9 Strain Rates from GPS

This Section presents our use of GPS data to quantify the rates of tectonic deformation in
Kyushu. We overview the GPS data used, review the elastic block model approach to
interpret the data and remove elastic strain effects from subduction coupling. We have
developed a logic tree for estimation of rock deformation strain in Kyushu from GPS, involving
120 different GPS strain models. For each of these strain models, we have estimated and
removed the influence of elastic strain due to subduction zone coupling from the GPS velocity
field using a variety of elastic block model configurations, which we also outline here. We
show a weighted average of the logic tree results, in terms of areal strain, shear strain, and
the 2" invariant of the strain tensor. We also show the distribution of strain values at several
example locations in the region, and discuss these results within the context of the tectonic
setting of the region. We also present a hypothesis for the existence of a high shear strain
zone in southern Kyushu detected by GPS.

9.1 GPS Data Used

Velocities of GPS sites throughout Japan are derived from combination of SINEX (Solution
INdependent EXchange format) files provided to us by the Geographical Survey Institute
(GSI; http://mekira.gsi.go.jp/) from their daily processing of the Geonet Continuous GPS
(CGPS) network in Japan (~1200 CGPS sites in total). The daily network processing of the
Geonet network is conducted by GSI, with Bernese GPS processing software (Rothacher and
Mervart, 1996; Beutler et al., 2001) using standard processing methods. The SINEX files we
use are from one day every three months for the period 1996-2004. In order to combine the
daily SINEX files to estimate velocities for the CGPS sites in Japan relative to a known
terrestrial reference frame, we use GLOBK software (e.g., Herring, 2001).

To help place the Japanese dataset in a global context, we also use daily solutions from
Scripps Institute of Oceanography processing of the global IGS network of GPS sites
(http://sopac.ucsd.edu), as well as SINEX files from processing of a subset of ~10 Japanese
sites and several global sites that have been submitted by GSI to the Crustal Dynamics Data
Information System (CDDIS; http://cddis.gsfc.nasa.gov/). Using GLOBK we estimate a
rotation and translation of each dataset into the ITRF2000 reference frame (Altamimi et al.,
2002), for each day. To accomplish this, we tightly constrain the coordinates of a subset of
the most reliable IGS GPS stations to their known ITRF2000 values. We do this for each set
of daily solutions, obtaining a time series of site positions in the ITRF2000 reference frame.
The ITRF2000 velocities at each GPS station are calculated by a linear fit to the daily
ITRF2000 coordinates. The uncertainties in the linear fits are derived using a white-noise
model, so the uncertainties are seriously underestimated (e.g., Zhang et al., 1997; Williams et
al., 2004). We multiply the formal uncertainties by 5 to give “reasonable” values of about 1
mm/a uncertainty in horizontal velocities for long-running stations within Japan (T. Nishimura,
pers. comm., 2005). Ideally, the GPS velocity errors should be assessed more rigorously.
This will require maximum-likelihood analysis of (probably daily, perhaps weekly) time series
of GPS positions, to define the appropriate noise model for the data and to calculate a
realistic velocity uncertainty (e.g., Williams et al., 2004; Langbein, 2004).

It is important to avoid the effects on our velocity estimates from large earthquakes and slow
slip events. The major events influencing the GPS time series in Kyushu from 1996-2003 are
two large thrust earthquakes (Mg 6.7) near Hyuga-nada in 1996 (e.g., Yagi et al., 2001), the
1996-1997 Bungo Channel slow slip event (e.g., Hirose et al.,, 1999), and the 1997
Kagoshima-ken-hokuseibu earthquake (Fujiwara et al., 1998). To remove the influence of
coseismic displacements from the time series, we removed the time series data prior to 1998
in the regions affected by these events. GPS sites in the Kagoshima region were affected by
an inflation event at Aira caldera throughout the GPS measurement period (Kriswati and
Iguchi, 2003); we used Mogi source parameters for the inflation event estimated by Nishimura
et al. (2004) to remove this effect from the dataset. We also conducted a visual inspection of
the daily position time series for all the sites in the Kyushu and southwest Honshu region to
be sure that there was no non-linear behaviour recorded by the GPS sites that is not
representative of steady movement during the interseismic period.
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To interpret the GPS site velocities in a tectonically meaningful way, it is important to place
the velocities into a “plate-fixed” reference frame (in this case, we choose Eurasia-fixed). We
do this at the inversion/tectonic modelling stage of this work (see Section 4) by estimating a
rotation of the entire dataset that minimizes the velocities at sites known to be on the stable
Eurasian Plate. The GPS velocity field in southwest Japan is shown in a Eurasia-fixed
reference frame in Figure 9.1.
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Figure 9.1: The GPS velocity field for southwest Japan (relative to the Eurasian Plate). Thin black lines
show active faults.
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In addition to the GPS velocities described earlier, we use published GPS velocities in the
inversion from Heki et al. (1999), Calais et al. (2003), Sella et al. (2002), Beavan et al. (2002),
and Prawirodirdjo et al. (2004). These datasets help us to further place the southwest Japan
GPS dataset into a regional plate kinematic context. This is critical as we must be sure to
account for all of the possible relative motion between the various tectonic plates in the
system that could be influencing the GPS measurements in Japan.

