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Tuo Zhang 
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Abstract: 

We show that oblique seafloor spreading occurs in several regions where obliquity, α, was not 

recognized before.  These include the slow spreading centers of the Red Sea (𝛼≈20°), intermediate 

spreading centers of the Cocos-Nazca plate boundary between 91°W and 94°W (𝛼≈9°), and superfast 

spreading centers of the East Pacific Rise at the Nazca-Pacific plate boundary between 29°S and 32°S 

(α≈10°) and perhaps between ≈16°S and ≈22°S (α≈4°). Thus, oblique spreading occurs across slow, 

intermediate, and superfast spreading centers, but not across fast spreading centers.  Across slow and 

intermediate spreading centers, obliquity tends to decrease with increasing spreading rate, while across 

fast and superfast spreading centers it tends to increase with increasing spreading rate. Oblique 

spreading at intermediate and superfast spreading centers may be related to magma overpressure or to 

unusual directions of remote tectonic stress or to ongoing plate boundary reorganizations or to some 

combination of these.  We show along a segment of the Cocos-Pacific plate boundary that inferred 

magma overpressure is only one-fourth as large as remote tectonic stress, consistent with a prior 

inference from other observations.  The highest obliquity occurs along ridge segments lying 200 km to 

1500 km from a mantle plume, but not all ridge segments near plumes spread obliquely.  For one set of 
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estimates of plume fluxes, the rate of plume flux delivered to ridges correlates positively and 

significantly with spreading rate. 

Using global multi-resolution topography, we estimate new transform-fault azimuths along the 

eastern Cocos-Nazca plate boundary and show that the direction of relative plate motion is 3.3° ±1.8° 

(95% confidence limits) clockwise of prior estimates.  The new direction of Cocos-Nazca plate motion 

is, moreover, 4.9° ±2.7° (95% confidence limits) clockwise of the azimuth of the Panama transform 

fault. We infer that the plate east of the Panama transform fault is not the Nazca plate, but instead is a 

microplate that we term the Malpelo plate. With the improved transform fault data, the non-closure of 

the Nazca-Cocos-Pacific plate-motion circuit is reduced from 15.0 mm a–1 ±3.8 mm a–1 to 11.6 mm a–1 

±3.8 mm a–1 (95% confidence limits).   

Last, we examine the closure of the Cocos-Nazca-Pacific plate motion circuit, which were 

previously shown to fail closure by a linear velocity of 11.6 mm a–1 ±3.8 mm a–1. We tested eliminating 

the spreading rates along the Cocos-Pacific plate boundary north of the Orozco transform fault. The non-

closure velocity is reduced to 9.9 mm a–1 ±3.8 mm a–1 (95% confidence limits).  By further replacing the 

spreading rates with those from NUVEL plate motion model [DeMets et al., 1990] and keeping the new 

transform fault azimuth estimates, the non-closure velocity is reduced to 8.2 mm a–1 ±3.8 mm a–1 (95% 

confidence limits), which indicates significant non-closure. Finally, we tested further by eliminating 

both the spreading rates and transform faults along the traditionally defined Cocos-Nazca plate boundary 

east of the Galapagos transform fault, the non-closure velocity is reduced to 2.6 mm a–1 ±3.8 mm a–1 

(95% confidence limits), which is insignificant. This result indicates that the plate boundary east of the 

Galapagos Transform Fault does not record motion between the Cocos and Nazca plate. Instead it 

records motion between a previously unrecognized plate and either the Cocos or Nazca plate. 
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Chapter 1. The Malpelo Plate Hypothesis 

 1.1 INTRODUCTION 

The central tenet of plate tectonics is that the plates are rigid.  In sharp conflict with this assumption 

is the result that the Cocos-Nazca-Pacific plate motion circuit fails to close by 14 ±5 mm a–1 (95% 

confidence limits) [DeMets et al. 2010].  Absent serious errors in the plate motion data (spreading rates 

and the azimuths of transform faults), the magnitude of this misfit is difficult to explain from known 

processes of intraplate deformation, such as horizontal thermal contraction [Collette, 1974; Kumar and 

Gordon, 2009; Kreemer and Gordon, 2014; Mishra and Gordon, 2016] or movement of plates over a 

non-spherical Earth [McKenzie, 1972; Turcotte and Oxburgh, 1973].  Alternatively, there may be one or 

more unrecognized plate boundaries in the circuit, but no such boundary has been found or hypothesized 

to date. 

To make progress on this problem, herein we report three new Cocos-Nazca transform fault 

azimuths from multibeam data now available through Geomapapp’s global multi-resolution topography 

data sets [Ryan et al., 2009], but unavailable to DeMets et al. [2010]. 

 

 1.2 COCOS-NAZCA TRANSFORM FAULT AZIMUTHS 

Figure 1.1 shows the location of the transform faults with useful azimuths along the conventionally 

defined Cocos-Nazca plate boundary.  DeMets et al. [2010] used an azimuth from the Inca transform 

fault (at 85.3°W) and the easternmost transform fault, the Panama transform fault, to estimate the 

direction of Cocos-Nazca plate motion (Figures 1.1 and 1.2).  From a combination of precision depth 

recorder data and limited multibeam data, DeMets et al. [2010] estimated the azimuth of the Inca 

transform fault to be 002.0° ±0.8° (±1σ).  Using the more extensive multibeam data now available 
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through Geomapapp [Ryan et al., 2009], we estimate the strike to be 005.0 ±0.7° (±1σ) (Figure S1.1 in 

the supporting information), which is 3° clockwise of the estimate of DeMets et al. [2010].  We also 

obtain a new well-constrained estimate of the strike of the 84.7W° transform fault of 003.0° ±1.2° (±1σ) 

and a new less well-constrained strike for a short portion of the 84.3W° transform fault of 003.0° ±3.3° 

(±1σ) (Figures 1.2 and S1.1).  Azimuths for these faults were not available to DeMets et al. [2010].  We 

retain the azimuth (358.0 ±1.2°) of the Panama transform fault adopted by DeMets et al. [2010] based on 

satellite altimetry and crossings of precision depth recorder profiles (Figure S1.2). 

We determined a new Cocos-Nazca best-fitting angular velocity from the three new transform-fault 

azimuths (while excluding the transform fault azimuths of DeMets et al. [2010]) combined with the 

spreading rates of DeMets et al. [2010]. (We take the term best-fitting angular velocity to be the angular 

velocity determined only from data along the mutual boundary of a plate pair.) The three new azimuths 

are mutually consistent and fit well (Figure 1.2).  Azimuths calculated from the new best-fitting angular 

velocity are 3.3° ±1.8° (95% confidence limits) clockwise of those calculated from the best-fitting 

angular velocity of DeMets et al. [2010] and agree better with the earlier results of DeMets et al. [1990] 

and of Wilson and Hey [1995] than they do with the results of DeMets et al. [2010].  Moreover, the 

azimuth predicted for the Panama transform fault, which we did not use as input to the new best-fitting 

angular velocity, is 4.9 ±2.7° (95% confidence limits) clockwise of the observed value (Figure 1.2), 

demonstrating that the Panama transform fault does not parallel Nazca-Cocos plate motion. 

 

 1.3 MALPELO PLATE HYPOTHESIS 

While we still assume that the Cocos plate lies west of the Panama transform fault, we hypothesize 

that the lithosphere east of it moves independently of the Nazca plate and constitutes a microplate, 

which we term the Malpelo plate (Figure 1.3).  We further hypothesize that a diffuse plate boundary 
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separates the Malpelo plate from the much larger Nazca plate (Figure 1.3).  In most diffuse oceanic plate 

boundaries, the pole of rotation lies in the diffuse boundary [Gordon, 1998; Zatman et al., 2001, 2005; 

Cande and Stock, 2004; Jellinek et al., 2006] and we speculate that is also the case for the Malpelo-

Nazca boundary (Figure 1.3). 

We assume that the Malpelo plate extends only as far north as ≈6°N where seismicity marks another 

boundary with a previously recognized microplate, the Coiba plate [Pennington, 1981, Adamek et al., 

1988] (Figure 1.3). 

Figure 1.4 shows a velocity space representation of the Nazca, Cocos, and Malpelo plates at a point 

(4.15⁰N, 82.6⁰W) along the Panama transform fault, which separates the Cocos and Malpelo plates.  The 

Cocos-Nazca velocity is determined from the best-fitting angular velocity described above.  The strike 

of the Panama transform fault is known.  To estimate the direction of motion between the Malpelo and 

Nazca plates, we assume that their pole of relative rotation lies where it is shown in Figure 1.3.  With 

these assumptions, the speed of the Malpelo plate relative to the Nazca plate at this point is 5.9 mm a-1. 

 

 1.4 NON-CLOSURE OF THE COCOS-NAZCA-PACIFIC PLATE MOTION CIRCUIT 

We re-estimate the non-closure of the Cocos-Nazca-Pacific plate motion circuit with our new best-

fitting angular velocity for Cocos-Nazca plate motion.  If the plates were rigid and if there were no 

errors in the data, then the sum of the three best-fitting angular velocities would be zero.  When we sum 

the Cocos-Pacific, Pacific-Nazca, and Nazca-Cocos best-fitting angular velocities of DeMets et al. 

[2010], however, we obtain an angular velocity of non-closure of 0.34° Ma–1 (± 0.12° Ma-1; 95% 

confidence limits) about a pole at 24.8°N, 96.5°W (Figure 1.5a), which differs significantly from zero.  

Evaluated at the approximate location of the triple junction of 2.3°N, 102.0°W (Figures 1.5a and S1.3), 

we obtain a linear velocity of non-closure of 15.0 mm a–1 (± 3.8 mm a-1; 95% confidence limits) 283° 
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clockwise of north (Figure 1.5b).  (This differs slightly from that found by DeMets et al. [2010], perhaps 

because we use a different reference point.) In comparison, our new angular velocity of non-closure is 

0.33° Ma–1 (± 0.12° Ma-1; 95% confidence limits) about a pole at 19.8°N, 96.9°W (Figure 1.5a) and the 

new linear velocity of non-closure is 11.6 mm a–1 (± 3.8 mm a-1; 95% confidence limits) toward 286° 

clockwise of north (Figure 1.5b).  By replacing the two transform-fault azimuths from DeMets et al. 

[2010] with the improved set of three new transform-fault azimuths, the non-closure is reduced by 3.4 

mm a–1.   

The new angular velocity of non-closure still differs significantly from zero, however.  Using the F-

ratio test for plate circuit closure [Gordon et al., 1987], we obtain a value of F of 19.5 with 3 versus 205 

degrees of freedom from the best-fitting angular velocities of DeMets et al. [2010] and a value of F of 

16.9 with 3 versus 206 degrees of freedom from our new best-fitting angular velocities (Table S1.2).    

Reference values of F are F0.05 = 2.7 (5% significance level of 95% confidence level) and F0.01 = 3.9 

(1% significance level of 99% confidence level); thus the non-closure, while reduced, remains 

significant. 

 

 1.5 DISCUSSION 

When we re-analyze the closure of the Cocos-Nazca-Pacific plate circuit using our new set of 

Cocos-Nazca transform fault azimuths, and make no other changes, the non-closure of the circuit is 

reduced from 15.0 ±3.8 mm a−1 to 11.6 ±3.8 mm a−1, thus reducing but not eliminating the non-closure 

of the Pacific-Cocos-Nazca plate circuit.  The sense (i.e., sign) of the velocity of non-closure seems 

consistent with an explanation in terms of horizontal thermal contraction of oceanic lithosphere [Kumar 

and Gordon, 2009], but the magnitude of non-closure is almost surely too large to be caused only by 

known processes of intraplate deformation including thermal contraction. 
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Specifically, the work of Kreemer and Gordon [2014] indicates that the displacement rates across 

the Pacific plate due to thermal contraction are 1-2 mm a-1, which are consistent with intraplate strain 

rates due to horizontal thermal contraction inferred by Mishra and Gordon [2016].  If all three of the 

Cocos, Nazca, and Pacific plates are characterized by intraplate displacements of 1-2 mm a-1 due to 

horizontal thermal contraction and if we assume that the orientations and magnitudes of these are 

uncorrelated between plates, a non-closure of ≈2-4 mm a-1 (1-2 mm a-1 × √3) might be expected, which 

is much smaller than the 11.6 ±3.8 mm a−1 (95% confidence limits) of non-closure that we find.  Thus 

the cause of at least part of the non-closure remains unknown and we suggest that one or more plate 

boundaries remain to be discovered. 

If the non-closure is due to deformation of one of the plates, or to an undiscovered plate boundary 

within that same plate, the Cocos plate seems the best candidate because of its proximity to the pole of 

rotation of non-closure. Larger displacement rates would be required for an undiscovered plate boundary 

in the Pacific or Nazca plates simply because any hypothetical deformation zone would lie farther from 

the pole of rotation of non-closure.  Furthermore, the absence of significant non-closure about the 

Nazca-Pacific-Antarctica plate motion circuit suggests that the Pacific and Nazca plates are not highly 

non-rigid [DeMets et al., 2010]. 

 

 1.6 CONCLUSIONS 

The lithosphere east of the Panama transform fault moves independently of the Nazca plate, 

constituting a microplate that we term the Malpelo microplate. The new transform fault azimuths result 

in non-closure about the Galapagos triple junction that is 3.4 mm a–1 smaller than found by DeMets et al. 

