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Investigation of oceanic earthquakes is useful for constraining the lateral and depth variations of the 
stress and strain-rate fields in oceanic lithosphere, and the thickness of the seismogenic layer as a 
function of lithosphere age, thereby providing us with critical insight into thermal and dynamic processes 
associated with the cooling and evolution of oceanic lithosphere. With the goal of estimating hypocentral 
depths more accurately, we observe clear water reverberations after the direct P wave on teleseismic 
records of oceanic earthquakes and develop a technique to estimate earthquake depths by using these 
reverberations. The Z–H grid search method allows the simultaneous determination of the sea floor 
depth (H) and earthquake depth (Z) with an uncertainty less than 1 km, which compares favorably 
with alternative approaches. We apply this method to two closely located earthquakes beneath the 
eastern Pacific. These earthquakes occurred in ∼25 Ma-old lithosphere and were previously estimated 
to have similar depths of ∼10–12 km. We find that the two events actually occurred at dissimilar depths 
of 2.5 km and 16.8 km beneath the seafloor, respectively, within the oceanic crust and lithospheric 
mantle. The shallow and deep events are determined to be a thrust and normal earthquake, respectively, 
indicating that the stress field within the oceanic lithosphere changes from horizontal deviatoric 
compression to horizontal deviatoric tension as depth increases, which is consistent with the prediction 
of lithospheric cooling models. Furthermore, we show that the P-axis of the newly investigated thrust-
faulting earthquake is perpendicular to that of the previously studied thrust event, consistent with the 
predictions of the shrinking-plate hypothesis.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Depth estimates of oceanic earthquakes have been useful in the 
investigation of many problems of tectonophysics: depth extent 
of the seismogenic layer in intraplate settings (Okal et al., 1980;
Bergman and Solomon, 1980; Wiens and Stein, 1983) and the cor-
responding limiting temperature above which earthquakes do not 
nucleate (McKenzie et al., 2005), along mid-ocean ridges (Huang 
and Solomon, 1988), along transform faults (Engeln et al., 1986;
Bergman and Solomon, 1988), and along the outer rise of trenches.

Source mechanisms of intraplate oceanic earthquakes have been 
used to infer the state of stress of the lithosphere (e.g., Sykes 
and Sbar, 1974; Stein and Okal, 1978; Wiens and Stein, 1983;
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Bergman and Solomon, 1984; Zoback et al., 1989). Sykes and 
Sbar (1974) studied focal mechanism solutions of earthquakes oc-
curring off the mid-ocean ridge axis using P-wave first motion 
data, and found that most earthquakes occurring in oceanic litho-
sphere older than ∼15 Ma indicate thrust faulting while those 
observed in the younger oceanic lithosphere indicate normal fault-
ing. This change in focal mechanism was interpreted as a stress 
state transition from ridge axis (horizontal deviatoric tensional) 
to intraplate stress (horizontal deviatoric compressional) regime. 
Wiens and Stein (1984), however, found mixed types of earth-
quake mechanisms occurring in oceanic lithosphere between 3 
and 35 Ma and concluded that there is a no general tensional-
to-compressive stress transition in the oceanic lithosphere. On the 
other hand, different types of earthquake mechanisms observed for 
the same lithospheric age have different focal depth (Bergman and 
Solomon, 1984; Wiens and Stein, 1984), indicating that there is 
a stress state change with depth. These are now interpreted as 
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Fig. 1. (a) A schematic diagram showing the ray paths of the P , p P , pwP, and the water reverberations pwn P . The upper and lower layers shaded with light blue and green 
indicate the seawater and oceanic lithosphere, respectively. The horizontal dashed lines represent the boundaries of constant velocity layers in the reference velocity model 
with a thickness of Hi and velocity V i . (b) A schematic seismogram showing the sequence of arrivals in a vertical record of an oceanic earthquake at teleseismic distances. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
being due to depth-dependent stress and strain. Numerical mod-
eling also suggests that the stress field within the lithosphere 
varies systematically and significantly with depth. The upper and 
the lower competent lithosphere are in horizontal deviatoric com-
pression and tension, respectively (Parmentier and Haxby, 1986;
Wessel, 1992). These investigations have helped to establish the 
role of thermo-elastic stresses in the evolution of oceanic litho-
sphere (Parmentier and Haxby, 1986; Wessel, 1992)

