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Abstract 

The uppermost structures of incoming oceanic plates have been investigated by seismic exploration surveys, pri-
marily based on two-dimensional profiles. However, their regional-scale lateral variations and shear wave velocity 
structures with higher-frequency components remain elusive. This study, using passive seismic records, attempted to 
retrieve Po-to-s converted waves (Pos) by cross-correlating Po wave coda from the radial and vertical components in 
the 2–6 Hz frequency band and to show lateral variations of the shear wave velocity within the oceanic crust, includ-
ing crust-related seismic interfaces and layer-dependent anisotropic structures. Po waves were collected from con-
tinuous records acquired from active seismic surveys performed across wide areas of the Northwestern Pacific over 
shorter observation periods and passive seismic surveys performed near the Japan Trench over longer observation 
periods. As a result, this study obtained clear Pos waves converted at the basement and oceanic Moho of the seaward 
region, whereas weakened or no Pos waves were observed at ocean bottom seismometers near the trench. The pri-
mary reasons for Pos wave weakening or absence were considered to be structural changes, including normal faults 
due to the plate flexures in the outer-rise region, hydration at the uppermost oceanic plate, and fractures associated 
with volcanic activities that can be seen on the oceanic plate (petit spots). Furthermore, layer-dependent shear wave 
anisotropies were estimated for the sediment and crust. Fast polarization directions were oriented in trench-parallel 
directions near the trench and in the NNW–SSE directions in the seaward region. The pattern change to near-trench 
polarization directions would correspond to stress field-induced aligned fractures, including cracks and normal faults, 
created by stress fields induced by plate bending in the outer-rise region.
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Introduction
The seismological characteristics of incoming oceanic 
plates in various subduction zones have been investigated 
by both active and passive seismic surveys (e.g., Ranero 
et al. 2003; Ranero and Sallarès 2004; Grevemeyer et al. 
2007; Shinohara et al. 2008; Brillon et al. 2013; Fujie et al. 
2013, 2016; Obana et al. 2012, 2013, 2014, 2018; Kodaira 
et al. 2014; Bécel et al. 2015; Shillington et al. 2015). Sev-
eral active survey results have revealed seismic velocity 

reductions at the uppermost oceanic plate near trenches 
(Ranero et  al. 2003; Ranero and Sallarès 2004; Greve-
meyer et al. 2007; Fujie et al. 2013; Shillington et al. 2015), 
which can be explained by fractures associated with plate 
bending in the outer-rise region (Faccenda et al. 2009). If 
pore water in such fractures and bound water in hydrous 
minerals are present in sufficient amounts in the crust 
and uppermost mantle, water may plausibly be trans-
ported to deep subduction zones, potentially control-
ling seismic activities at the plate interface (Shelly et  al. 
2006) and within the subducting slab (Hacker et al. 2003; 
Yamasaki and Seno, 2003; Kita et al. 2006; Eberhart-Phil-
lips et  al. 2013). In addition to seismic velocity, seismic 
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anisotropy information is important for investigating 
fracture creation near trenches, as shear wave speeds 
increase when polarized into aligned fractures.

Active seismic surveys are useful for investigating the 
uppermost oceanic plate. Although most passive seafloor 
observations use teleseismic waves because part or all 
survey areas are distant from seismically active regions 
(e.g., Brillon et  al. 2013), the high-frequency compo-
nents of such waves are insufficient relative to those of 
active sources. If converted waves could be retrieved 
from passive seismic surveys at high frequencies, signals 
obtained from different approaches could be compared 
or interpreted.

This study attempted to detect Po-to-s converted waves 
(Pos) isolated from Po wave propagating within the oce-
anic mantle. When P and S waves are excited by an earth-
quake occurring within the subducting slab, Po and So 
waves are developed from the multiple scatterings of the 
P and S waves owing to small-scale stochastic random 
heterogeneities in the oceanic mantle (Shito et al. 2013). 
These waves propagate over distances up to 3000 km and 
often manifest long-duration, high-frequency (> 2  Hz) 
recordings in the seafloor observation (Kennett and 

Furumura, 2013; Shito et al. 2013, 2015). This study used 
Po waves observed in the northwestern part of the Pacific 
Plate (Fig. 1 and Additional file 1: Fig. S1). In this region, 
the Pacific Plate (ages 130–140 Ma) is moving in a west-
northwest direction with subducts from the Japan and 
Kuril Trenches. As Po waves are observed at the seafloor 
through refraction at the basement and inside or bot-
tom (Moho) of the oceanic crust, Pos waves converted at 
these interfaces may also be observed (Fig. 2).