[2010], but remains large (11.6 ± 4 mm a−1).  While the sense of the observed non-closure is consistent 

with horizontal thermal contraction of oceanic lithosphere, the indicated magnitude of deformation 



11 
 

remains too large to be explained only by thermal contraction.  Thus, we suggest that one or more plate 

boundaries remain to be discovered. 
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 1.7 FIGURES 

 
Figure 1.1. Map of the region surrounding the Cocos-Nazca plate boundary from Global Multi-

Resolution Topography [Ryan et al., 2009]. The white arrows indicate the locations and azimuths of four 

transform faults discussed herein. Abbreviations: GSC, Galapagos Spreading Center; ESC, Ecuador 

Spreading Center; CRSC, Costa Rica Spreading Center; TF, transform fault.  The image is illuminated 

from the north. 
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Figure 1.2. Transform fault azimuth versus longitude along the Cocos-Nazca and Cocos-Malpelo plate 

boundaries. Data and results from DeMets et al. [2010] are in blue and from this study in red.   Solid 

curves: Cocos-Nazca plate motion direction calculated along the Cocos-Nazca plate boundary from the 

best-fitting angular velocity of DeMets et al. [2010] (blue) or this study (red).  Circles: Plate motion 

directions calculated at each transform fault location from the best-fitting angular velocity of DeMets et 

al. [2010] (blue) or this study (red).   Stars: Transform fault strikes used to estimate Cocos-Nazca plate 

motion by DeMets et al. [2010] (blue) or this study (red).  Dashed error bars: 1σ uncertainties of the 

observed transform fault azimuths of DeMets et al., [2010] (blue) or this study (red).  Red solid error 

bars: 1σ uncertainties of the plate motion directions at transform fault locations calculated from our new 

best-fitting angular velocity (i.e., this study).  
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Figure 1.3. (a) Map of region surrounding the Malpelo plate from Global Multi-Resolution Topography 

[Ryan et al., 2009]. Centroid moment tensor solutions are shown for earthquakes from 1976 to 2016 

with depths shallower than 50 km and Mw > 5.0 [www.globalcmt.org].  Yellow-filled circle: the 

hypothesized rotation pole between the Malpelo plate and the Nazca plate.  The shaded magenta lines 

indicate the plate boundaries outlining the Malpelo and Coiba plates.  The Yaquina Trough is a former 

transform fault between the Cocos and Nazca plates [Lonsdale and Klitgord, 1978].  Abbreviations: 

GSC, Galapagos Spreading Center; ESC, Ecuador Spreading Center; CRSC, Costa Rica Spreading 

Center.  (b) Vertical gravity gradient map of region surrounding the Malpelo plate [Sandwell et al., 

2014]. Earthquake epicenters are shown by small color-filled circles for earthquakes from 1976 to 2016 

with depths shallower than 50 km and Mw > 5.0.   Symbol size increases with magnitude, and color 

indicates mechanism, based on which of the principal axes of the moment tensor is nearest to vertical: 

white for normal, red for strike slip, and black for thrust [www.globalcmt.org]. 
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Figure 1.4. Velocity space diagram at a point (4.15⁰N, 82.6⁰W) along the Panama transform fault. The 

solid line segments indicate the relative velocity between plates.  The dashed line segment represents the 

strike of the Panama transform fault.  The Cocos-Nazca relative speed is 61.7 mm a-1, the Cocos-

Malpelo speed is 58.5 mm a-1, and the Malpelo-Nazca speed is 5.9 mm a-1. 
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Figure 1.5. (a) Map of the eastern Pacific from Global Multi-Resolution Topography [Ryan et al., 2009].  Red-

filled circle: Pole for the angular velocity of non-closure for the Cocos-Pacific-Nazca plate circuit (this study).  

Blue-filled circle: Pole for the angular velocity of non-closure of DeMets et al. [2010].  Red- and blue-filled 

ellipses: corresponding 95% error ellipses.  Black-filled circle: reference point (i.e., the approximate location of 

the Galapagos triple junction) used for calculating the velocity of non-closure.  (b) Velocity space diagram for the 

Cocos-Pacific-Nazca plate circuit evaluated at the Galapagos triple junction.  Color-filled circles with 95% 

confidence ellipses: Velocities determined from best-fitting angular velocities of DeMets et al. [2010] (blue) and 

from this study (red). The velocity of non-closure is the velocity of Cocos (final) minus the velocity of Cocos 

(initial).   
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1.8 Supporting Information 

Table S1.1.  Observed and Calculated Azimuths of Transform Faults along the Cocos-Nazca Plate 

Boundary 

TF 

Name 

Lat. 

 (N) 

Lon.  

(E) 

Observed 

Azimuth  

[This study] 

Observed 

Azimuth 

[DeMets et 

al., 2010] 

Calculated 

Azimuth  

[This study] 

Calculated 

Azimuth  

 [DeMets et al., 

2010] 

Inca 1.24⁰ −85.33⁰ 5⁰ ± 0.7⁰ 2⁰ ± 0.8⁰ 4.4⁰ ± 0.7⁰ 1.1⁰ ± 0.7⁰ 

84.7⁰W 1.95⁰ −84.66⁰ 3⁰ ± 1.2⁰  4.0⁰ ± 0.7⁰ 0.7⁰ ± 0.7⁰ 

84.3⁰W 3.13⁰ −84.29⁰ 3⁰ ± 3.3⁰  3.4⁰ ± 0.7⁰ 0.0⁰ ± 0.7⁰ 

Panama 4.15⁰ −82.60⁰  −2⁰ ± 1.2⁰ 2.9⁰ ± 0.7⁰ −0.5⁰ ± 0.7⁰ 

Azimuths are clockwise from North.  Uncertainties are 1σ errors.  Each “Calculated Azimuth” is 

determined from the indicated best-fitting angular velocity (i.e., an angular velocity determined only 

from data along the Cocos-Nazca plate boundary).  Abbreviations: TF, transform fault; N, north; E, east. 
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Table S1.2. Plate Circuit Statistics 

Data χ2 χ2
ν N ν 

Cocos-Nazca BFAV [This study] 90.5 0.99 91 88 

Cocos-Nazca BFAV [DeMets et al., 2010] 89.9 1.03 90 87 

Cocos-Pacific BFAV [DeMets et al., 2010] 72.6 1.13 67 64 

Nazca- BFAV [DeMets et al., 2010] 56.8 0.88 57 54 

Sum of chi-square for the 3 BFAV’s [This 

study] 
220.0 1.07 215 206 

Sum of chi-square for the 3 BFAV’s 

[DeMets et al., 2010] 
219.4 1.07 214 205 

     

3-plate, closure enforced [This study] 274.2 1.31 215 209 

3-plate, closure enforced [DeMets et al., 

2010] 282.0 1.36 214 208 

 
N is the number of data, ν is the number of degrees of freedom (i.e., N minus the number of adjustable 

parameters),  χ2 is the sum-square normalized misfit  (i.e., chi-square) for each best-fitting angular velocity,  χ2
ν is 

reduced chi-square, which is defined as χ2/ ν, and BFAV is an abbreviation for “best-fitting angular velocity”. 

 

From these results, we constructed an F-ratio test for plate circuit closure [Gordon et al., 1987].  The statistic that 

we use is F with 3 versus N−9 degrees of freedom, given by 

𝐹3,𝑁−9 =
(𝜒𝑁−6

2 − 𝜒𝑁−9
2 )/3

𝜒𝑁−9
2 /(𝑁 − 9)

 

where 𝜒𝑁−6
2  is chi-square for the 3-plate circuit when closure is enforced and 𝜒𝑁−9

2  is the sum of the chi-square for 

the three best-fitting angular velocities. The result from the data used in this study is F3,206 = 16.9 and the result 

from the data of DeMets et al. [2010] is F3,205 = 19.5.  Appropriate reference values for F3, N-9 are 2.7 and 3.9 

respectively at the 5% and 1% significance levels.  
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Figure S1.1. Map from Global Multi-Resolution Topography [Ryan et al., 2009] showing the location 

of the Inca, 84.7°W, and 84.3°W transform faults used to estimate the direction of relative plate motion 

between the Cocos and Nazca plates. The white arrows indicate the location and orientation of the 

transform faults (TF). The image is illuminated from the west perpendicular to the transform faults.  

Mercator’s projection. 
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Figure S1.2. Map from Global Multi-Resolution Topography showing the location of the Panama 

transform fault [DeMets et al. 2010]. The white arrows indicate the location and orientation of the 

transform fault and the white dashed line shows the predicted transform fault strike if it accommodates 

Cocos-Nazca plate motion.  The red dot indicates the point along the transform fault used to calculate 

the velocity space diagram in Figure 1.4. The image is illuminated from the west perpendicular to the 

transform fault.  Mercator’s projection. 
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Figure S1.3. Map of the region surrounding the Galapagos microplate from Global Multi-Resolution 

Topography with centroid moment tensor solutions near the Galapagos microplate: Earthquakes with 

moment magnitude (Mw) > 4.6 from 1976 to 2016.  Details of the earthquake data are obtained from the 

Global centroid moment tensor project [www.globalcmt.org]. The red dot indicates the reference point 

used to estimate the velocity of non-closure of the Cocos-Nazca-Pacific plate motion circuit illustrated 

in Figure 1.5b. The image is illuminated from the northwest.  Mercator’s projection. 
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Chapter 2. Oblique Seafloor Spreading Across Intermediate and 

Superfast Spreading Centers 

2.1 INTRODUCTION 

Most of Earth’s surface is created by seafloor spreading, which is one of a handful of fundamental 

global tectonic processes. Vogt et al. (1969) suggested that spreading centers may take one of two 

configurations: either an oblique configuration without transform faults (“oblique mode”) or a 

perpendicular one separated by fracture zones (“staircase mode”), which we take to include both stepped 

and crenellated ridge-transform boundary configurations (Sandwell, 1986; Mishra and Gordon, 2016). 

While most seafloor spreading in staircase mode is orthogonal, that is, the strike of mid-ocean ridge 

segments is perpendicular to transform faults, examples of significant obliquity have been noted since the 

1970s, in particular in regions of slow seafloor spreading such as the Reykjanes Ridge (e.g. Murton and 

Parson, 1993; Taylor et al., 1994; Hreinsdóttir et al., 2001) and the western Gulf of Aden (e.g. Tamsett 

and Searle, 1988; Taylor et al., 1994; Dauteuil et al., 2001). It is important to understand the magnitude 

and process of oblique spreading, and its relationship to plumes and other aspects of mantle convection. 

In particular, the study of oblique spreading could help us to better understand how mantle processes may 

relate to surface processes for the Earth and perhaps other planets.  

Another motivation for studying the present obliquity of seafloor spreading is to help us to understand 

the strikes of ancient spreading ridges. Paleomagnetic investigations of the skewness of marine magnetic 

anomalies (Schouten and Cande, 1976; Acton and Gordon, 1991; Petronotis et al., 1994; Petronotis and 

Gordon, 1999) depend on accurate knowledge of ancient ridge strikes (Horner-Johnson and Gordon, 2010; 

Koivisto et al., 2011). In some cases, assuming orthogonal spreading may not be valid and the distribution 

and magnitude of oblique spreading of mid-ocean ridges might affect the assumptions of these 
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investigations. 

Here we present a new analysis of obliquity of seafloor spreading incorporating the results of the 

MORVEL global plate motion project including both new estimates of plate angular velocities and 

estimates of the strikes of mid-ocean ridge segments worldwide (DeMets et al., 2010).  We discuss several 

existing models for oblique spreading. 

 

2.2 OBLIQUE SPREADING DATA AND METHODS 

For our analysis, instead of comparing the strike of mid-ocean ridges with the strike of nearby 

transform faults or earthquake mechanisms, the azimuth of which can be uncertain, we compare with the 

direction of plate motion determined from the angular velocity that best fits all the data along the boundary 

of a single plate pair, an approach that is similar to that adopted by Tuckwell et al. (1996, 1999). Obliquity, 

𝛼, is defined as 

𝛼 = |𝜃𝐶 − 𝜃𝑂| ,              (1) 

where 𝜃𝐶   is the calculated relative plate motion direction determined from the relative plate angular 

velocity, and 𝜃𝑂 is the horizontal direction perpendicular to observed ridge-strike. This definition applies 

to both staircase-mode spreading and oblique-mode spreading (Vogt et al., 1969). The advantages of this 

approach include greater accuracy and the ability to estimate obliquity where there are no nearby transform 

faults. We used the best fitting angular velocities of DeMets et al. (2010) to determine the direction of 

relative plate motion everywhere except along the Cocos-Nazca plate boundary (for which we used the 

angular velocity determined by Zhang et al. 2017), and along the Cocos-Pacific and Nazca-Pacific plate 

boundaries, for which we determined new angular velocities from the data of DeMets et al. (2010) except 

that we replaced their strikes with our new strikes. 

Initially we adopted the ridge strikes of DeMets et al. (2010) for the entire planet. Because their ridge 
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strikes indicated previously unrecognized oblique spreading along the East Pacific Rise (EPR) and along 

the Cocos-Nazca spreading center, we also estimated the strikes ourselves along these two spreading 

systems using GeoMapApp (Ryan et al., 2009) and extended the estimates to ridge segments along the 

EPR not included by DeMets et al. (2010) (Figures S2.2 to S2.26).  GeoMapApp (Ryan et al., 2009) 

generally has higher resolution bathymetric maps than those available to DeMets et al. (2010) and thus 

for those spreading centers we use our new results instead of those from DeMets et al. (2010).   Our new 

estimates are generally similar to those of DeMets et al. (2010), but indicate slightly less obliquity along 

the southernmost East Pacific Rise than found by them.  We also compared the strikes estimated by DeMets 

et al. (2010) with GeoMapApp imagery at many locations along other plate pairs and found no significant 

differences. 

Estimating the strikes of fast-spreading mid-ocean ridge segments present several challenges as non-

transform offsets on various scales affect the estimate of the strike. We estimate the strike at the highest 

resolution possible from available data. Moreover, the strike may vary between ridge segments bounded 

by two adjacent transform faults.  This is especially evident near overlapping spreading centers (OSC) 

where the strike varies rapidly along a ridge segment.  An OSC is defined as an accretion geometry 

characterized by two overlapping neovolcanic zones that curve towards each other enclosing an elongate 

depression (Macdonald and Fox, 1983). 

We have also investigated the variation of oblique spreading across mid-ocean ridges with spreading 

rate, which we take to be the relative plate speed across a spreading center.  (In contrast, DeMets et al. 

(2010) typically take the spreading rate to be the relative plate velocity projected on to the ridge-

perpendicular direction, which may be slightly lower than what we call spreading rate.) We classify mid-

ocean ridges into four categories based on full spreading rates: slow-spreading centers, for which the 

spreading rates are less than 50 mm a-1, intermediate-spreading centers, for which the spreading rates are 
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50−90 mm a-1, fast-spreading centers, for which the spreading rates are 90−130 mm a-1, and superfast-

spreading centers, for which the spreading rates are greater than 130 mm a-1 (cf., Lonsdale, 1977). 

 

2.3 RESULTS 

2.3.1 Global Analysis 

We confirm that most seafloor spreading is within a few degrees of orthogonality and that obliquity 

occurs in many previously recognized regions of slow seafloor spreading such as the western Gulf of Aden 

and Reykjanes Ridge. While we partly confirm the well-known tendency for obliquity to decrease with 

increasing spreading rate (Atwater and Macdonald, 1977), we find exceptions at both intermediate 

spreading centers (with α as large as 8° along the Cocos-Nazca plate boundary between 91°W and 95°W) 

and superfast spreading centers (with α as large as 10° along the Nazca-Pacific plate boundary between 

29°S and 31°S and between 16°S and 22°S) (Figures 2.1−2.4). 