Recently, source mechanisms of oceanic intraplate earthquakes 
and their depth dependence have come under renewed interest be-
cause of the hypothesis that horizontal thermal contraction of the 
lithosphere may lead to measurable non-rigidity of oceanic plates 
(Kumar and Gordon, 2009; Kreemer and Gordon, 2014; Mishra 
and Gordon, submitted for publication). Kumar and Gordon (2009)
estimate that vertically averaged strain rates due to thermal con-
traction vary as ∼ t−1, where t is the age of the lithosphere, 
with vertically averaged horizontal contraction rates ranging from 
10−5 Ma−1 (3 × 10−19 s−1) to 2 × 10−2 Ma−1 (5 × 10−16 s−1)

(Kumar and Gordon, 2009; Mishra and Gordon, submitted for pub-
lication). Such strain rates accumulated across the Pacific plate 
may sum to significant displacement rates (∼2 mm a−1), which are 
non-negligible in estimating global plate velocity (Kumar and Gor-
don, 2009; Kreemer and Gordon, 2014). This has caused renewed 
interest in the deformation of oceanic lithosphere, including that 
manifested in earthquakes. Because of the expected depth depen-
dence of earthquake mechanisms, one cannot simply look at the 
epicenters associated with focal mechanisms or centroid-moment 
tensors—one must also know the depth of the event. It is therefore 
appropriate to seek methods to obtain more accurate estimates 
of the depths of oceanic earthquakes, which are thought to have 
uncertainties of ±1 km or more (Bergman and Solomon, 1984;
Wiens and Stein, 1984).

The tradeoff between earthquake origin time and focal depth 
is a well known problem in hypocentral inversion. One of the 
most reliable ways of constraining focal depths is to identify the 
depth phases (p P and sP ) and add their arrival times in the in-
version. Many methods have been developed to improve the iden-
tification of depth phases in seismograms, from simple stacking 
technique using array data (e.g., Key, 1968) to more sophisticated 
techniques, such as the F -detector technique proposed by Hey-
burn and Browers (2008). The above routine depth-phase method, 
however, works only when the depth arrivals are located out-
side the source time window such that they can be robustly 
picked. Assuming a source time function of 5 s, the minimum 
source depth that can be constrained with the routine depth-
phase method is ∼15 km. Chu et al. (2009) developed an it-
erative waveform fitting method to determine earthquake focal 
depths and source time functions using teleseismic P waves. This 
method, however, requires full knowledge of the moment tensor 
solutions of earthquakes, which could be difficult to obtain for 
intermediate-size earthquakes (∼M5.0). It also becomes increas-
ingly challenging to isolate the depth phases from the direct P 
wave since their ray parameters are nearly identical to the direct 
P wave when earthquakes occur at depths shallower than 5 km. 
The CAP (cut-and-paste) is another widely used method, which 
uses regional waveform data to search for the optimum focal 
mechanism and hypocentral depth (Zhao and Helmberger, 1994;
Zhu and Helmberger, 1996). This method also requires a source 
time function, which is difficult to obtain when the direct P and 
the depth phases are mixed in the case of shallow earthquakes.
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Fig. 2. The synthetic seismograms of an oceanic crust earthquake with a focal depth of 7 km and mantle earthquake at 15 km are plotted as a function of epicentral distance. 
The red traces shown in the middle are the sums of all the seismograms for each earthquake. A hybrid 1D velocity model, which has an oceanic crust in the source side and 
a continental crust in the receiver side (Table 1), is used in computing synthetics. (For interpretation of the references to color in this figure, the reader is referred to the 
web version of this article.)
Earthquake detection is challenging in the oceans due to the 
lack of local seismic stations, the presence of swell-generated 
noises, and high attenuation near the hypocentral region. From 
only P-wave arrival time data from teleseismic stations, the fo-
cal depth is in many cases poorly constrained. For example, 
Mendiguren (1971) studied an intraplate earthquake occurring on 
November 25, 1965 with an origin time of 10:50:40.2 and epicen-
ter of 17.1◦S and 100.2◦W. The focal depth was estimated to be 
∼45 km by USGS, and 143 ± 24 km by ISC.