In this paper, the process of extracting Pos waves from 
Po wave coda and the estimation of anisotropic struc-
tures explained in detail in “Methods” section. “Results” 
section describes the retrieval of Pos waves converted at 
the basement and oceanic Moho, as well as the pattern 
of the fast polarization direction. Lateral variations of the 
fast polarization direction between the outer-rise and 
seaward regions are described in “Discussion” section.

Methods
Po waves from OBS observation
Two ocean bottom seismometers (OBSs) data sets were 
used: one from active seismic surveys (Fujie et al. 2013) 
and the other from passive seismic surveys (Obana et al. 
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Fig. 1 OBS locations used in this study. a Red and yellow triangles indicate OBSs for active and passive seismic surveys, respectively. Orange dash 
line roughly represents the ridge line of the outer-rise region. Yellow stars indicate the locations where Pos waves tend to be weak toward the 
trench (see Fig. 4). b Zoomed-in map for box displayed in Fig. 1a
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2012, 2013, 2014, 2018), in which three-component, 
short-period (4.5 Hz) sensors were deployed in the north-
western part of the Pacific Plate. The first set consisted of 
linear arrays with station spacings of ~ 6  km (lines from 
A–A′ to E–E′ in Fig. 1) and had shorter observation peri-
ods (58 days for line A–A′, 22 days for line B–B′, 40 days 
for line C–C′, and 21 days for lines D–D′ and E–E′). Po 
waves were collected from these data sets in time series 
where airgun shot signals were not recorded. In the sec-
ond data set, planar OBS arrays were deployed with sta-
tion spacings of 25–30  km from lines from F–F′ to J–J′ 
(Fig. 1). The latter data set was acquired by passive seis-
mic surveys over four periods. The OBS array locations 
were shifted to overlap each other, and the total obser-
vation period was 497  days (66 + 104 + 253 + 74). More 
than 350 OBS locations were used in the two data sets.

The horizontal orientation of each OBS in the active 
seismic surveys was determined using air gun shot sig-
nals (see Tonegawa et  al. 2015). When the orientation 
could not be determined due to low signal-to-noise ratios 
(S/N), this study used T waves excited by earthquakes 
occurring in subduction zones between Mariana and 
Kamchatka, with magnitudes of 4.5–6.0 and focal depths 
shallower than 50 km to estimate the horizontal orienta-
tions of OBSs (see Tonegawa et  al. 2016). The backazi-
muth (BAZ) range covered at most 220°. The horizontal 
orientations of OBSs used in passive seismic surveys were 
estimated using T waves. As π ambiguities exist in the 
orientations estimated by both techniques, the seismic 
phase polarities could not be identified in this study.
Po waves excited by earthquakes (magnitudes of 

4.5–6.5) occurring at any depth in the subduction zones 
between Mariana and 180°E (east of Kamchatka) were 
collected from continuous OBS observation records 
(Additional file  1: Fig. S1). Po waves were manually 

selected to remove direct P arrival contamination; in the 
cases of earthquakes that occur above subducting slabs 
(hanging wall sides) or with short propagation paths 
between the hypocenter and OBS, Po waves are not suf-
ficiently developed within the oceanic plate. To ensure 
sufficient scattering within the mantle, thereby remov-
ing contamination by direct P arrivals, earthquake sig-
nals with a straight line greater than 300 km between the 
hypocenter and the OBS were used.

Extraction of Pos waves
The normalized cross-spectra were used, calculated as

where z(ω), r(ω), and t(ω) represent the vertical, radial, 
and transverse components of Po coda seismograms 
in the frequency domain, respectively, and asterisks (*) 
indicate the complex conjugates. To preserve the rela-
tive amplitudes of R(ω) and T(ω), the normalization was 
performed using a single component, z(ω). Equations (1) 
and (2) are equivalent to the descriptions of radial and 
transverse receiver functions in the frequency domain 
(Langston 1979; Ammon 1991). Applying the inverse 
Fourier transform to Eqs.  (1) and (2), the radial- and 
transverse-normalized cross-correlation functions (RCF 
and TCF, respectively) were obtained.

