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Abstract

The Neogene Miyazaki Group comprises forearc basin sediments exposed onland in South
Kyushu in Southwest Japan, and is characterized by significant spatial variations in consolidation
despite the minor differences in depositional ages. The Miyazaki Group is divided into three
lithofacies (the Aoshima, Miyazaki, and Tsuma facies) from south to north. To evaluate the factors
controlling lithification in the basin, the physical properties of the sedimentary rocks and the
calcareous nannofossil biostratigraphy were investigated. The upper parts of the Aoshima and
Miyazaki facies and the lower part of the Tsuma Facies were deposited at the same time (5—6 Ma),
and have minor differences in maximum paleo-temperatures (97-116, 85-99, and 80-94°C,
respectively), but major differences in porosity (15.9%, 25.5%-26.9%, and 26.1%-31.6%) and
consolidation yield stress (38.2, 13.8-16.2, and 13.6—-15.5 MPa). These findings indicate that the
porosity reduction associated with consolidation is a more important control on the lithification
than the depositional age and maximum temperature. There is a large difference in maximum
burial depth between the Aoshima (>3500 m) and Miyazaki facies (<1600 m). It represents
variations in sedimentary depositional environments in the Miyazaki Group: the Aoshima Facies
were deposited in the deep-marine depocenter and deeply buried, whereas the Miyazaki and

Tsuma facies were in the shallower marine facies and shallowly buried. After the deposition, only
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the southern part of the Miyazaki forearc basin was largely uplifted, making distribution of the
highly consolidated sedimentary rocks there. The large amount of uplift in the Aoshima Facies

was apparently due to the subduction of the Kyushu—Palau Ridge beneath the forearc basin.

Keywords
Forearc basin; Miyazaki Group; Consolidation test; Vitrinite reflectance; Calcareous nannofossil;

Lithification

1. Introduction

Consolidation of sediments is a key component of lithification in sedimentary basins. The porosity
of clay-rich sediments is generally 75%-90% at the seafloor, and decreases to ~40% and ~10%
at 500 and 4000 m below the seafloor, respectively, due to mechanical consolidation (Velde, 1996).
As such, the porosity of sediments is used to constrain the diagenetic changes in a basin. The
relationship between burial depth and physical properties (e.g., porosity, P-wave velocity, and
shear strength) of sediments has been investigated using drillcore samples (e.g., Strasser et al.,
2014; Tobin et al., 2015). Moreover, the consolidation state of sedimentary basins has been
investigated by conducting consolidation tests on drillcore (e.g., Ask and Kopf, 2004) and outcrop
samples (e.g., Uehara et al., 2016; Kamiya et al., 2017, 2020a).

Despite recent progress, lateral variations in lithofacies and the consolidation state of sedimentary
basins are poorly understood. This is because drillcores represent one-dimensional information
and cannot constrain spatial variations in the thickness and consolidation characteristics of
sediments. Variations in sediment thickness along the sediment flow direction have been observed
in forearc basins (e.g., Cornard et al., 2022), and affect the regional consolidation characteristics

of a basin. Therefore, spatial variations in consolidation state need to be considered when
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reconstructing the evolution of a basin.

In this study, we focused on the Miyazaki Group in a Neogene forearc basin in Southwest Japan
(Fig. 1). The group comprises the Aoshima, Miyazaki, and Tsuma facies (from south to north).
Despite minor differences in depositional ages, these facies exhibit major differences in their
uniaxial compressional strength (Goto and Suzuki, 2011). Therefore, the Miyazaki Group is ideal
for investigating lateral and vertical variations in the consolidation state and physical properties
of sedimentary rocks in a sedimentary basin. We quantified the variations in consolidation from
the porosity, consolidation yield stress, and maximum paleo-temperature. Calcareous nannofossil

stratigraphy was also used to evaluate the effects of the depositional age on consolidation.

2. Geological setting

The Miyazaki area is located in the westernmost part of the Nankai Trough, where the Philippine
Sea Plate is subducting beneath the Eurasian Plate (Fig. 1a). The Kyushu—Palau Ridge, which is
a remnant arc on the Philippine Sea Plate, is subducting beneath the forearc accretionary wedge
in the westernmost Nankai subduction zone (e.g., Park et al., 2009; Yamamoto et al., 2013; Zhang
et al., 2020).

Late Miocene to Pleistocene forearc basin sediments (i.e., the Miyazaki Group; Fig. 1b) are
widely distributed on the Miyazaki Plain and in mountains to the south, covering an area of 60
km from north to south, and 30 km from east to west. The Miyazaki Group unconformably
overlies a Cretaceous to middle Miocene accretionary complex (i.e., the Hyuga and Nichinan
groups) and middle Miocene silicic intrusive rocks (Fig. 1b), and is divided into three parts based
on lithofacies (Shuto, 1952, 1961). The southern, central, and northern parts of the group are
called the Aoshima, Miyazaki, and Tsuma facies, respectively. The Aoshima Facies (Fig. 2b) is

characterized by alternating layers of highly lithified sandstones and mudstones. The Miyazaki
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Facies (Fig. 2a) comprises moderately lithified sandstones and mudstones. The Tsuma Facies (Fig.
2a) comprises relatively poorly lithified sandstones and mudstones. Based on the stratigraphy, the
middle part of the Tsuma Facies (i.e., the Uryuno Formation) conformably overlies the upper
Miyazaki Facies (Fig. 2c; Kino et al., 1984; Endo and Suzuki, 1986). Each lithofacies in the
Miyazaki Group is >2000 m thick (Fig. 2¢; Shuto, 1952, 1961; Kino, 1959; Kino et al., 1984;
Endo and Suzuki, 1986; Suzuki, 1987; Nakamura et al., 1999; Torii et al., 2000; Takashimizu,
2009; Oda et al., 2011). The mean orientation of bedding planes in the Aoshima, Miyazaki and
Tsuma facies is N20°E 21°E, N34°E 14°E and N27°E 10°E, respectively (Fig. 3). The dipping
angle of the Aoshima Facies is ~10° steeper than the Miyazaki and Tsuma facies.

The depositional age of the Miyazaki Group has been investigated by K—Ar dating of volcanic
tuffs, magnetostratigraphy, molluscan fossils, planktic foraminifera, and calcareous nannofossils
(Fig. 2c; Shuto, 1952, 1961; Endo and Suzuki, 1986; Suzuki, 1987; Ujiie and Oki, 1993;
Nakamura et al., 1999; Torii et al., 2000; Chiyonobu et al., 2011; Oda et al., 2011). The lower and
upper parts of the Aoshima Facies are assigned to the planktonic foraminiferal Zone N16 (Blow,
1969) and N17-N18, respectively (Nakamura et al., 1999). The Miyazaki Facies is assigned to
N17-N18 (Ujiie and Oki, 1993; Nakamura et al., 1999). Because the relationship between the
Aoshima and Miyazaki facies is unclear, two views regarding their age have been proposed: (1)
both are latest Miocene to Pliocene in age and accumulated during one transgressive period (Endo
and Suzuki, 1986; Ujiie and Oki, 1993); and (2) the top of the Aoshima Facies and bottom of the
Miyazaki Facies were deposited at the same time (Nakamura et al., 1999). The lower and upper
parts of the Tsuma Facies are assigned to N17-N18 and N18-N21, respectively (Suzuki, 1987).
K—Ar dating of volcanic tuffs in the lower, middle, and upper parts of the Tsuma Facies has
yielded ages of 6.2, 4.0, and 3.0 Ma, respectively (Fig. 2¢; Torii et al., 2000). Therefore, the lower

parts of the Tsuma Facies (i.e., the Tsuma and Honjo formations) were deposited at the same time
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as the upper Aoshima (i.e., the Aoshima Formation) and Miyazaki (i.e., the Ikime Formation)
facies.

The Tsuma Facies is overlain by the Pleistocene Hyuga-nada Group across the Hisamine
unconformity (Fig. 2¢). The unconformity resulted from the tectonic activity associated with a
change in the subduction direction of the Philippine Sea Plate from NNW to WNW at ca. 2.2

Ma (Oda et al., 2011).