Below spreading rates of 90 mma-1, α tends to decrease as spreading rate increases (except between 

45 and 60 mm a-1); between 90 and 120 mm a-1 seafloor spreading is orthogonal; above 120 mm a-1, α 

tends to increase as spreading rate increases (Figures 2.1c, S2.1, and Table S2.1). 

 

2.3.2 Slow-Spreading Centers 

Oblique seafloor spreading occurs at many slow-spreading centers including the western Gulf of Aden 

(Tamsett and Searle, 1988; Taylor et al., 1994; Dauteuil et al., 2001) and the Mid-Atlantic Ridge (Bird 

and Phillips, 1975; MacDonald, 1977; Dauteuil and Brun, 1993; Murton and Parson, 1993; Taylor et al., 

1994; Hreinsdóttir et al., 2001) (Figure 2.1, Table S2.2). 

 In the western Gulf of Aden, 𝛼 ranges from 35° to 45° with a mean value of 37°, which is near the 

≈45° estimated by Dauteuil et al. (2001). Along the Reykjanes Ridge, 𝛼 is 27°−32°, similar to the 27° 
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estimated by Hreinsdóttir et al. (2001). Along the Mid-Atlantic Ridge (MAR) between 25.5°N and 26°N, 

and between 30.5°N and 32°N, 𝛼 is 14° and 19° respectively, similar to the 15° and 15° respectively from 

Tuckwell et al. (1999) (Figure 2.1, Table S2.2). 

Along the Mid-Atlantic Ridge FAMOUS region (near 37°N), 𝛼 is only 3.5°, significantly less than 

the 17° estimated by Macdonald (1977), who compared the normal to the strike of mid-ocean ridge 

segments with the strike of oblique shear zones, which are now recognized as non-transform offsets (Fox 

and Gallo, 1984). 

Along the Mohns Ridge, 𝛼 is 26°, which is less oblique than the prior result of 40° from Tuckwell et 

al. (1996) using the ridge strikes of Dauteil and Brun (1993). Similarly, along the Southwest Indian Ridge 

(SWIR), 𝛼 is on average 9°, which is less oblique than the 27° estimated by Tuckwell et al. (1996) using 

the ridge strikes of Mitchell (1993). 

All but one of the plate pairs that we examine have at least one transform fault, and in most cases 

multiple transform faults, along their mutual boundary.  For these plate pairs the available transform fault 

azimuth or azimuths are important in contributing to the estimate of the direction of plate motion for 

portions of the plate boundary lacking transform faults.  In contrast, there are no transform faults along 

the Red Sea spreading center (Chu and Gordon, 1998).  Thus no transform faults contribute to the 

estimated direction of relative plate motion.  Instead the spreading rates in conjunction with the ridge 

strikes are the sole source of information for estimating the direction of plate motion (Chu and Gordon, 

1998).  The direction of plate motion is more uncertain, ≈ ±10° (95% confidence limits), than for most 

plate boundaries.  Nonetheless, the magnitude of the obliquity, α≈20°, is significant (Figure 2.1). 
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2.3.3 Intermediate-Spreading Centers 

2.3.3.1 Cocos-Nazca plate boundary 

DeMets et al. (2010) estimated Cocos-Nazca plate motion using spreading rates plus the azimuths of 

the Inca and Panama transform faults. Here, however, we adopt a different plate geometry than that 

assumed by DeMets et al. (2010).  Zhang et al. (2017) estimated several new and improved azimuths 

along the Cocos-Nazca plate boundary west of the Panama transform fault, which is the easternmost 

transform fault along the traditionally defined Cocos-Nazca plate boundary.  The new azimuths are 

consistently and significantly clockwise of the azimuth of the Panama transform fault (figure 2 of Zhang 

et al. 2017).   Zhang et al. (2017) assumed that the new azimuths record the direction of Cocos-Nazca 

plate motion.  It follows that the Panama transform fault must record motion between a different plate pair, 

which Zhang et al. (2017) proposed to be the Cocos plate on the west side of the transform fault and a 

newly recognized Malpelo plate, previously assumed to be part of the Nazca plate, on the east side of the 

transform fault. (Figure S2.27) 

With this revised plate geometry and our new Cocos-Nazca angular velocity (Zhang et al., 2017), 

along the Cocos-Nazca spreading center we find that 𝛼 ≈8° between 91°W and 94°W and that 𝛼 ≈7° 

between 96°W and 100°W.  In contrast, we find that α≈0° along Cocos-Nazca spreading centers farther 

east (Figure 2.2). 

 

2.3.3.2 Juan de Fuca Ridge 

Spreading across the Juan de Fuca Ridge is slightly more oblique, α≈5°, than estimated before (3°) 

(Johnson and Holmes, 1989; Tuckwell et al., 1996) (Table S2.2, Figure 2.1).  

 



28 
 

2.3.3.3 Southeast Indian Ridge 

Along the Southeast Indian Ridge (SEIR),  𝛼 is 4°, which is less oblique than the 14° estimated by 

Tuckwell et al. (1999). 

 

2.3.4 Fast-Spreading Centers 

2.3.4.1 Cocos-Pacific plate boundary 

Along the Cocos-Pacific boundary, 𝛼 < 2°, except along the ridge segments north of the Orozco 

transform fault, where 𝛼 ≈ 3°, and along the portion of the southernmost ridge segment, where 𝛼 ≈ 3° 

(Figure 2.3b). The ridge segment north of the Orozco transform fault falls within the diffuse plate 

boundary between the Cocos plate and Rivera plate (Gordon, 1998). Thus deformation of the lithosphere 

associated with this diffuse oceanic plate boundary may influence the ridge strike, in particular because 

the local direction of relative plate motion may differ from that expected for Cocos-Pacific plate motion.  

The ridge segment south of 3°N is offset from the adjacent ridge segments by an OSC (Sempere and 

Macdonald, 1986) and connects with the Galapagos microplate (Figures 2.3 and S2.16). 

 

2.3.4.2 Nazca-Pacific boundary 

The spreading rate along the Nazca-Pacific plate boundary is as fast as 146 mm a-1, which is the 

fastest seafloor spreading on a boundary between Earth’s major plates. While the Nazca-Pacific boundary 

spans latitudes from 35°S to 1°N, the southernmost transform fault, the Garrett transform fault, lies near 

13.5°S.  Thus, the ridge-perpendicular direction far south of 13.5°S cannot be directly compared with a 

nearby transform fault, but can be compared with the direction of plate motion indicated by the best fitting 

angular velocity, which is constrained by the azimuths of the Garrett transform fault and those farther 

north (Figure 2.4). 



29 
 

The observed ridge-normal azimuth along the Nazca-Pacific plate boundary from 29°S to 32°S 

between the Easter Microplate and the Juan Fernandez Microplate, where the ridge segments are in oblique 

mode, deviates from the plate motion direction by as much as 6°−10° (Figure 2.4).  An OSC occurs near 

29°S where the overlapping ridge segments are termed the East Ridge and the West Ridge (Martinez et 

al., 1997).  East Ridge overlaps, and is offset from, West Ridge system by ≈120 km, forming the largest 

known pair of OSCs (Figures 2.4, S2.26, and S2.28). Our new estimates also show that the ridge segments 

between ≈16°S and 22°S (north of Easter microplate, but south of Garrett transform fault) deviate from 

orthogonality by as much as 7°, with the ridge segment just south of Garrett being nearly orthogonal (α ≈ 

1°). Seafloor spreading is orthogonal or nearly orthogonal along much of the EPR north of 13.5°S, where 

the ridge segments are in staircase mode. 

The observed oblique spreading at superfast spreading centers from our study contradicts the 

hypothesis that oblique spreading only occurs at slow seafloor spreading centers (e.g. Atwater and 

Macdonald, 1977; Stein, 1978; Tuckwell et al., 1996, 1999).   

 

2.4 MODELS AND MECHANISMS 

Two models, the power dissipation model (Stein, 1978) and the fluid-filled crack model (Abelson and 

Agnon, 1997) have previously been proposed to explain oblique spreading. In this section, we examine 

these models in light of our new results. 

 

2.4.1 Power Dissipation Model 

Vogt et al (1969) suggested that the stable configuration of mid-ocean ridges is one that minimizes 

the power or work dissipated by the process of seafloor spreading. For a given spacing and orientation of 

transform faults, orthogonal spreading always results in a shorter total length of ridge than does oblique 
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spreading, which suggests that the power dissipation per unit length of spreading ridge, PR, exceeds that 

per unit length of transform fault, PT (Lachenbruch and Thompson, 1972).  From simple physical 

arguments and plate geometry, Stein (1978) estimated that PT/PR for most plate boundaries is ≈ 0.1, and 

Tuckwell et al. (1999) estimated values ranging from 0 to 1.6, but mainly lying between 0 and 0.8.  As 

orthogonal spreading leads to the minimum possible ridge length, orthogonal spreading may be in many 

cases be the configuration that minimizes power dissipation for PT/PR. <1.  On the other hand, if the power 

dissipation per unit length along transform faults is in some places comparable to, or greater than, that 

along a spreading ridge, a lower dissipation may be achieved in some cases by oblique spreading because 

the transform faults are shorter than for orthogonal spreading at the cost of longer spreading ridge 

segments (Stein, 1978; Sleep et al., 1990).  For a particular set of assumptions of how dissipation occurs 

along the two types of boundary, Stein (1978) proposed that minimization of dissipation results in oblique 

seafloor spreading, and that 

sin 𝛼  ~ 1 𝑉⁄   ,                                                   (2) 

where V is the spreading rate. 

It has long been accepted that the highest observed values of obliquity, α, for a particular spreading 

rate tend to decrease as spreading rate increases (e.g., Stein, 1978; Tuckwell et al., 1999). While this 

appears to be true at slow spreading centers, herein we find exceptions at intermediate and superfast 

spreading centers where the ridge segments are in oblique mode. In particular, oblique spreading occurs 

across the intermediate spreading Cocos-Nazca plate boundary and across the superfast Nazca-Pacific 

plate boundary (Figure 2.1c). Thus, considerations other than the minimization of power dissipation across 

mid-ocean ridges and transform faults, at least if power is dissipated in the way hypothesized by Stein 

(1978), may influence the amount of obliquity.  
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2.4.2 Fluid-Filled Crack Model 

Abelson and Agnon (1997) modeled spreading centers as fluid-filled cracks (Pollard et al., 1982) and 

found that the variation of ridge-segment orientation depends on the ratio of the magma overpressure to 

the remote tectonic deviatoric tension that drives plate separation. A high ratio promotes oblique spreading 

and a low ratio promotes segmentation that results in orthogonal spreading. They further argued that if a 

mid-ocean ridge segment lies near the surface expression of a deep mantle plume, then the excess 

temperature associated with plume material contributes to magma overpressure along the segment.   

Abelson and Agnon (1997) analyzed how ΔP/ΔS varies as a function of segment orientation, where 

ΔP is magma overpressure and ΔS is remote tectonic deviatoric tension.  They showed that 

                                                                       
∆𝑃

∆𝑆
=

𝑅−3

4
  ,                                                            (3) 

where 𝑅 is termed the driving (or applied) stress ratio. Its value can be obtained from the angles defining 

the ridge geometry by 

                                                            𝑅 =
2 sin 2𝛼

(1−2𝑣) tan 2𝛽
− cos 2𝛼  ,                                           (4) 

where α is obliquity, ν is Poisson’s ratio (assumed to be 0.25), and β is discordance, which is defined below. 

Following Abelson and Agnon (1997), we distinguish between the strike of individual mid-ocean 

ridge segments (the perpendicular to which is θ0), and the overall strike of the ridge (the perpendicular to 

which is γ) encompassing multiple second-order segments of mid-ocean ridge (typically separated by 

OSCs at intermediate, fast, and superfast spreading centers) between a pair of adjacent transform faults, 

which are considered to be first-order discontinuities.  γ may in some cases be estimated by finding the 

perpendicular to the great circle that best fits a set of points located at a central point along each segment 

of mid-ocean ridge in a region judged subjectively to have a consistent overall strike.  Abelson and Agnon 

(1997) show several examples of estimating the overall strike of the ridge in their figure 2.1.  The 
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discordance, β, equals φ−α, where φ is γ−θc. Following Abelson and Agnon (1997), we do not specify γ 

herein, but its value can be inferred from the values we give for β and θ0.  We estimated the overall ridge 

strike from bathymetric maps such as those available through GeoMapApp (Ryan et al., 2009). In Figure 

S2.28, for example, as there is no discontinuity of the mid-ocean ridge, the overall strike and the strike of 

the individual ridge segments are identical and thus β = 0.  Another example is shown in Figure S2.29, 

which shows the East Pacific Rise between the Siqueiros transform fault and the Galapagos microplate.  

Because of ridge offsets across OSC’s, γ≈84°, which differs from θ0, which ranges from ≈77° to ≈79°; it 

follows that φ ≈ 6°. 

From these angles, by substituting (4) into (3), one obtains 

                                                 
∆𝑃

∆𝑆
=

sin 2𝛼

2(1−2𝑣) tan 2𝛽
−

3+cos 2𝛼

4
  ,                                          (5) 

from which the relative magnitude of magma overpressure and remote tectonic tension (ΔP/ΔS) can be 

estimated. The relationship between the driving stress ratio, R, and the discordance, β, is shown in Figure 

2.5. 

The values of R that we estimate range from ≈4 to ≈90 corresponding to values of ΔP/ΔS that vary 

over two orders of magnitude, from ≈0.2 to ≈20 (Figure 2.5, Table S2.3).   The highest values of driving 

stress ratio, R, are estimated for the western Cocos-Nazca plate boundary (R≈14; ΔP/ΔS≈3), followed by 

the EPR near 31°S (R≈12; ΔP/ΔS≈2), and the EPR near 17°S (R≈5 to ≈12; ΔP/ΔS≈1 to ≈2).  The lowest 

values of R (R≈4; ΔP/ΔS ≈0.2 to ≈0.3) occur for the rest of the locations: the EPR near 11°S, 2°S, 6°N, 

and 9°N and the eastern Cocos-Nazca plate boundary. Along all ridge segments that we investigated in 

the Pacific, inferred overpressure (ΔP) is positive.  

Abelson and Agnon (1997) argued that for mid-ocean ridge segments in the Pacific spreading 

orthogonally that ΔP/ΔS is low and thus magma overpressure is dominated by remote tectonic stress due 

to slab pull.   We investigated this along the Cocos-Pacific plate boundary, in particular for the segments 
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between 8°N and 10°N we estimate that magma overpressure is only one-fourth as large as remote tectonic 

stress (i.e., R≈4; ΔP/ΔS ≈0.26); thus indicating that tectonic stress exceeds magma overpressure (Figure 

2.5; Table S2.3).  For these same segments, by analyzing local earthquakes and magma eruptions observed 

with OBS data on the seafloor along the ridge segments, Tan et al. (2016) argued that a substantial portion 

of the spreading is driven not by magma overpressure in the underlying magma lenses, but by tectonic 

stress building up to a critical level, which is consistent with our inference. 