A Gaussian-shaped bandpass filter of 2–6  Hz was 
applied to calculate Eqs. (1) and (2), and time windows of 
− 2 to 6 s and from − 2 to 18 s were used for the vertical 

(1)R(ω) =
z∗(ω) · r(ω)

|z(ω)|2
,

(2)T (ω) =
z∗(ω) · t(ω)

|z(ω)|2
,
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Fig. 2 Schematic of Po and Pos waves observed at an OBS. a Po waves propagated in the oceanic mantle from an earthquake. b Pos waves were 
generated at the basement and oceanic Moho beneath an OBS
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and horizontal components, respectively, from hand-
picked Po arrival times. The shorter time window of the 
vertical component was determined to avoid water rever-
beration contamination of the Po wave (Pow) and allow 
the first portion of Po waves to be used; Fig. 3a shows the 
Po waves at 0–2 s (2–6 Hz) of an earthquake aligned as 
a function of epicentral distance with a reduced velocity 
of 8  km/s alongside the Pow waves at 8–10  s. The RCF 
and TCF amplitudes exceed one because of the shorter 
time window in the vertical component; however, their 
relative amplitudes are preserved. Figure 3b displays the 

Pos waves at 2–4 s (2–6 Hz), during which the first peak 
corresponding to Pos waves converted at the top of the 
basement (Pos1). Clear Pos waves were obtained in the 
RCFs at 1.5–2.5  s lag time (Fig.  3c). In the Northwest-
ern Pacific, the typical marine sediment Vp, Vp/Vs, and 
thickness are 1.6  km/s, 8 (Fujie et  al. 2013; Tonegawa 
et al. 2015), and < 0.4 km (e.g., Fujiwara et al. 2007; Naka-
mura et al. 2013), respectively, resulting in a differential 
travel time of 1.75 s between vertically propagating P and 
S waves. This agrees well with the observed lag times of 
Pos1. Later phases were also observed at 2.0–3.0  s lag 
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times, corresponding to Pos waves converted from the 
oceanic Moho. When a strong Pos wave was detected 
with a delay time of approximately 1 s after Pos1, it was 
defined as a Pos wave converted from the oceanic Moho 
(Pos2). Delay times were determined using a velocity 
model (Vp = 6.27  km/s, Vs = 3.49  km/s) and an oceanic 
crust thickness of 7 km (White et al. 1992), resulting in 
a differential travel time of 0.89 s between the vertically 
propagating P and S waves.

Furthermore, the averaged Pos1 and Pos2 amplitudes 
are displayed for each OBS. For each RCF trace, the max-
imum Pos1 and Pos2 amplitudes were measured within a 
time window of 0.6  s from handpicked arrival times of 
those waves. The averaged Pos1 and Pos2 values at each 
OBS are displayed to investigate the lateral variations in 
their amplitudes.

Estimation of anisotropy
We apply a traditional cross-correlation approach (e.g., 
Ando et  al. 1983; Fukao 1984) for estimating the split-
ting parameters (the fast polarization direction and 
delay time) of the marine sediment layer and oceanic 
(igneous) crust and count the cumulative number of 
both parameters in three regions: two outer-rise regions 
and a seaward region. Both parameters were obtained 
at OBSs located in each region and plotted in rose dia-
grams and histograms, respectively. This allowed us to 
use splitting information at OBSs where clear Pos waves 
were observed, but the number of available records was 
minimal due to the short observation periods. Time win-
dows of 0.6 s were used from handpicked Pos1 and Pos2 
arrival times. The delay time search ranges of both layers 
were within 0.15 s, as determined by typical time delays 
at each layer and region. For each trace, the fast polari-
zation direction and delay time of the marine sediment 
layer were estimated using Pos1 with a t test error estima-
tion (e.g., Kuo et al. 1994; Chang et al. 2009; Giannopou-
los et al. 2015). If C (cross-correlation coefficient) > 0.9, ∆t 
(delay time) ≥ 0.03 s, and ∆t error < 0.03 s, the anisotropic 
effect of the sediment layer was removed from Pos2 (Oda 
2011) under the assumption the Pos1 and Pos2 emerging 
in each trace have similar incidence angles of S waves 
within the marine sediment and suffer similar splitting 
effects. The anisotropic structure of the oceanic crust 
was estimated using the corrected Pos2. When C > 0.9 and 
∆t < 0.03 s, the anisotropic structure of the oceanic crust 
was also estimated using the uncorrected Pos2. Because 
signal-to-noise ratios of Pos2 were small compared with 
those of Pos1, the acceptance criterion was lowered to 
C > 0.8. Additional criteria were set for the Pos amplitude: 
(1) Pos arrival times can be handpicked, and (2) the S/N 
of Pos waves is greater than 2, in which S/N is defined as 
the ratio of the root-mean-square (RMS) amplitudes of 

