.6a).   We pin each 

pair of adjacent corridors at the old end of their mutual fracture zone (Figure 3.6a).  In 

each case the corridor on the south-southwest side of the fracture zone rotates in a right-

handed sense relative to the adjacent corridor to the north-northeast (Figure 3.6a).  In this 

frame of reference, the velocity of  zero-age Pacific plate lithosphere is predicted to vary 

between 0 mm a
-1

 to 7.5 mm a
-1

 (Figure 3.6a).  Zero-age lithosphere along the Rivera 

transform fault, adjacent to Baja California is predicted to move at 1.6 mm a
-1

 in the 

negative x (west-southwest) direction.  Along each fracture zone the two bounding 

corridors converge on the young side of the cross, across which we require continuous 

fracture-zone perpendicular motion, and diverge on the young side of the cross. 
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Figure 3.6. (a) Predicted intraplate velocities due to horizontal thermal contraction of the 

Pacific plate between the Rivera and the Heezen fracture zones.  In this frame of 

reference, the oldest lithosphere shown along the Rivera fracture zone is arbitrarily held 

fixed and the isochrons in the northernmost corridor do not rotate.  Zero-age oceanic 

lithosphere along the Heezen fracture zone has a velocity of 2.4 mm a
-1

.  (b)  Same model 

as in part (a) but in a different frame of reference found by fixing the 780,000 year old 

point along the Heezen fracture zone and finding the rotation about it that minimizes the 

root-mean-square velocity of the lithosphere along the Heezen fracture zone. Zero-age 

oceanic lithosphere along the Rivera fracture zone moves 2.6 mm a
-1

 at ≈45° clockwise 

of the positive x direction (corresponding to a direction slightly counterclockwise of due 

south). 
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3.3.2. Intraplate velocities of Pacific lithosphere relative to a point along the Heezen 

fracture zone 

In Figure 6b, the same velocity field is shown in a different frame of reference, one 

in which 780,000-year-old lithosphere along the Heezen fracture zone is fixed and the 

rotation about that point is chosen to minimize the root-mean-square velocity of points 

along the Heezen fracture zone.  In this frame of reference, the velocity of  zero-age 

Pacific plate lithosphere is predicted to vary between 0 mm a
-1

 to 7.0 mm a
-1

 (Figure 

3.6b).  Zero-age lithosphere along the Rivera transform fault, adjacent to Baja California 

is predicted to move at 2.6 mm a
-1

 in a direction ≈45° clockwise of the positive y 

direction (i.e., toward south-southeast). 

3.3.3. Intraplate speed as a function of the age adopted for the velocity continuity 

condition 

 In our preferred model, zero-age lithosphere along the Rivera transform fault 

moves at 2.6 mm a
-1

 toward the south-southeast (Figure 3.6b).   How much does this 

depend on the age that we use to enforce fracture-zone perpendicular velocity continuity?  

Figure 3.7 shows that for ages older than our preferred value of 8.2 Ma that the speed is 

insensitive to age, gradually decreasing from 2.6 mm a
-1

 at 8.2 Ma to 1.9 mm a
-1

 at 60 

Ma.  On the other hand, for ages much less than our preferred value of 8.2 Ma, the speed 

is sensitive to age with the rate doubling when age is decreased to 1.5 Ma or even higher 

rates for even lower ages. 
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Figure 3.7. Predicted intraplate velocity due to horizontal thermal contraction as a 

function of the age of lithosphere (in Ma on the young side of the fracture zone) where 

the velocity continuity condition across the 15 fracture zones is enforced.   The indicated 

velocity is for zero age lithosphere along the Rivera fracture zone in the reference frame 

of figure 6b.  The vertical scale has been truncated at 20 mm a
-1

, but the actual peak at 0 

Ma is 38 mm a
-1

. 

 

 When the age for applying fracture-zone perpendicular velocity continuity across 

the fracture zones are calculated such that fracture zone perpendicular root-mean-square 

velocities of the lithosphere along the fracture zones are minimized across the fifteen 

fracture zones in the portion of the Pacific lithosphere, we obtain a slightly younger age 

of 5.9 Ma (figure 3.8). For this age, a velocity of up to 3 mm a
-1

 is predicted for young 
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lithosphere on the Rivera fracture zone relative to 0.78 Ma old lithosphere on the Heezen 

fracture zone (figure 3.7). 

 
Figure 3.8:  Root-mean-square fracture-zone perpendicular component of velocity as a 

function of the age at which fracture zone-perpendicular velocity continuity is enforced.  

Age is taken on the young side of each fracture zone.  The result is averaged along the 

fifteen Pacific fracture zones of figure 7.  The minimum occurs for an age of 5.9 Ma. 