 

2.5 PLUME PROXIMITY 

2.5.1 Distance to Plumes 

Abelson and Agnon (1997) suggest that both magma overpressure due to the proximity of plumes and 

remote tectonic stress could influence the obliquity of mid-ocean ridge (MOR) segments. Tuckwell et al. 

(1999) also found that ridge segments near plumes tend to be oblique and proposed that the reduced 

viscosity of upwelling material at spreading ridge segments, rather than magma overpressure, near plumes, 

was the cause of the oblique spreading. Here we assess how distance between a MOR segment and a 

plume may influence obliquity of MOR segments.  To do so, we assume that magma overpressure (or a 

reduction in material viscosity) increases with increasing flux of a plume and that effective magma 

overpressure (or a reduction in material visocsity) decreases with increasing distance between a MOR 

segment and a plume.  

Using locations of plumes identified by Morgan and Phipps Morgan (2007), we estimate the distance 

from the midpoint of each ridge segment to the nearest plume. A plot of oliquity, α, versus that distance 

shows that obliquity reacing a maximum near ≈1000 km distance and decreasing at both lesser and greater 

distances (Figure 2.6a). 

We reason that faster spreading rates dilute the effect of magma overpressure (or a reduction in 
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material viscosity) due to the proximity of a plume in a way that is approximately proportional to spreading 

rate. If true, it may be better to use obliquity times spreading rate rather than simply obliquity as a measure 

of the effect of a plume on obliquity (Figure 2.6b).  When the distance of the ridge segment midpoint to 

the nearest plume is larger than ≈400 km, the highest values of obliquity times spreading rate tend to 

decrease with increasing distance to nearest plume. The highest values of obliquity times spreading rate 

occur along the EPR between 29°S and 31°S, near the Easter plume. Along the southern Mid-Atlantic 

Ridge there are several ridge segments that have a short distance to the nearest plume (< ≈500 km), but 

are spreading nearly orthogonally (Figures 2.1a and 2.6b). 

 

2.5.2 Summed Normalized Plume Flux 

Is there is a relationship between obliquity and plume flux? To investigate this question further, we 

estimate the plume flux delivered to each mid-ocean ridge segment using published plume flux estimates 

(Sleep, 1990; Yamamoto et al., 2007) to estimate a proxy for magma overpressure. The buoyancy flux of 

a plume is defined as 

                                                              𝐵 = 𝜌𝑚𝛼𝑉∆𝑇𝑄𝑝  ,                                                (6) 

where B is the buoyancy flux, Qp is the volume flux of the plume rock, ρm is the density of the hot plume 

rock, αv is the thermal expansion coefficient, about 3×10-5 ° C-1 , and ΔT is the average excess temperature 

of the plume rock (Davies, 1988; Sleep, 1990). The units of the buoyancy flux are kg s-1. 

Sleep (1990) estimated the buoyancy flux of 31 deep mantle plumes worldwide (Figure 2.1).  Ridge 

segments with the highest values of obliquity lie within ≈200 km to ≈1500 km of a plume (Figure 2.6). 

For example, the oblique spreading Reykjanes Ridge is between ≈200 km and ≈1200 km from the Iceland 

hotspot and the western Gulf of Aden is between ≈700 km and ≈1500 km from the Afar hotspot. Our 

results indicate that a similar pattern is also true for intermediate and superfast spreading centers, such as 
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the ridge segments from 29°S to 32°S along the Nazca-Pacific plate boundary, which are ≈400 km from 

the Easter hotspot, and the western Cocos-Nazca spreading center, the nearest point of which is ≈250 km 

from the Galapagos hotspot (Figure 2.1). 

Yamamoto et al. (2007) also estimated the volume flux of 49 plumes worldwide (Figure 2.1). They 

constructed a conceptual model for mantle convection in which buoyant and low-viscosity asthenosphere 

is present beneath the relatively thin lithosphere of ocean basins and regions of active continental 

deformation, but is less well developed beneath thicker-keeled continental cratons.  

To compare these two sets of estimates, we assume the density of the hot plume rock is the same for 

all plumes. Sleep (1990) has provided the buoyancy flux of most plumes; for the other plumes we assume 

ΔT to be 225° C-1 and convert the buoyancy flux to volume flux. The volume flux of the same plume from 

each of these two sets of estimates are compared in Figure 2.1. The absolute values of the plume flux 

differ greatly between the estimates of Sleep (1990) and Yamamoto et al. (2007), but the relative sizes do 

not vary much except that Yamamoto et al. (2007) have a relatively high flux for Galapagos and a relatively 

low flux for Easter and other plumes in the south Pacific when compared with Sleep’s (1990) estimates 

(Figure 2.1). 

We estimate the summed normalized plume flux (F) for an arbitrary ridge segment as 

                                                      𝐹 = ∑
𝐵𝑖/𝐵𝑚𝑒𝑑

𝐿𝑖/𝐿𝑚𝑒𝑑

𝑛
𝑖=1   ,                                                       (7) 

where Bi is the buoyancy flux of the ith plume, n is the number of plumes within 90° great circle distance 

to the given ridge segment, Bmed the median buoyancy flux for the 35 plumes estimated by Sleep (1990), 

and Li is the distance from the ridge segment to the ith plume.  Lmed is the median distance between every 

oblique ridge segment (i.e., α > 5°) and its nearest plume.   If one assumes that volume flux is proportional 

to buoyancy flux, equation (7) becomes 

                                                      𝐹 = ∑
𝑄𝑖/𝑄𝑚𝑒𝑑

𝐿𝑖/𝐿𝑚𝑒𝑑

𝑛
𝑖=1   ,                                                      (8) 
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where Qi is the volume flux of the ith plume and Qmed is the median volume flux for the 49 plumes analyzed 

by Yamamoto et al. (2007).  Mean obliquity is plotted versus average summed normalized plume flux for 

all the 23 plate pairs based on plume flux estimates by Sleep (1990) and Yamamoto et al. (2007) 

respectively in Figures 2.7a and 2.7b.  

Plume flux estimates from Sleep (1990) indicate that spreading rate increases as summed plume flux 

increases. The Nazca-Pacific plate pair has the highest spreading rate as well as the highest summed plume 

flux and the Cocos-Nazca plate pair has the third highest summed plume flux, indicating that the nearby 

plumes have substantial impact on the mid-ocean ridges there (Figure 2.7a). Sleep (1990) concluded that 

part of the flux from the Easter plume is returned to the East Pacific Rise, part remains on the Nazca plate, 

and a little crosses the ridge and ends up beneath either the Easter Microplate or the Pacific plate. The 

correlation coefficient of the least-squares linear regression is 0.43, suggesting that there is a relation 

between spreading rate and summed normalized plume flux. For twenty three plate pairs, as we use here, 

the correlation is significant at the 5% level (i.e., at the 95% confidence level) if its value is 0.41 or larger 

as is the case here (Bevington, 1969). 

From plume flux estimates from Yamamoto et al. (2007), however, the correlation coefficient is 

merely 0.03, suggesting there is little or no relation between spreading rate with summed normalized 

plume flux.  Much of the difference between Figure 2.7a and Figure 2.7b is evidently caused by the 

difference in plume flux estimates for the Galapagos, Easter, and other south Pacific plumes of Sleep (1990) 

compared with those of Yamamoto et al. (2007). 

There is, however, some independent evidence supporting the notion that the Easter plume has a large 

flux.  From geochemical evidence, Haase et al. (1996) suggested the possible shape of the plume flow 

between the spreading axis of Nazca-Pacific boundary and the Easter plume (Figure S2.23). The plume 

flow direction is east-west near the Easter plume but changes to north-south in the western part near the 
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Easter Microplate. Moreover, Martinez et al. (1997) suggested that continued flow of the material from 

Easter hotspot may cause heterogeneities in the mantle, which may be swept into the axial region, melt, 

and locally affect the rheology causing the spreading center to offset and form the large OSC near 29°S. 

 

2.6 DISCUSSION 

We find that oblique spreading across slow spreading centers occurs along ridge segments in both 

oblique mode (e.g. Reykjanes Ridge) and staircase mode (e.g. Mid-Atlantic Ridge along Nubia-South 

America plate boundary). Across intermediate and superfast spreading centers, however, oblique 

spreading occurs only along ridge segments in oblique mode. For example, the western Galapagos 

spreading center is an intermediate spreading center, and the Pacific-Nazca plate boundary from 29°S to 

32°S is a superfast spreading center. Obliquity tends to decrease with increasing spreading rate at slow 

spreading centers, but tends to increase with increasing proximity to plumes (Figures 2.1a, 2.1c, 2.6a, and 

2.6b). 

We considered two models, the energy dissipation model and the fluid-filled crack model. That 

obliquity tends to increase with increasing spreading rate in fast and super-fast spreading centers conflicts 

with the predictions of the minimum power dissipation model if we assume that it applies to oblique mode 

spreading.  As both the southern Nazca-Pacific boundary (Martinez et al., 1997) and the western Cocos-

Nazca boundary (Miller and Hey, 1986) are areas where propagating rifts are reorganizing the plate 

boundary geometry, perhaps the present geometry is only transitory and will evolve into a boundary 

consistent with the minimum power dissipation hypothesis. 

Further evidence against the power-dissipation model was presented by Tuckwell et al. (1999), who 

plotted the ratio of transform-fault “strength” per unit length to ridge “strength” per unit length.  For our 

purposes, their “strength” is proportional to dissipation.  For the dissipation model to be correct, if all else 
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is equal, the mean dissipation per unit length along transform faults should increase as the offset between 

ridges increases while the dissipation per unit length along ridges should be unaffected as offset between 

ridges is increases.  It follows that PT/PR should increase with increasing transform length, yet Tuckwell 

et al. (1999, their figure 3b) find the opposite.  Thus, without further modification, the power dissipation 

model does not fully explain the magnitude of oblique spreading or why it occurs where it does. 

The fluid-filled crack model, while having some explanatory power, may conflict with some 

observations.  For example, that many segments along slow spreading centers are less oblique than along 

the Reykjanes Ridge and western Gulf of Aden despite being as close as, or closer to, a plume.  Moreover, 

along intermediate spreading centers, some ridge segments, e.g. the eastern Cocos-Nazca spreading center, 

are less oblique than along the western Cocos-Nazca spreading center, despite having a similar distance 

to the Galapagos plume. 

Abelson and Agnon (1997) argue that ΔS should be high along the EPR because of slab pull acting on 

both plates separating across it. Thus, in the absence of very high values of ΔP, ΔP/ΔS should be low and 

spreading should be orthogonal. This argument is supported by the results of Tan et al. (2016), who 

analyzed local earthquakes and magma eruptions observed with OBS data on the seafloor along 

orthogonal ridge segments of the EPR between 8°N and 10°N and concluded that spreading there is driven 

by tectonic stress and not magma overpressure. 

If ΔS is high, it also follows that where we find oblique spreading along the EPR, as is the case near 

31°S, that ΔP must be very high, which is possibly related to the proximity to the Easter plume. 

 

2.7 CONCLUSIONS 

Most seafloor spreading is within a few degrees of orthogonality. Oblique spreading occurs, however, 

in many locations including regions of slow spreading, some previously recognized and some newly 
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recognized including oblique spreading along an intermediate-spreading center (the Cocos-Nazca 

spreading center between 91°W and 94°W, 𝛼≈9°) and along a superfast seafloor spreading center (the 

Nazca-Pacific plate boundary between 29°S and 32°S, 𝛼≈10°). Thus, oblique spreading occurs in slow, 

intermediate, and superfast spreading centers, but not at fast spreading centers.  While oblique spreading 

occurs at slow spreading centers in both oblique and staircase modes, it occurs at intermediate and 

superfast spreading centers only in oblique mode. 

Oblique spreading at intermediate and superfast spreading centers may be related to magma 

overpressure or to unusual directions of remote tectonic stress or to ongoing plate boundary 

reorganizations or to some combination of these.  Along the Nazca-Pacific plate boundary between 29°S 

and 32°S, tectonic stress may not parallel relative plate motion where the ridge segment is near a triple 

junction, including triple junctions with a microplate, where the geometry is not laterally continuous. 

Magma overpressure (or reduced material viscosity) associated with nearby plumes may cause obliquity, 

but not all ridge segments near plumes spread obliquely. We conclude that neither the minimum power 

dissipation model nor the fluid-filled crack model fully explains the globally observed variations of 

oblique spreading. 

 

 

2.8 FIGURES 
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Figure 2.1. (a) Global map of obliquity of seafloor spreading along mid-ocean ridges.   Solid black curves: plate 

boundaries after Bird (2003) and Argus et al. (2011).  The color-filled circles indicate locations of magnetic 

profiles across mid-ocean ridges from DeMets et al. (2010) and different colors indicate the magnitude of oblique 

spreading.  Red dashed circle: the buoyancy flux from Sleep (1990).  Black circle: volume flux from Yamamoto et 

al. (2007).  The center of the circle indicates the location of plumes (Morgan and Phipps Morgan, 2007) and the 

area of each circle shows the plume flux relative to that of the Hawaii plume.  Black-filled star: Locations of the 

Louisville plume from Koivisto et al. (2014)  (b) Oblique seafloor spreading along Gakkel Ridge in Arctic Ocean.  

(c) Oblique angle of seafloor spreading versus spreading rate.  Blue-filled circle: seafloor spreading without 

Cocos-Nazca, Cocos-Pacific and Nazca-Pacific plate pairs from DeMets et al. (2010).  Red-filled circle: our new 

estimates of the seafloor spreading of Cocos-Nazca, Cocos-Pacific and Nazca-Pacific plate pairs. All fills are the 

same intensity of color; higher intensities occur where circles overlap. 
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Figure 2.2. (a) Map of Cocos-Nazca plate boundary from Global Multi-Resolution Topography (Ryan et al., 2009).  

(b) Ridge-normal azimuth versus longitude for the Cocos-Nazca plate boundary.  Solid curves: Cocos-Nazca plate 

motion direction calculated along the Cocos-Nazca plate boundary from the best-fitting angular velocity of DeMets 

et al. (2010) (blue), and this study (red).  Color-filled circles: ridge-normal azimuth estimated by DeMets et al. 