3. Methods

3.1 Geological age based on calcareous nannofossils

Samples were collected from homogeneous and fresh siltstones in the Miyazaki Group. The
sampling locations were the same for the porosity measurements and consolidation tests (Fig. 2).
All samples were examined with a binocular microscope and prepared for calcareous nannofossil
analysis using standard smear slide methods and optical adhesive as the mounting medium (Bown
and Young, 1998). The calcareous nannofossils were analyzed under an optical polarizing
microscope at 1500% magnification. The preservation state of the nannofossils was recorded
following the criteria of Steinmetz (1979). Most Miocene and Pliocene datum described by
Martini (1971) and Okada and Bukry (1980) have been identified in the sedimentary sequence.
The absolute ages of the calcareous nannofossil biostratigraphy follow those proposed by Raffi

et al. (2006).

3.2 Porosity
Homogeneous and fresh siltstone samples were collected from the Miyazaki and Hyuga-nada
groups (Fig. 2). Initial sampling was conducted from outcrops, riverbeds, and coastal exposures

using a chisel. The samples were cored perpendicular to the bedding plane using an electric-
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powered drill with a coring bit (inner diameter, 27 mm). After coring, the samples were adjusted
to be 20 mm in height using an electric-powered rock saw. At least five specimens were prepared
and measured for each block.

The porosity of the siltstones was measured using the buoyancy method (Franklin, 1979). Firstly,
the saturated (M,, ;) and submerged (M,, 4:¢r) Weights of the cylindrical shaped specimens were
measured. After drying the specimens in an oven at 80°C for 5 days and cooling in a vacuum
desiccator to room temperature, the dry weight (M ;) was measured.

The equation for calculating the porosity (¢) is as follows:

Vvoid
¢ = (1)
VBulk
Mot — M
VBulk — wet water (2)
Pwater
Mot — M
Vyoia = wet oy 3)
Pwater

where Vg, is the bulk volume of the specimen, V,,,;4 is the void volume of the specimen, and
the density of water was assumed to be 1.0 g/cm’®.

The equations for calculating the void ratio (e) and grain density (p,) are as follows:

Vvoid
e=c———— 4)
VBulk - Vvoid
Mg
py = ey (5)

VBulk - Vvoid

3.3 Vitrinite reflectance

The thermal structure of the Miyazaki forearc basin was investigated using vitrinite reflectance
data (Ro). Vitrinite reflectance shows an exponential increase with increasing temperature from
50 to 300°C (e.g., Barker, 1983), and it records the highest temperature experienced by a sample.

Forty-two samples of sandstone and siltstone were collected (38 from the forearc basin and 4 from
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the accretionary complex; see Fig. 2). The samples were crushed in a mortar and passed through
75-180 and 180-750 um sieves under running water. For each sample, coal fragments were
separated and concentrated using heavy liquids (i.e., a sodium polytungstate solution with a
density of 1.8 g/cm?). The separated grains were mounted in epoxy resin and polished using #1200,
#2400, and 0.06 pm alumina powder. The vitrinite reflectance measurements were conducted
following the method of Yamamoto et al. (2017). We used a silicon diode microphotometer with
546 nm non-polarized light and a focused beam of 1.6 um in diameter. A total of 100 grains per
sample were measured in immersion oil (refractive index of 1.516), provided a sufficient number

of polished grains were present at the sample surface.

3.4 Consolidation state

In sedimentary basins, the consolidation of sediments proceeds only in the direction of gravity,
because lateral volume expansion is restricted by the surrounding rocks. This is called earth
pressure at rest (i.e., the Kyp-condition; Jaky, 1944). During a consolidation test under K-
conditions, the void ratio of the sample decreases along with the consolidation stress (Fig. Ala in
the Appendix). Firstly, elastic deformation (i.e., over consolidation) proceeds under the stress state
that the samples have previously experienced. Secondly, the samples yield and plastic
deformation (i.e., normal consolidation) begins under the stress states that have not been
previously experienced. Therefore, the maximum effective stress is calculated as the
consolidation yield stress (p.) from the consolidation curve.

In this research, consolidation tests were performed on siltstone samples using a uniaxial
consolidation testing method at a constant strain rate (Japanese Standards Association, 2009a, b).
The tests were conducted at the Nagoya Institute of Technology/JAMSTEC at a constant strain

rate of 0.01%/min and maximum vertical stress of 80 MPa under Ky-conditions. The details of the



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

apparatus were reported by Kamiya et al. (2017). The samples were surrounded by a rigid
consolidation ring to restrict lateral volume expansion. To eliminate friction between the
consolidation ring and sample, silicon grease sandwiched by two Teflon sheets was wrapped
around the sample. To allow water to drain, filter papers and porous metal plates were placed on
each end of the sample. The vertical load and displacement were measured and recorded at 1 Hz
using a personal computer and data logger.

The samples were prepared from the same blocks as those used for porosity measurements. After
coring perpendicular to the bedding, the diameters of the specimens were adjusted to fit inside the
consolidation ring (25 mm) with two Teflon sheets, and one end surface was cut normal to the
side of the cylinder using an electric-powered cylindrical grinder. The samples were then cut, and
the cut surfaces ground down using an electric-powered surface grinder to make the cylinders 20
mm in height with parallel end surfaces. To avoid the development of excess pore water pressure
in the specimens during the tests, the water saturation of the specimens was adjusted to 50% at
room temperature before the tests.

The equation for calculating the void ratio e during the test is as follows, and ignores lateral

volume expansion:
Vi
e=14+e)—-1 (6)
Vo

where ey, V,, and V; are the initial void ratio, and the total volume of the specimen before and
during the test, respectively. The mean void ratio calculated from the porosity measurements was
used as e, for each sample.

Although many methods have been proposed to determine the value of p. during consolidation
tests (e.g., Casagrande, 1936; Janbu, 1969), most of these are subjective and suffer from scale
dependence. In this study, we used the log—log method (Sridharan et al., 1991) to determine p,

because this method is unaffected by the scale effect and is simple (Prakash and Sridharan, 2020).
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The details of the log—log method are as follows (Fig. Alb in the Appendix).

(1) The consolidation curve is plotted on a log—log diagram showing the specific volume (1+e)
and consolidation stress.

(2) Two straight lines are drawn, extending from the linear parts of the consolidation curve.

(3) The p. value is defined as the stress at the intersection of the two straight lines.

Although the consolidation apparatus used in this study can apply a very high vertical load of up
to 80 MPa for specimens of 25 mm diameter, the loading system is less accurate until the load
exceeds 0.1 MPa. Therefore, in this study, line 1 of the log—log method was drawn based on the
linear part of the consolidation curve at ~1 MPa. Line 2 was drawn in the highest stress area before

unloading to limit the effects of cementation or strain softening (Kamiya et al., 2020b).

4. Results
4.1 Geological age based on calcareous nannofossils

The occurrences of calcareous nannofossils in each sample are summarized in Figure 4 and
Table 1. Discoaster berggrenii and Discoaster quinquerums occur in samples MyCS1 and
MyCS11 (Gonoharu Formation), MyCS2-2 (Tano Formation), and MyCS19 (Aya Formation).
The occurrences of these species correlate with NN11 and CN9, and have ages of 8.52-5.59
Ma. Samples MyCS12-2 (Honjo Formation), MyCS13 (Uryuno Formation), and MyCS14 and
MyCS18 (Tsuma Formation) are characterized by the occurrences of Reticulofenestra
pseudoumbilicus and Sphenolithus abies, and the absence of D. berggrenii and D. quinquerums.
The assemblages of samples MyCS12-2, MyCS13, MyCS14, and MyCS18 correlate with the
interval from the last occurrence of D. quinguerums (5.59 Ma) to the last occurrence of S. abies

(3.65 Ma). The last occurrence of Discoaster tamalis in samples MyCS9 and MyCS17
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(Sadowara Formation) and MyCS22 (Ninazume Formation) defines the CN12a/b boundary
(2.87 Ma). Therefore, these samples are 3.65-2.87 Ma in age.

Calcareous nannofossils are absent or occur infrequently in the upper Aoshima and Miyazaki
facies. However, key species with the same biostratigraphic zonation occur in the lower
Aoshima (Gonoharu Formation) and Miyazaki (Tano and Aya formations) facies. Ujiie and Oki
(1993) reported the calcareous nannofossil and planktic foraminiferal zonation in the Miyazaki
area. The upper Aoshima (Aoshima Formation) and Miyazaki (Ikime Formation) facies were
deposited at the same time (5.82—5.59 Ma), based on the results of Ujiie and Oki (1993). Our
results suggest that the lower Tsuma Facies (Tsuma, Honjo, and Uryuno formations) are 5.59—
3.65 Ma in age. Torii et al. (2000) reported that deposition of the Tsuma Formation began at ca.
6.20 Ma, based on K—Ar dating (CBT-1; Torii et al., 2000). Therefore, the Aoshima and Ikime
formations (5.82—5.59 Ma) can be correlated with part of the Tsuma and Honjo formations

(6.20-3.65 Ma).