 

3.4. Discussion and Conclusions 

Kumar and Gordon [2009] estimated that the young oceanic lithosphere south of 

Baja California my move ≈3 to ≈10 mm a
-1

 toward the  young Pacific plate lithosphere 

near the Pacific-Antarctic Rise.  In contrast, Kreemer and Gordon [2014] found lower 

displacement rates due to thermal contraction of 2.2 mm a-1 of lithosphere near Baja 

California relative the lithosphere near the Pacific-Antarctic Rise.   The velocity that we 

find, 2.6 mm a
-1

 toward the south, is similar to, but a little fast, than that found by 
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Kreemer and Gordon [2014] and near the low end of the range estimated by Kumar and 

Gordon [2009]. 

The simplicity of our model allows us to infer some of the reasons why our estimate 

is near the low end of the range estimated by Kumar and Gordon [2009].   First, Kumar 

and Gordon [2009] did not consider the effects of fracture zone offsets, which reduce the 

velocity in two ways: (a) some of the thermal contraction is evidently absorbed by 

widening of transform fault valleys [Mishra and Gordon, 2015]; (b) because of age 

offsets across fracture zones, the faster contraction rates of younger lithosphere must be 

averaged with lower contraction rates of older lithosphere on any path through the Pacific 

plate from Baja California to the 0.78 Ma isochron along the Heezen fracture zone.   

Second, Kumar and Gordon [2009] assumed that thermal stresses would be fully 

relieved, but it is evident from the analysis presented herein (and at least partly implicit in 

that of Kreemer and Gordon [2014]) that it is unlikely that the fracture zone 

perpendicular stresses are fully relieved.  In particular fracture zone perpendicular 

stretching as indicated by the fracture zone perpendicular opening in young lithosphere 

inidicates that the true north-south fracture zone perpendicular contraction in young 

lithosphere must be less than assumed by Kumar and Gordon [2009]. 

The difference between lithosphere older and younger than ≈6–8 Ma may be 

analogous to the vertical stratification of deformation due to thermoelastic stresses 

[Haxby and Parmentier, 1988; Wessel, 1992].   It is known that the upper part of the 

brittle lithosphere tends to fail in horizontal deviatoric compression, while the lower part 
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of the brittle lithosphere tends to fail in horizontal deviatoric tension [Wiens and Stein, 

1984; Bergman and Solomon, 1984; Huang et al., 2015] because the lower part is cooling 

faster than the upper part [Wessel, 1992].  Similarly, younger lithosphere cools faster than 

older lithosphere and strain compatibility suggests that younger lithosphere will tend to 

fail in horizontal deviatoric tension more than it would if it were not attached to older 

lithosphere.   Similarly, strain compatibility suggests that older lithosphere will tend to 

fail in horizontal deviatoric compression than it would if it were not attached to younger 

lithosphere.  This predicted gradient with age in style of earthquake mechanism is 

probably swamped by the much larger vertical stratification of mechanism type. 

As was the case with the results of Kreemer and Gordon [2014], the magnitude that 

we predict of  intraplate velocities due to thermal contraction may be large enough to 

partly  explain some plate circuit non-closures, in particular the 5±3 mm a
-1

 (95% 

confidence limits) of non-closure of the Pacific-Antarctic-Nubia-North America plate 

circuit documented by [DeMets et al. 2010].   If similar intraplate velocities occur on the 

Antarctic side of the Pacific-Antarctic plate boundary, both sides of the Antarctic-Nubia 

plate boundary and both sides of the Nubia-North America plates boundary, we might 

expect the non-closure to grow as proportionally to the square root of the number of plate 

boundaries , or 2.6 mm a-1 times    , which is ≈ 6 mm a
-1

. 
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APPENDIX A: An Atlas of Transform Fault Segments 

Overlain on the image of each of the 139 transform-fault segments is the black-dotted 

outline of a rectangle corresponding to the parameters (location, azimuth, width, and 

insonified length) adopted by DeMets et al. [2010] in constructing the MORVEL set of 

relative plate angular velocities.  The center of the rectangle is the location of the fault 

segment (shown by a small black-filled square), the azimuth of the rectangle is the 

adopted azimuth of the fault segment, the width of the rectangle is the adopted width of 

the transform-fault zone (or if the transform-fault zone was not imaged, the narrowest 

morphotectonic element that was imaged), and the length of the rectangle is the 

insonified length of the fault segment excluding any portion within ≈10 km of a ridge-

transform intersection).   For the 49 transform-fault segments for which we were able to 

improve on the parameters used by DeMets et al. [2010] we also show an analogous red-

dotted outline of a rectangle and small red-filled square. 

 The outlines of rectangles and small color-filled squares were imported into 

GeoMapApp as point files and displayed with appropriate symbols using the inbuilt tools 

in GeoMapApp.  We overlay earthquake epicenters obtained from 

http://www.isc.ac.uk/ehbbulletin/  [Engdahl et al., 1998].  The epicenters are shown as 

green-filled circles with circle size increasing with earthquake magnitude.  We also show 

with red-filled triangles the locations of ridge-transform intersections using in the 

analysis of Mishra and Gordon [2015].  Where ridges curve near their intersections with 

transforms, these triangles are not located precisely on the ridge-transform intersections, 

but approximately on the intersection of a straight line (in map view) extrapolated from 

the straight portion of the ridge with a straight line extrapolated from the transform fault.  

