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ABSTRACT

Based on the excellent sedimentary record, we have identified five depositional
sequences in the upper part of the Omma Formation, exposed along the Japan Sea coast
of central Japan. The base of this stratigraphic section is placed just below the top of the
Jaramillo Subchron, and the top is located below the Brunhes-Matuyama boundary.
Biostratigraphy supports the interpretation that the lower three sequences correlate with
marine oxygen isotope stages (MIS) 28-26, 26-24 and 24-22, respectively. We have
reconstructed a eustatic sea-level curve from analyses of sedimentary facies, fossil
molluscs, basin subsidence and sediment accumulation. The resulting sea-level curve
shows that mean eustatic sea-level dropped between 1.0 Ma and 0.9 Ma, and that
sea-level was lowest at MIS 22, which has the heaviest 'O value between MIS 28 and
22. The total fall in mean sea-level is inferred to be 20-30 m. This independent sea-level
record demonstrates that ice-sheet volume rapidly increased at the Mid-Pleistocene
Climate Transition (MPT) and culminated in MIS 22, as inferred from the 8'*O record.
The upper two depositional sequences imply the contribution of precession to changes
in ice sheet volume would have arisen in MIS 21, just after the Mid-Pleistocene Climate
Transition.
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1. Introduction

The switch from predominant 41-ka to predominant 100-ka glaciation cycles at
around 1.0-0.9 Ma (the Mid-Pleistocene Climate Transition) occurred without a
corresponding change in orbital forcing (e.g., Pisias and Moore, 1981). High-resolution
oxygen isotope records imply that an ice volume-related increase in mean 5'°0 took
place near the top of the Jaramillo Subchron, with a value of 0.36%o or 0.18%0 (Prell,
1982; Maasch, 1988). According to Mudelsee and Schulz (1997), the MPT was centered
at 922+12 ka and lasted about 40£9 ka, but the amplitude of the 100-ka cycle abruptly
increased much later on, at 64149 ka. The MPT consisted of a 'O increase of 0.29+
0.05%o, which was caused by an expanding ice mass and minor temperature effects.
Raymo et al. (1997) discovered that this transition was accompanied by a 0.3%o
decrease in mean ocean 8"°C at the MPT and suggested that this one-time addition of
isotopically depleted terrestrial carbon may possibly have been related to an increase in
global aridity. Internal climatic mechanisms such as ice-bedrock interaction,
atmospheric CO; levels, tectonic processes, and a nonlinear response to precession have
been among the hypothesized causes (Raymo et al., 1988; Raymo and Ruddiman, 1992;
DeBlonde and Peltier, 1991; Clark et al., 1999; Elkibbi and Rial, 2001). To solve this

problem requires precise information about changes in global ice volume at the MPT.



Although the history of continental ice volume comes from oxygen isotope records of

foraminifera in deep-marine sediments, these records are also influenced by regional

climate changes. In fact, there are differences in the pattern and amplitude of

fluctuations among studies of the MPT (e.g., Mudelsee and Schulz, 1997). Direct

calibration of the ice-volume component of the deep-marine oxygen isotope records

with actual eustatic sea-level changes has been accomplished in studies of late

Pleistocene coral-terrace sequences (e.g., Chappell et al, 1996) and submerged

speleothems (e.g., Richards et al., 1994). Whether the same calibration is valid for the

MPT isotopic records is unknown, because an independent calibration of the ice volume

does not exist. Shelfal and nearshore sedimentary records are an independent archive of

eustatic sea-level changes (Kamp and Naish, 1998; Naish, 1997). Exposures of

mid-Pleistocene shallow-water sediment are known from the Wanganui Basin in New

Zealand (Abbott and Carter, 1994), the Croton Basin in southern Italy (Rio et al., 1996;

Massaria et al., 1999), and the San Francisco Peninsula in northern California (Carter et

al., 2002). However, these authors did not identify oxygen isotope stage 23 in their

lithostratigraphic schemes.

The Omma Formation is exposed in the vicinity of Kanazawa City on the Sea

of Japan coast of central Japan and consists mainly of shallow-marine deposits. Its



upper part occupies the interval between the top of the Jaramillo Subchron and the

Matuyama/Brunhes transition (Kitamura, 1994). On the basis of litho- and biofacies, the

upper part of the Omma Formation at its type section (the Okuwa section) was

deposited in a variety of coastal plain, shoreface, and marine-shelf environments.

Although three depositional sequences have been recognized in the upper part of the

Omma Formation, and correlated with oxygen isotope stages 28 to 22, there is a

discrepancy between these correlations and biostratigraphic data (Kitamura, 1994).

However, we have gained important insights into the sequence stratigraphy of these

beds by examining new exposures and evaluating drilling data associated with highway

construction. As a result, we define the upper part of the Omma Formation to contain

tive depositional sequences and, as noted below, resolve the discrepancy in correlation

between biostratigraphic and oxygen isotope ages. Further, by comparing a sea-level

curve inferred from this revised sequence stratigraphic interpretation with deep-sea

oxygen isotope records, we provide constraints on global sea-level changes at the MPT.

2. Geological setting of Omma Formation depositional sequences

The sedimentary basin in which the Omma Formation was deposited is a

back-arc basin with respect to the subducting plate boundaries of the Pacific, Philippine



and Eurasia plates (Fig. 1). The Omma Formation unconformably overlies the Middle

Miocene Saikawa Formation that consists of massive siltstone (Ogasawara, 1977).