4.2 Porosity

There are wide variations in the porosity of siltstones in the Miyazaki Group (Fig. 5; Table 2).
The porosity range of siltstones in the Aoshima Facies (12.1%—15.9%) is lower than that in the
Miyazaki (21.6%—26.9%) and Tsuma (26.1%—45.5%) facies. The sandy siltstones (MyCS2,
MyCS3, MyCSS5, and MyCS6) have a relatively low porosity (14.3%, 21.1%, 17.5%, and 10.8%,
respectively). The Hyuga-nada Group is characterized by high-porosity siltstones (43.7% =+ 1.5%),
similar to the top of the Tsuma Facies. In each lithofacies, the porosity of the siltstones decreases
gradually from top to bottom, indicating that porosity reduction was related to burial. Samples
with similar depositional ages have a similar porosity in the Tsuma (26.1%—31.6%; Tsuma and

Honjo formations) and Miyazaki (25.5%-26.9%; lkime Formation) facies, but a much lower

10
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porosity in the Aoshima Facies (15.9%; Aoshima Formation). The grain density of siltstones in
the Miyazaki forearc basin ranges from 2.64 to 2.73 g/cm? and is similar to that of siltstones in
the Boso (2.60-2.70 g/cm?; Kamiya et al., 2017) and Kumano (2.68 g/cm® at 950.5 mbsf; Tobin
et al., 2015) forearc basins in central and offshore Southwest Japan, respectively. Therefore, the
siltstones in the Miyazaki Group are representative of those in forearc basins, although there are

major spatial variations in porosity between the three lithofacies.

4.3 Vitrinite reflectance and maximum paleo-temperatures

4.3.1 Vitrinite reflectance

Vitrinite reflectance show a normal distribution (Fig. 6). Some samples also contain grains with
anomalously high reflectance that are derived from a highly mature source; consequently, the
mean reflectance Ro (Fig. 4; Table 3) was calculated after such data were excluded.

Figure 7 shows the distribution of vitrinite reflectance values in the Miyazaki Group and the
neighboring accretionary complex. The accretionary complex is characterized by high Ro values
(0.84%—1.12%). The Miyazaki Group shows wide variations in Ro values (0.27%—0.73%). The
mean vitrinite reflectance values in the Aoshima, Miyazaki, and Tsuma facies are 0.43%—0.73%,
0.40%—-0.47%, and 0.27%—-0.45% from top to bottom, respectively. The vitrinite reflectance
increases gradually from top to bottom in each lithofacies, implying that the thermal maturity of
the Miyazaki Group was affected by the general geothermal gradient. Samples with similar
depositional ages have similar vitrinite reflectance values in the Tsuma (0.37%—0.45%; Tsuma
and Honjo formations) and Miyazaki (0.40%—0.47%; Ikime Formation) facies, but slightly higher

values in the Aoshima Facies (0.46%—0.58%; Aoshima Formation).

4.3.2 Maximum paleo-temperatures

11
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Time-dependent models have been proposed to calculate the maximum temperature from vitrinite
reflectance data (e.g., Sweeney and Burnham, 1990; Nielsen et al., 2017). We used the EASY%Ro
program (Sweeney and Burnham, 1990) to calculate the maximum paleo-temperatures, based on
the Ro values and burial history of each formation in the Miyazaki Group. In the program,
different values of vitrinite reflectance are calculated by entering different burial histories and
temperatures. The approximate depositional age was used to calculate the maximum temperature
for each formation (Table Al). We assumed that heating in the entire Miyazaki forearc basin
continued until ca. 2.2 Ma, corresponding to the development of the Hisamine unconformity. For
example, the thermal history of the Aoshima Formation is as follows: (1) sediments accumulated
on the seafloor at 5.5 Ma; (2) the sediments reached their maximum burial depth at 2.2 Ma; and
(3) the sediments were uplifted to the surface at 2.0 Ma. Based on these burial histories, we
determined the maximum paleo-temperature for each sample (Table 3).

The maximum paleo-temperatures in the Aoshima, Miyazaki, and Tsuma facies are 97-140°C,
85-99°C, and 46-94°C from top to bottom, respectively. Samples with similar depositional ages
have similar maximum paleo-temperatures in the Tsuma (80-94°C; Tsuma and Honjo formations)
and Miyazaki (85-99°C; Ikime Formation) facies, whereas the temperatures are 10-20°C higher

in the Aoshima Facies (97-116°C; Aoshima Formation).

4.4 Consolidation state and maximum burial depth

4.4.1 Consolidation state

Figure 8 shows the consolidation curves for each sample. In all graphs, the linear part before
yielding (over consolidation) is clearly observed. Some over consolidation curves for the
Miyazaki and Aoshima facies appear to be non-linear, as their initial void ratio was low and the

axes were enlarged in the early stage of the tests (Fig. 8e—f). After yielding, a linear trend (normal

12
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consolidation) is clearly observed in the Tsuma Facies (Fig. 8a—c). Yielding behavior was
observed in the Miyazaki and Aoshima facies (Fig. 8d—f), but is relatively unclear. The
reproducibility of the consolidation tests for low-porosity siltstones was confirmed, using sample
MyCS4 (Fig. A2a in the Appendix). Two samples from the bottom of the Aoshima (MyCS1) and
Miyazaki (MyCS2) facies did not yield until 80 MPa (Fig. A2b in the Appendix).

Estimated p. values (Table 2) of the Aoshima Facies are 48.4 and 38.2 MPa in its middle and
upper parts, respectively (Fig. 8f). Those of the Miyazaki Facies are 21.5-23.9 MPa (Fig. 8¢) and
13.8-16.2 MPa (Fig. 8d) in its middle and upper parts, respectively. Those of the Tsuma Facies
are 15.5-16.4 MPa (Fig. 8c), 7.2-13.6 MPa (Fig. 8b), and 2.7-5.0 MPa (Fig. 8a) in its bottom,
middle, and upper parts, respectively. The p. values increase gradually from top to bottom in each
lithofacies in the Miyazaki Group. The Aoshima Facies is characterized by the largest p. value,
indicating that its maximum burial depth was greater than that of the Miyazaki and Tsuma facies,
given there was no excess interstitial pore fluid. Samples with similar depositional ages have
similar p. values in the Tsuma (13.6-15.5 MPa; Tsuma and Honjo formations) and Miyazaki
(13.8-16.2 MPa; Ikime Formation) facies, but the p. values are twice as large in the Aoshima

Facies (38.2 MPa; Aoshima Formation).

4.4.2 Maximum burial depth and paleo-geothermal gradient

We calculated the maximum burial depth (D,,,,) of the Miyazaki Group from the p. values and
porosity/density as follows.

(1) The difference in burial depth between two samples (AD) was calculated from the difference
in the maximum effective stress (Ap,):

Ap, = (pbulk - pwater)gAD (7)

where Ppuik> Pwater> and g are the bulk sediment density, water density (1.0 g/cm?), and

13



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

gravitational acceleration (9.8 m/s?), respectively. ppk depends on the ratio of the pore space
to the solid part of the sample (n) as follows:

Pouk = (1 —n)ps + NPyater (8)
We assume that pp,;, is the mean value from two samples for which AD was calculated (Table
A2a). For instance, the pp,;; of the overburden above MyCS17 (Sadowara Formation) was
calculated using Eq. (8) and the mean n value of MyCS17 (Sadowara Formation) and MyCS15
(Takanabe Formation).
(2) To calculate D,,,, for each formation, we summed up AD as the overburden above the
formation (Table A2a). For example, D,,,, for MyCS17 (Sadowara Formation) is the sum of
AD for MyCS7 (Hyuganada Group), and MyCS15 (Takanabe Formation) and MyCS17
(Sadowara formation).
(3) The Miyazaki Facies is overlain by the Uryuno Formation (Fig. 2¢). Because the top of the
Miyazaki and Aoshima facies were deposited simultaneously, we assumed that the Aoshima
Formation was also overlain by the Uryuno Formation or its equivalent. To calculate D, , for
the Aoshima Facies, we assumed that the pp,;, value of the overlying sediment is the mean
value for MyCS4 (Aoshima Formation) and MyCS13 (Uryuno Formation; Table A2c).
Table 2 provides the calculated D,,,, values for the Miyazaki Group. D,,,, ranges from 3590
to 4430 m from the upper to middle parts of the Aoshima Facies, 1390 to 2270 m from the upper
to lower parts of the Miyazaki Facies, and 330 to 1630 m from the upper to lower parts of the
Tsuma Facies. In the Tsuma Facies, D,,,, is consistent with the total stratigraphic thickness (Fig.
2¢), considering the lateral variations in thickness. Moreover, there are wide variations in burial
depth (>2000 m) between the Tsuma—Honjo (1370—1550 m), Ikime (1390-1600 m), and Aoshima
(3590 m) formations, even though they were deposited at similar times.