 There are many locations for which high quality multi-beam data are not available 

from GeoMapApp and in most of those cases we could not strongly test the parameters 

from DeMets et al. [2010].   In those cases, the locations, azimuths, lengths, and widths 

of the transform faults were estimated merely from satellite-derived altimetry data. The 

49 improved locations, azimuths, and insonified lengths of the transform faults were 

mostly due to multi-beam data. In a few cases, however, e.g. the Argo transform fault, 

obvious errors in location and azimuth estimation can be inferred from the gravity-

derived topography. 

Below we discuss the improvements that we have made to the 139-transform-

segment subset of the 163 transform-fault segments used to construct MORVEL.  The 

largest change in azimuth was 5.6° for the Argo transform fault along the Capricorn-

Somalia plate boundary and the second largest change in azimuth was 3.0° for the 

85.33°W transform fault along the Cocos-Nazca plate boundary.  The remaining 12 

changes in azimuth are 1.0° or less.   Among the 34 location changes of transform-fault 

http://www.isc.ac.uk/ehbbulletin/
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segments, 27 change by less than 5 km while 7 change between 5 and 45 km.  The 13 

changes in insonified length are in every case a reduction in length with the greatest 

reduction being 24 km. 

 

Pacific-Antarctica 

Our interpretation differs from DeMets et al. [2010] for only one of 10 transform-

fault segments along the Pacific-Antarctica plate boundary (Figures A1-A10), namely for 

the location of the Tharp transform fault (Figure A5).   This difference is surprising as the 

fit of the parameters to the multi-beam bathymetric data for Pacific-Antarctica transform 

faults is well documented on the MORVEL website.  We suspect this difference is due to 

a typographical error in latitude in the MORVEL data table [DeMets et al. 2010].  

 

Pacific-Nazca 

Our interpretation differs from DeMets et al. [2010] for 8 of 15 transform-fault 

segments along the Pacific-Nazca boundary (Figures A11-A25).  In each case the 

difference is a small difference in location (and in one case we have decreased the 

insonified length to better agree with the bathymetric data).   We suspect that the large 

number of small corrections to location are due to the challenges of digitizing the 

transform fault locations from published maps (e.g., the figures from Lonsdale [1989]). 

 

Pacific-Cocos 

Our interpretation differs from DeMets et al. [2010] for 3 of 6 transform-fault 

segments along the Pacific-Cocos boundary (Figures A26-A31).  In each case the 

difference is a small difference in location (and in one case we have decreased the 

insonified length to better agree with the bathymetric data).  

 

Cocos-Nazca 

Our interpretation differs from DeMets et al. [2010] for one of two transform-fault 

segments along the Cocos-Nazca boundary (Figures A32-A33).  The GeoMapApp image 

indicates an azimuth 3.0° clockwise of that adopted by DeMets et al. [2010]. 

 

Australia-Antarctica 

Our interpretation differs from DeMets et al. [2010] for 6 of 19 transform-fault 

segments along the Australia-Antarctica boundary (Figures A34-A52).  Mainly the 

differences result in modest changes in location to be more consistent with the 

GeoMapApp images and in one case being only a decrease in insonified length. 

 

Capricorn-Somalia 

Our interpretation differs from DeMets et al. [2010] for two of nine transform-fault 

segments along the Capricorn-Somalia boundary (Figures A53-A61).   The azimuth given 

by Parson et al. [1993] and adopted by DeMets et al. [2010] for the Argo transform fault 
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appears to be inconsistent with the bathymetric data available through GeoMapApp.  We 

revised the azimuth of the Argo transform fault counter-clockwise by 5.6°.  We do not 

understand the cause of the discrepancy.  (The location of the Argo transform fault was 

modestly revised as well.)  We also changed the location of transform fault “O” [Royer et 

al. 1997] by 45 km; the location given by DeMets et al. [2010] was apparently 

transcribed incorrectly. 

 

Nazca-Antarctica 

Our interpretation differs from DeMets et al. [2010] for 10 of 21 transform-fault 

segments along the Nazca-Antarctica boundary (Figures A62-A82).    There are six small 

changes in location.  The insonified length was decreased in seven cases.  In Figures A74 

and A76 (Valdivia transform fault), the transform fault segment may lie in a furrow north 

of where we show it or there may be two faults active in those portions of the transform 

fault valley. 

 

Nubia-Antarctica 

Our interpretation differs from DeMets et al. [2010] for two of four transform-fault 

segments along the Nubia-Antarctica boundary (Figures A83-A86).    We changed two 

locations and the azimuth at one of those two locations. 