The depth-phase series of oceanic earthquakes are more com-
plicated because of the existence of the water column above the 
sea floor (Fig. 1a). As shown in Fig. 1, P-wave reflections at the 
sea floor (p P ) and ocean surface (pwP) are expected to have a 
comparable amplitude. In addition to these two reflections, multi-
ple reflections between sea floor and sea surface, which are re-
ferred to as pwn+1 P (n = 1, 2, . . .) (Fig. 1b), are also expected 
to arrive periodically in time after the single reflections with 
alternately reversed polarity and decreasing amplitudes. Here-
inafter we refer to all the sea surface reflections as water col-
umn reverberations (WCRs), including the single (pwP) and mul-
tiples pwn+1 P . These depth phases have been used to improve 
estimates of earthquake focal depths (e.g., Mendiguren, 1971;
Okal et al., 1980; Stewart and Helmberger, 1981). For the earth-
quake mentioned above, Mendiguren (1971) was able to identify 
at least three clear arrivals after the direct P on several tele-
seismic recordings. If the second and third arrivals after P are 
assumed to be p P , then the corresponding focal depths would 
be approximately 40 and 70 km, respectively, which are incon-
sistent with the observed amplitudes of the Love and Rayleigh 
waves. By assuming the three later arrivals to be p P , pwP, and 
pw2 P , he obtained a focal depth of 13 km, which agrees with sur-
face wave data. Another possibility, which was not discussed by 
Mendiguren (1971), is that the observed three later arrivals could 
be pwP, pw2 P , and pw3 P if the focus of the earthquake is shal-
low enough that the p P arrival is located within the P-wave time 
window.

Herein we systematically investigate the characteristics of the 
p P , sP , and pwn P with synthetic data to determine whether the 
first later arrival is the p P , sP , or pwP phase. We then introduce a 
grid-search based algorithm to search for the optimal focal depth, 
Z s (measured from the water surface), and water layer thickness, 
H , by maximizing the summed amplitude of the WCRs after polar-
ity corrections. Hereinafter we refer to this grid search technique 
as the Z –H analysis, where Z is the focal depth measured from the 
ocean floor. We apply Z –H analysis to two sets of synthetic seis-
mograms computed with a hypocenter located inside the oceanic 
crust and upper mantle, respectively. We then employ the Z –H
grid search method to relocate two oceanic earthquakes occur-
ring east-southeast of the Tuamotu Archipelago on the Pacific plate 
with teleseismic data. We obtain focal depths that we expect to be 
more accurate than those obtained by other methods. The relo-
cated focal depths differ significantly from routine estimates and 
provide new information on deformation and stress state in the 
Pacific plate. In particular, we show that normal faulting occurred 
16.8 km beneath the seafloor, consistent with the mechanism and 
depth of a previously investigated nearby event. We furthermore 
show that a thrust event occurred in the crust, but with fault 
planes nearly orthogonal to a previously investigated nearby earth-
quake, an observation consistent with the shrinking plate hypoth-
esis of Kumar and Gordon (2009).
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Fig. 3. The Z –H grid search results based on the synthetic seismograms of the 7 
and 15 km deep earthquakes are shown respectively in (a) and (b). Color contour 
of summed amplitude as a function of earthquake depth below the sea floor (Z) 
and water layer thickness (H). Location of the amplitude peak is indicated by the 
white plus symbol. The thin vertical line indicates the Moho depth in kilometers 
measured from sea floor. The water layer thickness is 4 km in the synthetic model, 
thus the Moho depth is 6 km below the sea floor and 10 km below sea level. The 
estimated (Z , H) is (3.04, 3.99) km and (10.91, 4.00) km respectively for the 7-km 
and 15-km deep earthquakes. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

2. Method

2.1. Water-column reverberations

The P waveforms at teleseismic distances of 30◦ to 90◦ are 
known to be relatively simple due to the lack of triplications 
and diffraction associated with the upper-mantle discontinuities 
and the core–mantle boundary, respectively. Later arrivals associ-
ated with shallow oceanic earthquakes are thus relatively easy to 
identify from teleseismic records, especially after considering the 
characteristics of the WCRs featured by regular arrival times with 
alternating polarities. The ray paths of the WCRs are schematically 
shown in Fig. 1a. For shallow earthquakes, the ray parameters of 
the direct P , p P , and pwn P are almost identical, which can be 
used to identify the origins of the later arrivals in addition to their 
arrival times and polarities. We identify the first WCR, pwP, from 
a teleseismic record by combining the above features on waveform 
polarity and arrival time.
As shown in the schematic synthetic seismogram in Fig. 1b, the 
later arrival sequence can consist of up to three arrivals (pmP, p P , 
and pwP) with similar polarity if the oceanic earthquake is deep 
enough. The first multiple (pw2 P ) is then identified to be the 
next one showing an opposite polarity (Fig. 1c). Once the WCRs 
are identified, we use the grid search described below to find the 
optimum focal depth.