Because samples from the Aoshima Facies (MyCS1, MyCS4, MyCS6, and MyCS11) have small
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values of initial void ratios (<0.2), the consolidation curves might show faint yielding points (p.).
To validate the results of the consolidation tests, we compared the stratigraphic thickness of the
Aoshima Facies (Fig. 2¢) and calculated D,,,, from the consolidation tests (Table 2). For the
comparison, we constrained the paleo-geothermal gradient using the paleo-temperatures from the
vitrinite reflectance data and layer thickness data.

The paleo-geothermal gradient at the time of maximum burial of the Tsuma Facies was calculated
for two intervals (MyV10-MyV33 and MyV10-MyV42). Based on the stratigraphic thickness of
these intervals, the paleo-geothermal gradient is estimated to have been 26.7°C/km (MyV10-
MyV33) or 26.3°C/km (MyV10-MyV42). Based on the thickness of these intervals inferred from
Dinax- the values are 28.8°C/km or 28.1°C/km, respectively.

The values of the Aoshima Facies were 17.3°C/km (between MyV7 and MyV11) or 16.7°C/km
(between MyV49-2 and MyV14) based on the stratigraphic thickness, and 17.8°C/km (between
MyV11 and MyV15, corresponding to MyCS4 and MyCS6) based on D,,,,. The paleo-
geothermal gradient based on differential D,,,, is similar to that based on stratigraphic thickness.
Therefore, the consolidation test data for samples with small void ratios (0.1-0.2) are valid.

The calculated paleo-geothermal gradient of the Tsuma Facies (26.3-28.8°C/km) is ~1.6 times
steeper than that of the Aoshima Facies (16.7-17.8°C/km). This variation can be explained by
variations in the thermal conductivity of the sediments. The heat flow Q (in mW/m?) can be
expressed using the thermal conductivity k (in W/mK) and geothermal gradient AT /Ad (in

K/km) as follows:

AT
Q=rK7s ©

Ad
When the heat flow is constant in an area, the geothermal gradient depends only on the thermal

conductivity of the sediments. In an experimental study using core samples from a modern forearc

basin, the thermal conductivity of mudstones increased from 1.5 to 2.2 W/mK with decreasing
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porosity from 50% to 15% (Lin et al., 2020). Porosities of 50% and 15% correspond to those of
the uppermost part of the Tsuma and Aoshima facies, respectively. Thus, it is reasonable that the
paleo-geothermal gradient of the Tsuma Facies was ~1.5 times steeper than that of the Aoshima

Facies.

5. Discussion

5.1 Controlling factors on lithification in forearc basins

Figure 9a—d shows the relationships between depositional age and porosity, maximum paleo-
temperature, consolidation yield stress (p.), and maximum burial depth (D,,,4,), respectively. The
depositional age is plotted as the age range for each sampling location, based on this and previous
studies. The age ranges are summarized in Table A3 in the Appendix.

Gradual increase in the maximum paleo-temperature, p., and D,,,,, while gradual decrease in
porosity with increasing depositional age, were identified in the Miyazaki Group (Fig. 9a—d). The
porosity of the siltstones decreases linearly with increasing p. (Fig. 9¢), whereas there is little
variation in the maximum temperature (Fig. 9f). Similarly, there are wide variations in p. values
(>20 MPa) between the Aoshima and other facies, despite the minor differences in maximum
temperature (<20°C; Fig. 9g). Samples with similar depositional ages have major variation in p,
values (black arrows in Fig. 9). The Aoshima Formation has much larger p. values (38.2 MPa)
than the Ikime, Tsuma, and Honjo formations (13.8-16.2, 15.5, and 13.6 MPa, respectively).
Although the maximum temperature of the Aoshima Formation (97°C) is higher than those of the
Ikime, Tsuma, and Honjo formations (85-93, 94, and 80°C, respectively), the difference in
temperature is small. Therefore, mechanical consolidation due to the maximum effective stress
was the dominant control on lithification in this forearc basin, rather than depositional age or

temperature.
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5.2 Sedimentary and burial history of the Miyazaki Group

There is a large difference in maximum burial depth between the Aoshima and Miyazaki facies,
even though they have similar depositional ages (5—6 Ma). Although both facies show the similar
paleo-current direction (from NW to SE: Suzuki, 1987; Takashimizu, 2009), their sedimentary
environments were different. The depositional setting of the upper Aoshima Facies is considered
to have been a deep offshore basin (i.e., distal lithofacies), based on the presence of gravity flow
deposits (Ishihara et al., 2009). On the other hand, the Miyazaki Facies is considered to have
accumulated on a shallow marine to submarine slope (i.e., proximal lithofacies), based on benthic
foraminifera. Seismic data in Kumano forearc basin, Southwest Japan, supports the variations in
sediment thickness and burial depth along the direction of sediment flow (Cornard et al., 2022).
Thus, it is reasonable to infer that the Aoshima Facies had more potential for thicker sediment
accumulation than the Miyazaki Facies, and a maximum burial depth of the Aoshima Facies
(>3500 m) had been much greater than that of the Miyazaki Facies (<1600 m; Fig. 10a).

The depositional age of the lower Tsuma Facies is 6.2 Ma (K—Ar dating of tuff beds; Torii et al.,
2000) and it is assigned to planktonic foraminiferal Zone N17-N18 (Suzuki, 1987). This suggests
that the Tsuma Facies started accumulating at the same time as the upper Aoshima and Miyazaki
facies (Fig. 10a). Since ca. 5 Ma, both the upper Miyazaki (Ikime Formation) and middle Tsuma
(Honjo Formation) facies have been conformably overlain by the middle Tsuma Facies (i.e., above
the Uryuno Formation; Fig. 10b). This is evident from the similar p. values of the Ikime and
Honjo formations (13.8—-16.2 and 13.6 MPa, respectively). Figure 10b shows the maximum burial

depth of each lithofacies in the Miyazaki Group.

5.3 Regional uplift associated with crustal tectonics
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In this study, we found that the maximum burial depth of the Aoshima Facies is greater than that
of the other facies despite the minor difference in the depositional ages. Sediments in the Aoshima
Facies were deeply buried (>3500 m) and tectonically uplifted, making distribution of the highly
consolidated sedimentary rocks only in the southern Miyazaki Group (Fig. 10e). Recent
topographic analyses of the paleo-shoreline and Quaternary terrace deposits unconformably
overlying the Miyazaki Group indicates the larger uplifting of the Aoshima Facies than the
Miyazaki and Tsuma facies (Nagaoka et al., 1991; 2010; Maemoku, 1992). The heterogeneous
uplifting in the study area is therefore still ongoing.

In addition, the Aoshima Facies forms in ~700 m-high mountains, whereas the other facies are
distributed on the Miyazaki Plain (lower than 200 m). Taking the present-day topography of the

region into account, the localized uplifting must have occurred in its southern part.

5.3.1 Block rotation of the South Kyushu microplates

The localized uplifting is supported by paleomagnetic studies. Paleomagnetic data for Miocene—
Pliocene sedimentary rocks from South Kyushu indicate that the region rotated ~30° counter-
clockwise with respect to the Eurasian continent during rifting of the continental crust beneath
South Kyushu and the northern Okinawa Trough (Kodama and Nakayama, 1993; Kodama et al.,
1995). Southeast Kyushu is divided into three microplates (Fig. 10c) during the period of the
rotation (Kodama et al., 1995). The boundary between two of the microplates corresponds to the
boundary between the Aoshima (block B in Fig. 10c) and Miyazaki (block A in Fig. 10c) facies,
which is characterized by intense seismicity and sinistral focal mechanisms (Kagiyama, 1994).
Paleomagnetic mean direction of the Aoshima Facies is D (declination) = 322.0° and I
(inclination) = 48.6° (Kodama and Nakayama, 1993), whereas those of the Miyazaki and Tsuma

facies are D = 338.6° and I = 47.5° (Kodama et al., 1995). It suggests that the Aoshima Facies
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rotated ~16° counter-clockwise with respect to the Miyazaki and Tsuma facies. Therefore, the
Aoshima Facies was isolated from the northern Miyazaki Group due to the block rotation and
tilted more than the northern part (Figs. 3 and 10d). Thus, the rotation of South Kyushu apparently

related to the independent crustal uplifting of the Aoshima Facies.