Pos waves of 0.6 s over the noise records of − 2 to 0 s in 
the NCF lag time.

Additional file  1: Figure S2 demonstrates two-layer 
anisotropic structure estimations from a RCF-TCF pair 
observed at one OBS. Crosses and dash lines in Addi-
tional file 1: Fig. S2b correspond with splitting parameter 
measurements with uncertainties from the t test. The 
determined delay times and slow (negative delay time) 
polarization directions were − 0.03 s and − 63° from the 
radial direction at the sediment layer (Additional file  1: 
Fig. S2b) and − 0.1  s and 2° at the crustal layer (Addi-
tional file  1: Fig. S2d). Splitting parameters could be 
estimated within errors of ± 0.02  s and ± 20°, and linear 
particle motions could be obtained in the corrected Pos 
waveforms (Additional file 1: Fig. S2c and e).

Results
Observations of Pos waves from the basement and Moho
Figures  4, 5, and 6 show the observed RCFs and TCFs 
along lines from A–A′ to E–E′ and F–F′ to J–J′, respec-
tively. Each box along the lines corresponds to a suite of 
RCFs/TCFs observed at one OBS. The waveform polari-
ties are unity in each box, but have an ambiguity of π in 
the horizontal orientation of each OBS. The blank boxes 
in Fig. 4 indicate OBSs where the RCFs and TCFs were 
not available, as no information was available for the OBS 
horizontal orientation or Po and Pos wave arrival times 
due to low S/N. The blank boxes in Fig. 6 represent the 
OBSs described above or were placed to adjust relative 
OBS locations along the F–F′ to J–J′ lines.
Pos1 waves were clearly extracted at lag times of 0.5–

2.0  s from most of the survey region (Fig.  4a–e, Addi-
tional file  1: Fig. S3a). Exceptions are observed in the 
northwestern portion of line A–A′ (light-blue star and 
bottom arrow in Fig.  4a) and the western parts of lines 
B–B′ and C–C′ (light-blue stars and bottom arrows in 
Fig.  4b, c) where the Pos1 amplitudes tended to weaken 
with proximity to the trench. The feature in lateral vari-
ation of Pos2 amplitude was similar but weaker to those 
of Pos1. When Fig. 4a is compared to Fig. 2 in Fujie et al. 
(2013), the lateral variations in Pos amplitudes obtained 
in this study were in good agreement with the active sur-
vey results in spite of the reflectivity clearly seen in the 
active survey.

Since the RCF/TCFs available from lines F–F′ to 
J–J′ were much higher than those from lines A–A′ to 
E–E′, this study investigated lateral variations in Pos 
wave appearances near the Japan Trench. The RCFs in 
Fig.  6a–e show Pos waves observed at OBSs deployed 
around the western parts of lines B–B′ and C–C′. The 
Pos1 amplitudes for each OBS fluctuated on a local 
scale, allowing identification at some OBSs but not oth-
ers (Additional file  1: Fig. S3a). Pos2 amplitudes were 
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observed at three OBSs along line J–J′ and scattered at 
OBSs along lines G–G′, H–H′, and I–I′. At OBSs in line 
F–F′, close to the Japan Trench (Fig. 1), the Pos1 ampli-
tudes were significantly weaker, and the Pos2 ampli-
tudes could not be identified.