Because the unconformity is penetrated by the marine rock-boring bivalve Zirfaea sp.,

the Saikawa Formation sediments must have lithified prior to deposition of the Omma

Formation (Kitamura, 1997). The sediments of the Omma Formation are poorly

unconsolidated and can be easily scored with a knife. The 210-m thick Omma

Formation has been divided into lower, middle and upper parts, based on its litho- and

biofacies (Kitamura and Kondo, 1990). Its lower and middle parts are composed of

fourteen sixth-order (41-ka) depositional sequences that were deposited in inner- to

outer-shelf depths during oxygen isotope stages 56 to 28 (Fig. 2) (Kitamura et al., 1994;

2001). These depositional sequences include the following architectural elements, in

ascending stratigraphic order: (1) a basal sequence boundary that is superposed on the

ravinement surface; (2) a transgressive systems tracts (TST) (2-5 m thick) consisting of

a basal shell bed (0.3 m thick) (a condensed onlap shell bed) and overlying fine- to

very-fine-grained sandstone; (3) a maximum flooding horizon that coincides with the

horizon that has the maximum concentration of sand-size carbonate grains; (4) a

highstand systems tracts (HST) (2-3 m thick) consisting of fine-grained sandstone and

sandy siltstone; and (5) a regressive systems tracts (RST) (< 1 m thick) comprising



fine-grained sandstone with a coarsening-upward trend (Kitamura et al., 2000). These

parts of the Omma Formation show no progressive shift in litho- and biofacies toward

deeper or shallower deposits. In addition, if oxygen isotope records (e.g., Ruddiman et

al., 1989; Shackleton et al., 1990; Berger et al., 1994) are regarded as a proxy of the

glacio-eustatic sea-level record, there were no significant changes in average sea-level

during deposition of this formation. These characteristics imply that the sedimentation

rate matched the subsidence rate.

The upper part of the Omma Formation is 110 m thick, has an E-W strike and

dips 10° north. Based on the stack of seven sedimentary facies, this upper part is

thought to consist of three depositional sequences (Kitamura, 1994), numbered from DS

I to DS III (Fig. 3). Depositional sequence I (DS I) was partially covered by fluvial

deposit (Fig. 2). The first-appearance datum of Gephyrocapsa parallela (1045+25 ka;

Berger et al., 1994) and the last-appearance datum of Reficulofenestra asanoi (889+25

ka; Berger et al., 1994) have been placed within DS I (Takayama et al., 1988). A

magnetostratigraphic study by Ohmura et al. (1989) inferred that the Omma Formation

is assignable to the Matuyama Reversed Polarity Chron. The top of the Jaramillo

Subchron is placed 65 cm + 15 cm above the lower sequence boundary of DS I

(Kitamura et al., 1994). Kitamura (1994) inferred that the depositional ages of DS I, II



and III correspond with oxygen isotope stages 28-26, 26-24 and 24-22, respectively.

However, based on the new information herein, this preliminary correlation is not in

agreement with the stratigraphic position of the last-appearance datum of

Reticulofenestra asanoi (Fig. 3).

3. Sedimentary facies

A new outcrop of the upper part of the Omma Formation was exposed at its

type section during construction of bridge piers, and allows us to observe all of

depositional sequence 1. A large tunnel (663 m in length) connected to a bridge was dug

into a terrace on the right bank of the Saikawa River in a E-W direction (Fig. 1). Prior to

construction of the tunnel, eight cores were drilled at horizontal intervals of 50 to 100 m

along the proposed path of the tunnel (Fig. 1). These cores correspond with the upper

portion of DS I and the lower portion of DS II. In addition, we directly observed the

semi-elliptic face of the tunnel (7.8 m height and 7.0 m wide) at each one-metre of

drilling advance. The stratigraphic interval we studied in the tunnel corresponds with

the upper portion of DS I. By relying on a combination of these new sedimentary

records and published studies, we have identified seven sedimentary facies. The

stratigraphic distribution of these facies is illustrated in Figs. 3 and 4.



3.1. Facies I-Inner shelf

This facies is composed of massive, bluish gray, fine-grained sandstone with

abundant well-preserved fossil molluscs. Most of bivalves are conjoined, but are not in

life positions, and are mostly aligned parallel to bedding. This preservation implies that

these deposits do not contain species transported post-mortem from other habitats, and

so evidently are indigenous. These deposits occupy the lowest portion of DS I and the

middle portion of DS II (Fig. 3).

Within the 4-m thick facies 1 of DS I, molluscan fossil associations change, in

ascending order, from a transitional association to a Clinocardium-Turritella association

(Kitamura et al., 1994). The former is characterized by a mix of cold-water species (e.g.,

Acila insignis, Clinocardium fastosum and Yoldia notabilis) and warm-water species

(e.g., Stellaria exutum and Paphia schnelliana) (Fig. 3). This association probably lived

at a depth of 20-30 to 50-60 m in a transitional environment between cold and warm

water masses (Kitamura et al., 1994). The Clinocardium-Turritella association probably

dwelled in the upper sublittoral zone from the tide mark to 50-60 m depth in a

cold-water environment (Kitamura et al., 1994).

The thickness of facies 1 in DS II is about 16 m (Fig. 3), and the lower part of



this facies contains numerous well-preserved fossil molluscs. This fossiliferous interval

is about 7 m thick and changes upwards into unfossiliferous sandstone. The molluscan

faunal associations within this fossiliferous interval change, in ascending order, from a

Raetellops-Macoma association, to a Macoma-Jupiteria association (Fig. 3) (Kitamura

et al., 1994). The former is characterized by Raetellops pulchellus and Macoma

fokyoensis, which commonly live at depths shallower than 20-30 m in inner bays around

Japan (Matsushima, 1984). The characteristic species of the latter association are

Ringicula doliaris, M. tokyoensis, Jupiteria confuse and Oliva mustelina, while Conus

sieboldii, Pecten albicans, Nitidotellina hokkaidoensis and Panopea japonica are also

present. Based on the modern habitat of these species around Japan, this association

dwells between 30 m and 50 m deep in warm water (Kitamura, 1994). Molds of the

large bivalves of Mercenaria stimpsoni, Acila insignis and Megangulus zyonoensis are

present in a generally unfossiliferous sandstone bed 15 m above the base of this unit

(Kitamura, 1994). These species are classified as Megangulus association and live

between the low-tide mark and 30 m depth in cold-water (Fig. 3) (Kitamura et al.,

1994).