In addition to the GPS velocities we also include earthquake slip vectors from events on the
Nankai Trough and Ryukyu Trench (from Harvard CMT,
http://www.globalcmt.org/CMTsearch.html) as these data give us information about the
relative motion between the Kyushu forearc relative to the underthrusting Philippine Sea Plate.
We also include slip vector data for the Median Tectonic Line (MTL) in Shikoku that is
consistent with the geological observations of nearly pure right-lateral slip on that fault.

9.2 Approach Used to Model GPS Data in Kyushu

Large, complex strain patterns are apparent in the GPS strain map in southwest Japan
(Figure 9.2). However, much of this strain is related to interseismic coupling on the offshore
subduction zone boundary. To isolate the strains that may reflect permanent deformation of
the upper plate, we must remove this effect.
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Figure 9.2(a): Areal strain rates (in nanostrains/a) from the raw GPS velocity field (Figure 9.1; no elastic
strains removed) estimated using the Haines and Holt method.
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Figure 9.2(b): Shear strain rates (in nanostrains/a) from the raw GPS velocity field (Figure 9.1; no
elastic strains removed) estimated using the Haines and Holt method.

Recently, many studies have shown that GPS velocities measured in zones of active faulting
during the interseismic period are explained by interseismic elastic strains, as well as long-
term rotation of crustal blocks in the deforming zone (e.g., McCaffrey et al., 2000; McCaffrey,
2002, 2005; McClusky et al., 2001; Meade and Hager, 2005; Wallace et al., 2004, 2007).
Methods have been devised by McCaffrey (1995, 2002) and Meade and Hager (2005) to
invert GPS velocities for long-term rotations of tectonic blocks, and elastic strain due to
coupling on block-bounding faults. Recently, Nishimura and Hashimoto (2006) have used a
similar method to the elastic block approach for interpreting GPS velocities in Kyushu. For the
purposes of rock deformation/tectonic hazards assessment, if the elastic deformation
estimated from the inversion for the fault coupling parameters is subtracted from the original
GPS velocities, the resulting velocity field will be approximately free of the elastic effects of
interseismic coupling on known, major active faults in the region. These residual velocity and
strain-rate fields may be interpreted in terms of deformation due to other minor faults or
perhaps zones of distributed deformation.

McCaffrey’s (1995, 2002) method performs a non-linear inversion to simultaneously estimate
the angular velocities of elastic blocks and coupling coefficients on block-bounding faults, to
give the best fit to the GPS velocities, and optionally, earthquake slip vectors, and geological
fault slip rates and azimuths. The data misfit, defined by the reduced chi-squared statistic (x,°),
is minimised. The method also allows us to optimally rotate multiple GPS velocity solutions
into a common reference frame. McCaffrey’s approach also has the benefit of including all of
the bounding plates so that we can establish the plate motion budget that needs to be
accounted for in the plate boundary zone. Once the elastic deformation effects due to
interseismic coupling on the Ryukyu Trench and Nankai Trough (estimated using the elastic
block method) have been removed from the GPS velocity field, the residual strain (largely due
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to possible upper-plate deformation) can be mapped using a variety of methods (e.g., Haines
and Holt, 1993; Beavan and Haines, 2001; Sagiya et al., 2000; Miura et al., 2004). Given the
uncertainties inherent in GPS measurements, GPS techniques are unable to reliably detect
strain rates below a certain threshold (this threshold will be dependent on the quality of the
GPS network and data and distribution of GPS sites); thus, GPS should not be used on its
own to determine if a site is tectonically stable (i.e., additional geological and seismological
investigations will be needed to confirm tectonic stability.)

9.3 Elastic Block Model Set-up for Kyushu

We have investigated six different elastic block model configurations for the southwest Japan
region. In all of the models, we define a Eurasian Plate, Amurian Plate, Philippine Sea Plate,
Southwest Japan Block, and Okinawa Block (Figure 9.3).
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Figure 9.3: Block model set-up for southwest Japan, where the southwest Japan forearc is divided into
four separate blocks. Note, we have conducted six different models where various combinations of
these blocks are connected together, forming composite blocks (see discussion in text). Dark grey lines
are block boundaries, blue planes are a plan-view of faults used in the model (black dots represent
nodes defining the fault planes).

We define most of the boundaries of the large plates (Amurian, Philippine Sea and Eurasian
Plates) based on a digital compilation of tectonic plate boundaries by Bird (2003). The
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inclusion of these larger plates also helps us in establishing the overall plate motion budget
that must occur across the plate boundary zone in southwest Japan. The Southwest
Japan/Amurian Block boundary is defined by a zone of distributed faulting near the west coast
of Japan (Gutscher and Lallemand, 1999), which is also associated with strike-slip events
(probably right-lateral, striking parallel to the margin; Figure 9.4).
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Figure 9.4: Focal mechanism plots for earthquakes in southwest Japan from 1997-2006. Based on
CMT solutions from the JMA catalogue (data from http://www.fnet.bosai.go.jp).