(2010) (blue) and by this study (red).  Color-filled stars: transform fault strikes used to estimate plate motion by 

DeMets et al. (2010) (blue) or by Zhang et al. (2017) (red).  Grey area: locations of microplates.   Solid green curve: 

predicted from plate circuit closure.   
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Figure 2.3. (a) Map of Cocos-Pacific plate boundary from Global Multi-Resolution Topography (Ryan et al., 2009).  

(b) Ridge-normal azimuth versus latitude for the Cocos-Pacific plate boundary.  Solid curves: Cocos-Pacific plate 

motion direction calculated along the Cocos-Pacific plate boundary from the best-fitting angular velocity of DeMets 

et al. (2010) (blue), and this study (red).  Color-filled circles: ridge-normal azimuth estimated by DeMets et al. 

(2010) (blue) and by this study (red).  Blue-filled stars: transform fault strikes used to estimate plate motion by 

DeMets et al. (2010).  Grey area: locations of microplates.    
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Figure 2.4. (a) Map of Nazca-Pacific plate boundary from Global Multi-Resolution Topography (Ryan et al., 2009).  

(b) Ridge-normal azimuth versus latitude for the Nazca-Pacific plate boundary.  Solid curves: Nazca-Pacific plate 

motion direction calculated along the Nazca-Pacific plate boundary from the best-fitting angular velocity of DeMets 

et al. (2010) (blue), and this study (red).  Color-filled circles: ridge-normal azimuth estimated by DeMets et al. 

(2010) (blue) and by this study (red).  Blue-filled stars: transform fault strikes used to estimate plate motion by 

DeMets et al. (2010).  Grey area: locations of microplates.    
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Figure 2.5. Analysis of driving stress ratio, R, as a function of discordance, β (Abelson and Agnon, 1997).  Symbols: 

mechanical properties of specific mid-ocean segments from this study (red) or from Abelson and Agnon (1997) 

(blue).  Black dashed curves: plots of R and  β when φ=6°, 12°, and 30° respectively.  The portion above the blue 

dashed line indicates magma overpressure and the portion below indicates magma underpresure.  The abbreviations: 

EPR, East Pacific Rise; CNSC, Cocos-Nazca Spreading Center; RR, Reykjanes Ridge; WGA, Western Gulf of 

Aden; NJF, North Juan de Fuca Ridge; SJF, South Juan de Fuca Ridge; MAR, Mid-Atlantic Ridge.   
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Figure 2.6. (a) Obliquity versus distance to nearest plume. (b) Obliquity multiplied by spreading rate versus distance 

to nearest plume.  
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Figure 2.7. (a) Mean obliquity versus mean summed normalized plume flux from Sleep (1990) for the 23 plate 

pairs and spreading rate.  Color-filled circles: mean obliquity of the specific plate pair, the color indicates the 

magnitude of obliquity. White line: linear regression of the spreading rate and summed normalized plume flux. (b) 

Mean oblique angle vs. mean summed normalized plume flux from Yamamoto et al. (2007) for the 23 plate pairs 

and spreading rate. 

  



47 
 

2.9 Supporting Information 

 

Text S2.1: Planforms for Mid-Ocean Ridge Segments 

 

Planforms for mid-ocean ridge segments according to Abelson and Agnon (1997):  

 

First, the planform is either (1) concordant and continuous or (2) discordant and segmented. 

 

Concordant and continuous applies if, between an adjacent pair of first order discontinuities along a 

plate boundary (transform faults are the most common first-order discontinuity, but we also take 

microplates and other triple junctions to be first-order discontinuities), there is a single long ridge 

segment with no second-order discontinuities,  i.e., no oblique shear zones, and no overlapping 

spreading centers. Concordant and continuous spreading centers are a subset of those that Vogt et al. 

(1969) described as being in oblique mode. 

 

Discordant and segmented applies to a portion of a spreading center between first-order discontinuities 

divided into more than one spreading segment offset by one or more second-order discontinuities.  

Discordant and segmented spreading centers include all of those that Vogt et al. (1969) described as 

being in staircase mode. It also includes spreading centers in oblique mode with second-order 

discontinuities (oblique shear zones or overlapping spreading centers). 

 

Second, spreading is either oblique or orthogonal.  Orthogonal spreading means that individual ridge 

segments are perpendicular to the direction of relative plate motion.  Otherwise the spreading is 

oblique.  According to Abelson and Agnon (1997), discordant and segmented spreading centers may be 

either orthogonal or oblique, but all concordant spreading centers are oblique. 

 

Abelson and Agnon (1997) stated that all the ridge segments along the East Pacific Rise (EPR) are 

orthogonal discordant segmented (OrS), but we find that some of the ridge segments are oblique 

discordant segmented (ObS), such as the EPR along the Nazca-Pacific plate boundary between 17°S and 

20°S, and between 29°S and 32°S, which are regions that Abelson and Agnon (1997) did not specifically 

analyze. 
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  Obliquity α   

 Number 0°-5° 5°-10° 

10°-

15° 

15°-

20° 

20°-

25° 

25°-

30° 

30°-

35° 

35°-

40° 

40°-

45° Total 

S
p
re

ad
in

g
 R

at
e 

(m
m

 a
-1

) 

9-19 191 27 44 5 16 124 82 14 5 508 

19-29 275 102 16 39 0 0 5 0 0 437 

29-40 131 4 3 0 0 0 0 0 0 138 

40-50 64 11 0 0 0 0 0 0 0 75 

50-60 174 27 0 0 0 0 0 0 0 201 

60-70 154 4 0 0 0 0 0 0 0 158 

70-80 68 3 0 0 0 0 0 0 0 71 

80-91 17 0 0 0 0 0 0 0 0 17 

91-101 34 0 0 0 0 0 0 0 0 34 

101-111 6 0 0 0 0 0 0 0 0 6 

111-121 8 0 0 0 0 0 0 0 0 8 

121-132 5 0 0 0 0 0 0 0 0 5 

132-142 17 6 0 0 0 0 0 0 0 23 

142-152 5 10 0 0 0 0 0 0 0 15 

 Total 1149 194 63 44 16 124 87 14 5 1696 

 Percent 67.7% 11.4% 3.7% 2.6% 0.9% 7.3% 5.1% 0.8% 0.3% 100% 

Table S2.1 Number of bins for Figure S1. 
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Sites 
Spreading Rate  

(mm a-1) 

Obliquity α 

(this study) 

Standard 

deviation  

Obliquity α 

(prior study) 
Ref. 

Red Sea 11 19.8° 7.1°  4 

Western Gulf of Aden 14 37.2° 3.8° 45° 1 

SEIR 55 3.8° 0.9° 22° 6 

SWIR (SM-AN) 13 5.4° 2.7° 27° 5 

SWIR (LW-AN) 14 6.6° 1.6° 22° 6 

SWIR (NB-AN) 16 14.1° 0.9° 22° 6 

Mohns Ridge 15 26.4° 3.8° 40° 5 

Reykjanes 17 29.8° 1.1° 27° 2 

MAR FAMOUS 20 3.6°  17° 3 

MAR 25.5°-26° 20 14.0°  15° 6 

MAR 30.5°-32° 21 19.4°  15° 6 

Juan de Fuca Ridge 50 4.9° 0.4° 3° 5 

West CNSC 54 5.4° 1.4°  4 

East CNSC 58 1.9° 0.8° 2° 5 

EPR 8.5°N-10°N 104 0.8°  2° 5 

EPR 0°-1°N 121 0.8° 0.4°  4 

EPR 9°S-16°S 136 1.5° 1.6° 4° 6 

EPR 17°S-22°S 141 3.6° 1.4° 4° 6 

EPR 29°S-32°S 146 7.7° 1.7°  4 

Table S2.2. Data for obliquity of spreading at 19 locations. References: (1) Dauteuil et al. (2001), (2) 

Hreinsdóttir et al. (2001), (3) Macdonald (1977), (4) This study, (5) Tuckwell et al. (1996), (6) Tuckwell 

et al. (1999). Abbreviations are as follows: AN, Antarctic plate; CNSC: Cocos-Nazca Spreading Center; 

EPR, Eastern Pacific Rise; LW, Lwandle plate; MAR, Mid-Atlantic Ridge; NB, Nubia plate; SEIR, 

Southeast Indian Ridge; SM, Somalia plate; SWIR, Southwest Indian Ridge. 
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Table S2.3. Ridge segment parameters. Abbreviations are as follows: CO, Cocos plate; EPR, East 

Pacific Rise; NZ, Nazca plate; PA, Pacific plate; ObC, Oblique Continuous Concordant; ObS, Oblique 

Discordant Segmented; OrS, Orthogonal Discordant Segmented. φ = the angle between the normal to the 

general trend of the ridge and θc, the relative plate motion direction. β = the discordance, the angle 

between the general strike of the ridge and the strike of a segment of the spreading axis. α = the 

obliquity, the angle between θ0, the normal to the spreading segment axis, and θc.  For the purposes of 

this table, if α ≥ 3°, we classify the ridge segment as oblique.  

Example Axis type α φ β R ΔP/ΔS 

This Study 

EPR (CO-PA) - 6⁰ N       

Segment 1 (2.7⁰ N - 3.2⁰ N) OrS 1.05° 5.66° 4.61° 3.86 0.21 

Segment 2 (3.7⁰ N - 4.7⁰ N) OrS 1.05° 4.55° 3.50° 4.16 0.29 

Segment 3 (5.8⁰ N - 7.2⁰ N) OrS 1.05° 4.84° 3.79° 4.07 0.27 

Segment 4 (7.6⁰ N - 7.9⁰ N) OrS 1.05° 4.77° 3.72° 4.09 0.27 

EPR (CO-PA) - 9⁰ N  

     

8⁰ N - 10⁰ N OrS 0.83° 3.96° 3.13° 4.03 0.26 

EPR (NZ-PA) - 2⁰ S  

     

1.0⁰ N - 3.5⁰ S OrS 0.82° 4.85° 4.03° 3.77 0.19 

EPR (NZ-PA) - 11⁰ S  

     

9.0⁰ S - 12.5⁰ S OrS 0.63° 2.97° 2.34° 4.06 0.27 

EPR (NZ-PA) - 17⁰ S  

     

Segment 1 (13.5⁰ S - 14.7⁰ S) OrS 1.16° 2.25° 1.09° 7.25 1.06 

Segment 2 (16.9⁰ S - 17.6⁰ S) ObS 4.25° 6.13° 1.88° 11.95 2.24 

Segment 3 (17.8⁰ S - 18.5⁰ S) ObS 4.78° 7.06° 2.28° 11.27 2.07 

Segment 4 (18.7⁰ S - 18.9⁰ S) ObS 5.29° 7.60° 2.31° 12.01 2.25 

Segment 5 (19.1⁰ S - 20.0⁰ S) ObS 3.11° 5.33° 2.22° 8.55 1.39 

Segment 6 (21.0⁰ S - 21.7⁰ S) OrS 2.33° 5.50° 3.17° 5.89 0.72 

EPR (NZ-PA) - 31⁰ S  

     

30.2⁰ S - 31.4⁰ S ObS 4.71° 6.74° 2.03° 12.16 2.29 

Cocos-Nazca Spreading Center 

(CNSC)  

     

Segment 1 (90.9⁰ W - 95.3⁰ W) ObS 4.76° 6.48° 1.72° 13.95 2.74 

Segment 2 (85.5⁰ W - 90.6⁰ W) OrS 1.71° 5.85° 4.14° 4.59 0.40 

Abelson and Agnon (1997) 

Reykjanes Ridge (RR) ObC 30° 30° →0° >90 >20 

Western Gulf of Aden (WGA) ObC 39° 39° →0° >90 >20 

North Juan de Fuca Ridge (NJF) OrS →0° 12° 12° 2.75 0.06 

South Juan de Fuca Ridge (SJF) OrS →0° 8° 8° 2.90 0.02 

EPR (NZ-PA) - 11⁰ S OrS →0° 7° 7° 2.90 0.02 

MAR - 27⁰ N ObS 7° 15° 8° 5.00 0.50 

MAR - 29⁰ N ObS 8° 20° 12° 4.00 0.25 

MAR - 34⁰ N ObS 4.5° 33° 29.5° 1.90 -0.28 

MAR - FAMOUS (36⁰ N) ObS 11° 30° 19° 4.00 0.25 
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Latitude 

°N 

Longitude 

°E 

θ0 

(°CW of N)  

(DeMets et al., 2010) 

θ0 

(°CW of N)  

 (This study) 

θc 

(°CW of N)  

 (This study) 

θc 

(°CW of N)  

 (DeMets et 

al., 2010) 

Cocos-Nazca 

3.19 -83.20 2 4 3.36 0.02 

3.18 -83.22 2 4 3.36 0.03 

3.25 -83.33 2 4 3.32 -0.02 

3.27 -83.64 2 4 3.30 -0.05 

3.27 -83.75 2 4 3.30 -0.06 

3.27 -83.80 2 4 3.30 -0.06 

3.27 -83.82 2 4 3.30 -0.06 

3.28 -83.91 2 4 3.29 -0.07 

2.71 -84.43 2 5 3.61 0.24 

1.77 -85.02 5 6 4.16 0.79 

0.76 -85.72 6 7 4.79 1.41 

0.77 -85.89 6 7 4.79 1.41 

0.81 -86.11 6 7 4.77 1.38 

0.81 -86.16 6 7 4.77 1.38 

0.81 -86.18 6 7 4.78 1.38 

0.81 -86.18 6 7 4.78 1.38 

0.83 -86.19 6 7 4.76 1.37 

0.82 -86.33 6 7 4.78 1.38 

0.82 -86.41 6 7 4.78 1.38 

0.86 -86.53 6 7 4.76 1.35 

0.86 -86.66 6 7 4.76 1.35 

0.86 -86.68 6 7 4.76 1.35 

0.86 -86.97 6 7 4.77 1.35 

0.84 -87.01 6 7 4.79 1.36 

0.89 -87.09 6 7 4.76 1.33 

0.87 -87.40 6 7 4.78 1.34 

0.78 -88.00 4 5 4.87 1.41 

0.83 -88.26 4 5 4.85 1.37 

0.75 -88.46 4 5 4.91 1.43 

0.77 -88.60 4 5 4.90 1.41 

0.79 -88.88 4 5 4.90 1.40 

0.82 -89.22 4 7 4.89 1.38 

0.79 -89.29 4 7 4.92 1.40 

0.83 -89.56 4 7 4.90 1.37 

0.83 -89.59 4 7 4.90 1.38 

0.83 -89.61 4 7 4.91 1.38 
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0.84 -89.71 4 7 4.90 1.37 