Shear wave anisotropy at the sediment and crust
TCFs are shown along all lines (Figs. 5, 6f–j), from which 
Pos1 and Pos2 can be identified at most and some OBSs, 
respectively. These observations indicate that shear wave 
anisotropy was present at the sediment layer across the 
entire survey region and possibly at the oceanic crust 
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in sporadic regions. Three regions K–M (Fig.  7) were 
selected based on TCF amplitude and tectonic setting: 
two outer-rise regions and one seaward region for region-
ally averaged splitting parameters. As shown in Fig. 7, the 
fast polarization directions at OBSs near the trench were 
estimated to be the trench-parallel in the regions K and 
L, consistent with Tonegawa et al. (2013, 2015), whereas 
the NNW–SSE-trending directions were estimated for 
OBSs in the region M. Although the splitting parameters 
estimated for the oceanic crust were less than those of 
the sediment layer, similar patterns and degrees of the 
shear wave anisotropy to sediment could be obtained at 
the oceanic crust (Additional file 1: Fig. S4).

Discussion
Lateral variations in Pos wave amplitudes near the trench
Pos1 and Pos2 amplitudes weakened as they approached 
the trench along A–A′, B–B′, and C–C′, and their 

appearance changed starting slightly east of the ridge 
line (orange circles in Fig. 4a–c, orange line in Fig. 1) in 
the outer-rise region (yellow stars in Figs. 1, 4a–c). Pos-
sible reasons for this absence of waves include (1) struc-
tural variations in the seafloor, basement, and oceanic 
Moho topography or seismic velocity anomalies in the 
outer-rise to trench region (Fig. 8), and (2) noise levels at 
OBSs near the trench are larger than those in the seaward 
region.

Structural changes occurred between the outer-rise 
and trench regions because many normal faults develop 
at the uppermost oceanic plate due to the horizontal 
extension along the trench-normal direction associated 
with plate bending (Ranero et al. 2003; Ranero and Sal-
larès, 2004; Grevemeyer et al. 2007; Fujie et al. 2013). This 
has the potential to induce seafloor, basement, and oce-
anic Moho deformations. If Po waves enter such undu-
lated interfaces, converted Pos1 and Pos2 amplitudes 
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would be weakened by ineffective conversion or/and ray-
path bending. As their travel times also vary at each OBS 
as a function of BAZ, the coherence of Pos waves may be 
reduced in the aligned time-domain RCFs. Additionally, 
seismic velocity reductions at shallower parts of oceanic 
plates have been revealed by active seismic surveys (Ran-
ero et  al. 2003; Ranero and Sallarès 2004; Grevemeyer 
et al. 2007; Fujie et al. 2013; Shillington et al. 2015). These 
can be explained by hydration at the crust and mantle 
through fractures due to the plate bending. If the seis-
mic velocity contrast at the basement and Moho in this 
region was decreased by velocity reduction degrees at 
the sediment, igneous crust, and mantle, converted Pos 
amplitudes would be weakened. These structural factors 
may alter the appearance of the Pos waves along the A–A′ 
and B–B′ lines as well as across the northern part of the 
passive survey area (Figs. 6, 8).

For the line C–C′ and the southern part of the pas-
sive survey area, an additional factor contributed to 
the absence of Pos waves: Many petit spots have been 
reported by previous studies along the western part of 
line C–C′ (e.g., Hirano 2010). Petit spots are submarine 
volcanos formed on the oceanic plate, providing an out-
let for alkali magma ascending from the asthenosphere 
(Hirano et al. 2006, 2010; Machida et al. 2015). The for-
mation of these volcanoes, alongside their conduits and 
magma chambers, induces fractures in the oceanic litho-
sphere. In the case of high volcanic activities, the base-
ment and oceanic Moho could also be highly deformed 
or broken: Hence, converted Pos1 and Pos2 amplitudes 
would be weakened as in the case of fault-induced defor-
mations of the basement and Moho. Detailed investi-
gations of the structural variations in this region are 
expected to be performed in future research using depth-
dependent profiles from active seismic surveys.

To confirm the aforementioned point (2) contributing 
to Pos wave absences, noise levels were calculated for 
each OBS site. RMS amplitudes with a time window of 
− 2 to 0 s in lag time in the RCF were estimated for noise 
levels. Additional file 1: Figure S3c shows a geographical 
map of the estimated noise levels at each OBS site, indi-
cating noise levels increase slightly near the Japan Trench 
but decrease slightly near the Kuril Trench relative to 
seaward OBSs. Although the Pos1 was identified at most 
of OBSs near the Japan Trench, the Pos2 was identified 
at only a few OBSs. These Pos2 absences may be caused 
by weak Pos2 amplitudes obscured by the relatively high 
noise levels near the Japan Trench.