 

Lwandle-Antarctica 

Our interpretation differs from DeMets et al. [2010] for one of six transform-fault 

segments along the Lwandle-Antarctica boundary (Figures A87-A92).    We changed one 

location only slightly (Figure A88). 

 

Somalia-Antarctica 

Our interpretation differs from DeMets et al. [2010] for one of two transform-fault 

segments along the Somalia-Antarctica boundary (Figures A93-A94).    We changed one 

location only slightly (Figure A94). 

 

India-Somalia 

Our interpretation does not differ from DeMets et al. [2010] for the two transform-

fault segments along the India-Somalia boundary (Owen transform fault, Figure A95). 

 

Arabia-Somalia 

Our interpretation does not differ from DeMets et al. [2010] for the five transform-

fault segments along the India-Somalia boundary (Figures A96-A100). 

 

Europe-North America 

Our interpretation does not differ from DeMets et al. [2010] for the five transform-

fault segments along the Europe-North America boundary (Figures A101-A105). 
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Nubia-North America 

Our interpretation differs from DeMets et al. [2010] for two of four transform-fault 

segments along the Nubia-North America boundary (Figures A106-A109).  In both cases 

our location differs from that assigned by DeMets et al. [2010]. 

 

Nubia-South America and Nubia-Sur 

Our interpretation differs from DeMets et al. [2010] for 6 of 29 transform-fault 

segments along the Nubia-South America and Nubia-Sur boundaries (Figures A110-

A138).  Three locations differ (Figures A119, A125, and A134) and we decreased the 

insonified length in three locations (Figures A122-A124). 
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Figure A1. GeoMapApp [Ryan et al., 2009] image of an insonified segment of an 

unnamed transform fault located at 63.36 °S, 171.27 °E (Table 1.1) along the Pacific-

Antarctic plate boundary. The image shows the location (black-filled square) adopted by 

DeMets et al. [2010] for this segment.   Each image also shows an unfilled black-dotted-

outline of a rectangle.  Its width is that assigned by DeMets et al. [2010] to the transform-

fault zone (or narrowest morphotectonic element containing the transform-fault zone).  

The rectangle’s length is the insonified length of that transform fault segment excluding 

regions within ≈10 km of a ridge-transform intersection.  On the 49 images where we 

improve the location, azimuth, or length, we show our new interpretation in red: a red 

square for an improved location and a red rectangle for an improved location, azimuth, or 

insonified length.  Red-filled triangles are points determined by us to use elsewhere in 

estimating the effect of horizontal thermal contraction [Kumar and Gordon, 2009; 

Kreemer and Gordon 2014] on the azimuths of transform faults [Mishra and Gordon, 

2015].  Green-filled circles are earthquake epicenters obtained from 

http://www.isc.ac.uk/ehbbulletin/  [Engdahl et al., 1998].  Circle size increases with 

earthquake magnitude.   

http://www.isc.ac.uk/ehbbulletin/
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Figure A2. Image of an insonified segment of Pitman transform fault located at 64.55 °S, 

170.78 °W (Table 1.1) along the Pacific-Antarctic plate boundary.  Symbols are the same 

as in Figure A1. 

 

 
Figure A3. Image of an insonified segment of Saint Exupery transform fault located at 

62.25 °S, 155.47 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A4. Image of an insonified segment of Le Geographe transform fault located at 

64.55 °S, 170.78 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A5. Image of an insonified segment of Tharp transform fault located at 54.52 °S, 

131.44 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A6. Image of an insonified segment of Heezen transform fault located at 55.31 °S, 

125.15 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A7. Image of an insonified segment of Heezen transform fault located at 55.85 °S, 

122.45 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A8. Image of an insonified segment of Raitt transform fault located at 54.34 °S, 

120.10 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A9. Image of an insonified segment of Raitt transform fault located at 54.45 °S, 

119.03 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A10. Image of an insonified segment of Menard transform fault located at 49.58 

°S, 115.22 °W (Table 1.1) along the Pacific-Antarctic plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A11. Image of an insonified segment of Quebrada transform fault located at 3.74 

°S, 102.86 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A12. Image of an insonified segment of Quebrada transform fault located at 3.71 

°S, 103.15 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A13. Image of an insonified segment of Quebrada transform fault located at 3.75 

°S, 103.38 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A14. Image of an insonified segment of Quebrada transform fault located at 3.76 

°S, 103.64 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 

 
Figure A15. Image of an insonified segment of Discovery transform fault located at 4.01 

°S, 104.00 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A16. Image of an insonified segment of Discovery transform fault located at 4.01 

°S, 104.31 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A17. Image of an insonified segment of Gofar transform fault located at 4.54 °S, 

104.96 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 
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Figure A18. Image of an insonified segment of Gofar transform fault located at 4.59 °S, 

105.23 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 

 

 
Figure A19. Image of an insonified segment of Gofar transform fault located at 4.60 °S, 

