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Abstract Precise determination of hypocentral depth remains one of the most relevant problems in
earthquake seismology. It is well known that using depth phases allows for significant improvement in
event depth determination; however, routinely and systematically picking such phases, for teleseismic or
regional arrivals, is problematic due to poor signal-to-noise ratios around the pP and sP phases. To overcome
this limitation, we have taken advantage of the additional information carried by seismic arrays. We use
velocity spectral analysis to precisely measure pP-P times. The individual estimates obtained at different
subarrays, for all pairs of earthquakes, are combined using a double-difference algorithm, in order to
precisely map seismicity in regions where it is tightly clustered. We illustrate this method by relocating
intermediate-depth earthquakes in the Nazca subducting plate, beneath northern Chile, where we confirm
the existence of a narrowly spaced double seismic zone, previously imaged using a local dedicated
deployment. As a second example we relocate the aftershock sequence of the 2014 Mw 7.9 intermediate
depth, Rat Islands earthquake, and provide evidence of a subvertical fault plane for the main shock. Finally,
we show that the resulting relative depth errors are typically smaller than 2 km.

1. Introduction

In spite of significant advances during the last few decades the precise determination of an earthquake
hypocenter remains one of the outstanding challenges in seismology. Detailed and accurate knowledge of
the spatial distribution of seismicity is a key requirement for tectonic processes studies, seismic hazard
quantification, earthquake source mechanism analysis, and many problems related to Earth structure
determination [Engdahl et al., 1998]. The dominant source of error when locating earthquakes comes from
the lack of detailed knowledge of the three-dimensional velocity structure of the Earth [Richards-Dinger
and Shearer, 2000]; typically, a 1-D average velocity model is used and lateral velocity variations arising from
3-D heterogeneities result in systematic biases in event locations. In many subduction zones these variations
are significant, reaching up to 10% of the reference seismic velocity [Engdahl et al., 1998]. To a lesser extent,
phase timing errors and irregular distribution of stations also contribute to hypocenter mislocations.

Absolute earthquake location errors can be reduced by jointly inverting for an improved velocity model and a
new set of earthquake hypocenters [Magistrale and Sanders, 1996; Pavlis and Booker, 1980; Thurber, 1983].
However, recent work has shown the effectiveness and simplicity of relative relocation techniques [Lin and
Shearer, 2005]. For nearby events, travel time perturbations introduced by unmodeled velocity structure
are similar and the application of these techniques significantly reduces relative location errors. In particular,
the source-specific station termmethod (SSST) [Richards-Dinger and Shearer, 2000] and the double-difference
algorithm [Waldhauser and Ellsworth, 2000] make it possible to relocate clusters of seismicity distributed over
large regional distances.

The SSST is a generalization of the station term method [Frohlich, 1979]. When seismicity is tightly clustered,
static station terms are calculated for each station as the mean of the residuals for all events and a single
number at each station accounts for the unmodeled velocity structure. The SSST considers multiple static
terms at each station, which are calculated as a function of source position using a Delaunay tessellation
[Richards-Dinger and Shearer, 2000]. In this way static timing corrections can be consistently applied over
large volumes of seismicity.

The double-difference algorithm relies on a similar principle [Waldhauser and Ellsworth, 2000], but it takes a
simpler approach; it directly minimizes residual differences for pair of earthquakes without the need to
explicitly introduce station corrections. Furthermore, in local and regional studies, additional reduction in
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relative location errors can be archived by using waveform cross correlation to measure differential travel
times [Schaff et al., 2002; Schaff et al., 2004; Waldhauser and Ellsworth, 2000]. Unfortunately, for earthquakes
recorded at teleseismic distances, systematically observing a high degree of waveform similarity is challen-
ging. Waldhauser and Schaff [2007] attempted to relocate seismicity in global catalogs performing cross
correlation for every event pair at every available global broadband station. For the P arrivals, about
12% of their correlation measurements could be used for relocation. The rate of success for correlating
other phases was lower. At teleseismic distances, waveform cross correlation may not be as effective.

In routine teleseismic earthquake, location depth is typically the most poorly constrained hypocentral para-
meter. Engdahl et al. [1998] performed a comprehensive absolute relocation of global seismicity and
showed that by including depth phases in their relocation scheme, depth uncertainties could be signifi-
cantly reduced; as a result, they were able to clearly delineate slab geometry in many subduction zones.
Yoshii [1979] used absolute depths, estimated from pP-P times and epicenters reported in ISC catalogs to
resolve a double seismic zone in northeastern Japan, at depths of 80 to 150 km. The separation between
the planes of seismicity was 30–35 km, consistent with more recent observations. Thus, our ability to inter-
pret many seismotectonic features is limited by the errors in the earthquake cross sections we plot. Finding
methods to accurately constrain focal depth remains an active area of research.