2.2. Z –H grid search

As shown in Fig. 1a, we first discretize the oceanic lithosphere 
in the source side by a stack of layers with constant P- and S-wave 
velocities. We assume that p P and WCRs travel with ray parame-
ters identical to the direct P wave. In this case, the traveltime of 
p P and pwn P relative to P can be written as:

δtp P = 2
N∑

i=1

Hi cos θi

αi

δtpwn P = 2
N∑

i=1

Hi cos θi

αi
+ 2n

H w cos θw

αw
, (1)

where αi , Hi , and θi are the P-wave velocity, layer thickness, and 
the incident angle in the ith layer with w indicating the water 
layer. The hypocenter is located at the bottom of the Nth layer, and 
thus the focal depth is Z = ∑N

i=1 Hi , measured from the seafloor.
We stack the first three WCRs, which usually have good signal-

to-noise ratio (SNR), to search for the optimum focal depth, Z
(measured from ocean floor), and water column thickness, H , that 
maximize the stacked amplitude given by the following equation:

S(Z , H) = C(Z , H)

3τ

τ/2∑

i=−τ/2

{
d(tpwP + i�t)

− d(tpw2 P + i�t) + d(tpw3 P + i�t)
}
. (2)

Here, d(t) is the time sequence representing either an individual 
seismogram or a stacked trace of array records. �t is the sam-
pling interval, τ is the signal window length, and C(Z , H) is the 
averaged cross correlation between pairs of the three WCRs after 
polarity correction. tpwP , tpw2P , and tpw3P are the computed rel-
ative traveltimes of the first three WCRs corresponding to source 
and water depths, Z and H , respectively. Considering the negative 
polarity of the second reverberation, we assign a negative sign to 
it in the summation.

2.3. Synthetic tests

We generate synthetic waveforms using the modified Thomson–
Haskell propagator matrix method developed by Wang (1999). The 
velocity model consists of an oceanic crust with a 4-km water layer 
over a 6-km crust in the source side, and a continental crust in the 
receiver side. The continental crust and mantle velocities are taken 
from the iasp91 model (Kennett and Engdahl, 1991), while the ve-
locities of the oceanic crust are listed in Table 1. We compute the 
synthetic seismograms for two earthquakes with focal depths of 
7 and 15 km (below sea level), respectively, at distances between 
59◦ and 60◦ with an increment of 0.1◦ (Figs. 2a and 2b). Given 
the Moho on the source side of 10 km below the sea level, they 
represent crustal and upper mantle earthquakes, respectively. We 
first align all the seismograms at the first trough of the P wave 
and then linearly stack all the synthetic seismograms to generate 
a high SNR teleseismic record (red traces in Fig. 2).

We then apply the Z –H grid search method using the stacked 
synthetic seismogram to search for the optimal focal depth (in the 
range of 0–21 km with an increment of 0.01 km) and sea floor 
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Table 1
Model parameters for the synthetic test.

Layer Source side Layer Receiver side

Thickness
(km)

V p

(km/s)
V s

(km/s)
Density
(g/cm3)

Thickness
(km)

V p

(km/s)
V s

(km/s)
Density
(g/cm3)

Water 4.00 1.50 0.00 1.03 Upper crust 20.00 5.80 3.36 2.72
Crust 6.00 6.30 3.65 2.90 Lower crust 15.00 6.50 3.75 2.92
Mantle iasp91 mantle iasp91 mantle