The distinction between the models we have conducted here is based upon the division of the
forearc and backarc blocks in southwest Japan. For the most complex model, we have
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broken the southwest Japan forearc and backarc region into four different blocks (Figure 9.3;
Table 9.1), including the Shikoku block, eastern Kyushu block, Ohsumi, and Satsuma blocks,
and have divided the backarc into two blocks (the Beppu-Shimabara Block and the Southwest
Japan block).

The Shikoku block is bounded to the northwest by the MTL. The Ohsumi block is bounded on
the west by the Kagoshima Graben, and on the north by a possibly active left-lateral shear
zone that has been highlighted by earthquakes and GPS measurements (e.g., Kodama et al.,
1995; Nishimura and Hashimoto, 2006).

We use the Kagoshima graben as a boundary in some of our models based on evidence from
GPS (Figures 9.1 and 9.2) and geology (Aramaki, 1984) for active extension in the
Kagoshima Graben, and paleomagnetic evidence that southeast Kyushu has rotated
independently of the rest of Kyushu for the last 2-6 Ma (Kodama et al., 1995). The Satsuma
block is bounded on the east by the Kagoshima graben and on the north by the hypothesised
active left-lateral shear zone. The eastern Kyushu block encompasses more than half of the
Kyushu forearc, whose western boundary is the southeastern boundary of the Beppu-
Shimabara graben.

We have conducted ten different block model scenarios, testing various block combinations
(Table 9.1). For example, Model 1 considers the Satsuma, Ohsumi, eastern Kyushu and
Shikoku blocks as one composite block. Table 9.1 summarizes the fits to the GPS and
earthquake slip vector data in terms of the reduced chi-squared statistic (an)_ In Section 9.4,
we discuss the results of the best-fitting block model in further detail.

To define the subduction interface fault (Nankai and Ryukyu Troughs), we approximate the
configurations for the Nankai subduction interface in Sagiya and Thatcher (1999) and Shiomi
et al. (2004) (Figure 9.3). On the subduction interface, we specify individual nodes defining
the interface spaced on average 50 km apart along strike, and at 10 km depth intervals
between 0 and 50 km depth (Figure 9.3). We define the MTL as a northward dipping fault,
based on geophysical evidence (lto et al., 1996; Onishi et al., 1999; Tabei et al., 2002).

For the purposes of this initial study, we approximate the boundaries of the Beppu-Shimabara
Graben (BSG) block as a single fault on each boundary in the model, although more complex
deformation on several faults across a zone is likely to be a more realistic scenario there. We
set the southern BSG fault to dip northwest, in part, to deal with possible distributed
deformation due to faulting within the BSG block itself.

McCaffrey’s (2002) method is used to solve for coupling coefficients at nodes on the Nankai
and Ryukyu troughs, the faults representing the BSG boundaries, the extensional zone in the
Kagoshima Graben, the MTL, and a possible zone of left-lateral strike-slip cross-cutting
southeast Kyushu (Figure 9.3). To represent the change in coupling coefficient (¢) values
between adjacent nodes, ¢ values on 5 km x 5 km rectangular fault patches between the
nodes are estimated by bilinear interpolation.

Additional free parameters in the inversion are the rotation parameters (three for each block)
for various combinations of the Amurian Plate, Southwest Japan Block, Shikoku block, Pacific
Plate, eastern Kyushu, Beppu-Shimabara Graben, Ohsumi and Satsuma blocks relative to
Eurasia, and rotation parameters that rotate each GPS velocity dataset into a Eurasia-fixed
reference frame.
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Table 9.1: Description and fits to the data of the six different block configurations tested. SATS =
Satsuma block; OHSU = Ohsumi block; SHIK = Shikoku block; KYUS = Eastern Kyushu block; SWJP =
Southwest Japan block; BSG = Beppu-Shimabara Graben block. The block configurations are explained

in terms of whether adjacent blocks are connected as a single, composite block, or whether they
represent an independent block. For example, if the line in the table says “SATS+OHSU”, it means that

the Satsuma and Ohsumi blocks are combined into a single block, while if the line says “SATS” the
Satsuma block is independent of the other blocks. )(,,2 is the reduced-chi squared for each best-fitting
model using the prescribed block configuration.

Model Number of
Block configuration )(,,2 independent blocks
Number X
in SW Japan

SATS+OHSU+KYUS+SHIK
! BSG+SWJP 549 2

SATS+OHSU
2 KYUS+SHIK 2.07 3
BSG+SWJP

SATS+OHSU
KYUS+SHIK
BSG

SWJP

KYUS+SHIK
SATS
OHSU
BSG+SWJP

KYUS+SHIK
SATS

5 OHSU 2.31 5
BSG
SWJP

SATS+OHSU+KYUS
6 BSG+SWJP 2.4 3
SHIK

SATS+OHSU
BSG+SWJP
KYUS

SHIK

SATS+OHSU
BSG

8 SWJP 2.5 5
KYUS
SHIK

KYUS
SHIK
9 SATS 1.7 5
OHSU

BSG+SWJP

KYUS
SHIK
SATS
10 OHSU 1.95 6
BSG

SWJP
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9.4 Block Modelling Results for the Best-Fitting Tectonic Model

In general, the models with increasing complexity (i.e., more blocks) appear to produce an
improved fit to the data (Table 9.1). This is not unexpected given that there is an increase in
the number of free parameters with increasing block model complexity. The best-fitting model
(Model 9) is where all four of the forearc blocks (Shikoku, eastern Kyushu, Ohsumi and
Satsuma) are independent of one another. The worst-fitting model occurs where all of the
forearc blocks constitute a single tectonic block (including Shikoku; Model 1). Models 2 and 7
are similar to the block configuration considered by Nishimura and Hashimoto (2006).