0.87 -89.79 4 7 4.89 1.35 

0.87 -90.00 4 7 4.89 1.35 

0.91 -90.15 4 7 4.87 1.32 

0.93 -90.35 4 7 4.87 1.30 

0.94 -90.54 4 7 4.87 1.30 

1.93 -90.98 8 10 4.15 0.54 

1.94 -91.20 8 10 4.15 0.52 

1.99 -91.23 8 10 4.11 0.48 

1.99 -91.47 8 10 4.12 0.48 

2.02 -91.56 8 10 4.10 0.45 

2.06 -91.66 8 10 4.07 0.42 

2.09 -91.83 8 12 4.05 0.39 

2.11 -91.93 8 12 4.04 0.37 

2.17 -92.34 8 12 4.00 0.31 

2.46 -93.20 7 8 3.78 0.04 

2.47 -93.39 7 8 3.77 0.02 

2.48 -93.64 7 8 3.77 0.00 

2.56 -94.30 7 8 3.71 -0.10 

2.59 -94.48 7 8 3.68 -0.13 

2.57 -94.61 7 8 3.70 -0.12 

2.62 -94.83 7 8 3.66 -0.17 

2.63 -95.00 7 8 3.65 -0.19 

2.63 -95.02 7 8 3.65 -0.19 

2.43 -95.60 3 8 3.83 -0.04 

2.33 -95.62 3 8 3.92 0.05 

2.39 -95.66 3 8 3.87 -0.01 

2.37 -95.68 3 8 3.89 0.01 

2.37 -95.69 3 8 3.89 0.01 

2.39 -95.70 3 8 3.87 -0.01 

2.36 -95.73 3 8 3.90 0.02 

2.36 -95.74 3 8 3.90 0.02 

2.37 -95.77 3 8 3.89 0.01 

2.37 -95.78 3 8 3.89 0.01 

2.37 -95.81 3 8 3.89 0.01 

2.37 -95.87 3 8 3.89 0.00 

2.32 -95.92 3 11 3.94 0.05 

2.32 -95.98 3 11 3.94 0.04 

2.33 -96.02 3 11 3.93 0.03 

2.28 -96.03 3 11 3.98 0.08 

2.29 -96.06 3 11 3.97 0.07 

2.30 -96.06 3 11 3.96 0.06 

2.30 -96.11 3 11 3.96 0.06 
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2.29 -96.17 3 11 3.97 0.06 

2.29 -96.21 3 11 3.97 0.06 

2.29 -96.27 3 11 3.97 0.06 

2.30 -96.32 3 11 3.96 0.05 

2.22 -96.42 3 11 4.04 0.12 

2.13 -96.83 4 7 4.13 0.19 

2.12 -97.38 5 10 4.16 0.18 

2.31 -98.11 10 12 4.00 -0.03 

2.28 -99.87 9 11 4.08 -0.07 

Cocos-Pacific 

17.27 -105.50 82 84 80.83 81.09 

17.20 -105.40 82 84 80.63 80.90 

17.03 -105.39 82 84 80.69 80.95 

16.95 -105.43 82 84 80.81 81.07 

16.88 -105.36 82 84 80.68 80.94 

16.73 -105.36 82 84 80.75 81.00 

16.65 -105.33 82 84 80.72 80.97 

16.47 -105.32 82 84 80.77 81.02 

16.43 -105.32 82 84 80.78 81.04 

16.22 -105.29 82 84 80.81 81.06 

15.78 -105.44 82 84 81.29 81.54 

14.73 -104.34 79 79 79.49 79.72 

14.50 -104.29 79 79 79.49 79.71 

14.39 -104.28 79 79 79.52 79.74 

14.38 -104.32 79 79 79.60 79.82 

14.30 -104.27 79 79 79.54 79.76 

14.24 -104.25 79 79 79.52 79.74 

14.19 -104.25 79 79 79.54 79.76 

14.17 -104.24 79 79 79.53 79.75 

14.08 -104.21 79 79 79.51 79.73 

13.98 -104.22 79 79 79.57 79.79 

13.90 -104.22 79 79 79.61 79.82 

13.81 -104.18 79 79 79.57 79.78 

13.71 -104.16 79 79 79.57 79.78 

13.58 -104.14 79 79 79.58 79.80 

13.49 -104.12 79 79 79.58 79.79 

13.47 -104.12 79 79 79.59 79.80 

13.36 -104.09 79 79 79.58 79.79 

13.25 -104.06 79 79 79.56 79.78 

13.15 -104.04 79 79 79.57 79.78 

12.97 -103.98 79 79 79.53 79.74 

12.96 -104.03 79 79 79.62 79.83 

12.93 -104.00 79 79 79.58 79.79 
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12.92 -104.00 79 79 79.58 79.79 

12.87 -103.98 79 79 79.57 79.77 

12.85 -103.98 79 79 79.57 79.78 

12.84 -104.03 79 79 79.67 79.88 

12.57 -103.98 79 79 79.68 79.89 

12.52 -103.91 79 79 79.57 79.78 

12.07 -103.82 79 79 79.58 79.78 

12.03 -103.83 79 79 79.61 79.82 

11.97 -103.81 79 79 79.60 79.80 

11.20 -103.75 79 79 79.77 79.97 

11.17 -103.76 79 79 79.80 80.00 

11.13 -103.76 79 79 79.82 80.01 

11.11 -103.74 79 79 79.79 79.98 

11.11 -103.75 79 79 79.81 80.00 

11.08 -103.74 79 79 79.80 80.00 

10.66 -103.64 79 79 79.77 79.97 

9.69 -104.28 82 82 81.14 81.34 

9.60 -104.27 82 82 81.15 81.35 

9.58 -104.26 82 82 81.14 81.34 

7.85 -102.84 78 79 79.41 79.59 

6.82 -102.69 78 79 79.50 79.67 

6.80 -102.66 78 79 79.47 79.63 

6.28 -102.57 78 79 79.49 79.65 

5.39 -102.43 78 79 79.54 79.70 

4.07 -102.28 78 79 79.69 79.85 

3.18 -102.14 78 77 79.73 79.88 

3.11 -102.17 78 77 79.79 79.94 

2.89 -102.12 78 77 79.78 79.93 

Nazca-Pacific 

0.88 -102.26 98 99 100.47 100.31 

0.53 -102.23 98 101 100.40 100.25 

0.20 -102.28 98 101 100.39 100.24 

0.05 -102.31 98 101 100.39 100.24 

-0.50 -102.41  99 100.39  
-0.67 -102.44  99 100.39  
-1.57 -102.56  99 100.36  
-1.90 -102.61  99 100.36  
-2.40 -102.69  99 100.35  
-3.00 -102.54  99 100.19  
-3.53 -102.61  99 100.18  
-4.13 -104.57  100 101.39  
-4.46 -104.62  100 101.39  
-4.68 -106.35  102 102.47  
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-5.89 -106.82  104 102.62  
-6.89 -107.59  105 102.98  
-7.84 -107.87  104 103.05  
-8.51 -108.03  104 103.07  
-9.87 -110.32 103 103 104.30 104.29 

-11.14 -110.53 103 104 104.29 104.28 

-11.36 -110.58 103 104 104.29 104.29 

-13.83 -112.50 104 104 105.16 105.18 

-14.08 -112.50  104 105.14  
-14.94 -112.74  104 105.20  
-16.00 -112.96 104 101 105.23 105.25 

-17.02 -113.11 102 101 105.24 105.25 

-17.02 -113.17 102 101 105.27 105.29 

-17.17 -113.15 102 101 105.25 105.26 

-17.59 -113.24 102 101 105.27 105.28 

-17.84 -113.29 102 101 105.28 105.29 

-17.98 -113.31 102 100 105.28 105.29 

-18.20 -113.36 102 100 105.29 105.30 

-18.41 -113.38 102 100 105.29 105.30 

-18.84 -113.45 102 100 105.30 105.31 

-19.05 -113.49 102 100 105.31 105.32 

-19.12 -113.32 102 100 105.21 105.21 

-19.17 -113.40 102 103 105.25 105.26 

-19.17 -113.50 102 103 105.30 105.31 

-19.21 -113.51 102 103 105.31 105.32 

-19.22 -113.50 102 103 105.30 105.31 

-19.30 -113.51 102 103 105.30 105.31 

-19.39 -113.55 102 103 105.32 105.33 

-19.48 -113.56 102 103 105.32 105.33 

-19.58 -113.58 102 103 105.32 105.33 

-19.58 -113.59 102 103 105.33 105.34 

-19.67 -113.60 102 103 105.33 105.33 

-19.76 -113.63 102 103 105.34 105.35 

-19.86 -113.72 102 103 105.38 105.39 

-21.34 -114.26 102 99 105.59 105.60 

-29.65 -111.72 92 94 103.89 103.82 

-29.88 -111.73 92 94 103.90 103.82 

-29.92 -111.73 92 94 103.89 103.82 

-30.19 -111.74 92 98 103.90 103.82 

-30.48 -111.82 92 98 103.94 103.86 

-30.75 -111.83 92 97 103.94 103.87 

-31.02 -111.92 92 97 103.98 103.91 

-31.16 -111.93 92 97 103.99 103.92 
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-31.28 -111.96 92 97 104.00 103.93 

Table S2.4. Observed ridge perpendicular direction (θ0) compared with calculated relative plate motion 

direction (θc) in the East Pacific. 

  



57 
 

 

 

Figure S2.1. Histogram showing the number of data for different bins of spreading rate and obliquity. 

The color of the vertical bars indicates the number of data of each bin. 
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Figure S2.2. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 100°W and 97.5°W used to estimate ridge strikes along Cocos-Nazca 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin white lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the north perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the south perpendicular to the ridge strikes. 
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Figure S2.3. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 98°W and 96°W used to estimate ridge strikes along Cocos-Nazca plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin white lines indicate the direction of ridge 

strikes.  Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the north perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

south perpendicular to the ridge strikes. 
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Figure S2.4. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 97°W and 95°W used to estimate ridge strikes along Cocos-Nazca plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin white lines indicate the direction of ridge 

strikes.  Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the north perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

south perpendicular to the ridge strikes. 
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Figure S2.5. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 95.5°W and 93°W used to estimate ridge strikes along Cocos-Nazca plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin white lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the north perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

south perpendicular to the ridge strikes. 
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Figure S2.6. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 93°W and 91°W used to estimate ridge strikes along Cocos-Nazca plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin white lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the north perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

south perpendicular to the ridge strikes. 
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Figure S2.7. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 91°W and 89°W used to estimate ridge strikes along Cocos-Nazca plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin white lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the north perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

south perpendicular to the ridge strikes. 
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Figure S2.8. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 89.5°W and 87.5°W used to estimate ridge strikes along Cocos-Nazca 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin white lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the north perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the south perpendicular to the ridge strikes. 
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Figure S2.9. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 87.5°W and 85.5°W used to estimate ridge strikes along Cocos-Nazca 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin white lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the north perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the south perpendicular to the ridge strikes. 
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Figure S2.10. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments East of Inca transform fault used to estimate ridge strikes along Cocos-Nazca plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin white lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the north perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

south perpendicular to the ridge strikes. 
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Figure S2.11. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments west of Panama transform fault used to estimate ridge strikes along Cocos-Nazca 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin white lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the north perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the south perpendicular to the ridge strikes. 
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Figure S2.12. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments north of Orozco transform fault used to estimate ridge strikes along Cocos-Pacific 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin black lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the east perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.13. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between Orozco and Clipperton transform fault used to estimate ridge strikes 

along Cocos-Pacific plate boundary.  The red dots indicate the locations where the magnetic profile 

crosses the spreading center (DeMets et al., 2010); in general it is either the location of the axial 

magnetic high or the midpoint of the central anomaly if the former could not be identified.  The thin 

black lines indicate the direction of ridge strikes. Red arrow, relative plate motion direction (θc); white 

arrow, perpendicular direction to the ridge strike (θ0). The image is illuminated from the east 

perpendicular to the ridge strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution 

Topography of the same region illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.14. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments near Clipperton transform fault used to estimate ridge strikes along Cocos-Pacific 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin black lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the east perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.15. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments south of Siquieros transform fault used to estimate ridge strikes along Cocos-

Pacific plate boundary.  The red dots indicate the locations where the magnetic profile crosses the 

spreading center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or 

the midpoint of the central anomaly if the former could not be identified.  The thin black lines indicate 

the direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the east perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.16. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments north of Galapagos microplate used to estimate ridge strikes along Cocos-Pacific 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin black lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the east perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.17. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments south of Galapagos microplate used to estimate ridge strikes along Nazca-Pacific 

plate boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading 

center (DeMets et al., 2010); in general it is either the location of the axial magnetic high or the 

midpoint of the central anomaly if the former could not be identified.  The thin black lines indicate the 

direction of ridge strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular 

direction to the ridge strike (θ0). The image is illuminated from the east perpendicular to the ridge 

strikes.  Mercator’s projection.  (b) Map from Global Multi-Resolution Topography of the same region 

illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.18. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 0°S and 3°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The thin black lines indicate the direction of ridge strikes. Red arrow, relative plate motion 

direction (θc); white arrow, perpendicular direction to the ridge strike (θ0). The image is illuminated 

from the east perpendicular to the ridge strikes.  Mercator’s projection.  (b) Map from Global Multi-

Resolution Topography of the same region illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.19. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 3°S and 4.5°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The thin black lines indicate the direction of ridge strikes. Red arrow, relative plate motion 

direction (θc); white arrow, perpendicular direction to the ridge strike (θ0). The image is illuminated 

from the east perpendicular to the ridge strikes.  Mercator’s projection.  (b) Map from Global Multi-

Resolution Topography of the same region illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.20. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 4.5°S and 6°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The thin black lines indicate the direction of ridge strikes. Red arrow, relative plate motion 

direction (θc); white arrow, perpendicular direction to the ridge strike (θ0). The image is illuminated 

from the east perpendicular to the ridge strikes.  Mercator’s projection.  (b) Map from Global Multi-

Resolution Topography of the same region illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.21. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 6°S and 9°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The thin black lines indicate the direction of ridge strikes. Red arrow, relative plate motion 

direction (θc); white arrow, perpendicular direction to the ridge strike (θ0). The image is illuminated 

from the east perpendicular to the ridge strikes.  Mercator’s projection.  (b) Map from Global Multi-

Resolution Topography of the same region illuminated from the west perpendicular to the ridge strikes. 
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Figure S2.22. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 9°S and 13°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin black lines indicate the direction of ridge 

strikes.  Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the east perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

west perpendicular to the ridge strikes. 
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Figure S2.23. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 13.5°S and 17°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin black lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the east perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

west perpendicular to the ridge strikes. 
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Figure S2.24. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 16.5°S and 20°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin black lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the east perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

west perpendicular to the ridge strikes. 