Judging from molluscan fossil associations and the near absence of physical

sedimentary structures such as laminae, facies 1 is inferred to be an inner shelf deposit.



3.2. Facies 2 sand-dominated lower shoreface-inner shelf transition

This facies is subdivided into two parts. Facies 2a is characterized by brown,

well-sorted, massive, medium-grained sandstone with sporadic pebbles and ichnotaxa

such as Rosselia. Small-scale trough lamination and low-angle hummocky

cross-stratification (HCS) are common features. Fossil molluscs are rare, and are not

identifiable due to dissolution of the shells. Facies 2a deposits occupy the middle

portion of DS I and the upper portion of DS II. The thicknesses of the former and latter

facies are about 17 m and 35 m, respectively (Figs. 3 and 4). A few individuals of the

echinoid Scaphechinus sp. occur in this facies in DS II. A coarsening-upward trend is

evident in both horizons (Figs. 3 and 4).

Facies 2b 1s characterized by rhythmic 40-cm-thick graded sandstone beds with

sharp erosional bases. The lower part of each bed consists of HCS or parallel- and

trough cross-laminated, coarse to medium sand. Symmetrical ripple laminae are present

but rare. The upper part of each bed consists of massive sandstone with Ophiomorpha

and echinocardium burrows. Facies 2b is 2 m thick, is recognized in the uppermost part

of DS II and overlies facies 2a (Fig. 3).

According to Hamblin and Walker (1979), parallel or swaley



cross-stratification and wave ripple-laminated sands are storm-generated sand sheets

that were deposited between mean fair-weather wave base and mean storm wave base.

Facies 2 is interpreted as an open-ocean, sand-dominated, shoreface-inner shelf

transition deposit. Although storm-generated sand sheets are present in both facies 2a

and 2b, their preservation in the latter is very good compared with the former. As a

result, we believe that the depositional depth for facies 2a was greater than for facies 2b.

3.3. Facies 3 mud-dominated lower shoreface-inner shelf transition

This unit is composed of interbedded sandstone and mudstone. The sandstone

beds, commonly 10-40 cm thick, are graded and have sharp bases. They also are

commonly parallel-laminated and wave-ripple laminated, and rarely show swaley

cross-stratification (SCS) or minor planar cross-stratification. The thickness of the

massive mudstone beds is less than 10 cm. These sediments were not affected by the

burrowing of benthic organisms, and this facies is present in two horizons within the

upper part of the Omma Formation. The upper horizon is 2 m thick and makes up the

lower portion of DS III (Fig. 3). As seen in the tunnel exposures, this facies has a lower

horizon that lies within the middle portion of DS I, and it pinches out westward (< 3 m

thick) so that it 1s not present in the type section (Figs. 3, 4 and 5). Coarsening- and



thickening-upward trend are identified in the lower horizon (Fig. 4).

It is widely accepted that the parallel or swaley cross-stratification and wave

ripple-laminated sands are storm-generated sand sheets deposited between mean

fair-weather wave base and mean storm-wave base. In most cited examples, sand sheets

are interbedded with bioturbated mudstone. However, in the present study, burrows are

not present in mudstones or at the upper boundaries of sandstone sheets. This implies

that the recurrence intervals of storm deposits were relatively short. Saito (1989)

examined modern storm deposits in the nearshore zone (20 m depth) close to the

mouths of rivers near Sendai Bay, northeast Japan, and discovered that they consist of

alternations of silt and sand layers without burrowing. Saito (1989) estimated the

recurrence intervals of these storm deposits at 20 to 100 years. Since recent sediments

show the same sedimentlogical characteristics as facies 3, we infer that facies 3 was

deposited at a shoreface-inner shelf transition off a river mouth in a bay.

3.4. Facies 4 lower shoreface

This facies 1s characterized by amalgamated, swaley cross-stratified,

well-sorted, fine to very fine-grained sandstone, and is present in the middle portion of

DS I (13 m thick) and the upper part of DS III (2 m thick) (Fig. 3). The facies is inferred



to represent a lower-shoreface environment, and was deposited above mean fair-weather

wave base (Bourgeois, 1980; Walker and Plint, 1992; Murakoshi and Masuda, 1992).

3.5. Facies 5 upper shoreface

Facies 5 is characterized by composite sets of high-angle, planar or trough

cross-stratified, well-sorted, medium to very coarse sandstone beds. The thickness of a

set is less than one metre. Fossils were not found. The dips of the cross beds are

landward, seaward or parallel to the shoreline (Fig. 3) (Kitamura, 1994). Judging from

these features, Kitamura (1994) interpreted this facies as an upper shoreface. This facies

occupies the uppermost part of DS I and is less than 12 m thick (Figs. 3 and 4).

3.6. Facies 6 back marsh

This wunit is composed of alternating massive mudstone beds and

coarse-grained sandstone beds, with individual beds ranging from 10 to 100 c¢cm thick

(Fig. 3). The sandstone beds are graded, with erosional bases. Small-scale trough

lamination is often recognized within the sandstone beds. Although most mudstone beds

are massive, parallel lamination is present in a few beds. Plant debris is common in the

mudstone, and erect stumps have been found in the lowermost (Kitamura and Kondo,



1990) and the uppermost (Takayama et al., 1988) mudstone beds (Fig. 3). The tracks of

elephants and deers have been found on mudstone bedding planes (Matsuura, 1996). A

three-metre-thick conglomerate bed is present at the base of back-marsh deposits on the

east side of the study section (Fig. 4), and consists of clast-imbricated pebble gravels.

The dip of the imbrication indicates that direction of paleo-flow was to the northwest

(present seaward).