5.3.2 Subduction of the Kyushu—Palau Ridge

Seismic images of Pacific subduction zones and numerical experiments of forearc regions suggest
that the forearc uplift is generally caused by tectonic underplating of subducting slabs (e.g.,
Menant et al., 2020; Scholl, 2021). The heterogeneous underplating beneath the study area that is
for example, if the thicker input of sediments or topographic high were underplated beneath the
Aoshima Facies, localized uplifting should be explained. The subducting Kyushu—Palau Ridge is
the most prominent topographic characteristics in South Kyushu since the latest Miocene
(Mabhony et al., 2011), which can make the major variation in the forearc uplift.

There are some evidences showing the subduction of the Kyushu—Palau Ridge; negative free-air
gravity anomalies, low seismic velocity anomalies, and a seafloor topographic bulge are
characterized in the forearc extension of the Kyushu—Palau Ridge (e.g., Nawa et al., 2005; Tahara
et al., 2008; Park et al., 2009; Yamamoto et al., 2013, Xia et al., 2021). Bathymetric data for
Southeast Kyushu show a seafloor reentrant structure corresponding to the shadow zone that was
formed by subduction of the Kyushu—Palau Ridge (Park et al., 2009).

Sandbox modeling indicates that both the accretionary wedge and forearc basin are uplifted in
response to seamount subduction (Dominguez et al., 2000) and similar phenomena have been
observed in some subduction zones (e.g., Fleury et al., 2009; Sak et al., 2009). Subduction and
underplating of seamounts could cause the localized uplift and seaward tilting of slope deposits

in the forearc region (Sak et al., 2009), similar to the study area (Figs. 2 and 3).
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Therefore, the subducting Kyushu—Palau Ridge is the most plausible origin of the unique uplift
in the study area. The wide variations in consolidation of the three lithofacies in the Miyazaki
Group reflected differences in the depositional environment and amount of regional uplift in

South Kyushu.

6. Conclusions

Analyses of the calcareous nannofossil stratigraphy and physical properties (porosity, paleo-

temperature, and maximum effective stress) of Neogene sediments in the Miyazaki forearc basin

have led to the following conclusions.

® The lower parts of the Aoshima (Gonoharu Formation) and Miyazaki (Tano and Aya
formations) facies are newly assigned to NN11 and CN9.

® The sediments of the Miyazaki Group show large spatial variations in physical properties
(porosity, paleo-temperature, and consolidation yield stress), despite having similar
depositional ages (late Miocene—Pliocene).

® The tops of the Aoshima and Miyazaki facies show a minor difference in maximum paleo-
temperature (10-20°C) but a large difference in consolidation yield stress (<20 MPa). This
indicates that mechanical consolidation due to maximum effective stress was the dominant
control on lithification in the Miyazaki forearc basin, rather than depositional age or
maximum temperature.

® There is a large difference in maximum burial depth between the Aoshima (>3500 m) and
Miyazaki facies (<1600 m), despite the minor difference in the depositional ages (5—6 Ma).
The differences in the maximum burial depth (AD,. >2000 m) represent variations in
sedimentary environments in the Miyazaki Group.

® The large amount of uplift apparently occurred in association with the counter-clockwise
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block rotation of South Kyushu and/or subduction of the Kyushu—Palau Ridge, making
distribution of the highly consolidated sedimentary rocks only in the southern Miyazaki

Group.
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Figure captions

Fig. 1. (a) Plate configuration map of the islands of Japan. PAP = Pacific Plate, PSP = Philippine
Sea Plate, NAP = North American Plate, and ERP = Eurasian Plate. The red-colored rectangle
indicates the area covered by Figs 1b, 2, and 7. (b) Geological map of the Miyazaki area. The
red dotted line shows the inferred fault between the Aoshima and Miyazaki facies (Kagiyama,

1994; Kodama et al., 1995).

Fig. 2. (a) Detailed geological map of the northern half of the Miyazaki Group (after Kino et al.,

1984; Endo and Suzuki, 1986). (b) Detailed geological map of the southern half of the Miyazaki

Group (after Nakamura et al., 1999). Legends are listed in Fig. 2¢. Yellow circles indicate
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sampling locations. V and CS correspond to samples for vitrinite reflectance analysis (MyV)
and consolidation tests (MyCS), respectively. (c) Stratigraphy of the Miyazaki Group including
the spatial distribution of three lithofacies. The figure shows the ages of the Aoshima (after
Kino, 1959; Ujiie and Oki, 1993; Nakamura et al., 1999), Miyazaki (after Kino et al., 1984;
Endo and Suzuki, 1986; Suzuki, 1987; Ujiie and Oki, 1993; Takashimizu, 2009), and Tsuma
(after Kino et al., 1984; Endo and Suzuki, 1986; Suzuki, 1987; Torii et al., 2000; Oda et al.,

2011) facies. Gp. = Group and Fm. = Formation.

Fig. 3. Stereoplot diagrams showing poles to bedding planes in the study area (lower-
hemisphere equal-area projections). Black circles show the confidence intervals (o = 95). (a)

Aoshima Facies. (b) Miyazaki Facies. (¢) Tsuma Facies.

Fig. 4. Stratigraphic columnar section of the Miyazaki Group with depositional age, vitrinite
reflectance (Ro) and consolidation yield stress (p.) identified in this study. Black circles show
stratigraphic sampling locations for the vitrinite reflectance (V) and consolidation tests (CS). *:

age data after Ujiie and Oki (1993). Black arrow indicates north direction.

Fig. 5. Initial porosity and grain density of the siltstones used for consolidation tests. Orange =
Aoshima Facies, green = Miyazaki Facies, and blue = Tsuma Facies. The porosity decreases
gradually from top to bottom of each lithofacies. Sandy siltstones (MyCS2, MyCS3, MyCS5, and
MyCS6) have relatively low porosities in each lithofacies. The Aoshima Facies is characterized
by a lower porosity in the Miyazaki Group. Black arrows indicate samples with the same

depositional age (MyCS4, MyCS12, MyCS16, MyCS18, and MyCS20).
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Fig. 6. Histograms of vitrinite reflectance data for the Miyazaki area. M/T: boundary between

the Miyazaki/Tsuma facies. A/M: boundary between the Aoshima/Miyazaki facies.

Fig. 7. Distribution of vitrinite reflectance values in the Miyazaki area. Circle colors indicate Ro
(%). The accretionary complex is characterized by high values of vitrinite reflectance (0.8%—
1.0%). In the forearc basin, the vitrinite reflectance of the Aoshima Facies is relatively high
(0.4%—0.7%), whereas that of the Tsuma Facies is low (0.3%—0.5%). Vitrinite reflectance

increases gradually from top to bottom in each lithofacies.

Fig. 8. Consolidation curves for each sample. (a—c) Results for the Tsuma Facies. (d—e) Results

for the Miyazaki Facies. (f) Results for the Aoshima Facies.

Fig.9. (a) Relationship between depositional age and porosities for the Miyazaki Group. Black
arrows indicate samples with the same depositional age (MyCS4, MyCS5, MyCS12, MyCS16,
MyCS18, and MyCS20). The depositional age of each sample is provided in Table A3. (b)
Depositional ages and paleo temperatures calculated from vitrinite reflectance data. (c)
Depositional ages and consolidation yield stress. (d) Depositional ages and Maximum burial
depth. (e) Porosity and consolidation yield stress. The siltstone porosity decreases linearly with
increasing p.. (f) Porosity and paleo temperature. There is a minor increase in paleo temperature

with decreasing porosity. (g) Consolidation yield stress and paleo temperature.