In this contribution we focus on the robust determination of relative hypocentral depths. We propose a dou-
ble difference algorithm that relies on the precise measurement of pP-P differential times using array proces-
sing techniques. We start by reviewing the main ideas behind array processing and then progressively
develop our relative depth determination scheme. As a first application we analyze a subset of teleseismic
earthquakes (M 5.5–M 7.0) from a segment of the subducting Nazca plate, beneath northern Chile. We
resolve a double seismic zone (DSZ); the two linear patters of seismicity and the aseismic gap appear as clear
features in our relocations. This DSZ had been previously characterized by Rietbrock and Waldhauser [2004]
using data from a dedicated deployment, with several stations located on top of the segment of interest.
Applying our technique, we achieve a similar depth resolution, but using only teleseismic observations.
As a second example, we relocate the aftershock sequence of the Mw 7.9 Rat Islands archipelago, Alaska,
intermediate-depth earthquake. The causative plane for this event has been debated in the literature
[Twardzik and Ji, 2015; Ye et al., 2014]. We provide conclusive evidence in favor of a subvertical rupture
plane, consistent with the moment tensor solution for the main shock. The methods described here are
directly applicable to teleseismic earthquake relocation of intermediate-depth (50–300 km) and deep focus
earthquakes (300–660 km); however, similar ideas could be used to constrain relative depths of shallower
events [Ma and Eaton, 2011].

2. Double Difference Relocation Using Depth Phases

In this section we describe an array processing-based double difference algorithm that explicitly
introduces pP-P time measurements for pairs of events at a given group of stations. We illustrate each step
by presenting example measurements from intermediate-depth subduction zone earthquakes in
northern Chile.

2.1. Depth Phases

Let us consider an earthquake with a depth of 150 km. Figure 1 depicts the raypaths of the P and pP phases.
The pP depth phase is a wave that goes straight up from the event and is reflected at the free surface. The
time difference pP-P is extremely sensitive to depth [Bondár and Storchak, 2011; Engdahl et al., 1998;
Tibuleac, 2014]. To illustrate this fact we perform theoretical calculations of travel times for two events located
at depths of 150 km and 140 km, respectively. We use the 1-D reference Earth model ak135 [Kennett et al.,
1995]. For each event the time difference pP-P is plotted as function of event-station distance (Figure 1); there
is a consistent gap of about 2 s between the two curves. Depth phases provide the most precise constraint on
relative earthquake depth.

For large events (Mw > 6.0) depth phases may be identified by simple visual inspection; however, accurately
and systematically picking them is quite challenging, especially when the magnitudes are smaller. Array
processing techniques provide a simple, unbiased, and consistent way to automatically pick such arrivals
[Rost and Thomas, 2002].
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2.2. Array-Based Measurements

Array processing techniques take
advantage of the fact that incoherent
noise can be suppressed by appropriate
stacking of the signals across all array
stations, which also enhances coherent
arrivals. For the purpose of our analysis
we will consider arrays as groups of sta-
tions where the incident wavefront can
be approximated by a plane wave. Two
parameters suffice to describe the
incoming wave: the back azimuth θ
and the horizontal slowness uhor,
beneath the array [Rost and Thomas,
2002]. One of the most important
applications of array processing in glo-
bal seismology is the identification of
seismic phases; this is done by perform-
ing a Vespagram calculation, a diagram
that displays the intensity of the arriv-
ing wave as function of slowness and

time. Coherent phase arrivals appear as bright spots of concentrated energy in the Vespagram [Rost and
Thomas, 2002].

We rely on the Vespa process to identify depth phases and to measure pP-P times. First, we estimate the back
azimuth θ of the incoming wave. We use themodel ak135 [Kennett et al., 1995] to window the seismograms in
the array, we cut 15 s windows around each theoretical P arrival, then we perform a frequency wave number
analysis (fk analysis) [Rost and Thomas, 2002] to find θ. Once the back azimuth is known, multiple beam traces
can be calculated [Rost and Thomas, 2002]:

bu tð Þ ¼ 1
M

XM
i¼1

xi t � r!i ∙ u
!

hor
� �

where M is the number of stations in the array, xi is the displacement seismogram at station xi, r!i is a 2
component vector with the position of the station relative to the center of the array, u!hor ¼ u sinθ; cosθð Þ
is the horizontal slowness vector, and bu(t) is the bean trace for a given horizontal slowness u. This calculation
uses the fixed back azimuth θ found by fk analysis and a suitable range of values for the slowness, between
0.03 and 0.07 s/km in steps of 0.001 s/km, for most cases. Before calculating the beam trace, each seismogram
ximust be windowed appropriately: a fixed offset from the event origin time must be used, the windowmust
include the theoretical P wave arrival, and there should be at least 80 s of signal after it, such that the depth
phases are present. We cut windows of 160 s. To further enhance the coherent arrivals, instead of linearly
stacking the signals as in the previous equation, we perform a phase-weighted stack with a power of 2
[Schimmel and Paulssen, 1997]. Nonlinear stacking techniques provide cleaner Vespagrams and are essential
for automating pP-Pmeasurements. Figure 2 shows an example of a Vespagram for anM 5.5 subduction zone
intermediate-depth earthquake in northern Chile.

At each array we can make one pP-P measurement. However, better depth constrains are obtained when a
few pP-P measurements are available at different distance ranges. Unfortunately, seismic data are typically
collected at regional networks, consisting of stations that spread out over an area that is too wide for array
processing techniques to work successfully. To perform the largest possible number of pP-P measurements
we divide regional networks into subarrays, groups of nearby stations where the incident plane wave approx-
imation holds for teleseismic arrivals [Rost and Thomas, 2002]. To select the subarrays we take the area
spanned by the stations of interest and overlay a grid, in such a way that a large number of grid cells will
contain a significant number of stations. We only build subarrays at grid cells where the number of stations
is at least 10. Note that over time, regional networks may add or remove stations, but the grid must remain

Figure 1. (a) Theoretical pP-P time calculations for two intermediate-
depth earthquakes using the ak135 Earth model. (b) Cartoonish
representation of P and pP raypaths.
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fixed, such that consistent measurements can be made for events that happen at widely different times. At
different periods, a subarray may gain or lose one station, but its center will remain roughly constant. In
Figure 3, we show an example of the subarrays used to relocate seismicity in a segment of the Nazca
subducting plate (see section 3.1). Stations of networks, AZ, BK, CC, CI, MB, NC, NN, SN, UO, UU, UW, US,
andWY, that span the western United States are included. All grid cells have the same size, 2.2° × 2.2°. In total,
12 subarrays were used to perform measurements.