When we break the Kyushu forearc into four separate blocks (Model 9), the fit to the GPS
velocities is much better ()(,,2 = 1.7) than any of the other block model configurations (Table
9.1). In this (the preferred model) 92 free parameters are estimated from 1251 data. The
interseismic coupling distribution that we estimate for the Nankai Trough subduction interface
(Figure 9.5) is similar to that obtained from previous studies (Nishimura and Hashimoto, 2006).
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Figure 9.5: Interseismic coupling distribution (in terms of slip rate deficit, mm/a) for the subduction zone

from the best-fitting block model (model 9, Table 9.1). Also shown are observed GPS velocities (black),

velocities from best-fitting model (red), and relative motion at block boundaries (green, labelled arrows in

mm/a). Depth labels for one set of nodes on the subduction zone are shown. Note that the scale for the

GPS (observed and modelled) is not the same shown as for the relative block motion vectors. SS-RL =
Strike slip-right lateral; KG = Kagoshima Graben.
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The interseismic coupling on the subduction interface exerts a great influence on the GPS
velocity field (Figure 9.6). The convergence rates we estimate for the Nankai and Ryukyu
Troughs are ~70-89 mm/a (Figure 9.5). The rate we estimate for the MTL is ~6 mm/a of pure
right-lateral strike-slip, which is in excellent agreement with geological estimates of 5-10 mm/a
(Okada, 1970; 1973). This model requires ~7-8 mm/a of right-lateral strike-slip in the eastern
BSG, which gradually transitions to more northerly directed extension at up to 8 mm/a. North-
south directed extension in the BSG is consistent with focal mechanisms of normal faulting
events there (Figure 9.4).
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Figure 9.6: Influence on GPS velocities from interseismic coupling distribution in Figure 9.8 shown for
the best-fitting model (Model 9, Table 9.1).

The Kagoshima Graben accommodates ~7 mm/a of slightly oblique extension in the best-
fitting block model. On the northern boundary of the Ohsumi and Satsuma blocks, ~7-14
mm/a of left-lateral strike-slip is required. The superior fit to the GPS data in Models 2, 4, 5, 7,
9 and 10 compared with Models 1 and 6 (Table 9.1) suggests that left-lateral shear on the
northern boundary of the Ohsumi and Satsuma blocks is required by the GPS data (i.e., that
the southern Kyushu forearc is a tectonic block independent from the northern Kyushu
forearc). The data are well-fitted by ~2 mm/a of right-lateral strike-slip on the offshore Amurian
Plate/Southwest Japan block boundary. Due to the small dimensions of the Satsuma and
Ohsumi blocks, it is difficult to determine uniquely (with GPS) if the anti-clockwise rotation of
southern Kyushu documented in paleomagnetic studies is ongoing today. For example, we
are able to fit the GPS data in the Ohsumi block equally well with rapid (~5°/Ma) anti-
clockwise vertical axis rotation, and with minimal vertical axis rotation (<0.2°/Ma). However,
our best-fitting models do require ~2° per Ma of anticlockwise rotation of the Eastern Kyushu
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block about a nearby pole relative to the large, bounding plates (e.g., at 133.86 E, 31.85 S
relative to Eurasia).

9.5 Upper Plate Strains in Kyushu

To estimate the strain field due to possible tectonic deformation in Kyushu, we remove the
component of the velocity field due to interseismic coupling on the offshore subduction
boundary (Figs. 9.5 and 9.6) using Model 9 as an example (Figure 9.7).
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Figure 9.7: GPS velocity field after the component due to interseismic coupling on the subduction zone
has been removed (Figure 9.6). This is the velocity field that goes into the Haines/Holt strain modelling
(Figures 9.8 and 9.9). Shown for model 9 only.

There are a variety of methods that can be used to convert GPS site velocities to a map of
regional strain. Perhaps the most widely used method is one developed by John Haines and
Bill Holt (e.g., Haines and Holt, 1993; Beavan and Haines, 2001). To employ their method, a
grid (in latitude-longitude) is developed over the area of interest; for the purposes of the
Kyushu Case Study, we use a ~5 km x ~5 km grid. Velocities are modelled as bi-cubic splines
within each cell, and the inversion attempts both to match the input velocity data and minimize
the strain rates within each cell. A strain-rate variance parameter (1/v in the terminology of
Beavan and Haines, 2001) is defined, with lower values of 1/v giving smoother solutions. The
strain-rate variance parameter is chosen such that the sum of squared residuals between the
model and input GPS velocities plus the sum of squares in matching the strain-rate
constraints is approximately equal to the number of degrees of freedom in the GPS data set
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(i.e., twice the number of velocities). In other words the reduced chi-squared statistic, XZN =
(sum of squared residuals)/(degrees of freedom), is approximately equal to 1.