The occurrence of erect stumps and land mammal tracks indicates that the

sediment of this unit was subaerially exposed. The sandstone beds are thin and graded,

with sharp bases. These sedimentary features are simply the products of episodic

decelerating flows. In a continental context, the sedimentary environment of this

alternation may be interpreted as back marsh deposits, whereas the sandstone beds can

be interpreted as a flood deposit in crevasse splays. This facies is present in the lower

portion of DS IT and is 10 m thick.

3.7. Facies 7 transgressive lag

The facies is characterized by 20-cm-thick shell beds with erosional surfaces,

and a fining-upward trend in the matrix. This facies is found from the bases of facies 1

and 2a within DS 1, respectively (Fig. 3). The upper shell bed is covered by a



30-cm-thick massive siltstone.

These shell beds consist of Megangulus zyonoensis, Acila insignis, Glycymeris

yessoensis and Mizuhopecten yessoensis yokoyamae (Kitamura, 1994). These shells are

absent in sediment immediately below the shell beds, so are unlikely to have been

reworked from older deposits. In the upper shell bed, the underlying amalgamated and

SCS very fine sandstone do not contain fossils of molluscs or other macroinvertebrates.

These molluscs inhabit well-sorted sandy bottoms between the low-tide mark and a

depth of 30 m in cold water (Kitamura et al., 1994). Most molluscs in this facies do not

show abrasion, damage due to Cliona boring, or encrustation by calcareous algae,

barnacles or bryozoans. These characteristics are not consistent with a general model of

shell accumulation resulting from low sedimentation rates. Because the molluscan fossil

associations change from a cold-water association in the lower shell bed to a transitional

association in overlying facies 1, this shell bed may have formed during a deglacial

period. As noted below, the upper shell bed also exhibit evidence of a

deepening-upward trend. We concluded that this facies is transgressive lag formed by

coastal shoreface erosion.

4. Depositional sequences



Kitamura (1994) showed that the upper part of the Omma Formation consists

of three depositional sequences. In the present study, we have divided the lowest of

these sequences (DS I) into three depositional sequences, based on new information

about lithofacies distribution (Fig. 4). As a result, the upper part of the Omma

Formation is now interpreted as consisting of five sequences (Fig. 6).

Depositional sequence Ul (DS Ul) is 17 m thick and consists of the following

facies, in ascending stratigraphic order: basal shell bed (Facies 7, transgressive lag),

massive fine-grained sandstone with abundant molluscan fossils (Facies 1, inner shelf)

and amalgamated SCS fine to very fine-grained sandstone (Facies 4, lower shoreface)

(Fig. 6). The erosional base of the basal shell bed is also the lower sequence boundary

and coincides with a ravinement surface formed by coastal shoreface erosion during a

transgression (Bruun, 1962). Warm-water molluscs in the transitional association imply

that the lower part of the massive fine-grained sandstone was deposited during an

interglacial period. Thus, we regard the massive sandstone with this association and the

underlying shell bed as a transgressive systems tract (TST). Inner-shelf, massive

sandstone is directly overlain by a lower-shoreface SCS sandstone. This indicates that

sediments of the lower shoreface-inner shelf transition were eliminated. The base of the

SCS sandstone is sharp and overlain by a 20-cm-thick granule-gravel bed (Kitamura,



1994). Such a sharp-based shoreface succession has been reported from many areas

(e.g., Plint, 1988, 1991; Plint and Norris, 1991). The base of the SCS sandstone is

believed to have formed by wave scour during a sea-level fall (Posamentier et al., 1992).

The sediment above the erosinal base is defined as a falling stage systems tract (FSST)

(Plint and Nummedal, 2000). Thus, we think that the SCS sandstone and the underlying

massive sandstone with the cold-water Clinocardium-Turritella association correspond

with an FSST and a highstand systems tract (HST), respectively (Fig. 6).

Depositional sequence U2 (DS U2) has a maximum thickness of 17 m and

commences with a 20-cm-thick shell bed (Facies 7, transgressive-lag) resting on a sharp

erosional surface and being overlain by a 20-cm-thick mudstone sheet (Fig. 6). The

presence of mudstone sheet indicates that shell bed deposited below fair-weather wave

base. Since the sediment below the shell bed is lower-shoreface SCS sandstone, the

shell bed can be interpreted as transgressive lag formed by coastal erosion. Its base is

also the lower sequence boundary and superposed the ravinement surface. A well-sorted,

massive, medium-grained sandstone lies above the basal shell bed and exhibits a

coarsening-upward trend (Facies 2a, sand-dominated lower shoreface-inner shelf

transition) (Fig. 4). Therefore, we infer that the sandstone corresponds to an HST. In the

case of all fourteen depositional sequences in the lower and middle parts of the Omma



Formation, it is not possible to identify a maximum flooding surface without examining

the stratigraphic distribution of planktonic foraminiferal abundance and/or fossil

molluscs (Kitamura, 1998; Kitamura et al., 2001). Shells of both micro- and

macrofossils in DS U2 have been dissolved, so we were unable to identify the HST base.

We regard the basal shell bed and the overlying deposits as the TST and HST,

respectively.

The well-preserved depositional sequence U3 (DS U3) is exposed within the

tunnel. The sequence is 13 m thick, and comprises interbedded sandstone and mudstone

(Facies 3, mud-dominated lower shoreface-inner shelf transition) and cross-stratified,

well-sorted, medium to very coarse sandstone (Facies 5, upper shoreface) (Figs. 4 and

6). The stacking pattern from the well-sorted, massive sandstone (HST) in DS U2 to the

present interbedded sandstone and mudstone implies that the depositional environment

drastically changed from a sand-dominated to a mud-dominated shelf. Because this

stacking pattern cannot be explained as a regressive setting, we believe that the sharp

erosional base of the interbedded sandstone and mudstone is an unconformity and

sequence boundary. The Facies 3 sediment represents coarsening- and

thickening-upward trends for the sandstone beds, which we interpret as a TST and HST.