105.85 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 
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Figure A20. Image of an insonified segment of Yaquina transform fault located at 6.23 

°S, 107.27 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A21. Image of an insonified segment of Wilkes transform fault located at 9.02 °S, 

109.19 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 
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Figure A22. Image of an insonified segment of Garret transform fault located at 13.41 °S, 

112.13 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 

 

 
Figure A23. Image of an insonified segment of Garret transform fault located at 13.42 °S, 

111.80 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 



123 

 

 
Figure A24. Image of an insonified segment of Garret transform fault located at 13.46 °S, 

111.53 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 

 

 
Figure A25. Image of an insonified segment of Garret transform fault located at 13.47 °S, 

111.25 °W (Table 1.1) along the Pacific-Nazca plate boundary. Symbols are the same as 

in Figure A1. 
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Figure A26. Image of an insonified segment of Orozco transform fault located at 15.41 

°N, 105.12 °W (Table 1.1) along the Cocos-Pacific plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A27. Image of an insonified segment of Clipperton transform fault located at 

10.24 °N, 103.93 °W (Table 1.1) along the Cocos-Pacific plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A28. Image of an insonified segment of Siqueiros transform fault located at 8.41 

°N, 104.04 °W (Table 1.1) along the Cocos-Pacific plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A29. Image of an insonified segment of Siqueiros transform fault located at 8.38 

°N, 103.67 °W (Table 1.1) along the Cocos-Pacific plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A30. Image of an insonified segment of Siqueiros transform fault located at 8.37 

°N, 103.40 °W (Table 1.1) along the Cocos-Pacific plate boundary. Symbols are the same 

as in Figure A1. 

 
Figure A31. Image of an insonified segment of Siqueiros transform fault located at 8.38 

°N, 103.19 °W (Table 1.1) along the Cocos-Pacific plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A32. Image of an insonified segment of Panama transform fault located at 4.15 

°N, 82.60 °W (Table 1.1) along the Cocos-Nazca plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A33. Image of an insonified segment of 85.3° transform fault located at 1.24 °N, 

85.31 °W (Table 1.1) along the Cocos-Nazca plate boundary. Symbols are the same as in 

Figure A1. 
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Figure A34. Image of an insonified segment of Vlamingh transform fault located at 41.47 

°S, 80.36 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A35. Image of an insonified segment of Geelvinck transform fault located at 42.20 

°S, 84.30 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A36. Image of an insonified segment of East Geelvinck transform fault located at 

41.18 °S, 85.71 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols 

are the same as in Figure A1. 

 

 
Figure A37. Image of an insonified segment of 88.43 °E transform fault located at 41.9 

°S, 88.43 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A38. Image of an insonified segment of 95.73 °E transform fault located at 45.93 

°S, 95.73 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A39. Image of an insonified segment of 96.32 °E transform fault located at 45.45 

°S, 96.30 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A40. Image of an insonified segment of 96.15 °E transform fault located at 46.43 

°S, 96.15 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A41. Image of an insonified segment of 100 °E transform fault located at 47.71 

°S, 99.80 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 



132 

 

 
Figure A42. Image of an insonified segment of 105.17 °E transform fault located at 48.5 

°S, 105.13 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A43. Image of an insonified segment of 105.25 °E transform fault located at 48.81 

°S, 105.21 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A44. Image of an insonified segment of 106.3 °E transform fault located at 49.07 

°S, 106.28 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A45. Image of an insonified segment of 106.8 °E transform fault located at 48.6 

°S, 106.84 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A46. Image of an insonified segment of 108.5 °E transform fault located at 48.9 

°S, 108.48 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A47. Image of an insonified segment of 114.5 °E transform fault located at 49.97 

°S, 114.27 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A48. Image of an insonified segment of 116 °E transform fault located at 49.87 

°S, 115.92 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A49. Image of an insonified segment of 116.3 °E transform fault located at 49.49 

°S, 116.4 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A50. Image of an insonified segment of Euroka transform fault located at 49.16 

°S, 126.15 ° E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A51. Image of an insonified segment of Birubi transform fault located at 49.27 °S, 

127.32 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 



138 

 

 
Figure A52. Image of an insonified segment of Tasman transform fault located at 55.23 

°S, 146.49 °E (Table 1.1) along the Australia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A53. Image of an insonified segment of “O” transform fault located at 10.10 °S, 

66.58 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A54. Image of an insonified segment of Twelve-south transform fault located at 

11.8 °S, 66 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A55. Image of an insonified segment of Argo transform fault located at 13.68 °S, 

66.23 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A56. Image of an insonified segment of an unnamed transform fault located at 

16.25 °S, 67 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A57. Image of an insonified segment of Marie Celeste transform fault located at 

17.5 °S, 66 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A58. Image of an insonified segment of Egeria transform fault located at 20.12 °S, 