Shear wave anisotropy associated with plate bending
The results of this study revealed fast polarization direc-
tions were oriented parallel to the trench from the outer-
rise to trench region, but NNW–SSE-trending direction 

in the seaward region. The magnetic lineation across 
the entire survey region in this study is oriented NE-SW 
(normal to the direction of line A–A′) (Nakanishi 2011). 
If the fractures and cracks formed at the spreading center 
during oceanic plate formation were preserved, the fast 
polarization would be estimated in the NE-SW direction. 
The present results, which contradict this expectation, 
thus indicate other mechanisms for creating anisotropic 
structure are present within the sediment across all sur-
veyed regions and crust in spatially sporadic regions. 
An active seismic survey shows no significant P wave 
velocity difference in the crust around the intersection 
between line A–A′ and the northeastern segment of line 
E–E′ (Kodaira et al. 2014). Weak and spotted anisotropic 
structures obtained in this study may be linked to the 
small azimuthal differences in P wave velocity.

Possible anisotropy creation mechanisms include (1) 
aligned fractures (cracks and normal faults) associated 
with a stress field (anisotropy for the sediment and crust), 
(2) aligned topography at the seafloor (anisotropy for 
the sediment), and (3) anisotropic minerals (particularly 
clay for the sediment anisotropy). Because it is difficult 
to explain the observed patterns of the fast polariza-
tion direction in the regions K–M using mechanism (3), 
mechanisms (1) and (2) are considered in the subsequent 
paragraphs. Here, because the marine sediments in the 
Northwestern Pacific have a high porosity (80%, Kanaz-
awa et  al. 2001) and slow Vs (0.2  km/s, Tonegawa et  al. 
2013) in which the solid and fluid phases become con-
tinuous (bi-connected), systematic water flow channeling 
may occur under stress fields, inducing anisotropic seis-
mic velocities in an effective medium. This text consid-
ered such pore channeling as cracks in the sediment.

It is suggested that current cracks were created by the 
stress fields associated with plate bending. As the oce-
anic plate surface curves upward in the outer-rise region, 
horizontal extensions in the trench-normal direction 
dominate at the uppermost oceanic plate, and hence 
trench-parallel cracks and normal faults are created. 
Under stress field near the trench, a preferred topography 
orientation (such as horst and graben) also developed 
at the seafloor in a trench-parallel direction (Nakanishi 
2011). Because the aligned topography direction is simi-
lar to that of cracks and normal faults beneath the sea-
floor, deviations in splitting measurements from such 
effects would be small in the fast polarization direction 
and minor in delay times.

Conversely, horizontal compression is expected to 
dominate in the seaward region, indicating a plate flex-
ure transition zone is present between the unbending 
seaward and bending outer-rise regions (Fig.  8). In 
this study, the fast polarization directions at the sedi-
ment and crust in the region M were oriented in the 
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NNW–SSE direction. It appears that this direction is 
not trench-normal, but corresponds to the unbend-
ing plate, associated with the bathymetry because the 
water depth increases moving further seaward (to SSE). 
Moreover, on aligned topography, because Pos1 and 
Pos2 were clearly seen at similar lag times at OBSs in 
the region M, it is considered that the topography of 
the seafloor, basement, and Moho is simple and less 
significant aligned features on the seafloor. This may 
indicate that cracks are created due to horizontal com-
pression associated with the plate flexure in this region. 
In order to investigate this in details, it is expected to 
perform seismic exploration surveys around this area 
or/and examine other plate-unbending areas.

Conclusion
Pos waves were retrieved from Po wave coda observed 
at OBSs deployed across the Northwestern Pacific. 
These Pos waves, converted from the basement and oce-
anic Moho, could be identified throughout the region, 
except in areas proximal to the trench. These weakened 
or absent Pos waves near the trench were caused by nor-
mal faults and hydration at the uppermost oceanic plate. 
Additionally, the volcanic activities of petit spots asso-
ciated with plate flexure induced heterogeneous struc-
tures in shallow depths, thereby reducing Pos converted 
amplitudes. Fast polarization directions near the trench 
were oriented parallel to the trench, which differ from the 
pattern in the seaward region, corresponding to normal 
faults and cracks created by plate bending. Such patterns 
can be seen from the ridge of the outer-rise region, but 
may be emphasized near the trench where aligned (horst 
and graben) topography is developed.
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