  



81 
 

 

Figure S2.25. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 20°S and 23.5°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin black lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the east perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

west perpendicular to the ridge strikes. 
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Figure S2.26. (a) Map from Global Multi-Resolution Topography (Ryan et al., 2009) showing the mid-

ocean ridge segments between 29°S and 32°S used to estimate ridge strikes along Nazca-Pacific plate 

boundary.  The red dots indicate the locations where the magnetic profile crosses the spreading center 

(DeMets et al., 2010); in general it is either the location of the axial magnetic high or the midpoint of the 

central anomaly if the former could not be identified.  The thin black lines indicate the direction of ridge 

strikes. Red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to the ridge 

strike (θ0). The image is illuminated from the east perpendicular to the ridge strikes.  Mercator’s 

projection.  (b) Map from Global Multi-Resolution Topography of the same region illuminated from the 

west perpendicular to the ridge strikes. 
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Figure S2.27. Map of region surrounding the Malpelo plate from Global Multi-Resolution Topography 

(Ryan et al., 2009), modified after Figure 3a from Zhang et al., 2017. Centroid moment tensor solutions 

are shown for earthquakes from 1976 to 2016 with depths shallower than 50 km and Mw > 5.0 

[www.globalcmt.org].  Yellow-filled circle: the hypothesized rotation pole between the Malpelo plate 

and the Nazca plate; red-filled circle: location of the triple junction of the Cocos-Nazca-Malpelo plate 

circuit.  Yellow-curved arrow implies the Malpelo plate moves clockwise relative to Nazca plate.  The 

shaded grey lines indicate the plate boundaries outlining the Malpelo and Coiba plates.  
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Figure S2.28. Map from Global Multi-Resolution Topography (Ryan et al., 2009) east and north of the 

Juan Fernandez triple junction. Red rectangle: ridge segments in Figure S2.22. Dashed white line: our 

new observed ridge-perpendicular direction; white arrow: predicted ridge-perpendicular direction 

assuming orthogonal spreading. Solid white curve: the mid-ocean ridge as plate boundaries after Bird 

(2003); dotted white curve: possible shape of the plume flow estimated by Haase et al. (1996). Red-

filled circles: location of the hotspots; black-filled circles: location of earthquakes from Engdahl and 

Villaseñor (2002). The abbreviations: AN, Antarctica Plate; E, Easter Microplate; JF, Juan Fernandez 

Microplate; NZ, Nazca Plate; PA, Pacific Plate.  
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Figure S2.29, Map from Global Multi-Resolution Topography (Ryan et al., 2009) along the Cocos-

Pacific plate boundary. Solid white lines, strikes of the ridge segments; solid black line, the direction of 

the general trend of the ridge; dashed black line, perpendicular direction of the general trend of the ridge 

(solid black line), red arrow, relative plate motion direction (θc); white arrow, perpendicular direction to 

the ridge strike (θ0). 
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Chapter 3. Non-closure of the Cocos-Nazca-Pacific Plate Motion Circuit: 

An Update and Hypothesis 

3.1 INTRODUCTION 

The plate tectonic revolution of the 1960s has transformed our understanding of how the Earth 

works.  While the term plate tectonics is often used interchangeably to mean the recognition of the 

mobility of the solid Earth, in a narrower sense it is the name given to the theory that Earth’s surface is 

covered by a mosaic of rigid plates that are in relative motion.  The central and widely accepted tenet of 

this theory is that the plates are rigid:  

AωB + BωC + CωD + ……+ ZωA = 0                                                                            (1) 

(Le Pichon et al., 1974).  In particular, for the case of three plates, which typically meet at a single point 

termed a triple junction (McKenzie & Morgan, 1969), we have  

AωB + BωC + CωA = 0                                                                        (2) 

A textbook example of such a triple junction is the Galapagos triple junction, where the Pacific, 

Cocos, and Nazca plates meet (Figure 3.1).  In detail, however, it is now recognized that the three plates 

don’t actually meet at the triple junction because a small microplate, the Galapagos microplate, is 

located there (Lonsdale 1988), resulting in three nearby triple junctions, Cocos-Nazca-Galapagos, 

Pacific-Cocos-Galapagos, and Pacific-Nazca-Galapagos.  In any event, the presence of the microplate 

has no effect on the requirement that the Cocos, Nazca, and Pacific plates should satisfy equation (2) if 

they are rigid. 

In a pioneering paper of plate tectonics in the eastern Pacific Ocean, Hey et al. (1977) estimated the 

relative motions of the Pacific, Cocos, Nazca, and Antarctica plates and found them to be mutually 

consistent with equations (1) and (2) providing support for the rigid plate hypothesis.   Similarly, 
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Minster & Jordan (1978) recognized no problems with closure of the Cocos-Nazca-Pacific plate motion 

circuit.  A weakness of these assessments is that they were based on qualitative and subjective 

assessments of the goodness of fit of the data to the rigid plate model.  To remedy the lack of objectivity, 

Gordon et al. (1987) proposed some simple statistical tests for closure of plate motion circuits.  Because 

of the then-common problem of overly conservative estimates of errors of plate motion data, they 

favored a simple procedure based on an F-ratio test (Bevington, 1969).  When they applied the F-ratio 

test for plate circuit closure to the data of Minster & Jordan (1978), they confirmed Minster & Jordan’s 

result that the data were not inconsistent with plate circuit closure and therefore plate rigidity. 

In contrast with the results from Hey et al. (1977) and Minster & Jordan (1978), DeMets et al. 

(1990), in their investigation of global plate motions that resulted in the NUVEL-1 set of relative plate 

angular velocities, found that the Cocos-Nazca-Pacific plate motion circuit significantly failed closure.  

Using their spreading rates and transform-fault azimuths, we find a value for the F-ratio to be 8.3 (the 

0.05 significance reference value is 2.7) and the velocity of non-closure at a reference point near the 

Galapagos triple junction has a magnitude of 10.1 mm a−1 (Table 3.1).  While DeMets et al. (1990) 

reported the significance of the non-closure, they did not emphasize the very large magnitude of the 

misfit. 

As part of the research into constructing the MORVEL set of relative plate angular velocities, 

DeMets et al. (2010) again found a significant failure of closure about the Cocos-Nazca-Pacific plate 

motion circuit and reported a linear velocity misfit of 14 ±5 mm a−1 (95% confidence limits) at a 

reference point near the Galapagos microplate.  They concluded that “the rigid plate approximation 

continues to be useful, but—absent any unrecognized systematic errors—the plates deform measurably, 

possibly by thermal contraction and wide plate boundaries…”.  Work on the effect of horizontal thermal 

contraction of oceanic lithosphere suggests that it may cause non-rigidity of plates, especially for young 
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oceanic lithosphere, which likely causes intraplate relative displacements of up to ≈2 mm a−1 per plate, 

but it does not seem large enough to account for a misfit of 14 mm a−1 (Collette, 1974; Kumar & 

Gordon, 2009; Kreemer & Gordon, 2014; Mishra & Gordon, 2016). 

The availability of improved estimates of transform fault azimuths and ridge strikes from multibeam 

sonar data recently resulted in a better understanding of the plate boundary traditionally assumed to be 

that between the Cocos and Nazca plates (Zhang et al., 2017).  From these data, Zhang et al. (2017) 

proposed that the Panama transform fault, the easternmost transform fault traditionally assumed to lie 

along the Cocos-Nazca plate boundary, must record motion between a different plate pair, which they 

proposed to be the Cocos plate on the west side of the transform fault and a newly recognized Malpelo 

plate, previously assumed to be part of the Nazca plate, on the east side of the transform fault.  With the 

improved transform fault data, the non-closure of the Cocos-Nazca-Pacific plate-motion circuit is 

reduced from 15.0 mm a−1 to 11.6 mm a–1 ±3.8 mm a–1 (95% confidence limits).   

Absent serious errors in the plate motion data (spreading rates and the azimuths of transform faults), 

the magnitude of this misfit is difficult to explain from known processes of intraplate deformation, such 

as horizontal thermal contraction or movement of plates over a non-spherical Earth (McKenzie, 1972; 

Turcotte and Oxburgh, 1973).   

 

 

3.2 PLATE CIRCUIT CLOSURE  

With the transform faults and spreading rates from DeMets et al. (2010), we obtain a linear velocity 

of non-closure of 15.0 mm a–1 ± 3.8 mm a-1 (95% confidence limits, column 3 in Table 3.1). This differs 

slightly from that found by DeMets et al. (2010), perhaps because we use a different reference point 

(Zhang et al., 2017). 
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3.2.1 Effect of Improved Plate Motion Data 

Zhang et al. (2017) estimated several new and improved azimuths along the Cocos-Nazca plate 

boundary west of the Panama transform fault, and the non-closure of the Nazca-Cocos-Pacific plate-

motion circuit is reduced to 11.6 mm a–1 ±3.8 mm a–1 (95% confidence limits, column 4 in Table 3.1) by 

using the improved transform fault data.   

Furthermore, Zhang et al. (2018) estimated the ridge strikes along the Cocos-Nazca, Cocos-Pacific, 

and Nazca-Pacific plate boundary using GeoMapApp (Ryan et al., 2009). GeoMapApp generally has 

higher resolution bathymetric maps than those available to DeMets et al. (2010). With the new ridge 

strike estimates, if we keep the spreading rates and transform fault azimuths from column 4 of Table 3.1, 

the non-closure velocity decreases to 10.5 mm a–1 ±3.8 mm a–1 (95% confidence limits, column 5 in 

Table 3.1). 

 

3.2.2 Is the Misfit Unique to the MORVEL Rates? 

Given that DeMets et al. (2010) found a larger non-closure than did DeMets et al. (1990) and it 

emphasized much more, it is worthwhile to investigate whether the non-closure might be due to an 

unrecognized systematic error in the new spreading rates estimated by DeMets et al. (2010).  Thus, we 

performed the numerical experiment of combining the earlier spreading rates of DeMets et al. (1990) 

with the new transform fault data of column 5 of Table 3.1.   Doing so results in a non-closure velocity 

of 10.0 mm a–1 ±3.8 mm a–1 (95% confidence limits, column 6 in Table 3.1), lower than those from 

columns 1, 2, and 5, but still large and significant. 
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3.2.3 Can the Misfit be Explained by the Existence of a Diffuse Plate Boundary Hypothesized 

to Exist Between the Cocos and Rivera Plates? 

The segment of the East Pacific Rise north of the Orozco transform fault along the Cocos-Pacific 

plate boundary falls within the diffuse plate boundary hypothesized to exist between the Cocos plate and 

Rivera plate (Gordon, 1998). Thus deformation of the lithosphere associated with this diffuse oceanic 

plate boundary may influence the ridge strike, in particular because the local direction of relative plate 

motion may differ from that expected for Cocos-Pacific plate motion (Zhang et al. 2018). 

We tested eliminating the spreading rates along the Cocos-Pacific plate boundary north of the 

Orozco transform fault, which tend to lie between the rates expected for Cocos-Pacific motion and those 

expected for Rivera-Pacific motion (Gordon, 1998; DeMets et al., 2010). For the ridge strikes, we used 

the new estimates from Zhang et al. (2018), and for transform fault azimuths, we used the new estimates 

from Zhang et al. (2017) along the Cocos-Nazca plate boundary and the estimates from DeMets et al. 

(2010) along the Cocos-Pacific and Nazca-Pacific plate boundary. The non-closure velocity is reduced 

to 9.0 mm a–1 ±3.8 mm a–1 (95% confidence limits, column 7 in Table 3.1), but still large and significant.  

 

3.3 The Kahlo Plate Hypothesis 

3.3.1 Background 

The analysis and results above indicate that the Cocos-Nazca-Pacific plate circuit significantly fails 

closure even with improved data, the elimination of the Panama transform fault (as a consequence of the 

existence of the Malpelo plate), and the elimination of the spreading rates along the East Pacific Rise 

north of the Orozco transform fault (because they are affected by deformation in the diffuse Cocos-

Rivera plate boundary).  The misfit appears to be too large to be explained by horizontal thermal 

contraction.  Therefore, the only viable explanation is that here is an undiscovered plate boundary within 
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at least one of the Cocos, Nazca, and Pacific plates. 

The hypothesis of the existence of a relevant, undiscovered plate boundary in the Pacific plate can 

be immediately dismissed as farfetched.  Similar, we can reject the hypothesis of a boundary in the 

Nazca plate that intersects the East Pacific Rise.  Unless such a boundary intersected at or near the 

Galapagos microplate, simple numerical experiments show that it would not meaningfully reduce the 

size of the non-closure in the Cocos-Nazca-Pacific plate motion circuit.  Thus we are left with 

hypotheses of an undiscovered boundary within the Cocos plate or within the Nazca plate if the 

boundary intersects the Cocos-Nazca plate boundary.   Moreover, given that the angular velocity of non-

closure lies at 21.6°N, 92.1°W, for a given rate of rotation of 0.22 Ma–1 (± 0.12° Ma-1; 95% confidence 

limits), displacement rates for a boundary in the Pacific or Nazca plates would be required to be higher 

(and thus more difficult to have gone unnoticed) than the displacement rate for a boundary in the Cocos 

plate. 

If an undiscovered boundary intersects the Cocos-Nazca plate boundary as defined by Zhang et al. 

(2017), one would expect some evidence of deformation along it.  Such evidence is largely lacking, but 

some ostensibly intraplate earthquakes do occur, albeit with modest magnitudes and seismic moments, 

within both the Cocos plate and the Nazca plate (Figure 3.2a).  There are two main clusters of 

earthquakes (Figure 3.2a).  One lies near Galapagos Island and we presume that these are manifestations 

of the Galapagos hotspot and not indicative of an undiscovered plate boundary.  The other lies in the 

Cocos plate and may indicate right-lateral faulting on a northeast-striking fault (Figures 3.2a and 3.2b).  

If we project this hypothetical fault southwest onto the spreading center, it intersects it near 87°W 

(Figure 3.2b). 
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3.3.2 The Hypothesis 

Thus we hypothesize that the lithosphere north of the spreading center and east of 87⁰W may be a 

previously unrecognized plate, which we term the Kahlo plate (Figure 3.2a and 3.2b). Along the 

hypothesized Cocos-Kahlo plate boundary there are three earthquakes with strike-slip earthquake focal 

mechanisms, indicating that the direction of plate motion of the Cocos-Kahlo plate boundary is NE-SW 

right-lateral strike slip.  The moment magnitudes, Mw, of the three earthquakes are 6.6, 6.6, and 5.3 from 

south to north respectively. 