2.3. Relative Earthquake Depth Determination Algorithm

Let us assume that we have multiple events, clustered in space, and a set of subarrays where measurements
are performed. For a given event observed at a particular subarray we first estimate its back azimuth, and,

Figure 3. (a) Distribution of broadband permanent stations for regional network: AZ, BK, CC, CI, MB, NC, NN, SN, UO, UU,
UW, US, and WY. (b) Grid used to construct subarrays. The red dots indicate grid cells with 10 or more stations; these are
the subarrays where pP-P can be performed.

Figure 2. Vespagram analysis for the 16 May 2014, M 5.5, Nazca subduction zone earthquake (latitude = �23.44°, longi-
tude = �68.54°, and depth = 105 km). (a) Map view of a group of broadband seismic stations used as a seismic array.
(b) Waveforms from the event band passed between 0.1 and 1.5 Hz. (c) Computed Vespagram. The P arrival and the pP and
sP depth phases appear as clear spots with high energy content. The back azimuth for the incoming wavefront is 138.2°.
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with it, we compute the Vespagram for the incoming wavefront [Rost and Thomas, 2002]. Incoherent noise is
removed by applying phase-weighted stacking techniques [Schimmel and Paulssen, 1997]. We only make a
measurement if the SNR around the stacked Pwave is larger than 5. The pP depth phase is the second arrival,
and normally, it is the clearest depth phase, provided we use vertical component seismograms and the focal
mechanism of the event is favorable. Since the Vespagram is calculated in the time domain, we can directly
measure the pP-P time from it. The polarity of the phases can also be read directly from the Vespagrams. In
Figure 3, for example, the polarity of the pP phase is flipped with respect to that of the P wave. We automate
the process, for each subarray we measure the pP-P time by looking for the first two absolute maxima in the
Vespagram. This kind of simple automation is only possible when phase-weighted staking is used to enhance
the main arrivals; when linear stacking is performed, the excess noise can make automatic measurements
unstable and unreliable.

Let us now consider event pair (i, j) observed at subarray k; if the two events are close together, we may
formally define the observed differential time as

Δtobsi;j;k ¼ pP � Pð Þi � pP � Pð Þj
As an example the Vespagrams for two subduction zone earthquakes in the Nazca plate (M 5.8 and M 6.0) are
shown in Figure 4. The two events are close to one another, with a depth separation of about 13 km, and yet a
simple visual inspection reveals that Δtobs must be significant.

Subarray level measurements share some similarities with those performed at a single station. By taking the
center of the subarray as a reference point we compute the event-subarray distance over the surface of the

Figure 4. Vespagrams for two subduction zone earthquakes in the northern segment of the Nazca plate. EV1 happened
on 10 June 2015 (latitude = �22.4°, longitude = �68.43°, and depth = 124 km) and EV2 on 1 November 2015
(latitude = �23.25°, longitude = �68.42°, and depth = 111 km). Waveforms are band passed between 0.1 and 1.5 Hz. The
back azimuths are 137.6° and 140.2°, respectively.

Figure 5. Measurements for two earthquakes at the 12 subarrays shown in Figure 3; the best fitting model depths are also
displayed. The M 5.6 event ruptured on 10 November 2014 (latitude = �21.63°, longitude = �68.72°), and the M 5.5
earthquake happened on 4 December 2008 (latitude =�21.35°, longitude =�68.25°). Both events occurred in the northern
segment of the Nazca plate.
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spherical Earth. Then, we measure the pP-P time for each subarray and plot the results as a function of event-
subarray distance. As an example, Figure 5 shows our measurements at the 12 subarrays constructed using
stations from regional networks in the western United States (Figure 3). Another pair of subduction zone
earthquakes in the Nazca plate (M 5.6 and M 5.5) is used. We fit our data using the ak135 1-D reference
Earth model [Kennett et al., 1995]. The estimated depths are also shown. Note that most of the deviations
from the model are consistent for both events, resembling path specific terms [Richards-Dinger and
Shearer, 2000], which would cancel out when the double difference is computed.

Once Δtobs is measured for every event pair at every available subarray, we invert for the best fitting relative
depths using a procedure similar to Waldhauser and Ellsworth [2000]. The 1-D reference Earth model ak135
[Kennett et al., 1995] is used for theoretical travel time calculations. The best fitting depths are found by mini-
mizing the residual between observed and predicted differential times:

r ¼
X
i;j;k

Δtobsi;j;k � Δtcali;j;k

� �2

where Δtcali;j;k is the predicted differential time:

Δtcali;j;k ¼ pP � Pð Þcali � pP � Pð Þcalj

calculated for event pair i , j at subarray k. Δtobsi;j;k is the observed differential time directly measured from the
vespagrams as previously discussed. pP-P measurements are mostly sensitive to earthquake depth.
Therefore, we do not attempt to solve for the event epicenters; we keep the latitudes and longitudes
provided in the catalog and use an iterative nonlinear conjugate gradient algorithm to find the set of
hypocentral depths that minimizes the residual r [Aster et al., 2005; Shewchuk, 1994].