Fig. 4. Maps showing the geographic locations of the two oceanic earthquakes (white and green stars in (a)), the broadband stations used for locating the 07/11/2004 (red 
triangles in both (a) and (b)) and 10/15/1997 events (yellow triangles in (a) and black triangles in (c)), as well as the sea floor age around the two events (d). (a) Color 
contour represents the bathymetry and topography with a scale shown in the lower part of the map. (d) The dots within the shaded area of the 10/15/1997 focal sphere 
indicate the upward first motion observed at teleseismic stations. C1 and C2 refer to the two earthquakes studied by Okal et al. (1980), and e83 refers to the earthquake 
investigated by Wiens and Stein (1984).
depth (in the range of 3–5 km with an increment of 0.01 km). 
During the grid search, we set the Moho boundary at 10 km be-
low sea level, which is indicated as the vertical white lines in 
Fig. 3. We set the P-wave velocity to be 8.04, 6.30 and 1.50 km/s 
for the mantle, crust, and seawater, respectively. These values are 
identical to those used in the forward modeling. For the crustal 
earthquake, the resulting focal and seafloor depths are 7.04 and 
3.99 km (Fig. 3a), respectively. Both are near the true depths, 7.00 
and 4.00 km. For the upper mantle earthquake, the resulting focal 
and sea floor depths are 14.91 and 4.00 km (Fig. 3b), respectively. 
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Fig. 5. The observed seismograms of the 10/15/1997 (a, left) and 07/11/2004 earthquakes (b, right) are plotted as a function of epicentral distance. The red and blue traces 
shown at the bottom respectively are the linear stacks of the observed and synthetic seismograms of each event. (For interpretation of the references to color in this figure, 
the reader is referred to the web version of this article.)

Table 2
Source parameters of the two events with relocated focal depths.

Origin time Epicenter Mw Depth (km) Focal mechanism

Date Time Lat. Lon. PDE EHB This study

10/15/1997 20:23:11.05 −21.468◦ −129.856◦ 5.2 10.0 10.0 6.5 ± 0.2 317/60/70 173/35/120
07/11/2004 23:46:12.48 −20.235◦ −126.911◦ 6.1 12.1 12.9 20.8 ± 0.4 350/44/−87 166/46/−93
The former is near the input value of 15 km while the latter is the 
exact input value.

3. Application: data and analysis

We avoid the use of earthquakes in the Indian Ocean, at one 
time regarded as intraplate events, but many of which are now rec-
ognized as evidence of deformation in diffuse oceanic plate bound-
aries (Wiens et al., 1985; Gordon et al., 1990; Royer et al., 1997;
Royer and Gordon, 1997; Gordon and Houseman, 2015). Thus, we 
focus instead on the Pacific plate in regions where we believe the 
earthquakes are truly intraplate. Okal et al. (1980) investigated the 
intraplate seismicity of the South-Central Pacific plate using the 
15-station French Polynesia Seismic Network for the interval of 
January 1, 1965 to December 31, 1979. They found that two or 
more earthquakes with body-wave magnitudes >5.0 occurred in 
each of three localities, which they termed regions A, B, and C. 
Herein we focus on region C, located east-southeast of the Tu-
amotu Archipelago, where Okal et al. (1980) investigated 6 events 
with mb ≥ 5.1. They reported mechanisms for two events, a thrust 
event with a depth below the seafloor of 5 km and a strike-slip 
event with a depth less than 5 km. The other events also likely 
had depths less than 5 km below the seafloor (Okal et al., 1980). In 
contrast, Wiens and Stein (1984) investigated a nearby 1983 earth-
quake with a normal faulting mechanism and found a depth of 
17 km below the seafloor.

Here we apply the Z –H search to waveform data of two oceanic 
earthquakes in ∼25 Ma old lithosphere near region C (Fig. 4a). 
The 10/15/1997 event lies about 300 km southwest of region C 
and the 07/11/2004 lies just north of region C near the event 
studied by Wiens and Stein (1984). Details of the origin time, 
hypocenter, and magnitude of the two events are listed in Table 2. 
The 07/11/2004 event was recorded by 35 broadband stations in-
stalled under the Canadian Northwest Experiment (Fig. 4b) and the 
10/15/1997 event was recorded by 53 temporary stations in Col-
orado deployed by the Deep Probe Experiment (Fig. 4c).

The broadband data are pre-processed first by a deconvolution 
of instrument response, followed by a convolution of the WWSSN 
(WorldWide Standardized Seismograph Network) short-period in-
strument response. The WWSSN short-period data appear to pos-
sess the best signal-to-noise ratio for teleseismic P wave records 
for moderate size earthquakes. The seismograms are subsequently 
aligned so that the maximum amplitude of the P wave, which is 
normalized to unity, occurs at time zero. The polarity of the seis-
mogram is also reversed when necessary. The preprocessed data 
of the two events are shown in Fig. 5a and 5b, respectively. We 
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Fig. 6. Same as Fig. 4, but for the two earthquakes occurring in the eastern Pacific. 
The Z –H search gives optimal (Z , H) grid search results of (2.50, 4.00) km and 
(16.8, 3.98) km respectively for the 10/15/1997 and 07/11/2004 events, resulting in 
focal depths of 6.5 and 20.8 km below sea level.

further linearly stack all the seismograms for the Z –H analysis. 
The stacked seismograms are shown in red in Fig. 5, which clearly 
show several later arrivals with alternating polarity, indicative of 
WCRs.