As there are no transform faults along the plate boundary between the newly redefined Cocos plate 

and the Nazca plate, we determine the angular velocity between the Cocos and Nazca plate from a three 

plate circuit including the Pacific plate. The indicated plate motion direction of the new Cocos and 

Nazca plate is between the plate motion calculated from best-fitting angular velocity (Zhang et al. 2017) 

and plate motion predicted from plate circuit closure (Zhang et al. 2017) (Figure 3.3). 

The calculated spreading rates from best-fitting is shown in Figure 3.4.  Near 87⁰W, the redefined 

Cocos plate moves slightly faster relative to the Nazca plate than does the Kahlo plate, indicating that 

the new Cocos plate moves northeast relative to the Kahlo plate.  The best-fitting pole of angular 

velocity of the new Cocos plate and the Kahlo plate is located in the Nazca plate and has a large 

uncertainty ellipse (Figure 3.5). 

 

3.3.3 Closure about the Redefined Cocos-Nazca-Pacific Plate Motion Circuit  

Under the Kahlo plate hypothesis, the non-closure velocity is reduced to 2.9 mm a–1 ±3.8 mm a–1 

(95% confidence limits, column 9 in Table 3.1). An F ratio test indicates that the non-closure is still 

significant.   Unlike all other scenarios examined in Table 3.1, the magnitude of the non-closure is small 

enough to be explained by horizontal thermal contraction of oceanic lithosphere (Collette, 1974; Kumar 
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& Gordon, 2009; Kreemer & Gordon, 2014; Mishra & Gordon, 2016). 

 

3.4 CONCLUSIONS 

Improvements in the plate motion data, recognition of the existence of the Malpelo plate, and 

recognition of a diffuse Cocos-Rivera plate boundary combine to reduce the size of the observed non-

closure about the Cocos-Nazca-Pacific plate motion circuit, but the non-closure remains large and 

significant.  The effects of known mechanisms of intraplate deformation, mainly plate motion over a 

non-spherical Earth and horizontal thermal contraction of oceanic lithosphere, appear to be too small to 

explain the observed non-closure.  Thus, the most likely explanation for the non-closure is an 

undiscovered plate boundary within the Cocos-Nazca-Pacific plate motion circuit.  It seems farfetched 

that the undiscovered boundary intersects the East Pacific Rise.  Thus, it most likely intersects the 

traditionally defined Cocos-Nazca plate boundary.  We hypothesize that it does so near 87°W and 

continues to the northeast through the traditionally defined Cocos plate and intersects the Middle 

America trench.  With this plate geometry the non-closure of the Cocos-Nazca-Pacific plate motion 

circuit is greatly reduced, to merely 2.9 mm a-1, which is small enough to be explained by horizontal 

thermal contraction of oceanic lithosphere. 
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3.5 TABLE 3.1. Summary of tested hypotheses on plate circuit closure 

No 1 2 3 4 5 6 7 8 9 10 

Spreading Rate NU NU MOR MOR MOR NU MOR NU MOR NU 

Ridge Strike NU NU MOR MOR Z2018 NU Z2018 NU Z2018 NU 

Cocos-Pacific cut N N N N N N N of 15⁰N N of 15⁰N N of 15⁰N N of 15⁰N 

Cocos-Nazca cut N N N N N N N N E of 87⁰W E of 87⁰W 

Transform Fault NU NU MOR Z2017 Z2017 Z2017 Z2017 Z2017 Z2017 Z2017 

OD N Y Y Y Y Y Y Y Y Y 

SSNM: Cocos-Nazca, ν 6.2, 29 6.2, 29 89.9, 87 90.5, 88 89.8, 88 6.3, 29 89.8, 88 6.3, 29 66, 59 2.2, 15 

SSNM:  Cocos-Pacific, ν 4.1, 25 4.2, 25 72.6, 64 72.6, 64 71.9, 64 5.8, 28 44.2, 53 4.1, 20 44.2, 53 4.1, 20 

SSNM:  Nazca-Pacific, ν 3.2, 15 3.2, 15 56.8, 54 56.8, 54 49.4, 54 8.7, 24 49.4, 54 8.7, 24 49.4, 54 8.7, 24 

SSNM:  Sum, ν 13.5, 69 13.6, 69 
219.3, 

205 
219.9, 206 211.1, 206 20.8, 81 183.4, 195 19.1, 73 159.6, 166 15, 59 

SSNM: Closure 

Enforced, ν 
18.4, 72 18.7, 72 282, 208 274.2, 209 262.9, 209 34.6, 84 206.1, 198 26.5, 76 176.3, 169 18.8, 62 

SSNM:  Difference 4.9 5.1 62.7 54.3 51.8 13.8 22.7 7.4 17.7 3.8 

Non-closure Velocity 

(mm a-1) 
10.1 11.6 15.0 11.6 10.5 10.0 9.0 8.6 2.9 7.0 

Non-closure Pole 

Latitude 
18.3°N 17.9°N 24.8°N 19.8°N 16.9°N 13.6°N 21.6°N 17.6°N NM NM 

Non-closure Pole 

Longitude 
108.6°W 120.4°W 96.5°W 96.9°W 97.9°W 115.7°W 92.1°W 126.4°W NM NM 

Non-closure Angular 

Velocity (° Ma–1) 
0.25 0.26 0.34 0.33 0.36 0.3 0.22 0.16 NM NM 

F ratio test 8.3 8.6 19.5 17.0 16.8 17.9 8.0 9.4 6.2 5.0 

Reference value (α=5%) F3,69=2.7 F3,69=2.7 F3,205=2.7 F3,206=2.7 F3,206=2.7 F3,81=2.7 F3,195=2.7 F3,73=2.7 F3,166=2.7 F3,59=2.8 

Reference value (α=1%) F3,69=4.1 F3,69=4.1 F3,205=3.9 F3,206=3.9 F3,206=3.9 F3,81=4.0 F3,195=3.9 F3,73=4.1 F3,166=3.9 F3,59=4.1 

SSNM is the sum-square normalized misfit for each best-fitting angular velocity, ν is the number of degrees of freedom. NU indicates the 

spreading rates come from DeMets et al., (1990) and MOR indicates the spreading rates come from DeMets et al., (2010). Z2017 is short for 

Zhang et al., (2017) and Z2018 is short for Zhang et al., (2018). OD: outward displacement, which is the distance between the two same-aged 

magnetic lineations and the total seafloor that accreted during the time magnetic reversals are recorded in new oceanic crust. NM: not meaningful 

since there are no transform faults along the new Cocos-Nazca boundary and the uncertainty of the non-closure velocity is huge. An approximate 

location of the Galapagos triple junction of 2.3°N, 102.0°W was used to estimate the non-closure linear velocity.  
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3.6 FIGURES 

 
Figure 3.1. Map of the region surrounding the Cocos-Nazca plate boundary from Global Multi-Resolution 

Topography (Ryan et al., 2009). GTJ: Galapagos Triple Junction.  
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Figure 3.2. (a) Map of the previously recognized Cocos plate from Global Multi-Resolution Topography (Ryan et 

al., 2009). Centroid moment tensor solutions are shown for earthquakes from 1976 to 2017 with depths shallower 

than 50 km and Mw > 4.9 (www.globalcmt.org).  Magenta curve: hypothesized plate boundary between the Cocos 

and Kahlo plate. Black-filled circle: reference point (i.e., the approximate location of the Galapagos triple 

junction) used for calculating the velocity of non-closure. Black rectangle: location of figure 3.2b. (b) Map of the 

hypothesized Kahlo plate. Magenta curve: plate boundaries. Black arrows: direction of relative motion of the 

Kahlo plate relative to the Cocos plate. 
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Figure 3.3. Ridge-normal azimuth versus longitude for the traditionally defined Cocos-Nazca plate boundary.  

Solid curves: Cocos-Nazca plate motion direction calculated along the Cocos-Nazca plate boundary from the best-

fitting angular velocity of DeMets et al. (2010) (blue), Zhang et al. (2018) (red).  Solid green curve: predicted 

from plate circuit closure. Solid black curve: predicted plate motion direction between the new Cocos plate and 

Nazca plate under the Kahlo plate hypothesis.  Color-filled circles: ridge-normal azimuth estimated by DeMets et 

al. (2010) (blue) and by Zhang et al. (2018) (red). Dashed black curves: the 95% confidence limits of the new 

Cocos-Nazca plate motion.  Color-filled stars: transform fault strikes used to estimate plate motion by DeMets et 

al. (2010) (blue) or by Zhang et al. (2017) (red).  Dashed error bars: 1σ uncertainties of the observed transform 

fault azimuths of DeMets et al., (2010) (blue) or Zhang et al. (2017) (red).  Red solid error bars: 1σ uncertainties 

of the plate motion directions at transform fault locations calculated from the new best-fitting angular velocity of 

Zhang et al. (2017).  



98 
 

 
Figure 3.4. Spreading rates versus longitude for the traditionally defined Cocos-Nazca plate boundary. 

Vertical dashed line: hypothesized plate boundary between the Cocos plate and the newly proposed 

Kahlo plate. Red curve: calculated spreading rates from the angular velocity between the new Cocos and 

Nazca plate constrained to consistency with Cocos-Pacific-Nazca plate circuit closure (this paper); blue 

curve: calculated spreading rates from best-fitting angular velocity between the Kahlo and Nazca plate 

(this paper); black curve: calculated spreading rates along the traditionally defined Cocos-Nazca plate 

boundary (DeMets et al., 2010) 
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Figure 3.5. Map of the eastern Pacific from Global Multi-Resolution Topography (Ryan et al., 2009).  Red-filled 

circle: Pole for the angular velocity of Kahlo plate and Cocos plate.  Red-filled ellipses: corresponding 95% error 

ellipses.  Magenta curve: hypothesized plate boundary between the Cocos and Kahlo plate. Black-filled circle: 

reference point (i.e., the approximate location of the Galapagos triple junction) used for calculating the linear 

velocity of non-closure.  Centroid moment tensor solutions are shown for earthquakes from 1976 to 2017 with 

depths shallower than 50 km, Mw > 4.9, and locations away from traditionally recognized plate boundaries 

(www.globalcmt.org).   
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3.7 Appendix 

Latitude (°N) Longitude (°E) Depth (km) Mw mrr mtt mpp mrt mrp mtp iexp Description 

Cocos Plate  

17.1 -103.0 15 5.2 5.08 -4.11 -0.97 6.75 -2.94 2.16 23 092787B 

15.0 -103.7 14 5.3 0.77 -1.31 0.54 -0.56 -0.04 -0.16 24 201607230852A 

14.8 -103.9 15 5.9 -1.8 -1.94 3.74 0.39 1.92 -8.04 24 102894B 

14.5 -103.5 17 5.3 -0.66 -0.6 1.26 0.27 -0.47 0.51 24 201308011024A 

10.7 -97.3 28 4.9 -0.79 1.43 -0.65 -0.5 -1.58 -2.03 23 201506110312A 

5.5 -101.3 12 5.4 -1.47 1.48 -0.01 0.52 0.39 -0.29 24 122004D 

5.6 -99.1 14 5.2 -0.77 0.58 0.19 0.02 -0.11 -0.53 24 201304291030A 

4.5 -96.8 19 4.9 -2.08 1.24 0.83 0.01 0.38 -2.87 23 200801131443A 

2.8 -90.2 15 5.4 0.05 -0.24 0.19 -0.22 -0.52 -1.68 24 010880B 

3.3 -86.0 24 6.6 -2.62 8.76 -6.14 0.87 5.82 6.7 25 030681B 

3.9 -85.8 18 6.6 -1.58 7.13 -5.55 -2.11 -0.15 7.46 25 032976A 

4.6 -85.5 26 5.3 -0.1 0.73 -0.63 -0.14 0.39 0.74 24 200502221819A 

4.2 -84.9 12 5.2 0.14 3.38 -3.52 0.87 1.93 6 23 052104B 

4.4 -84.1 15 5.4 0.44 0.27 -0.71 0.41 -1.01 1.51 24 022996E 

4.2 -84.0 20 4.9 0.96 0.01 -0.97 -0.16 0.63 2.48 23 200512190138A 

7.8 -85.8 27 5.0 0.08 2.27 -2.35 0.14 -1.18 5.99 24 200908130937A 

Nazca Plate  

-0.7 -91.6 15 5.4 1.75 0.11 -1.87 -0.19 0.16 0.05 24 022488D 

-0.2 -91.7 15 5.0 3.23 1.08 -4.31 0.82 -0.38 0.25 23 022488F 

-0.8 -91.5 15 5.3 0.31 0.86 -1.17 0 0 0.11 24 052088C 

-0.9 -91.2 15 5.0 1.14 -4.08 2.94 0.82 -0.98 -1.77 23 011198B 

-0.6 -91.9 15 5.6 -0.39 2.54 -2.15 1.38 -1.16 1.67 24 122299G 

-1.0 -91.4 12 5.4 1.26 -0.99 -0.27 0.46 -1.51 0.08 24 200510222034A 
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-0.5 -91.5 15 5.2 -0.83 4.29 -3.46 6.64 -0.25 -3.31 23 200708282246A 

-0.5 -91.5 23 5.4 -0.23 1.11 -0.88 0.71 0.29 -0.94 24 200708292210A 

-0.5 -91.5 21 5.2 -0.27 3.86 -3.58 4.98 1.34 -4.98 23 200710070834A 

-0.4 -91.5 13 5.0 0.21 0.44 -0.65 3.48 2.1 -0.73 23 201803112208A 

-3.5 -82.2 15 5.1 2.4 -1.2 -1.2 3.73 -2.82 4.33 23 031287B 

-3.3 -82.9 17 4.9 -0.47 -1.06 1.53 -0.5 0.87 2.25 23 201201191018A 

Table S3.1. Centroid moment tensor solutions are for intraplate earthquakes from 1976 to 2017 with depths shallower than 50 km and Mw > 4.9 

(www.globalcmt.org).  mrr, mtt, mpp, mrt, mrp, mtp, and iexp are the moment tensor components.  
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Figure S3.1. Poles of angular velocity of non-closure for hypotheses in Table 3.1. Red-filled circle: Pole for the 

angular velocity of non-closure of column 5.  Blue-filled circle: Pole for the angular velocity of non-closure of 

column 7.  Red- and blue-filled ellipses: corresponding 95% error ellipses.  Black-filled circle: reference point 

(i.e., the approximate location of the Galapagos triple junction) used for calculating the velocity of non-closure.  

Centroid moment tensor solutions are shown for earthquakes from 1976 to 2017 with depths shallower than 50 

km and Mw > 4.9 (www.globalcmt.org).   
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