3. Applications

We explore two possible applications of the technique. The first one serves as validation; it reexamines the
structure of a known double seismic zone in the Nazca subducting plate. In the second one the aftershock
sequence of the 2014 Mw 7.9 Rat Islands archipelago intermediate-depth earthquake is analyzed in an
attempt to illustrate the key role played by accurate relative depth determination when constraining struc-
tures at depth.

3.1. Double Seismic Zone in the Nazca Subducting Plate

The spatial distribution of seismicity provides important information about the physical processes that
happen within the subducting lithosphere. It has been repeatedly shown that double seismic zones (DSZs)
are a dominant pattern of seismicity in many, if not all, subduction zones [Brudzinski et al., 2007; Cassidy
and Waldhauser, 2003; Hacker et al., 2003; Rietbrock and Waldhauser, 2004]. In particular, double-difference
relocation on data collected by the ANCORP-dedicated local deployment [Oncken et al., 1999] was used to
map the detailed structure of clustered seismicity around a segment of the Nazca subducting slab in northern
Chile. A DSZ with a gap of 10 km was observed [Rietbrock and Waldhauser, 2004].

We test our relocation scheme on the very same segment of the Nazca Plate as studied by Rietbrock and
Waldhauser [2004]. Initial hypocenter locations are extracted from the National Earthquake Information
Center global earthquake bulletin (Preliminary Determination of Epicenters catalog) for the period
2005–2016. We use stations that are 30° to 90° away from the event cluster; this avoids mantle triplications
that contaminate P and pP arrivals. To build subarrays we also need a sufficiently dense network that has
been operational for the period of interest. Thus, we focus our attention on the western United States. The
regional networks: AZ, BK, CC, CI, MB, NC, NN, SN, UO, UU, UW, US, and WY, when combined, are reasonably
dense and all of them started their operation before the year 2005. We construct 12 subarrays as shown in
Figure 3 and discussed in section 2.2. For each event we only perform a measurement at a given subarray
if the signal-to-noise ratio around the stacked P wave is larger than 5. To include an event in our relocation
scheme we require at least three pP-P measurements at different subarrays. Our SNR criterion was only
met by events with M > 5.5. For the period of interest 32 such events were found in the catalog, of those
we were able to relocate 30. The selected events and the area of interest are shown in Figure 6; earthquakes
with M > 3.0 are also displayed. We plot the same cross section as in Rietbrock and Waldhauser [2004].
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Once all possible pP-Pmeasurements are made we invert for the best fitting relative depths using the proce-
dure described in section 2.3. Figure 7 shows the results of our inversion and the comparison with the initial
catalog locations. The two linear patterns of seismicity are clearly resolved, and the aseismic gap between
them is also evident. We measure the width of the DSZ using a technique similar to the one proposed by
Brudzinski et al. [2007]. First we determine the average dipping direction of the slab. Then, we compute a
histogram using the distances of the events along the slab-normal direction. Finally, we fit a bimodal
Gaussian distribution to this histogram (Figure 7). The width of the DSZ is given by the distance between
the two peaks of the distribution. We obtain a width of 13.2 ± 1.8 km. The error is estimated using the 95%
confidence interval of the bimodal fit.

3.2. The Mw 7.9 Rat Islands Archipelago, Alaska, Intermediate-Depth Earthquake

On 23 June 2014 one of the largest intermediate-depth earthquakes to date ruptured beneath the Rat Islands
archipelago in the western Aleutians Islands, Alaska [Ye et al., 2014]. This Mw 7.9 event happened within the
subducting pacific slab in a region of oblique plate motion, where the pacific plate is moving relative to the
North American plate at a rate of about 75 mm/yr [DeMets et al., 1990]. The global centroid moment tensor
(GCMT) solution is well approximated by a double-couple point source model, with two nodal planes: a stee-
ply dipping plane with strike 309°, dip 84°, and rake �117° and a shallow-dipping plane with strike 207°, dip
27°, and rake �13°. Ye et al. [2014] performed a detailed source analysis, favoring the shallow-dipping plane.
However, Twardzik and Ji [2015], based on relocated aftershocks, argue in favor of a steeply dipping causative
fault plane.

At least 28 aftershocks (Mw> 4.5) with depths spanning 90 to 150 kmwere generated; most of them could be
observed at teleseismic distances. This is an example of highly clustered seismicity at depth, where earth-
quake relocationmethods would allow for precise relative hypocentral depth determination. For this analysis,
we use data from the Japanese High Sensitivity Seismograph Network (Hi-Net). Most Hi-Net stations are
between 34° and 38° from the events of interest. This is the closest distance range for which clean pP arrivals
could be observed. The western United States is further away, 60° to 70°, and the Alaska local network is too
close, 20° to 25°. Hi-Net offers a dense network with the best possible signal-to-noise ratio for pP arrivals. As in
the previous example we use a grid to build subarrays. We select 12 subarrays where pP-Pmeasurements can
be performed; each subarray contains between 15 and 21 stations (Figure 8). In this case grid cells are 2° × 2°.
Again, we only accept pP-P measurements if the SNR around the stacked P wave is larger than 5. Also, to
include an earthquake in our relocation scheme, we require at least three pP-P measurements at different
subarrays. We were able to relocate a subset of 17 Mw > 4.9 aftershocks. In Figure 8 we plot our