Fig. 10. Schematic model of the evolution of the Miyazaki Group. (a) Sedimentation of the
Miyazaki Group. Open arrows indicate the direction of sediment supply (Ishihara et al., 2009;

Takashimizu, 2009). The Aoshima Facies accumulated on the deep-sea floor, as compared with
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the Miyazaki Facies. The Tsuma Facies started to accumulate at the same time as the upper parts
of the Aoshima and Miyazaki facies, and are interbedded. (b) Last stage of sedimentation of the
Miyazaki Group. Numbers indicate the maximum burial depth for each formation. The middle—
upper part of the Tsuma Facies above the Uryuno Formation conformably overlies the upper
Miyazaki Facies. (c) Subduction of the Kyushu—Palau Ridge and counter-clockwise rotation of
the South Kyushu microplates (after Kodama et al., 1995). The boundary between microplates A
and B corresponds to the boundary between the Miyazaki and Aoshima facies. PSP = Philippine
Sea Plate, ERP = Eurasian Plate, KPR = Kyushu—Palau Ridge, and OT = Okinawa Trough. (d)
Uplift of the Aoshima Facies caused by rotation of the South Kyushu microplates and
subduction of the Kyushu—Palau Ridge. The red dotted line shows the inferred fault dividing the
Aoshima and Miyazaki facies (Kagiyama, 1994; Kodama et al., 1995). (e) Present-day

distributions of the three lithofacies.

Fig. Al. (a) Schematic diagram showing void ratio (e) versus the log of confining stress. Open
circles indicate the consolidation yield stress (p.), which corresponds to the maximum effective
stress experienced by the sample. (b) Calculation method for p. proposed by Sridharan (1991).
The consolidation curve is plotted on a log—log diagram showing specific volume (1+¢) and
consolidation stress. Lines 1 and 2 represent the linear parts of the consolidation curve. The p.

value is defined as the point of intersection of the two straight lines.

Fig. A2. (a) Consolidation curves for low-porosity siltstones (MyCS4 from the Aoshima
Formation). Two samples yielded similar consolidation curves. The p. values of MyCS4-1 and
MyCS4-2 are 38.4 and 37.5 MPa, respectively. (b) Consolidation curves for two samples

(MyCS1 and MyCS2) that did not yield clear consolidation yield points.
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Table 1. Occurrences of calcareous nannofossils in the Miyazaki Group.

Table 2. Porosity, grain density, and consolidation yield stress (p.) of the siltstones, and

calculated maximum burial depths (Dax) for the Miyazaki Group.

Table 3. Vitrinite reflectance data (Ro) and paleo-temperatures obtained from Ro values based
on EASY% Ro (Sweeney and Burnham, 1990). M/T: boundary between the Miyazaki/Tsuma

facies. A/M: boundary between the Aoshima/Miyazaki facies.

Table Al. Heating time for each formation, as used to calculate the maximum paleo-
temperature. The depositional ages are based on Suzuki (1987), Ujiie and Oki (1993),
Nakamura et al. (1999), Torii et al. (2000), and Oda et al. (2011). We assumed that heating in the
entire Miyazaki forearc basin continued until ca. 2.2 Ma, corresponding to the Hisamine

unconformity.

Table A2. Calculation of D, values for each lithofacies. The n value is the ratio of pore space
to the solid part of each sample. The mean (#) is the mean value of the upper and lower
formations of the overburden. (a) Tsuma Facies. (b) Miyazaki Facies. The Ikime Formation is
overlain by the middle—upper Tsuma Facies (i.e., above the Uryuno Formation). (c) Aoshima
Facies. The Aoshima Formation is overlain by the middle—upper Tsuma Facies (i.c., above the

Uryuno Formation).
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811  Table A3. Depositional age of each sample shown in Fig. 9. The ages are based on Suzuki
812  (1987), Ujiie and Oki (1993), Nakamura et al. (1999), Torii et al. (2000), Oda et al. (2011), and

813  this study.
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|| Quaternary deposits

D Tsuma Facies (upper Miocene-Pleistocene)
D Miyazaki Facies  (upper Miocene-lower Pliocene)
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. Basal conglomerate Miyazaki Group

. Middle Miocene
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H 5 P } Cretaceous-Miocene
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Fault (Kino, 1959; Kino et al., 1984)
----- Inferred fault (Kodama et al., 1995)

Fig. 1. (a) Plate configuration map of the islands of Japan. PAP = Pacific Plate, PSP = Philippine Sea Plate, NAP = North
American Plate, and ERP = Eurasian Plate, KPR = Kyushu—Palau Ridge. The red-colored rectangle indicates the area
covered by Figs 1b, 2, and 7. (b) Geological map of the Miyazaki area. The red dotted line shows the inferred fault
between the Aoshima and Miyazaki facies (Kagiyama, 1994; Kodama et al., 1995).
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Suzuki, 1986). (b) Detailed geological map of the southern half of the Miyazaki Group (after Nakamura et al., 1999).
Legends are listed in Fig. 2c. Yellow circles indicate sampling locations. V and CS correspond to samples for vitrinite
reflectance analysis (MyV) and consolidation tests (MyCS), respectively. (c) Stratigraphy of the Miyazaki Group
including the spatial distribution of three lithofacies. The figure shows the ages of the Aoshima (after Kino, 1959;
Ujiie and OKki, 1993; Nakamura et al., 1999), Miyazaki (after Kino et al., 1984; Endo and Suzuki, 1986; Suzuki, 1987;
Ujiie and Oki, 1993; Takashimizu, 2009), and Tsuma (after Kino et al., 1984; Endo and Suzuki, 1986; Suzuki, 1987;
Torii et al., 2000; Oda et al., 2011) facies. Gp. = Group and Fm. = Formation.
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Fig. 3. Stereoplot diagrams showing poles to bedding
planes in the study area (lower-hemisphere equal-area
projections). Black circles show the confidence intervals
(a =95). (a) Aoshima Facies. (b) Miyazaki Facies.

(c) Tsuma Facies.
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Fig. 4. Stratigraphic columnar section of the Miyazaki Group with depositional age, vitrinite reflectance

(R,) and consolidation yield stress (p,) identified in this study. Black circles show stratigraphic sampling
locations for the vitrinite reflectance (V) and consolidation tests (CS). Black arrow indicates north direction.
*: age data after Ujiie and Oki (1993). Black arrow indicates north direction.
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Fig. 6. Histograms of vitrinite reflectance data for the Miyazaki area.M/T: boundary between the
Miyazaki/Tsuma facies. A/M: boundary between the Aoshima/Miyazaki facies.
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Fig. 7. Distribution of vitrinite reflectance values in the
Miyazaki area. Circle colors indicate R, (%). The
accretionary complex is characterized by high values of
vitrinite reflectance (0.8%—-1.0%). In the forearc basin, the
vitrinite reflectance of the Aoshima Facies is relatively
high (0.4%-0.7%), whereas that of the Tsuma Facies is
low (0.3%—0.5%). Vitrinite reflectance increases gradually
from top to bottom in each lithofacies.



2.10 — 1.90 T | —  1.40 T
200 | —{ Hyuganada Gp (MyCS7): 2.7 MPal] —~ Ninazume Fm (MyCS22): 7.2 MPa (C) = Tsuma Fm (MyCS18): 15.5 MPa
: (a) —O— Takanabe Fm (MyCS15): 3.2 MPa|| 1.80 (b)—o— Uryuno Fm (MyCS13): 12.8 MPa [ —O— Kawabaru Fm (MyCS3): 16.4 MPa
1.90 t —— Sadowara Fm (MyCS17): 5.0 MPal- —— Honjo Fm (MyCS12): 13.6 MPa
1.70 |
1.80 ¢

1.30 t

1.70 + 160 L

i 160 150 |
1.50
1.40 | 1.20
1.40 ¢
1.30 1301
1.20 1.20 R R R
1'100.1 1 10 100
1.50 A o e .20 S e e S ' 7 s B e B
=~ lkime Fm (MyCS16): 13.8 MPa (e)— Aya Fm (MyCS19): 21.5 MPa (f)-D- Aoshima Fm (MyCS4): 38.2 MPa
(d)_o_ lkime Fm (MyCS20): 14.3 MPa Aya Fm (MyCS21): 23.9 MPa -0~ Janokawauchi Fm (MyCS6): 48.4 MPa
—— Ikime Fm (MyCS5): 16.2 MPa =
1.40 -
o 130+
1.20
1.20 1.10
110 ool ol Lo Lol Lol L Ll ol L
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
Consolidation stress (MPa) Consolidation stress (MPa) Consolidation stress (MPa)