This unit is directly overlain by the upper-shoreface sandstone. This means that the



lower-shoreface zone has been eliminated, and that the upper-shoreface sandstone

corresponds with the FSST, whose base represents a regressive surface of marine

erosion (RSME, Plint, 1988; Hart and Long, 1996). Thus, this sequence mainly consists

of an upward-shoaling facies succession and is regarded as a parasequence. Our

observations suggest that the degree of erosion during formation of the RSME was

grater to the westward (Fig. 6), where the lower shoreface-inner shelf transition

sediments were completely truncated at the bed along Saikawa River. Thus, DS U3 in

this section contains only the FSST that comprises a progradational upper-shoreface

facies (Fig. 4). This caused the misidentification of depositional sequences in DS I as

presented by Kitamura (1994). The degree of preservation in DS U3 suggests that water

depth increased eastward. This is consistent with reconstructions based on fossil

molluscs in the middle part of the Omma Formation (Kitamura et al., 1997).

Depositional sequence U4 (DS U4) corresponds with depositional sequence 11

in Kitamura (1994). In this 55-m-thick sequence, the lithofacies are, in ascending order,

an alternation of massive mudstone beds and coarse-grained sandstone beds (Facies 6,

back marsh), massive bluish gray fine-grained sandstone (Facies 1-Inner shelf),

well-sorted, massive, medium-grained sandstone (Facies 2a, lower shoreface-inner shelf

transition), and rhythmic graded sandstone beds (Facies 2b, lower shoreface-inner shelf



transition) (Fig. 6). Based on relative sea-level change inferred from the stacking pattern

of these lithofacies, Kitamura (1994) thought that the base and top of back-marsh

deposits correspond with a lower sequence boundary and a ravinement surface,

respectively. In such a case, back-marsh deposits are interpreted to represent a low

system tract and early TST deposits. The changes of molluscan fossil associations in the

inner-shelf deposits indicate that the marine climate became warm and then cooled. In

glacial-eustatic terms, sea-level is relative high during warm interglacial periods.

Therefore, Kitamura (1994) placed the maximum flooding surface, which is the

boundary between the TST and HST, at the midpoint of the horizon containing

warm-water molluscs.

Depositional sequence US (DS US) coincides with depositional sequence III of

Kitamura (1994), and is composed of interbedded sandstone and mudstone (Facies 3,

mud-dominated lower shoreface-inner shelf transition) and amalgamated SCS fine to

very fine sandstone (Facies 4, lower shoreface) (Fig. 6). This facies succession has been

reported from wave-dominated and gradationally based shoreface successions (e.g.,

Heward, 1981; MuCubbin, 1982). Such successions typically begin with outer-middle

shelf, bioturbated mudstone. Therefore, the stacking pattern from the sandstone in the

uppermost part of DS U4 to the overlying interbedded sandstone and mudstone cannot



be explained by a progradational inner-shelf to shore-facies assemblage. We conclude

that the sharp boundary between them corresponds to a sequence boundary. Kitamura

(1994) tentatively placed the base of the HST at the midpoint of interbedded sandstone

and mudstone, because these sediments do not exhibit systematic changes such as

fining-upward or thickening-upward trends.

5. Discussion

We first correlated depositional sequences in the upper part of the Omma

Formation with oxygen isotope records (Fig. 6). As noted above, the top of the Jaramillo

Subchron is placed just above the basal shell bed in DS Ul. Thus, the TST sediment in

this sequence was deposited during a deglacial sea-level rise in marine oxygen isotope

stages (MIS) 28 to 27. According to Takayama et al. (1988) and Sato and Takayama

(1992), Gephyrocapsa parallela is only found from inner-shelf sandstone in DS U4,

whereas Reficulofenestra asanoi does not occur in the sandstone in DS U4. This implies

that the sea-level highstand during the deposition of DS U4 is younger than the

last-appearance datum of R. asanoi (889+25 ka). Furthermore, the top of the Omma

Formation is younger than the Matuyama/Brunhes transition (790+5 ka; Berger et al.,

1994) (Ohmura et al, 1989). From these observations, the depositional age of the



inner-shelf sandstone in DS U4 correlates with either MIS 23 or 21. Deep-sea 5'°0
records for sites 607, 677 and 806 (Ruddiman et al., 1989; Shackleton et al., 1990;
Berger et al., 1994) show that the values for MIS 22 is significantly heavier than those
for MIS 26 and 24. In addition, the duration of MIS 22-20 seems to have been 70-78 ka
(Shackleton et al., 1990, Berger et al., 1994, Bassinot et al., 1994). Since DS U4 is
anomalously thick and only includes non-marine sediments in its lowest portion, we
believe that this sequence corresponds to MIS 22-20, and that DS U2 and U3 correlate
with MIS 26-24 and MIS 24-22, respectively (Fig. 6). If this correlation is correct, then
DS US may represent "interstadial" oscillations in sea level during the glaciation from
MIS 21 to 20 (see below).

We evaluated water depth based on facies successions and molluscan fossil
associations in the five depositional sequences within the upper part of the Omma
Formation. Because fair-weather wave base lies at depths of about 5-15 m (Walker and
Plint, 1992), the maximum depths of the lower and upper shoreface are inferred to be 15
m and 5 m, respectively. Based on the bathymetric ranges of molluscan fossil
associations, the minimum water depth for the inner-shelf deposits is inferred to be 30
m. A water-depth curve plotted against time, derived from the above-noted correlation

between depositional sequences and oxygen isotope stages, is shown in Fig. 6.