Figure 6. W-E cross section of the Nazca subducting plate segment under study.M< 5.5 PDE catalog events for the period
2005–2016 are shown in blue. The events with M > 5.5 used in this study are shown in red.
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measurements as a function of event-subarray distance for a few representative events. The vertical axis is
flipped because pP-P is an excellent proxy for depth. A picture of the relative distribution of seismicity
already emerges; there is a consistent gap of about 2 s, which would translate into a gap at depth.

In Figure 9 we compare catalog locations with our best fitting relocations. Note that improved depths lead to
sharper features. The offsets between the catalog depths and the new relative depths range from 1.5 km to
14.4 km, with a mean of 5.2 km. Cross section A-A0 runs perpendicular to the steeply dipping nodal plane,
whose projection is denoted by the thick red line. Similarly, cross section B-B0 runs perpendicular to the
shallow-dipping nodal plane, whose projection is also denoted by a thick red line. The relocated aftershocks
align quite well along the steeply dipping nodal plane. In cross section B-B0 a dashed line with an inclination
of 63° is shown; this corresponds to the projection of the steeply dipping nodal plane. Figure 9e shows a very
clear alignment of the relocated aftershocks along this dashed line. Our results are not consistent with a
shallow-dipping nodal plane. Therefore, we can confidently assign the causative fault plane to the steeply
dipping one, in agreement with Twardzik and Ji [2015].

3.3. Limitations and Potential Applications

The methodology described here can be applied to records of earthquakes that meet the following criteria:

1. The events are large enough to be observed by a seismic array or a number of subarrays. At teleseismic
distances the lowest detectable magnitude is around 5.0, although this depends on the quality of the sta-
tions and the event-subarray distance. New stacking techniques [e.g., Korenaga, 2013] may allow for the
location of smaller earthquakes.

Figure 7. Double seismic zone in the northern segment of the Nazca plate. (a) Initial PDE catalog hypocenters, (b) event
relocations with improved relative depths, and (c) histogram perpendicular to slab down-dip direction and bimodal
Gaussian fit.
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2. Depth phases are present, have good signal-to-noise ratio, and are separated in time from other phases
(e.g., P, S, sP, and PcP). In our examples, we used the pP phase for intermediate-depth earthquakes
(50–300 km); therefore, source-subarray distances range between 30° and 90°.

3. The method can directly be applied to deep focus earthquakes (depth > 300 km). For such events clear
depth phases are available in the main shock as well as in many aftershocks [Zhan et al., 2014]. In this sce-
nario a distance range of 30° to 90° is also appropriate, although caremust be taken to avoid ranges where
PcP arrivals interfere with the pP phase.

4. Depth phases at regional distances can also be used. For example, the sP phase is observed between 8°
and 15°. In principle, smaller distance ranges result in higher signal-to-noise ratios; this may allow for
the location of a large number of smaller events. However, this kind of application is beyond the scope
of this paper.

5. Other authors [Ma and Eaton, 2011] have suggested using depth phases associated with shallow inter-
phase reflections to improve depth constrains for shallower events (depth< 20 km). If arrays are available,
our method could be helpful.

6. Shallow earthquakes (depth< 50 km) observed at teleseismic distances have depth phases arriving close
in time to themain P arrival. Depending on the source duration, the pP or the sP phase could interfere with
the P wave. Our technique would require additional modifications, such as source deconvolution, to be
useful in such situations.

Figure 8. (a) Grid with 12 subarrays where measurements were performed. Each grid cell contains between 15 and 21 Hi-
Net stations. The inset displays a map view of Japan. (b) pP-Pmeasurements as a function of event-subarray distance for five
representative aftershocks. The vertical axis is flipped.
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4. Error Analysis
4.1. Phase Timing Error

We start by quantifying the typical uncertainties associated with the timing of the different phase arrivals. We
focus on two nearby Nazca subduction zone earthquakes, M 5.5 (focal depth approximately 117 km) and M
5.6 (focal depth approximately 111 km), the same ones that were used as an example in section 2.3 (Figure 5).
We estimate typical errors in our pP-P time measurements. Let us consider a subarray made up of k stations.

Figure 9. (a) Map view of the area of interest; the contour lines follow the USGS slab1.0 model and are color coded by their
depth to the top of the slab. The set of 17 relocated aftershocks is shown and is color coded using catalog depths. The two
thick black lines represent the cuts for profiles A-A0 and B-B0. The moment tensor solution for the main shock is also shown.
(b) Cross section perpendicular to the steeply dipping nodal plane. The red line is the projection of the corresponding
steeply dipping plane. Catalog locations are shown. (c) Same cross section as in Figure 9b; however the set of events is
plotted using our best fitting relative depths. (d) Cross section perpendicular to the shallow-dipping nodal plane. The red
line is the projection of the corresponding shallow-dipping plane. The black dashed line is the projection of the steeply
dipping nodal plane. Catalog locations are shown. (e) Same cross section as in Figure 9d; however, the set of events is
plotted using our best fitting relative depths.
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To capture the variance resulting from
the many possible geometrical con-
figurations of the stations that are part
of the subarray we use a delete-two
jackknife approach [Prieto et al., 2007].
Every pP-P measurement Δtl is per-
formed on a Vespagram with k� 2 sta-