Figure 9.2 shows the shear and areal strain rates for the GPS velocity field without removing
the elastic strain due to offshore fault coupling. Clearly, these strain rates are quite high (>
200 nstrain/a), but as discussed previously in this report, much of the strain is related to
elastic strains from interseismic coupling on the major offshore subduction faults (Nankai and
Ryukyu Troughs) and are unlikely to lead to permanent deformation in the same location
where the strain is currently accumulating.

Figures 9.8 and 9.9 show the strain field (areal and maximum shear strain components) after
the elastic part of the GPS velocity field due to interseismic coupling (using Model 9) has
been removed from the raw velocity field.
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Figure 9.8: Areal strain calculated from the velocity field in Figure 9.7 (with subduction-related elastic
strains removed).
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Figure 9.9: Maximum shear strain calculated from the velocity field in Figure 9.7 (with subduction-
related elastic strains removed).

The shear strain rate is greatly reduced (Figure 9.9), although the high shear strain zone
cutting across southern Kyushu (near the northern boundary of the Ohsumi and Satsuma
blocks) is still present, as is a band of elevated shear strain in the region of the MTL and the
BSG, consistent with observed strike-slip faulting there. The areal strain maps show high (up
to ~50 nanostrains) extensional strain in the Kagoshima Graben region, and a broad zone of
residual extensional strain in the western half of the Beppu-Shimabara Graben.

9.6 Tectonic implications

One of the notable results of this study is the discrepancy between the strain rates and fault
slip rates estimated from the GPS velocities (Figures 9.5, 9.8 and 9.9) compared with the
geological slip rates from the Active Fault Research Centre (AFRC) database (Figure 9.10).
Geological studies indicate ~1-3 mm/a of extension and strike-slip in the Beppu-Shimabara
Graben region (Figure 9.10), whereas the best-fitting GPS block modelling results indicate up
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to 8 mm/a of combined strike-slip and extension (Figure 9.5). Slip rates on normal faults in the
Kagoshima Graben are no greater than 1 mm/a in the AFRC database (Figure 9.10), whereas
the GPS block modelling results suggests that this graben is the site of up to 7 mm/a of
extension (Figure 9.5). Although the zone of large left-lateral shear strain cross-cutting
southeast Kyushu is associated with numerous left-lateral strike-slip earthquakes (Figure 9.4),
there are no mapped active faults (Figure 9.10) which could be accommodating this strike-slip
(~7-14 mmlyr; Figure 9.5). These discrepancies suggest that either there may be some gaps
in the geological data (i.e., that some faults accommodating active deformation may be un-
discovered or hidden, or that some known faults are not sufficiently characterised), or that
extensional strain in the Kagoshima Graben and BSG is partly accommodated by dike
intrusion and other volcanic/magmatic processes. In some cases, these discrepancies may
also be reconciled by testing alternate block model configurations for interpreting the GPS
data (although we suspect this will not be able to reconcile most of the discrepancies we
observe).

Figure 9.10: Active faults in southwest Japan from the Active Fault Research Centre’s active fault
database (http://www.aist.go.jp/RIODB/activefault/cgi-bin/index.cgi). The faults are colour-coded by
sense of movement (green = dextral, blue = normal, black = reverse, yellow = sinistral. The numbers
beside the faults indicate slip rate (mm/a).

9.6.1 Is left-lateral shear in southern Kyushu caused by collision with the
Kyushu-Palau Ridge?

Subduction of buoyant features (such as aseismic ridges, oceanic plateaus, and continental
fragments) that exist on otherwise normal oceanic plates exert a profound influence on the
tectonic and morphological development of subduction margins worldwide (Vogt et al., 1976;
McCabe, 1984; Cloos, 1993; Wallace et al., 2005). In some cases, subduction/collision of
buoyant features cause curvature (Vogt et al., 1976) and rotation of the subduction margin
(McCabe, 1984; Wallace et al., 2005), and deformation of the upper plate (e.g., Marshall et al.,
2000; Taylor et al., 1995); in extreme cases, buoyant indentor collision can shut-down
subduction, causing it to re-initiate elsewhere (e.g., Cloos, 1993). Margin transverse left-
lateral shear in southern Kyushu is localised above the point where there is a change from
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subduction of the relatively buoyant Kyushu-Palau Ridge/Shikoku Basin lithosphere (27-15
Ma; Okino et al., 19999) at the Nankai Trough to subduction of more negatively buoyant
Cretaceous oceanic lithosphere (Deschamps and Lallemand, 2002) at the Ryukyu Trough
(Figure 9.11). We suggest that where buoyant lithosphere is being subducted, the forearc is
pushed landward (e.g., northwest) due to the collisional resistance forces transmitted across
the plate boundary; conversely, the Cretaceous oceanic slab subducting beneath southwest
Kyushu may be rolling back (e.g., Yamaji, 2003), pulling the southern part of the Kyushu
forearc seaward relative to the northern half of the forearc. We suggest that these competing
effects drive rapid left-lateral shear across southern Kyushu as revealed by GPS and
seismicity (Wallace et al., 2009). Similar conceptual models have been proposed to explain
deformation of the Costa Rican and New Hebrides forearcs (Marshall et al., 2000; Taylor et
al., 1995).
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Figure 9.11: Tectonic setting of southwest Japan and schematic illustrating migration of Kyushu/Palau
Ridge (KPR) collision point along the Nankai Trough and Ryukyu Trench.