Kitamura et al. (1994) showed that water depth changed from 20-30 m to

100-120 m during depositional sequences 10 and 11 (MIS 32-28) in the middle part of

the Omma Formation. These sequences do not include sediments that were deposited

shallower than the inner shelf. However, the upper part of the Omma Formation mainly

consists of deposits shallower than 30 m (96. 4 m of 116.4 m in thickness, 83%). This

implies that mean water depth decreased from 1.0 Ma (just above the top of the

Jaramillo Subchron) to 0.9 Ma (MIS 22). The total decrease in water depth is inferred to

be 20-30 m. This value is a minimum estimate, because of remaining uncertainty about

sea level during the deposition of back-marsh sediments in MIS 22, and about the

lowstand strata lost at the bounding unconformities.

Water-depth changes were influenced by basement subsidence, sediment

supply and eustatic sea-level change. The aggradational stacking pattern of deposits in

the lower and middle parts of the Omma Formation suggests that sedimentation kept

pace with basin subsidence at 600 ka (MIS 56-28). There are no reports of local tectonic

movement in the study area during deposition of the Omma Formation. In addition, we

were unable to identify differences in the mineral composition or in relative abundances

of fossil molluscs within the massive sandstone that lies between the middle and upper

parts of this formation (Facies 1). It is, therefore, reasonable to think that the



sedimentation rate also matched the subsidence rate during deposition in the upper part

of the Omma Formation. In addition, the effects of local isostasy may not have changed.

Based on correlations between depositional sequences with oxygen isotope stages, the

sedimentary ratios of depositional sequences 10 and 11 are estimated to be 18.8 cm/ka

and 27.6 cm/ka, respectively. On the other hand, the apparent rates of sediment

accumulation in depositional sequences Ul, U2 and U3 are 36 to 42 cm/ka. Such a

difference in sedimentation rates between the middle and upper parts of the Omma

Formation resulted from a drop in mean water depth.

The water-depth curve can also be affected by compaction due to water and

sediment loading. The basement rock for the Omma Formation had already been

consolidated prior to deposition of this formation (Kitamura, 1997). The Omma

Formation mainly consists of very fine to fine grained sandstone, with their maximum

burial depth equal to the thickness (210 m) of the Omma Formation. Based on the

porosity-depth relationship (Sclater and Christie, 1980; Ramm and Bjierlykke, 1994),

sandstone porosity decreases only 5% between the surface and a burial depth of 250 m.

As a result, the water-depth curve was hardly influenced by the effects of compaction.

The sum of these factors suggests that a decrease in mean water depth of 20-30 m was

caused by global sea-level fall (Fig. 6).



Prell (1982) and Maasch (1988) documented a rapid increase in mean 5'°0
composition of 0.36%o or 0.18%o near the top of the Jaramillo Subchron. These values
equate to a sea-level fall of about 33 m and 16 m, respectively. More recently, Mudelsee
and Schulz (1997) suggested that the MPT represents a 8O increase of 0.29 =0.05%o
(= 235 m, sea-level fall) and was caused by an expanding ice mass. These values are
very close to the change in mean water depth recorded in the Omma Formation.

Based on a comparison of maximum water depth in each depositional sequence,
sea-level during MIS 23 was lower than during MIS 27, 25 or 21 (Fig. 6), which is
consistent with many published §'*0 records (Site 607, Ruddiman et al., 1988; Site 677,
Shackleton et al., 1990; Site 806, Berrger et al., 1994). On the other hand, there is a
difference in the §'*0 values between stages 25 and 27. The value for stage 25 is
0.3-0.4%o0 lower than for stage 27 in 8'°0 records for Sites 607 and 677, while both
values are nearly the same at site 806. If the entire difference in 5'*0 values contribute
to ice-volume change, sea level during stage 25 was 27-36 m higher than during stage
27, based on 0.011%o 8'%0 for each metre of sea-level change. This water-depth value is
not consistent with our curve, which incorporates uncertainty about water depth by
using analyses of sedimentary facies and mollusc fossils (Fig. 6). In addition, the 8'°0

value for stage 21 is slightly heavy relative to stage 25 at Sites 607 and 677, while the



former is 0.1%o lighter than that of the latter in Site 806. Our reconstructed a maximum
water depth in each depositional sequence is consistent with the oxygen isotope record
at Site 806. We therefore believe that oxygen isotope record of Globigerinoides
sacculifer from the Ontong Java Plateau (ODP Site 806; Berger et al., 1994) is most
faithful record of sea-level fluctuations at the MPT. However, our generated curve
indicates that the amplitude of sea-level fluctuation for each depositional sequence is
significantly smaller than at Site 806 (calibration of 8'*0 records using 0.011%o per
metre). There are at least two possible causes for this discordance. First, we do not
know what the sea level was during deposition of the back-marsh sediments and
lowstand strata lost at the bounding unconformities. Our estimates of water depths are
therefore regarded as minimum values. Second, the 8'°0 record at Site 806 was also
influenced by regional climate change. Many studies have noted that average
sea-surface temperature during the last glacial maximum was only 1-2°C lower than in
the modern western Pacific (Broecker, 1986; Trend-Staid and Prell, 2002). However, the
magnesium/calcium ratio of Globigerinoides ruber at Site 806 indicates a surface
temperature was 3°C colder than present during the last glacial maximum (Lea et al.,
2000). In this latter case, the glacial-interglacial "0 amplitude at the site would be

larger than that due to ice-volume changes.



It is noteworthy that DS US represents a sea-level oscillation in stage 21 (Fig.
6). The DS U4 horizon exhibiting maximum water depth is a massive, inner shelf
sandstone, whereas in DS U5 this horizon consists of lower shoreface-inner shelf
transition sediments. This means that the peak sea-level highstand during DS US was
lower than in DS U4. According to Bassinot et al. (1994), a high-resolution oxygen
isotope record from core MD900963, in which precession-related oscillations of §'*0
are particularly well expressed, was caused by superposition of a local salinity signal
over the global ice volume signal, and shows three precessional oscillations. The
ice-volume curve of Bassinot et al. (1994) shows that ice volume was reduced in the
latter interstadial periods. Thus, we conclude that the horizons with maximum water
depth in DS U4 and US correspond with stages 21.5 and 21.3, respectively. This implies

that the precession contribution to sea-level variability was stronger MIS 21.