66.55 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A59. Image of an insonified segment of Egeria transform fault located at 20.24 °S, 

67.29 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A60. Image of an insonified segment of Egeria transform fault located at 20.35 °S, 

67.90 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A61. Image of an insonified segment of Gemino transform fault located at 22.75 

°S, 69.28 °E (Table 1.1) along the Capricorn-Somalia plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A62. Image of an insonified segment of Chile transform fault located at 34.72 °S, 

108.33 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A63. Image of an insonified segment of Chile transform fault located at 35.0 °S, 

107.3 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A64. Image of an insonified segment of Chile transform fault located at 35.35 °S, 

105.5 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A65. Image of an insonified segment of Chile transform fault located at 35.85 °S, 

103.20 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the same 

as in Figure A1. 
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Figure A66. Image of an insonified segment of Chile transform fault located at 36.15 °S, 

109.9 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the same 

as in Figure A1. 

 

 
Figure A67. Image of an insonified segment of an unnamed transform fault located at 37 

°S, 96.5 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A68. Image of an insonified segment of an unnamed transform fault located at 

37.1 °S, 95.71 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A69. Image of an insonified segment of an unnamed transform fault located at 

37.32 °S, 94.57 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A70. Image of an insonified segment of an unnamed transform fault located at 

38.42 °S, 93 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A71. Image of an insonified segment of an unnamed transform fault located at 

38.97 °S, 92.05 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A72. Image of an insonified segment of the Valdivia transform fault located at 

41.09 °S, 91.54 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A73. Image of an insonified segment of the Valdivia transform fault located at 

41.2 °S, 90.88 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A74. Image of an insonified segment of the Valdivia transform fault located at 

41.32 °S, 88.07 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A75. Image of an insonified segment of the Valdivia transform fault located at 

41.46 °S, 87.24 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A76. Image of an insonified segment of the Valdivia transform fault located at 

41.35 °S, 85.93 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1.  The transform fault segment may actually be in the furrow 

north of the one overlain by the black rectangle. 

 
Figure A77. Image of an insonified segment of the Valdivia transform fault located at 

41.49 °S, 85.12 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A78. Image of an insonified segment of an unnamed transform fault located at 

43.06 °S, 83.25 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A79. Image of an insonified segment of the Guafo transform fault located at 44.81 

°S, 80.62 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A80. Image of an insonified segment of the Guafo transform fault located at 44.52 

°S, 78.83 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 
Figure A81. Image of an insonified segment of the Guamblin transform fault located at 

45.68 °S, 77.3 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A82. Image of an insonified segment of the Darwin transform fault located at 

45.89 °S, 76.3 °W (Table 1.1) along the Nazca-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A83. Image of an insonified segment of the Bouvet transform fault located at 

54.37 °S, 1.83 °E (Table 1.1) along the Nubia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A84. Image of an insonified segment of the Islas Orcadas transform fault located 

at 54.2 °S, 6.1 °E (Table 1.1) along the Nubia-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 

 
Figure A85. Image of an insonified segment of the Shaka transform fault located at 53.5 

°S, 9 °E (Table 1.1) along the Nubia-Antarctica plate boundary. Symbols are the same as 

in Figure A1.  In hindsight, a narrower width would likely be justified. 
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Figure A86. Image of an insonified segment of the Du toit transform fault located at 

53.01 °S, 25.53 °E (Table 1.1) along the Nubia-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 

 
Figure A87. Image of an insonified segment of the Marion transform fault located at 

46.45 °S, 33.72 °E (Table 1.1) along the Lwandle-Antarctica plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A88. Image of an insonified segment of the Prince Edward transform fault located 

at 45.41 °S, 35.13 °E (Table 1.1) along the Lwandle-Antarctica plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A89. Image of an insonified segment of the Eric Simpson transform fault located 

at 43.8 °S, 39.3 °E (Table 1.1) along the Lwandle-Antarctica plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A90. Image of an insonified segment of the Fisher transform fault located at 43.3 

°S, 41.7 °E (Table 1.1) along the Lwandle-Antarctica plate boundary. Symbols are the 

same as in Figure A1. 

 

 

 
Figure A91. Image of an insonified segment of the Discovery II transform fault located at 

41.9 °S, 42.6 °E (Table 1.1) along the Lwandle-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A92. Image of an insonified segment of the Indomed transform fault located at 

39.5 °S, 46.2 °E (Table 1.1) along the Lwandle-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 

 
Figure A93. Image of an insonified segment of the Novarra transform fault located at 

31.45 °S, 58.4 °E (Table 1.1) along the Somalia-Antarctica plate boundary. Symbols are 

the same as in Figure A1.  
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Figure A94. Image of an insonified segment of the Melville transform fault located at 

29.85 °S, 60.78 °E (Table 1.1) along the Somalia-Antarctica plate boundary. Symbols are 

the same as in Figure A1. 