Although GPS and seismological data together argue in favour of active left-lateral strike-slip
deformation of southern Kyushu, this interpretation is at odds with the lack of surface faulting
evidence for such a shear zone. However, when we consider the Amurian/Philippine Sea
Plate relative motion (~70 mm/a pure convergence, with a slight right-lateral sense of ~5
mm/a) and the orientation of the Kyushu-Palau ridge relative to the subduction margin
(entering the margin at a 64° angle), we estimate that the Kyushu-Palau ridge subduction
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point migrates southwest along the Nankai/Ryukyu trough at ~40 mm/a (or 40 km/Ma) (Figure
9.11). This implies that if the shear zone cross-cutting Kyushu indeed arises from the change
in lower plate buoyancy (as we propose here), that the location of this shear zone will follow
the Kyushu-Palau ridge subduction point southwest along the margin. Such a continual along-
strike migration of the left-lateral shear zone would preclude the accumulation of sufficient
surface displacements required to make this a recognizable, through-going fault system at the
ground surface.

To test this idea, we have constructed a three-dimensional numerical model of a deforming
upper plate (Figure 9.12). The model setup is kept deliberately simple, in order to minimize
the number of controlling parameters. Gravity is neglected, the strength of the upper plate is
represented by a simple elasto-plastic rheology, and the geometry and strength of a weak
visco-elastic region representing the back-arc is imposed (Figure 9.12a).
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Figure 9.12. (a) Simple three-dimensional model illustrating the effect of a moving ridge on back-arc
extension. The model uses the Abaqus/standard finite element code. Model domain is 30 km thick, 800
km long and 600 km wide. The side at y = O represents the trench, and an extensional force is applied
there with magnitude, F, that is adjusted with time to maintain a steady back-arc extension Vgaof 2 cm/a
at the left-hand corner (x = 0, y = 0). The base of the model has zero vertical velocity (out of the page),
while horizontal velocity boundary conditions are applied at the other 3 edges of the model as indicated,
to prevent material leaving the domain. Rheology is elasto-plastic (light shaded region) and visco-elastic

(heavy shaded region, representing a weak back-arc region), where elastic properties of the visco-
elastic region are the same as for the rest of the model. A frictionless vertical fault is specified at y = 200
km. Zero horizontal velocities are imposed over a small, basal Section 25 km wide and 60 km long, to
simulate the retarding effects of a buoyant ridge on back-arc extension. Tectonic features in southwest
Japan corresponding to the numerical model components are labeled in italics. MTL = Median Tectonic
Line; KPR = Kyushu-Palau Ridge. (b) Contours of strain rate and velocity vectors early in model
evolution (0.2 Ma). Only the left-hand side of the model extends, owing to the presence of a weak
viscoelastic region there. (c) Contours of plastic strain after 40 km of extension (2 Ma) for model
including ridge migration, illustrating diffuse plastic deformation between the material overlying the ridge,
and the corner of the viscoelastic region. (d) Contours of plastic strain after 40 km extension (2 Ma),
similar to (c), except that the ridge does not migrate along-strike, producing more focused shear
deformation of the forearc.
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The subduction interface is simplified to a vertical block boundary at which a spatially uniform
extensional force is applied to mimic the effects of rollback, triggering extension in the back-
arc region. The magnitude of the force is adjusted automatically during the model run, to
reproduce a maximum extensional velocity of 2 cm/a at the left-hand edge, similar to the
present rate of extension across the southern back-arc region in Kyushu. The model does not
attempt to reproduce compressional effects such as those seen across the Shikoku block in
Japan. Model dynamics are therefore simplified and may only be used qualitatively to
compare to the tectonics of southwest Japan.

In the model, the effect of a buoyant ridge subduction is simplified to a basal boundary
condition, by imposing a region where horizontal velocities are zero (Figure 9.12a). The
combined effect of the ridge and the termination along-strike in the visco-elastic region, focus
the extensional deformation to the left-hand side, and create a localised, left-lateral shear-
zone joining the upper plate immediately above the ridge to the right-hand tip of the visco-
elastic back-arc region (Figure 9.12b).