tions, which results in k
2

� �
independent

jackknife samples. The variance is esti-
mated as [Davison and Hinkley, 1997]

var Δt½ � ¼ k � 2

2 k
2

� � Xk
2ð Þ

l¼1

Δtl � Δt
� �2

where

Δt ¼ 1
k
2

� �X
k
2ð Þ

l¼1

Δtl

is the mean of all delete-two estimates. We use 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var Δt½ �p

as a conservative estimate for the error. The aver-
age error in our pP-P measurements is 0.14 s (Figure 10). Note that subarray level pP-P time measurements
display a remarkable stability with respect to possible variations in the station configuration.

With this in mind we can make a crude estimate of the order of magnitude of the error expected after reloca-
tion. Depth phases are mostly sensitive to depth, so we have not made any attempt to improve event epicen-
ters; we focus our attention only on the resulting depths. Assuming that the pP takes off straight up into the
Earth’s surface and that the P wave velocity at the source is 8 km/s, a depth error of about 1.1 km would be
expected. This is of course a crude calculation, but it provides an insight into the resolution of our
relocation scheme.

4.2. Relative Depth Errors

We now assess the quality of the result-
ing relative depths. Given the limited
station availability, subarrays tend to
be heterogeneous, with a varying num-
ber of stations, uneven spatial coverage,
and different geographical extents.
Error quantification must be done in
such a way that it reflects the impact
of these considerations.

Let N be the total number of subarrays
and let ki be the number of stations at
subarray i. To capture the variability of
the many possible geometric configura-
tions, we use a bootstrap resampling
scheme. We conduct R=4000 experi-
ments. When experiment r is performed,
we invert for z�r , the resulting set relative
depths, as follows:

1. For each subarray i we remove two
stations at random; this results in N
new subarrays, each with ki� 2
stations.

Figure 10. The error bars for measurements of the pP-P times at the 12
subarrays shown in Figure 3. The M 5.6 event, in red, ruptured on 10
November 2014 (latitude = �21.63°, longitude = �68.72°). The M 5.5
earthquake, in black, happened on 4 December 2008 (latitude = �21.35°,
longitude = �68.25°). Both events were included in the relocation
example discussed in section 3.1.

Figure 11. The error bars for all events in the double seismic zone of the
northern segment of the Nazca plate.
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2. We compute Vespagrams for all
available event pairs at all the newly
defined subarrays, performmeasure-
ments of pP-P times, and invert for
the best fitting relative depths z�r .

The bootstrap variance is given by
[Davison and Hinkley, 1997]

var z�½ � ¼ 1
R� 1

XR
r¼1

z�r � z�
� �2

where

z� ¼ 1
R

XR
r¼1

z�r

is the average over all experiments. We
use 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var z�½ �p

as a conservative esti-
mate for the error. For the double seis-
mic zone in the northern segment of
the Nazca plate (section 3.1), we obtain

and average relative depth error of 1.8 km. The error bars for all events are shown in Figure 11. For the after-
shock sequence of the Mw 7.9 Alaska intermediate-depth earthquake (see section 3.2 for details), we obtain
an average depth error of 1.9 km (Figure 12).

5. Conclusions

We have proposed a technique that significantly reduces the uncertainties associated with relative depth
determination for earthquakes observed at teleseismic distances. This has been achieved by using subarrays
to systematically measure pP-P times. We have shown that such measurements exhibit some of the proper-
ties of station level measurements. In particular, many subarray level measurements show systematic devia-
tions frommodel predictions (Figure 5), resembling source-specific terms [Richards-Dinger and Shearer, 2000].
By computing the difference between pP-P times for pairs of events whose rays sample similar paths, we
minimize errors due to unmolded velocity heterogeneity [Waldhauser and Ellsworth, 2000]. The combination
of these ideas into a single coherent procedure enabled us to reduce relative depth uncertainties down to
about 1.5 km. Also, we have no trade-off between depth and origin time, as it is typically the case for most
relocation schemes [Lin and Shearer, 2005].

Many applications of our technique are feasible; however, the most important one could be the high-
resolution global mapping of double seismic zones. Up until now two well-separated layers of seismicity have
only been clearly resolved in regions where local seismic networks provide sufficient coverage [Yamasaki and
Seno, 2003] or where data from dedicated deployments have been analyzed [Rietbrock and Waldhauser,
2004]. This is mostly due to the fact that global seismicity catalogs display a high degree of scatter in their
locations. Engdahl et al. [1998] suggest that when routine earthquake location is performed, errors associated
with hypocentral depth are the largest ones. Bondár and Storchak [2011] describe ongoing efforts at the
International Seismological Centre to include depth phases into routine earthquake location workflows.
Indeed, by improving the precision of relative depth determination, we have shown that it was possible to
clearly map the two linear patters of seismicity and the aseismic gap of a DSZ in the northern segment of
the Nazca plate (Figure 7). Furthermore, this was done using only teleseismic observations. It remains to
be determined if DSZs are in fact a global feature [Brudzinski et al., 2007] and whether there are only two,
or possibly more, parallel planes of seismicity along the subducting slab. What are the controls on the width
of the aseismic gap? Does it really correlate with the thermal structure of the plate? How deep can DSZs go?
We are confident that careful hypocentral depth determination will bring more clarity into some of
these issues.