6. Conclusions

We identified five depositional sequences in the upper part of the Pleistocene
Omma Formation, based on the excellent sedimentary record at new exposures and in
drilling cores associated with highway construction. When these results are combined

with published biostratigraphic and magnetostratigraphic data, we conclude that the



lower three depositional sequences correlate with MIS 28-22, which clearly experienced
obliquity-related climate cycles. On the other hand, the upper two depositional
sequences in the Omma Formation correspond with MIS 21.5 and 21.3, respectively.
Our resulting eustatic sea-level curve, based on analyses of lithofacies, fossil molluscs
and subsidence, indicates that a fall in eustatic sea-level of 20-30 m took place from
MIS 28 to 22 (1.0-0.9 Ma). This result is in excellent agreement with the sea-level fall
inferred from the &'®O record. Thus, the rapid growth of ice sheets at the
mid-Pleistocene transition is confirmed by the shallow-marine record in the Omma
Formation. In addition, the upper two depositional sequences in the Omma Formation
imply that the precessional contribution to the formation and demise of continental ice

sheets was already in evidence at MIS 21, just after mid-Pleistocene climate transition.
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Figure caption

Fig. 1 Map showing tunnel, locations of cores and type section of the Omma Formation.

Geologic map is modified from Imai (1959).

Fig. 2 Columnar section of the Omma Formation at its type section. Biostratigraphic

datum horizons are after Takayama et al. (1988) and Sato and Takayama (1992);

magnetostratigraphic data from Ohmura et al. (1989) and Kitamura et al. (1994); time

scale for the oxygen isotope record at DSDP Site 607 and ages of biostratigraphic datum

horizons and magnetic polarity changes are based on chronology of Berger et al. (1994).

SB: Sequence boundary. L-1 to 3, 1-11, I-III: depositional sequence numbers.

Fig. 3 Columnar section for the upper part of the Omma Formation. Note that there 1s a

discrepancy between biostratigraphic data and oxygen isotope stages for the correlation

of depositional sequences.

Fig. 4 Correlation panel for drill cores. See legend in Fig. 3 and text.

Fig. 5 Alternation of sandstone and mudstone (Facies 3) observed at the tunnel face. (a)



Overview of alternation of sandstone and mudstone. Arrows show top of mudstone

layers. (b) Close view showing the alternation of sandstone and mudstone.

Fig. 6 Sequence stratigraphic interpretation and comparison of eustatic sea-level curve

derived from sedimentary record in the upper part of the Omma Formation, with oxygen

isotope records from sites 607, 677 and 806 (Ruddiman et al., 1989; Shackleton et al.,

1990; Berger et al., 1994). See legend in Fig. 3.



Dear Professor Colin V. Murray-Wallace 18 February 2005
Regional Editor, Quaternary Science

Reviews (Australasia and East Asia)

President

School of Earth and Environmental Sciences

University of Wollongong New South Wales,

2522, Australia

Thank you very much for your letter of 7 February 2005.
According to reviewers' comments, I rewrote all points and added some sections. For
your editing, I underline revised point in the manuscript and send it. I would like to

publish colour reproduction of Figure 4.

Sincerely yours,

Akihisa Kitamura

Institute of Geosciences, Faculty of Science,

Shizuoka University, Shizuoka 422-8529, Japan

Tel: +81-54-238-4798,

Fax: +81-54-238-4798,

E-mail: seakita@ipc.shizuoka.ac jp

Encl: Three manuscript copies and electronic copies of the figures and text. File format
of text is MS-Word. Except for Figure 5, file format of all figures is Canvas. File format

of Figure 5 is Illustrator ver. 10.



1Ikm

[ Jalluvial deposit Bl Utatsuyama Formation
/| younger terrace deposits Omma Formation

older terrace deposits == underlying formations
[ ]middle-Pleistocene deposits o drilling sites

Kitamura and Kawagoe

Fig. 1



Utatsuyama
Formation

[@®] conglomerate

[ sandstone
o Il mudstone
2 E=] alternation of sandstone and
g S mudstone
S g s E=] parallel lamination
NS 82359 ——
o BLSE % cross lamination
= Se€5838% hummocky cross strat.
= peEsgg E# shell bed
o SCeSES shell fossils
| 555539 = twif
8_ —— 'R O cold-water species
o A cold-water and extinct species
> _— @ warm-water species
s =
- o s
Site 607
5180 c%i»
—_ - = = 5.0 4.0 3.0
LAD Reticulofenestra g § o =
asanoi 0.899+0.025Ma =8 %2 £ o,
s 58 £.§8
D y S 20 g = O
N2 G = ]
| 2385388558
FAD Gephyrocapsa P S o 285 58888 ¢ igerinoi
b 25 & 8= S5 8 o T Globigerinoides
parallela sso3288ascs g ruber
C 1.045+0.025Ma ssSS5358¢88 (Nig)
SLUORX>X0na s 25
o O 0O 0 A AOC ® 0 00 L |
= Top of Jaramillo = - 1 | ;1 . "
©  0.992+0.01Ma o o -
= 11 =g -} N
- ) N N, - T—t=—
(o) Bottom ofJaramlIIo_» 10 | =
LL 1.073%0.01Ma - A D A
© o 2 - 4 -
E 10 m o =z = | s
= o 3 R B ’l T
o 0 S __| it
T = miben A adbantls el b
DG .E_ +l1—|"_____
LAD Gephyrocapsa 6 = - : . S _
(large) 1.243+0.03Ma Laedasd I s
5] : T/ T ——/ —_ |- 42
41 e T T T T
3 S B L ~
— ] e I~ £ —
1
21 1 - 1 I /—_; h
LAD Helicosphaera . — = — — — — f —
- Z I [ L] 1 -
sellii 1.451+0.025Ma 1 P I =
-1
L-3 I ) I } 7
-
FAD Gephyrocapsa _» \ . I : I P
(large) 1.515+0.025Ma 3 — o — v — |7
=< | — - — 1 —
rl \ ’
lower part L-1 I : 4
Saikawa
Formation