Fig. 8. Consolidation curves for each sample. (a—c) Results for the Tsuma Facies. (d—e) Results for the Miyazaki Facies.
(f) Results for the Aoshima Facies.
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Fig. 9. (a) Relationship between depositional age and porosities for the Miyazaki Group. Black arrows indicate
samples with the same depositional age (MyCS4, MyCS5, MyCS12, MyCS16, MyCS18, and MyCS20). The
depositional age of each sample is provided in Table A3. (b) Depositional ages and paleo temperatures calculated
from vitrinite reflectance data. (c) Depositional ages and consolidation yield stress. (d) Depositional ages and
Maximum burial depth. (e) Porosity and consolidation yield stress. The siltstone porosity decreases linearly with
increasing p,. (f) Porosity and paleo temperature. There is a minor increase in paleo-temperature with

decreasing porosity. (g) Consolidation yield stress and paleo temperature.
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Fig. 10. Schematic model of the evolution of the Miyazaki Group. (a) Sedimentation of the Miyazaki Group. Open arrows
indicate the direction of sediment supply (Ishihara et al., 2009; Takashimizu, 2009). The Aoshima Facies accumulated on
the deep-sea floor, as compared with the Miyazaki Facies. The Tsuma Facies started to accumulate at the same time as
the upper parts of the Aoshima and Miyazaki facies, and are interbedded. (b) Last stage of sedimentation of the Miyazaki
Group. Numbers indicate the maximum burial depth for each formation. The middle—upper part of the Tsuma Facies above
the Uryuno Formation conformably overlies the upper Miyazaki Facies. (c) Counter-clockwise rotation of the South Kyushu
microplates (after Kodama et al., 1995). The boundary between microplates A and B corresponds to the boundary between
the Miyazaki and Aoshima facies. PSP = Philippine Sea Plate, ERP = Eurasian Plate, KPR = Kyushu—Palau Ridge, and
OT = Okinawa Trough. (d) Uplift of the Aoshima Facies potentially caused by rotation of the South Kyushu microplates and
subduction of the Kyushu—Palau Ridge. The red dotted line shows the inferred fault dividing the Aoshima and Miyazaki
facies (Kagiyama, 1994; Kodama et al., 1995). (e) Present-day distributions of the three lithofacies.
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consolidation yield stress (p_), which corresponds to the maximum effective stress experienced by the sample. (b)
Calculation method for p_ proposed by Sridharan (1991). The consolidation curve is plotted on a log-log diagram
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Fig. A2. (a) Consolidation curves for low-porosity siltstones (MyCS4 from the Aoshima Formation). Two samples yielded
almost the same consolidation curve. p_values of MyCS4-1 and 4-2 are 38.4 and 37.5 MPa, respectively.
(b) Consolidation curves for two samples (MyCS1 and MyCS2) that did not yield clear consolidation yield points.
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MyCS1

MyCS2-2
MyCS8
MyCS9

MyCS11

MyCS12-2

MyCS13

MyCS14

MyCS17

MyCS18

MyCS19

MyCS22

Table 1. Occurrences of calcareous nannofossils in the Miyazaki Group.

(Single-column)



Sample ID

MyCS7

MyCS15

MyCS17

MyCS22

MyCS13

MyCS12

MyCS18

MyCS3

MyCS16

MyCS20

MyCS5

MyCS19

MyCS21

MyCS2

MyCS4

MyCS6

MyCS11

MyCS1

Facies

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Aoshima

Aoshima

Aoshima

Aoshima

Formation

Higoyashiki

Takanabe

Sadowara

Ninazume

Uryuno

Honjo

Tsuma

Kawabaru

Ikime

Ikime

Ikime

Aya

Aya

Tano

Aoshima

Janokawauchi

Gonoharu

Gonoharu

Porosity (%)

43.7+15

455+0.5

39.3+04

40.5+04

35.9+04

31604

26.1+£0.1

21104

26.9+04

255+0.3

17504

21.9+0.1

21.6+0.1

143+05

15.9+0.2

10.8 +0.4

12.1£0.1

13.4+£0.2

Grain density
(g/cm®)

2.69

2.70

2.68

2.67

2.70

2.68

2.69

2.69

2.7
2.69
2.70
2.70
2.70

2.68

2.70
2.70
2.69

2.72

pc (MPa)

2.7

3.2

5.0

7.2

12.8

13.6

15.5

16.4

13.8

14.3

16.2

21.5

23.9

38.2

48.4

Dmax (m)

280

330

510

740

1290

1370

1550

1630

1390

1430

1600

2060

2270

3590

4430

Table 2. Porosity, grain density, and consolidation yield stress (p.) of the siltstones, and

calculated maximum burial depths (D) for the Miyazaki Group. (2-column)



Sample ID

MyV23

MyV17

MyV33

MyV42

MyV32

MyV31

MyV43

MyV10

MyV46

My\V24

MyV9

MyV12

MyV28

MyV27

MyV51

MyV40

MyV8

MyV11

MyV11-2

MyV22

MyV13

Facies

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Aoshima

Aoshima

Aoshima

Aoshima

Formation

Takanabe

Takanabe

Sadowara

Ninazume

Uryuno

Honjo

Tsuma

Kawabaru

lkime

lkime

lkime

lkime

lkime

lkime

lkime

Kamurano

Tano

Aoshima

Aoshima

Aoshima

Aoshima

Ro (%)

0.36 £ 0.08

0.27 +0.04

0.30 £ 0.05

0.32+0.07

0.37 £0.05

0.37 +0.03

0.45+0.08

0.42+0.04

0.41 +0.04

0.40 + 0.06

0.42 +0.03

0.44 +0.04

0.46 £ 0.05

0.47 £0.05

0.42 +0.06

0.46 +0.09

0.46 +0.05

0.46 +0.05

0.47 +0.04

0.50 +0.06

0.58 + 0.06

Paleo-temperature (°C)

83 +29

46 £ 16

56 + 18

63 + 22

80 £ 11

103 +10

116 +£9



MyV14

MyV15

MyV53

MyV26

MyV35

MyV38

MyV18

MyV47

MyV20

MyV49-1

MyV49-2

MyV7

MyV36

MyV50

MyV45

MyV52

MyV54

MyV39

MyV6

MyV19

MyV21

MyV55

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Gonoharu

Gonoharu

Gonoharu

Gonoharu

Kaichigo

Boroishi

M/T

AM

AM

AM

Nichinan Gp.

Nichinan Gp.

Nichinan Gp.

Nichinan Gp.

0.53+0.05

0.55+0.06

0.47 +0.06

0.60 +0.07

0.73 +0.09

0.45+0.07

0.61 £0.05

0.43+0.04

0.57 +0.06

0.58 +0.07

0.70+0.14

0.73 +0.09

0.73 +0.06

0.67 +0.07

0.33+0.07

0.42 +0.04

0.53+0.08

0.40 +0.06

1.12+0.08

0.84 +0.04

0.88 +0.07

0.86 +0.05

108 7

M2+7

98 + 10

118 £13

140 £ 13

94+9

119+ 10

90+6

113+ 11

114 £12

134 £+ 19

138 £15

137 £ 10

129+ 10



Table 3. Vitrinite reflectance data (Ro) and paleo-temperatures obtained from Ro values based
on EASY% Ro (Sweeney and Burnham, 1990). M/T: boundary between the Miyazaki/Tsuma

facies. A/M: boundary between the Aoshima/Miyazaki facies. (2-column)



Sample ID  Facies Formation Heating time (Ma) Reference

MyV23 Tsuma Takanabe 3.0-2.2 Oda et al. (2011)

MyV17 Tsuma Takanabe 3.0-2.2 Oda et al. (2011)

MyV33 Tsuma Sadowara 3.5-2.2 Torii et al. (2000); Oda et al. (2011)
MyV42 Tsuma Ninazume 4.0-2.2 Suzuki (1987); Torii et al. (2000)
MyV32 Tsuma Uryuno 4.0-2.2 Suzuki (1987); Torii et al. (2000)
MyV31 Tsuma Honjo 5.0-2.2 Suzuki (1987)

MyV43 Tsuma Tsuma 6.0-2.2 Suzuki (1987)

MyV10 Tsuma Kawabaru 6.5-2.2 Torii et al. (2000)

MyV46 Miyazaki  Ikime 5.5-2.2 Ujiie and Oki (1993)

MyV24 Miyazaki  lkime 5.5-2.2 Ujiie and Oki (1993)

MyV9 Miyazaki  Ikime 5.5-2.2 Ujiie and Oki (1993)

MyV12 Miyazaki  lkime 5.5-2.2 Ujiie and Oki (1993)

MyV28 Miyazaki  Ikime 5.5-2.2 Ujiie and Oki (1993)

MyV27 Miyazaki  lkime 5.5-2.2 Ujiie and Oki (1993)

MyV51 Miyazaki  Ikime 5.5-2.2 Ujiie and Oki (1993)

MyV40 Miyazaki ~ Kamurano 6.0-2.2 Ujiie and Oki (1993)

MyV8 Miyazaki  Tano 8.0-2.2 This study

MyV11 Aoshima  Aoshima 5.5-2.2 Ujiie and Oki (1993)

MyV11-2 Aoshima  Aoshima 5.5-2.2 Ujiie and Oki (1993)

MyV22 Aoshima  Aoshima 5.5-2.2 Ujiie and Oki (1993)

MyV13 Aoshima  Aoshima 5.5-2.2 Ujiie and Oki (1993)



MyV14

MyV15

MyV53

MyV26

MyV35

MyV38

MyV18

MyV47

MyV20

MyV49-1

MyV49-2

MyV7

MyV36

MyV50

MyV45

MyV52

MyV54

MyV39

MyV6

MyV19

MyV21

MyV55

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Aoshima

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Janokawauchi

Gonoharu

Gonoharu

Gonoharu

Gonoharu

Kaichigo

Boroishi

M/T

AM

AM

AM

Nichinan Gp.