Figure 12. The error bars for a set of 17 aftershocks of the M 7.9 Rat
Islands archipelago, intermediate-depth earthquake. A cross section
perpendicular to the steeply dipping nodal plane is plotted, A-A0 in
Figure 9. The star corresponds to the GCMT centroid of the main shock.
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The main limitation of this technique is the availability of data at the required distance ranges, 30°–90° for the
pP phase. Events need to be large, typically M > 5.0, so that the pP-P time can be measured on the
Vespagrams. New stacking techniques [Korenaga, 2013] would certainly allow us to include earthquakes with
smaller signal-to-noise ratio. However, analysis of the sP phase, observed at distances between 8° and 15°,
seems like a promising future area of research; it would open up the possibility of relocating smaller magni-
tude and thus larger sets of events.

References
Aster, R. C., B. Borchers, and C. H. Thurber (2005), Parameter estimation and inverse problems, Int. Geophys. Ser., 90, 1–303.
Bondár, I., and D. Storchak (2011), Improved location procedures at the International Seismological Centre, Geophys. J. Int., 186(3), 1220–1244,

doi:10.1111/j.1365-246X.2011.05107.x.
Brudzinski, M. R., C. H. Thurber, B. R. Hacker, and E. R. Engdahl (2007), Global prevalence of double Benioff zones, Science, 316(5830),

1472–1474, doi:10.1126/science.1139204.
Cassidy, J. F., and F. Waldhauser (2003), Evidence for both crustal andmantle earthquakes in the subducting Juan de Fuca plate, Geophys. Res.

Lett., 30(2), 1095, doi:10.1029/2002GL015511.
Davison, A. C., and D. V. Hinkley (1997), Bootstrap Methods and their Application, pp. 11–69, Cambridge Univ. Press, Cambridge, New York.
DeMets, C., R. G. Gordon, D. F. Argus, and S. Stein (1990), Current plate motions, Geophys. J. Int., 101(2), 425–478.
Engdahl, E. R., R. van der Hilst, and R. Buland (1998), Global teleseismic earthquake relocation with improved travel times and procedures for

depth determination, Bull. Seismol. Soc. Am., 88(3), 722–743.
Frohlich, C. (1979), Efficient method for joint hypocenter determination for large groups of earthquakes, Comput. Geosci., 5(3–4), 387–389,

doi:10.1016/0098-3004(79)90034-7.
Hacker, B. R., S. M. Peacock, G. A. Abers, and S. D. Holloway (2003), Subduction factory 2. Are intermediate-depth earthquakes in subducting

slabs linked to metamorphic dehydration reactions?, J. Geophys. Res., 108(B1), 2030, doi:10.1029/2001JB001129.
Kennett, B. L. N., E. R. Engdahl, and R. Buland (1995), Constraints on seismic velocities in the Earth from traveltimes, Geophys. J. Int., 122(1),

108–124, doi:10.1111/j.1365-246X.1995.tb03540.x.
Korenaga, J. (2013), Stacking with dual bootstrap resampling, Geophys. J. Int., 195(3), 2023–2036, doi:10.1093/gji/ggt373.
Lin, G., and P. Shearer (2005), Tests of relative earthquake location techniques using synthetic data, J. Geophys. Res., 110, B04304, doi:10.1029/

2004JB003380.
Ma, S., and D. W. Eaton (2011), Combining double-difference relocation with regional depth-phase modelling to improve hypocentre

accuracy, Geophys. J. Int., 185(2), 871–889, doi:10.1111/j.1365-246X.2011.04972.x.
Magistrale, H., and C. Sanders (1996), Evidence from precise earthquake hypocenters for segmentation of the San Andreas Fault in San

Gorgonio Pass, J. Geophys. Res., 101(B2), 3031–3044, doi:10.1029/95JB03447.
Oncken, O., et al. (1999), Seismic reflection image revealing offset of Andean subduction-zone earthquake locations into oceanic mantle,

Nature, 397(6717), 341–344.
Pavlis, G. L., and J. R. Booker (1980), The mixed discrete-continuous inverse problem application to the simultaneous determination of

earthquake hypocenters and velocity structure, J. Geophys. Res., 85(B9), 4801–4810, doi:10.1029/JB085iB09p04801.
Prieto, G. A., D. J. Thomson, F. L. Vernon, P. M. Shearer, and R. L. Parker (2007), Confidence intervals for earthquake source parameters,

Geophys. J. Int., 168(3), 1227–1234, doi:10.1111/j.1365-246X.2006.03257.x.
Richards-Dinger, K. B., and P. M. Shearer (2000), Earthquake locations in southern California obtained using source-specific station terms,

J. Geophys. Res., 105(B5), 10,939–10,960, doi:10.1029/2000JB900014.
Rietbrock, A., and F. Waldhauser (2004), A narrowly spaced double-seismic zone in the subducting Nazca plate, Geophys. Res. Lett., 31,

L10608, doi:10.1029/2004GL019610.
Rost, S., and C. Thomas (2002), Array seismology: Methods and applications, Rev. Geophys., 40(3), 1008, doi:10.1029/2000RG000100.
Schaff, D. P., G. H. R. Bokelmann, G. C. Beroza, F. Waldhauser, and W. L. Ellsworth (2002), High-resolution image of Calaveras Fault seismicity,

J. Geophys. Res., 107(B9), 2186, doi:10.1029/2001JB000633.
Schaff, D. P., G. H. R. Bokelmann, W. L. Ellsworth, E. Zanzerkia, F. Waldhauser, and G. C. Beroza (2004), Optimizing correlation techniques for

improved earthquake location, Bull. Seismol. Soc. Am., 94(2), 705–721, doi:10.1785/0120020238.
Schimmel, M., and H. Paulssen (1997), Noise reduction and detection of weak, coherent signals through phase-weighted stacks, Geophys. J.