sand

—1.3

—1.7

Kitamura and Kawagoe Fig. 2



¥ paleocurrents

! trace fossils

—0.8

—0.9

—1.0

Kitamura and Kawagoe Fig. 3

-1.1

conglomerate
[sandstone AR erect stumps » > g|a
[] mudstone # tracks of elephant and deer g g = 8 o
E=] parallel lamination >= plant fossils € E % = o ”q:g — Site 607
E<] cross lamination O cold-water species_ _ g g @ = % Sl@)|m) © 5180 (%9
E=]hummocky cross strat. 4 cold-water and extinct species 5s |5 g2 2 2 50 4.0 3.0
3 shell bed ® warm-water species 25 121512 g o
~_ shell fossils © intermediate species g _8 % o c
Utatsuyama Formation [T X7 2 Facies| 7/61514|3(2/1
DI = BE - - 19
A Ak 2b '
] a1
¢ | 12 molluscan fossils | ' 20
. 1
[ § S w3 '
c ) 12 3 By ! )
: g CEl g 0:.) % g : 1
O NS 288958 . 21
- T ! 1o 25253281
© © 2 IS 2308=28 3! v 22
& e 122 2Sg82go3 :
S ) =~ ® 5 E B 9
| . b I © 3 TR ® O 0 = I 1
? 4 195 23 35 Q0 D
o 2 Dpsi 1$335553¢¢s ! ‘
LL % 1 :o S8 @660 o : L 23
~ | (L . -
© =] - ? 1[3] 1
= l I 24
= 10m S |
O ! : Iﬂ: ! 1 : - -
R SN I --. )25
0 LRI 1
S ; 26
L /S _ _ _ | 4
@» } = R\
e A - (27
= o 1
O | (2o H .
o T T T T T T T T T 1 + 28
DS I 52 ) : | I I | : _— :
l | !
1 1
| : T T 29
Y : | " 5
|
@-’ I : - ,' 30
-
: : )3t
middle part , — ="
ols ’ ' -
2 L) 1 1
Moococoose oo 32
112 8.2 &2 9758 2
T 3B SIS SSC : ot
: S 1539 2 5RESE S molluscan fossil association
time plane Z 12 % 2 G 2 3 S : transitional association
LAD Reticulofenestra asanoi |% 'g L “é -% © g -g § ?. Clinocardium-Turritella association
IN & o n S 8 = | .
0.899+0.025Ma 12 L?:g( % o3 .8 388 Megangulus association o
FAD Gephyrocapsa parallela :E o 5 2 o> 3o s g1 Raciellops: Macoma assodialian
1.045+0.025Ma I % S § g\' 2 o | Macoma-Jupiteria association
e I < ® 1
= =~ O |
(@) Top of Jaramillo 0.992-+0.01Ma 12 ge = | sedimentary environment
I 1 % % e
o . 1) sand-dominated lower shoreface-inner shelf transition
. I i
@ Bottom of Jaramillo 1.073£0.01Ma L _rpg!gs_ga_n_ EO_S_SlI§_ _I (2) mud-dominated lower shoreface-inner shelf transition



WEST

BiRd

N

DS U4

Facies 1: massive fine-grained sandstone
(inner shelf)

Facies 2a: well-sorted massive medium-
grained sandstone (sand-dominated lower
shoreface-inner shelf transition)

Facies 3: interbedded sandstone and mud-
stone (mud-dominated lower shoreface-inner
shelf transition)

100m .

DS U3

Facies 5 Fades6’ Facies 1

DS U2|5

Facies 2a

{Facies 7

DS U1

Okuwa
(type section)

Facies 4

section

(upper shoreface)

Facies 6: alternation of mudstone beds and

sandstone (lower shoreface)

Facies 5:cross-bedded coarse sandstone

sandstone beds (back marsh)

3 4

- Facies 7: shell beds (transgressive-lag)

S 6

o
O

O

54

1
—

i S ——

= .

Facies 4: amalgamated, swaley cross-stratified 7

O

DS U4

EAST

sandg[;
n

terrace deposits

talus depgsits

Kitamura and Kawagoe, Fig. 4

sand% ;

150

{30

120

g |

155

140

110



Kitamura and Kawagoe Fig. 5



~ 0.8

5180 (%)

Site 607

5180 (%9

20 50 40 30 50 40 3.0

Site 677

-1.0

5180 (%9

Site 806

25

28
0
32

e
e
o
(]
© 5 _
— Eant -
L [
© | r
W 1 | ﬂl 1 1 _ | |
} Il } Il 1 _“ 1 "
23 8, %0g b I I I | T Il
RN A 2 | 518 8 " 7 AL L
Uyt~ 3|5 | + I Tl B = oL @la g
99 T | | 1= | I | |z
= R = _ W
= o8 ! _ |
S © i
20BJoI0YS Jamo| | <+ i I l
ooejaloys Jaddn [ i
ystew xoeq | © | |
Bel-anlssaibsuel) [ M= | _ _ J J
T T T
I 17,) »
£ o m 2 2 5 22 £ 5
(2] wm m
% R 9 14 % 0 Xrw o 7]
I
I
pues
. \ = 4
~ I~ )¢ / RS 2
~  ~ |l ~ / o~ )
| ~ ( =
®
L ™ N =]
¥ E; vn sd * = =) |
5@
]
Sl 2_< pedisddn ] 2 *
Sk g _H3
252 s
589 »=
== uoljewio4 ewwQ W =
- o

Kitamura and Kawagoe Fig. 6