Nichinan Gp.

Nichinan Gp.

Nichinan Gp.

5.5-2.2

6.0-2.2

6.0-2.2

6.0-2.2

6.0-2.2

6.0-2.2

6.0-2.2

6.0-2.2

7.0-2.2

7.0-2.2

7.0-2.2

7.0-2.2

8.0-2.2

8.0-2.2

Ujiie and Oki (1993)

Nakamura et al. (1999)

Nakamura et al. (1999)

Nakamura et al. (1999)

Nakamura et al. (1999)

Nakamura et al. (1999)

Nakamura et al. (1999)

Nakamura et al. (1999)

This study

This study

This study

This study

Nakamura et al. (1999)

Nakamura et al. (1999)



Table Al. Heating time for each formation, as used to calculate the maximum paleo-
temperature. The depositional ages are based on Suzuki (1987), Ujiie and Oki (1993),
Nakamura et al. (1999), Torii et al. (2000), and Oda et al. (2011). We assumed that heating in the
entire Miyazaki forearc basin continued until ca. 2.2 Ma, corresponding to the Hisamine

unconformity.



(a) Sample ID

Overburden

MyCS7

MyCS15

MyCS17

MyCS22

MyCS13

MyCS12

MyCS18

MyCS3

(b) Sample ID

Overburden

MyCS7

MyCS15

MyCS17

MyCS22

MyCS13

MyCS16

MyCS20

MyCS5

pc (MPa)

2.7

3.2

5.0

7.2

12.8

13.6

15.5

16.4

pe (MPa)

3.2

5.0

7.2

12.8

13.8

14.3

16.2

n

0.44

0.42

0.39

0.41

0.36

0.32

0.26

0.21

0.44

0.42

0.39

0.41

0.36

0.27

0.25

0.18

Mean (n)

0.44

0.43

0.41

0.40

0.38

0.34

0.29

0.24

Mean (n)

0.44

0.43

0.41

0.40

0.38

0.31

0.26

0.22

0.20

Obulk (g/cm3)
1.96

1.97

2.01

2.02

2.05

2.13

2.21

2.30

Pbulk (9/cm3)
1.96

1.97

2.01

2.02

2.05

217

2.25

2.33

2.36

Apc (MPa)
2.7

0.5

1.8

2.2

5.6

0.8

1.9

0.9

Apc (MPa)

2.7

0.5

1.8

2.2

5.6

1.0

0.5

1.9

5.3

AD (m)
281

52

183

222

557

77

175

80

AD (m)

281

52

183

222

557

94

45

166

457

Dmax (m)

281

333

516

738

1295

1372

1548

1628

Dmax (m)

281

333

516

738

1295

1390

1435

1601



MyCS19 21.5 0.22 2058
0.22 2.33 2.4 210
MyCS21 23.9 0.22 2269

(c) SampleID  pc(MPa) n Mean (n)  pbuk (9/cm3)  Apc (MPa)  AD (M)  Dmax (M)

Overburden 0.44 1.96 2.7 281

MyCS7 27 0.44 281
0.43 1.97 0.5 52

MyCS15 3.2 0.42 333
0.41 2.01 1.8 183

MyCS17 5.0 0.39 516
0.40 2.02 2.2 222

MyCS22 7.2 0.41 738
0.38 2.05 5.6 557

MyCS13 12.8 0.36 1295
0.26 2.26 254 2294

MyCS4 38.2 0.16 3590
0.13 247 10.2 842

MyCS6 48.4 0.11 4432

Table A2. Calculation of D, values for each lithofacies. The n value is the ratio of pore space
to the solid part of each sample. The mean (#) is the mean value of the upper and lower
formations of the overburden. (a) Tsuma Facies. (b) Miyazaki Facies. The Ikime Formation is
overlain by the middle—upper Tsuma Facies (i.e., above the Uryuno Formation). (c) Aoshima
Facies. The Aoshima Formation is overlain by the middle—upper Tsuma Facies (i.e., above the

Uryuno Formation).



Sample ID

MyCS8

MyV17

MyV23

MyCS17

MyV33

MyCS22

MyV42

MyCS13

MyV32

MyCS12

MyV31

MyCS18

MyV43

MyCS3

MyV10

MyCS16

MyCS20

MyV24

MyV46

MyCS5

MyV9

Facies

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Tsuma

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Miyazaki

Formation

Takanabe

Takanabe

Takanabe

Sadowara

Sadowara

Ninazume

Ninazume

Uryuno

Uryuno

Honjo

Honjo

Tsuma

Tsuma

Kawabaru

Kawabaru

lkime

lkime

lkime

lkime

lkime

lkime

Depositional

age (Ma)

3.6-2.9

3.6-2.9

3.6-2.9

3.8-3.6

3.8-3.6

4.0-3.8

4.0-3.8

4.4-4.0

4.4-4.0

5.5-5.1

5.5-5.1

5.5-5.1

5.5-5.1

6.2-

6.2-

5.5-4.4

5.5-4.4

5.5-4.4

5.5-4.4

5.8-5.5

5.8-56.5

Reference

Oda et al. (2011); This study

Oda et al. (2011); This study

Oda et al. (2011); This study

Suzuki (1987); Oda et al. (2011)

Suzuki (1987); Oda et al. (2011)

Suzuki (1987); Torii et al. (2000)

Suzuki (1987); Torii et al. (2000)

Suzuki (1987); Torii et al. (2000)

Suzuki (1987); Torii et al. (2000)

Suzuki (1987)

Suzuki (1987)

Suzuki (1987)

Suzuki (1987)

Torii et al. (2000)

Torii et al. (2000)

Suzuki (1987)

Suzuki (1987)

Suzuki (1987)

Suzuki (1987)

Ujiie and Oki (1993)

Ujiie and Oki (1993)



MyV12 Miyazaki  Ikime 5.8-5.5 Ujiie and Oki (1993)

MyV27 Miyazaki  lkime 5.8-5.5 Ujiie and Oki (1993)
MyV28 Miyazaki  Ikime 5.8-5.5 Ujiie and Oki (1993)
MyV51 Miyazaki  lkime 5.8-5.5 Ujiie and Oki (1993)
MyCS19 Miyazaki Aya 8.5-5.5 This study
MyCS21 Miyazaki  Aya 8.5-5.5 This study
MyV8 Miyazaki  Tano 8.5-5.5 This study
MyCS4 Aoshima  Aoshima 5.8-5.5 Ujiie and Oki (1993)
MyV11 Aoshima  Aoshima 5.8-5.5 Ujiie and Oki (1993)
MyV11-2 Aoshima  Aoshima 5.8-5.5 Ujiie and Oki (1993)
MyV13 Aoshima  Aoshima 5.8-5.5 Ujiie and Oki (1993)
MyV14 Aoshima  Aoshima 5.8-5.5 Ujiie and Oki (1993)
MyV22 Aoshima  Aoshima 5.8-5.5 Ujiie and Oki (1993)
MyCS1 Aoshima  Gonoharu 8.5-5.5 This study
MyV7 Aoshima  Gonoharu 8.5-5.5 This study
MyV20 Aoshima  Gonoharu 8.5-5.5 This study
MyV49-1 Aoshima  Gonoharu 8.5-5.5 This study
MyV49-2 Aoshima  Gonoharu 8.5-5.5 This study

Table A3. Depositional age of each sample shown in Fig. 9. The ages are based on Suzuki

(1987), Ujiie and Oki (1993), Nakamura et al. (1999), Torii et al. (2000), Oda et al. (2011), and

this study.
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