Our ideas regarding the origin of the left-lateral shear zone cutting across southern Kyushu
are compatible with results from the simple numerical model, where the ridge is prescribed to
move along-strike a rate of 4 cm/a, similar to the along-strike rate of migration of the
Kyushu/Palau Ridge. In models where the ridge migrates, plastic strain in the upper plate
near to the position of the ridge (Figure 9.12c) remains low and diffuse after 2 Ma of
deformation. Conversely, when the ridge is stationary (Figure 9.12d), a zone of localised
plastic shear develops above it and cross-cuts the forearc region, with a similar geometry to
the contemporary strain-rate pattern (Figure 9.12b). Such a tectonic model will be important to
consider in terms of the future rock deformation hazard in Kyushu, because the zone of high
shear strain (currently located just north of the Kagoshima Graben) may actually migrate
further south (following the Kyushu-Palau Ridge) during the time period of interest.

However, although our explanation of this shear zone as a response to migrating ridge
subduction is one viable model for the future tectonic evolution of Kyushu, we must consider
other alternative models for the presence of this left-lateral shear zone. For example, it is
possible that deformation across this shear zone is currently occurring at a more rapid rate
than normal, and that the current rate of strain does not represent the longer-term strain rate
across the shear zone. Using the probabilistic methodology we have developed, we can
incorporate such alternative models into a tectonic hazard assessment via a logic tree
approach. Consultation with Japanese experts on Kyushu tectonics will also facilitate the
development of alternate conceptual tectonic models for Kyushu.

9.7 Probabilistic GPS Strain Estimates

9.7.1 Weighted average of GPS strain models from logic tree

To estimate the rock deformation hazard probabilistically using GPS data, we must consider a
variety of alternative tectonic models (i.e., using different block and/or fault configurations) to
estimate the subduction-related elastic strains, as well as applying a range of smoothing
parameters to the strain-rate mapping done with the Haines and Holt method, or use a
different strain-rate mapping methodology altogether. An approach that incorporates all viable
tectonic models and expert opinions similar to that used in PSHA methodologies is the best
way to incorporate all available knowledge about the potential tectonic hazard into a
probabilistic rock deformation hazard assessment using GPS. To assess a range of possible
strain models from the available GPS data, we construct a logic tree (Figure 9.13) that
incorporates the various block model configurations explored in the preceding Sections, as
well as implementing different approaches for the strain mapping exercise itself. In terms of
the strain mapping approaches, we use the Haines and Holt approach (using a variety of
strain variance parameters, see previous discussion), as well as a very simple approach
outlined in Miura et al. (2004), where we fit a surface to the GPS velocities, and take spatial
derivatives of the surface to estimate strain rates. Our logic tree consists of 120 different
branches; we have calculated GPS strain models for each of these branches. We have also
weighted each branch of the logic tree (Figure 9.13) based on our own opinion about which
models are more or less viable. Ideally, the logic tree would be constructed and weighted via
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consultation of an expert panel, similar to what was done for the Tohoku Case Study
(Chapman et al., 2009). However, given the limited time frame for the Kyushu Case Study,
the expert elicitation exercise was not possible.

Preliminary GPS logjic tree for Kyushu probabilistic strain map
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Figure 9.13: Logic tree developed for GPS strain map. Numbers on logic tree branches represent
weighting for that logic tree branch.

Figure 9.14 shows a weighted average of all the strain models developed from the logic tree.
Given that there is a mix of large shear (Figure 9.14b) and areal strains (Figure 9.14a) within
the Kyushu region, we have also chosen to show the strain in terms of the second invariant of
the strain tensor (Figure 9.15), which gives us a single measure that incorporates both shear
and areal strain. This is largely important to use where we want to use a single strain rate
value (rather than both the areal and shear strain values) to determine whether or not there is
high or low strain at a given site. The formula for the second invariant of the strain rate tensor
(in two dimensions) is: sqrt (Exx*2 + Eyy*2 + 2*Exy”2), where Exx, Eyy, and Exy are the
components of the horizontal strain tensor. For reference, the formula for areal strain rate is:
Exx +Eyy, and maximum shear strain rate is: sqrt (0.25*(Exx-Eyy)*2 + Exy*2 ).

Most of the strain patterns obvious in Figures 9.8 and 9.9 are still apparent in the weighted
average strain maps (Figure 9.14). For example, the high shear strain cutting across southern
Kyushu and along the SE boundary of the Beppu-Shimabara graben are still prominent in the
weighted average strain map, suggesting that these features are indeed robust. Similarly high
extensional strain persists in the Kagoshima region and southern portion of Kyushu,
suggesting that this extensional strain is also real, and not just a model dependent feature.

9.7.2 Histograms of GPS strain values at selected locations in Kyushu

To get an idea of the range of strain rates produced by the different GPS strain models in the
logic tree, and to assess the epistemic uncertainties in the GPS strain rate estimates, we can
look at histograms (Figure 9.17) of strain rates estimated at several sample locations within
Kyushu (Figure 9.16). Similar histograms have also been created for the surface deformation
and seismologically-derived strain (see relevant Sections of this report). The strain rates
shown are the second invariant of the horizontal strain tensor (to encompass areal and shear
strain rates, see discussion in preceding Section).
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Figure 9.14: Weighted average areal (9.14a) and shear (9.14b) strain (in nanostrains/a) for all 120
strain models from the logic tree (see Figure 9.13).
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for all 120 strain models from the logic tree (see Figure 9.13).
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Figure 9.16: Map showing location of sites where we show histograms of GPS-derived strain rates in
Figure 9.17. The locations are super-imposed on a map of tectonic domains, discussed in Section 6.
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Figure 9.17 (continued on next page): Histogram of GPS strain rates (in terms of weighted frequency)
at example locations (see Figure 9.15), after full sampling of the GPS logic tree in Figure 9.13.
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Figure 9.17 (continued from previous page): Histogram of GPS strain rates (in terms of weighted
frequency) at example locations (see Figure 9.15), after full sampling of the GPS logic tree in Figure
9.13.