4. Results and discussion

We apply the Z –H grid search to the linearly stacked wave-
forms of the two events shown in Fig. 5 with search-parameter 
limits similar to those used in the synthetic data analysis: 0–21 
km for Z and 3–5 km for H . The grid spacing is set to 0.01 km for 
both directions. In computing the relative travel times of the re-
verberations, we also assume a Moho depth of 10 km beneath sea 
level, and set the P-wave velocity to be 8.04, 6.30 and 1.50 km/s 
respectively for the mantle, crust, and seawater.

The Z –H search results of the two events are shown in 
Fig. 6a, the resulting (Z , H) are (2.50 ± 0.15, 4.00 ± 0.01) and 
(16.80 ± 0.41, 3.98 ± 0.05) km respectively for the 10/15/1997 and 
07/11/2004 events. The uncertainties shown here are calculated 
based on a bootstrap method (Efron and Tibshirani, 1986). The es-
timated water depths are consistent with the depths of ETOPO1 
(Amante and Eakins, 2009), which indicates ocean depths of 4.00 
and 3.79 km beneath the two epicenters. Thus it is likely that 
the 10/15/1997 earthquake occurred in oceanic crust, while the 
07/11/2004 event ruptured in mantle lithosphere.

The forward modeling of the Z –H analysis depends on the as-
sumed values of crustal velocity (V c ), mantle velocity (Vm), Moho 
depth (Zm), and ray parameter or the takeoff angle (θc) of the 
WCRs. We investigated whether errors in these parameters can sig-
nificantly affect the estimated Z and H by computing reflectivity 
synthetics with the model listed in Table 1. In the forward mod-
eling of the Z –H analysis, we employ a variety of velocity models 
in computing the reverberation traveltimes. For each model, we 
change the value of only one parameter. V c , Vm , and θc are per-
turbed around their true values by ±5% with an increment of 0.2%, 
and Zm is set in the range of 8–12 km with an interval of 0.1 km. 
Fig. 7 shows the difference between the recovered and input focal 
depth due to errors in the four parameters. In general, errors in 
the estimated focal depth Z s associated with uncertainties in the 
reference velocity model are less than 1 km.

In the schematic synthetic seismogram shown in Fig. 1b, we 
have ignored the sP depth phase, which is an S-to-P converted 
phase at the sea floor. In general, the S-to-P transmission coef-
ficient at the sea floor for an upgoing S wave is small (Aki and 
Richards, 1980). Therefore it is impossible for sP to generate rever-
berations (spwn P ) inside the water. If there are multiple arrivals 
after the direct P wave with alternating polarity, then they must 
be the WCRs resulting from the upgoing P wave (p P ). Thus equa-
tion (1) is always correct in computing the traveltimes of the mul-
tiples even in the presence of a strong sP phase.

In principle, earthquake focal depths can be constrained by 
careful waveform modeling when the focal mechanism solutions 
of earthquakes are known (Chu et al., 2009). The focal mechanism 
solutions of oceanic earthquakes of intermediate size are, however, 
difficult to obtain due to the lack of local seismic records and to 
the lower SNR of teleseismic data. The conventional depth-phase 
method, on the other hand, relies on the robust identification of 
the depth phases, which is impossible for shallow earthquakes. Our 
method does not require the full knowledge of earthquake focal 
mechanisms, and utilizes the travel time of the WCRs, instead of 
the regular depth phases (p P and sP ). Thus we expect it to be 
more useful for locating shallow oceanic earthquakes of interme-
diate size when teleseismic array data are available.