 

 
Figure A95. Image the Owen transform fault showing two insonified sections located at 

12.5 °N, 58.25 °E and 11.5 °N, 57.9 °E (Table 1.1) along the India-Somalia plate 

boundary. Symbols are the same as in Figure A1. 
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Figure A96. Image of an insonified segment of TF vii located at 12.6 °N, 48 °E (Table 

1.1) along the Arabia-Somalia plate boundary. Symbols are the same as in Figure A1. 

 

 

 
Figure A97. Image of an insonified segment of TF iv located at 13.1 °N, 49.3 °E (Table 

1.1) along the Arabia-Somalia plate boundary. Symbols are the same as in Figure A1. 
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Figure A98. Image of an insonified segment of TF iii located at 13.3 °N, 49.6 °E (Table 

1.1) along the Arabia-Somalia plate boundary. Symbols are the same as in Figure A1. 

 

 

 
Figure A99. Image of an insonified segment of the Alula-Fartak transform fault located at 

13.8 °N, 51.7 °E (Table 1.1) along the Arabia-Somalia plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A100. Image of an insonified segment of the Socotra transform fault located at 

14.47 °N, 53.83 °E (Table 1.1) along the Arabia-Somalia plate boundary. Symbols are 

the same as in Figure A1. 

 

 

 
Figure A101. Image of an insonified segment of the Molloy transform fault located at 

78.87 °N, 4.5 °E (Table 1.1) along the Europe-North America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A102. Image of an insonified segment of the Splitsbergen transform fault located 

at 80 °N, 1 °E (Table 1.1) along the Europe-North America plate boundary. Symbols are 

the same as in Figure A1. 

 

 

 
Figure A103. Image of an insonified segment of the Jan Mayen transform fault located at 

71.3 °N, 9 °W (Table 1.1) along the Europe-North America plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A104. Image of an insonified segment of the Charlie Gibbs transform fault located 

at 52.65 °N, 33.25 °W (Table 1.1) along the Europe-North America plate boundary. 

Symbols are the same as in Figure A1. 

 

 

 
Figure A105. Image of an insonified segment of the Charlie Gibbs transform fault located 

at 52.1 °N, 30.85 °W (Table 1.1) along the Europe-North America plate boundary. 

Symbols are the same as in Figure A1. 
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Figure A106. Image of an insonified segment of the Oceanographer transform fault 

located at 35.16 °N, 35.61 °W (Table 1.1) along the Nubia-North America plate 

boundary. Symbols are the same as in Figure A1. 

 

 

 
Figure A107. Image of an insonified segment of the Hayes transform fault located at 

33.66 °N, 38.65 °W (Table 1.1) along the Nubia-North America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A108. Image of an insonified segment of the Atlantis transform fault located at 

30.05 °N, 42.32 °W (Table 1.1) along the Nubia-North America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A109. Image of an insonified segment of the Kane transform fault located at 23.74 

°N, 45.62 °W (Table 1.1) along the Nubia-North America plate boundary. Symbols are 

the same as in Figure A1.  
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Figure A110. Image of an insonified segment of the Fifteen-Twenty transform fault 

located at 15.3 °N, 45.8 °W (Table 1.1) along the Nubia-South America plate boundary. 

Symbols are the same as in Figure A1. 

 

 

 
Figure A111. Image of an insonified segment of the Marathon transform fault located at 

12.65 °N, 44.5 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 



168 

 

 
Figure A112. Image of an insonified segment of the Vema transform fault located at 10.8 

°N, 42.3 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols are the 

same as in Figure A1. 

 

 

 
Figure A113. Image of an insonified segment of the Doldrums transform fault located at 

8.83 °N, 40.02 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A114. Image of an insonified segment of the Doldrums transform fault located at 

8.2 °N, 38.81 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A115. Image of an insonified segment of the Doldrums transform fault located at 

7.75 °N, 37.37 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A116. Image of an insonified segment of the Doldrums transform fault located at 

7.45 °N, 35.66 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A117. Image of an insonified segment of the Bogdanov transform fault located at 

7.16 °N, 34.25 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A118. Image of an insonified segment of the Strakhov transform fault located at 

3.93 °N, 32.09 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A119. Image of an insonified segment of the St. Paul transform fault located at 

0.86 °N, 27.10 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1.  
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Figure A120. Image of an insonified segment of the St. Paul transform fault located at 0.7 

°N, 25.8 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols are the 

same as in Figure A1. 

 

 

 
Figure A121. Image of an insonified segment of the St. Paul transform fault located at 0.6 

°N, 25.2 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols are the 

same as in Figure A1. 
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Figure A122. Image of an insonified segment of the Romanche transform fault located at 

1.01 °S, 23.2 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1.  

 

 

 
Figure A123. Image of an insonified segment of the Romanche transform fault located at 

0.67 °S, 20.8 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A124. Image of an insonified segment of the Romanche transform fault located at 

0.2 °S, 18.4 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols are 

the same as in Figure A1. 