Backarc domain. The histogram for Location 1 shows a relatively narrow distribution of low
strain rates from the 120 different strain models, generally less than 20 nanostrains/year.
Such low strain rates are consistent with this site being located in the back-arc region, where
active fault slip rates are low. Similarly, Location 2 (also in the back-arc region) has strain
rates that are generally low (< 40 nanostrains/year), but with a slightly wider distribution of
strain rates than Location 1 (indicating slightly higher uncertainties in the strain rates at
Location 2 compared to Location 1). Location 11 has higher strain rates than the other back-
arc sites, which we think are likely due to effects on the GPS site velocities from the nearby
west Tottori earthquake in 2000 (magnitude 7.3), and may not reflect actual background
tectonic strain rates.

Extensional Arc domain. Location 3, has a relatively narrow distribution of high strain rates

(averaging ~100 nanostrains/year), consistent with its position within a zone of active tectonic
extension. The lowest strain rate values in this histogram come from the strain estimates
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using the Miura et al. (2004) approach to calculating strain. We suspect that this approach
excessively smooths the strain values, hence the very low strain rates we obtain here. In the
future, we would recommend strongly down-weighting the strain results using this approach,
as these results are probably overly smoothed. The lowest strain rates in the other histograms
shown here also contain this problem. Although Location 4 is also in the Extensional Arc
domain, and also has reasonably high strain rates, probably due to the close proximity to
active faults of the BSG. Location 10 is also within the BSG, and as expected shows a
concentration of high strain rates from the GPS strain models, generally around 70-90
nanostrains/year.

Forearc domain. Example locations in this domain exhibit a broad range of strain rates.
Location 5, which is close to the southern edge of the BSG shows a broad range of strain
rates, but most of them are quite low, < 40 nanostrains/year. These low strain estimates are
somewhat surprising given the close proximity of this site to active faulting in the BSG.
Location 6 has a surprisingly high strain rate for the forearc domain, ~70-110 nanostrains/year,
although it is located close to the continuation of an active fault trend (see Section discussing
discrimination of tectonic domains and selection of example locations) and on the edge of an
area of moderately high uplift rate (see the strain rates from surface deformation Section).
The high strain rates at Location 6 may also be related to imperfect subduction coupling
models; perhaps we have not completely removed the elastic strain effect related to
interseismic subduction interface coupling, and that has influenced the strain rates there.
Location 7 has some of the highest strain rates of any of the locations, generally 120-140
nanostrains/year. This is surprising, given the long distance of this example location from the
known, active faults. However, this location is probably also in a region of high shear strain
related to the left-lateral shear zone that we have identified cutting across southern Kyushu,
as well as any extension along the southeastern margin of the BSG.

Southern Arc domain. Locations 8 and 9 show a large spread of strain rate estimates,
indicating a higher uncertainty in the strain rates in those locations. However, most of the
strain rates are >50 nanostrains/year, and are up to 140-180 nanostrains/year, so this region
does appear to be a generally high strain area. Location number 8 is located on a low slip rate
active fault (see Section 8). Strain at both of these example locations is probably influenced
by extension in the Kagoshima Graben region, as well as the strong left-lateral shear strain
zone cutting across southern Kyushu.

9.8 Notes and Caveats

One of the advantages of the probabilistic approach is that it allows us to assess some of the
uncertainties inherent in the strain rate estimates (e.g., epistemic uncertainties due to choice
of tectonic models and/or modelling techniques). However, we must also ensure that we have
accurately estimated the uncertainties in the GPS velocity data. The large sample interval (3
months) of the GPS timeseries data available to us for this study means that reliable noise
models for the GPS data could not be developed. This affects the estimation of uncertainty in
the point GPS velocities, which translates into additional uncertainty in the strain-rate
estimates. A more complete temporal sampling of the CGPS dataset, and rigorous estimation
of changes in CGPS site position due to earthquakes, equipment changes, etc. would
improve the velocity estimates substantially, and lower the resulting uncertainties. Additionally,
the GPS station spacing is still quite large compared to the 5-km grid over which strain rates
are required. In some parts of Japan there are more GPS stations (campaign and continuous,
operated by various Japanese universities and other organisations) in addition to the GSI-run
Geonet network, and data from these could contribute greatly to an improved strain-rate
estimation. Moreover, as longer GPS datasets are collected, the GPS velocity uncertainties
will slowly decrease. Also, the velocity uncertainties will become more reliable when proper
noise models are adopted. Both these improvements (as well as GPS velocity data from
additional sites) would allow us to refine the results of the GPS strain-rate study described
here.
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