The focal depth of the 10/15/1997 and 07/11/2004 events in 
the PDE catalog respectively are 10.0 and 12.1 km, and the EHB 
(Engdahl et al., 1998) relocated depths of the two events respec-
tively are 10.0 and 12.9 km. Both suggest that the two earthquakes 
initiated at roughly the same depth. On the other hand, the two 
epicenters are ∼335 km apart from each other, and the lithosphere 
has an age difference of 2 Ma (Fig. 4d). With the PDE focal depth, 
the difference in focal mechanism of these two earthquakes can 
only be attributed to the slight age difference or other farfetched 
explanations. With our relocated focal depth, the difference in fo-
cal mechanism can also be related to the depth dependence of the 
stress field because the 07/11/2004 earthquake occurred at a much 
greater depth than the 10/15/1997 event.

The global CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 
2012) shows that the 07/11/2004 earthquake has a normal faulting 
mechanism (Fig. 4d), indicating that the oceanic lithosphere is in 
a stress regime characterized by horizontal deviatoric tension ap-
proximately parallel to the age gradient (i.e., perpendicular to the 
ancient ridge axis). The depth and mechanism are similar to the 
nearby event analyzed by Wiens and Stein (1984) (Fig. 4d).

The 10/15/1997 Ms 5.3 event was excluded from the global 
CMT catalog because of its low magnitude. We determine its 
double-couple focal mechanism using teleseismic data with the 
CAPjoint software package (Chen et al., 2015) (Table 2, Fig. 4d). 
Because of its low magnitude (Mw 5.2), there are few shear wave-
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Fig. 7. Robustness analyses of the Z –H grid search method for potential errors in the takeoff angle of the P wave (a), the Moho depth in the reference velocity model (b), 
crustal (c), and mantle (d) P-wave velocities in the reference model. We allow a perturbation of ±5% in the incident angle and crustal and mantle P-wave velocities, and 20% 
in Moho depth to use them to recalculate the focal depths (Z s) for a synthetic with a focal depth of 7 km. In general, the resulting errors in the measured focal depth are 
less than 1 km.
forms that can be used. Therefore we cannot fully constrain the 
focal mechanism, although it well explains the polarity data of the 
teleseismic P waves (Fig. 4d). The estimated focal mechanism has a 
thrust or reverse faulting mechanism (Fig. 4d), which is consistent 
with the global pattern of oceanic intraplate thrust events being at 
shallower depths than normal-faulting events, although few events 
as shallow as this are observed. It is interesting to compare this 
mechanism with the two determined by Okal et al. (1980) in re-
gion C, both of which were also shallow events, one of which was 
a strike-slip event with a P axis at 107◦ , and the other of which 
was a reverse event with a poorly constrained P-axis possibly in 
a NW–SE direction. Okal et al. (1980) note that most P axes for 
events in the region tend to be NW–SE. In contrast, the P axis 
for the 10/15/1997 event is NE–SW. At first, it may seem surpris-
ing that the P axis from this event is perpendicular to those from 
nearby events. According to the shrinking plate hypothesis, how-
ever, the upper competent lithosphere should be shrinking in all 
horizontal directions (Kumar and Gordon, 2009; Kreemer and Gor-
don, 2014; Mishra and Gordon, submitted for publication). In such 
a strain field, it is expected that two orthogonal sets of thrust or 
reverse faults would be present (Houseman and England, 1986;
Gordon and Houseman, 2015). The 10/15/1997 event may sample 
the set of thrust faults perpendicular to those studied by Okal et 
al. (1980).

5. Conclusions

We develop a new technique for the accurate determination 
of the focal depth of oceanic earthquakes using water column 
reverberations recorded at teleseismic distances. Numerical tests 
suggest that the method is insensitive to the reference velocity 
model and can robustly recover the input focal depth of various 
types of earthquakes occurring at different depths inside oceanic 
lithosphere with an uncertainty less than 1 km. We apply this 
technique to the teleseismic records of two earthquakes that oc-
curred east-southeast of the Tuamotu Archipelago on 10/15/1997 
and 07/11/2004 with a PDE focal depth of ∼10 and ∼12 km, re-
spectively. The estimated focal depths of the two events are 6.5 
and 20.8 km below sea level, indicating that they occurred re-
spectively in the oceanic crust and uppermost mantle. The shal-
low and deep events exhibit a thrust and normal faulting mecha-
nism, respectively, which is consistent with a depth varying stress 
field predicted from lithospheric cooling models. Moreover, our 
new thrust mechanism together with prior published mechanisms 
suggests that the crust in this region is being shortened in two 
perpendicular horizontal directions. In any event, the Z –H grid 
search method offers greater precision and accuracy than most 
cases when the water reverberations are not used.
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