Int., 130(2), 497–505, doi:10.1111/j.1365-246X.1997.tb05664.x.
Shewchuk, J. R. (1994), An introduction to the conjugate gradient method without the agonizing PainRep., Carnegie Mellon Univ.,

Pittsburgh, Pa.
Thurber, C. H. (1983), Earthquake locations and three-dimensional crustal structure in the Coyote Lake Area, central California, J. Geophys.

Res., 88(B10), 8226–8236, doi:10.1029/JB088iB10p08226.
Tibuleac, I. M. (2014), A method for first-order earthquake depth estimation using superarrays, Seismol. Res. Lett., 85(6), 1255–1264.
Twardzik, C., and C. Ji (2015), The Mw7.9 2014 intraplate intermediate-depth Rat Islands earthquake and its relation to regional tectonics,

Earth Planet. Sci. Lett., 431, 26–35, doi:10.1016/j.epsl.2015.08.033.
Waldhauser, F., and W. L. Ellsworth (2000), A double-difference earthquake location algorithm: Method and application to the Northern

Hayward Fault, California, Bull. Seismol. Soc. Am., 90(6), 1353–1368, doi:10.1785/0120000006.
Waldhauser, F., and D. Schaff (2007), Regional and teleseismic double-difference earthquake relocation using waveform cross-correlation

and global bulletin data, J. Geophys. Res., 112, B12301, doi:10.1029/2007JB004938.
Yamasaki, T., and T. Seno (2003), Double seismic zone and dehydration embrittlement of the subducting slab, J. Geophys. Res., 108(B4), 2212,

doi:10.1029/2002JB001918.
Ye, L., T. Lay, and H. Kanamori (2014), The 23 June 2014Mw 7.9 Rat Islands archipelago, Alaska, intermediate depth earthquake, Geophys. Res.

Lett., 41, 6389–6395, doi:10.1002/2014GL061153.
Yoshii, T. (1979), A detailed cross-section of the deep seismic zone beneath northeastern Honshu, Japan, Tectonophysics, 55(3), 349–360,

doi:10.1016/0040-1951(79)90183-5.
Zhan, Z., D. V. Helmberger, H. Kanamori, and P. M. Shearer (2014), Supershear rupture in a Mw 6.7 aftershock of the 2013 Sea of Okhotsk

earthquake, Science, 345, 204–207.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014132

FLOREZ AND PRIETO RELATIVE EARTHQUAKE DEPTH DETERMINATION 4571

Acknowledgments
We thank Jeff McGuire, Marine Denolle,
Piero Poli, and Chunquan Yu for their
enlightening discussions and two
anonymous reviewers for their
important suggestions that have
improved the paper. The IRIS Web
services (http://ds.iris.edu/ds/nodes/
dmc/data/) were used to access seismic
data from permanent stations in the
Western United States. Hi-Net data were
downloaded from the Japanese
National Research Institute for Science
and Disaster Resilience data center
(http://www.hinet.bosai.go.jp/about_-
data/). The catalogs generated by our
relocations are provided as Tables S1
and S2 in the supporting information.

https://doi.org/10.1111/j.1365-246X.2011.05107.x
https://doi.org/10.1126/science.1139204
https://doi.org/10.1029/2002GL015511
https://doi.org/10.1016/0098-3004(79)90034-7
https://doi.org/10.1029/2001JB001129
https://doi.org/10.1111/j.1365-246X.1995.tb03540.x
https://doi.org/10.1093/gji/ggt373
https://doi.org/10.1029/2004JB003380
https://doi.org/10.1029/2004JB003380
https://doi.org/10.1111/j.1365-246X.2011.04972.x
https://doi.org/10.1029/95JB03447
https://doi.org/10.1029/JB085iB09p04801
https://doi.org/10.1111/j.1365-246X.2006.03257.x
https://doi.org/10.1029/2000JB900014
https://doi.org/10.1029/2004GL019610
https://doi.org/10.1029/2000RG000100
https://doi.org/10.1029/2001JB000633
https://doi.org/10.1785/0120020238
https://doi.org/10.1111/j.1365-246X.1997.tb05664.x
https://doi.org/10.1029/JB088iB10p08226
https://doi.org/10.1016/j.epsl.2015.08.033
https://doi.org/10.1785/0120000006
https://doi.org/10.1029/2007JB004938
https://doi.org/10.1029/2002JB001918
https://doi.org/10.1002/2014GL061153
https://doi.org/10.1016/0040-1951(79)90183-5
http://ds.iris.edu/ds/nodes/dmc/data
http://ds.iris.edu/ds/nodes/dmc/data
http://www.hinet.bosai.go.jp/about_data
http://www.hinet.bosai.go.jp/about_data


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