 

 

 
Figure A125. Image of an insonified segment of the Chain transform fault located at 1.22 

°S, 14.45 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols are 

the same as in Figure A1. 
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Figure A126. Image of an insonified segment of the Ascension transform fault located at 

6.88 °S, 12.15 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A127. Image of an insonified segment of the Ascension transform fault located at 

7.37 °S, 13.26 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A128. Image of an insonified segment of the Boga Verde transform fault located 

at 11.64 °S, 13.68 °W (Table 1.1) along the Nubia-South America plate boundary. 

Symbols are the same as in Figure A1. 

 

 

 
Figure A129. Image of an insonified segment of the Bagration transform fault located at 

16.3 °S, 13.8 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A130. Image of an insonified segment of the Rio Grande transform fault located at 

25.66 °S, 13.74 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A131. Image of an insonified segment of an unnamed transform fault located at 

28.22 °S, 12.89 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A132. Image of an insonified segment of an unnamed transform fault located at 

28.88 °S, 12.8 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1.  In hindsight, a better estimate of the azimuth is clockwise 

of that shown. 

 

 
Figure A133. Image of an insonified segment of an unnamed transform fault located at 

29.2 °S, 13.42 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A134. Image of an insonified segment of the Cox transform fault located at 

32.26°S, 13.92 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A135. Image of an insonified segment of the Meteor transform fault located at 

34.16 °S, 14.81 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A136. Image of an insonified segment of an unnamed transform fault located at 

35.28 °S, 15.72 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 

 

 

 
Figure A137. Image of an insonified segment of an unnamed transform fault located at 

47.32 °S, 12.2 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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Figure A138. Image of an insonified segment of an unnamed transform fault located at 

49.12 °S, 9.11 °W (Table 1.1) along the Nubia-South America plate boundary. Symbols 

are the same as in Figure A1. 
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APPENDIX B: Strain Rate due to Horizontal Thermal Contraction 

 

Rates of cooling vary with depth in oceanic lithosphere.  We assume that 

potentially observable horizontal contraction of oceanic lithosphere will be a response to 

thermal stress averaged from the surface of the lithosphere down to the base of the 

competent lithosphere (i.e., the brittle-plastic transition), which is assumed be to defined 

by an isotherm at temperature Tl. Its value is taken to be 973 K (700°
 
C) [Parmentier and 

Haxby, 1986; Kumar and Gordon, 2009].  

We apply a half−space cooling model [Turcotte and Oxburgh, 1967] to obtain age 

and depth dependent temperature, T(z,t), in oceanic lithosphere, which is given as 
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                                         (B1) 

where z is depth, t is the age of lithosphere, к is thermal diffusivity, Tm is initial 

temperature, T0 is the temperature of water at the ocean bottom and t0 is a parameter that 

accounts for the finite thickness of oceanic lithosphere at zero age. We take t0 = 0.1 Ma, 

which corresponds to ≈2 km thickness of the competent lithosphere at zero age [Fontaine 

et al., 2008; Kumar and Gordon, 2009]. 

The thickness of the competent lithosphere, l, bounded by the 973K isotherm can 

therefore be obtained from equation B1 as  
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[Collette, 1974; Sandwell, 1986; Wessel, 1992; Kumar and Gordon, 2009]. 

A simple depth-averaged relationship for strain rate (  ) due to thermal 

contraction in cooling oceanic lithosphere can be written as T  , where α is the linear 

coefficient of expansion and its value is taken as 10
−5

 K
−1

. T is the depth-averaged rate of 
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cooling of the competent lithosphere. For lithosphere bounded by a constant isotherm, the 

depth-averaged rate of cooling is given by 
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[Collette, 1974; Sandwell, 1986; Wessel, 1992; Kumar and Gordon, 2009] where Tm is 

taken to be 1573K, T0 is taken as 273 K [McKenzie et al., 2005; Hillier and Watts, 2005; 

Lee et al., 2005] and -1 0

0

erf l
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T T
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T T

 
  

 
.  For Tl = 973K , A = 0.5207,  Equation B3 can 

be simplified to 
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The depth averaged strain rate due to horizontal thermal contraction can therefore be 

written as                                 
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                                                                  (B5)  

Strain rate thus obtained for 0 Ma-old, 0.1 Ma-old, 1 Ma-old, and 10 Ma-old oceanic 

lithosphere respectively are 1.7 × 10
−2

 Ma
−1   

(5.3 × 10
−16

 s
−1

), 8.4 × 10
−3

 Ma
−1

 (2.7 × 

10
−16

 s
−1

), 1.5 × 10
−3

 Ma
−1

 (4.8 × 10
−17

 s
−1

), and 1.7 × 10
−4

 Ma
−1

 (5.2 × 10
−18

 s
−1

) (Figure 

2.1). 

 


