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Abstract
Channel-lobe transition zones are dynamic areas located between deepwater 
channels and lobes. Presented here is a rare example of an exhumed channel-lobe 
transition zone from an active-margin setting, in the Kazusa forearc Basin, Boso 
Peninsula, Japan. This Plio-Pleistocene outcrop exposes a thick (tens of metres) 
channel-lobe transition zone succession with excellent dating control, in contrast 
to existing poorly dated studies of thinner (metres) deposits in tectonically qui-
escent settings. This high-resolution outcrop permits the roles of climate and as-
sociated relative sea-level changes on stratigraphic architecture to be assessed. 
Three development stages are recognised with an overall coarsening-upward 
then fining-upwards trend. Each stage is interpreted to record one obliquity-
driven glacioeustatic sea-level fall-then-rise cycle, based on comparison with 
published data. Deposition of the thickest and coarsest strata, Stage 2, is inter-
preted to record the end of a period of relative sea-level fall. The thinner and finer 
strata of Stages 1 and 3 formed during interglacial periods where the stronger 
Kuroshio Oceanic Current, coupled to increased monsoonally driven tropical cy-
clone frequency and intensity, likely resulted in inhibited downslope sediment 
transfer. A key aspect of channel-lobe transition zone deposits in this case is the 
presence of a diverse range of hybrid beds, in contrast to previous work where 
they have primarily been associated with lobe fringes. Here hybrid bed charac-
teristics, and grain-size variations, are used to assess the relative importance of 
longitudinal and vertical segregation processes, and compared to existing mod-
els. Compared to channel-lobe transition zones in tectonically quiescent basin-
fills, this channel-lobe transition zone shows less evidence of bypassing flows (i.e. 
thicker stratigraphy, more isolated scour-fills, fewer bypass lags) and has signifi-
cantly more hybrid beds. These features may be common in active basin channel-
lobe transition zones due to: high subsidence rates; high sedimentation rates; and 
disequilibrium of tectonically active slopes. This disequilibrium could rejuvenate 
erodible mud-rich substrate, leading to mud-rich flows arriving at the channel-
lobe transition zone, and decelerating rapidly, forming hybrid beds.
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1   |   INTRODUCTION

Deepwater siliciclastic depositional systems can be simply 
divided into (i) a slope dominated by erosion and bypass 
processes (Galloway, 1998; McHargue et al., 2011; Prather, 
2003; Stevenson et al., 2013) and (ii) a basin-floor domi-
nated by depositional processes (Posamentier, 2003; Prélat 
et al., 2009; Sixsmith et al., 2004). At the critical zone of 
transition between these two areas, which typically co-
incides with the base-of-slope, deposits can either show 
characteristics typical of both the slope and basin-floor 
(Brooks et al., 2018a; Gardner et al., 2003; Van der Merwe 
et al., 2014), or are identified by their own separate recog-
nition criteria (Brooks et al., 2018a, 2018b; Hofstra et al., 
2015; Ito, 2008; Pemberton et al., 2016; Wynn & Stow, 2002; 
Wynn et al., 2002). This area is referred to as the channel-
lobe transition zone (CLTZ; Mutti & Normark, 1987, 1991; 
Wynn et al., 2002), which has been defined as ‘the region 
that, within any turbidite system, separates well-defined 
channels or channel-fill, from well-defined lobes or lobe 
facies’ (Mutti & Normark, 1987). While CLTZs at breaks 
of slope are focussed on from hereon, they can also occur 
on the basin-floor well beyond the slope break (Droz et al., 
2020).

Channel-lobe transition zones have been reported in 
detail from modern seafloor systems (Droz et al., 2020; 
Kenyon & Millington, 1995; Maier et al., 2018, 2020; Morris 
et al., 1998; Normark et al., 1979; Palanques et al., 1995; 
Wynn & Stow, 2002; Wynn et al., 2002), and from both 
tectonically quiescent and tectonically active settings, but 
it remains unclear how the CLTZ is affected by ongoing 
tectonic activity. Maier et al. (2018), for example, showed 
that, in a tectonically active and confined basin offshore 
southern California (USA) the CLTZ is influenced by an-
tecedent basement topography and active fault systems. 
This resulted in: limited avulsion, as the channel is locked 
between basement highs; formation of a scour field; nar-
row disconnected channels with knickpoints; and sedi-
ment waves plus stacked lobes formed in areas of lower 
gradient in the basin as well as along the basin margins 
(Maier et al., 2018). Therefore, CLTZ dynamics are clearly 
significantly affected by the basinal setting in which they 
form and syn-sedimentary tectonism.

Ancient examples of CLTZs are challenging to identify 
and require a well-constrained palaeogeographic context 
(Mutti & Normark, 1987). Nevertheless, outcrop studies 
(Brooks et al., 2018a, 2018b; Hofstra et al., 2015; Ito, 2008; 
Pemberton et al., 2016; Pyles et al., 2014; Van der Merwe 

et al., 2014) have helped develop recognition criteria for 
CLTZs, which include: a thin stratigraphic expression; 
amalgamated erosional features; coarse-grained/mudclast 
lag deposits; aggradational bedforms (i.e. sediment waves); 
soft-sediment deformation; interfingering of up-dip and 
down-dip deposits; and sand-rich hybrid beds in proxi-
mal lobes (Brooks et al., 2018a; Mansor & Amir Hassan, 
2021; Stevenson et al., 2015). Detailed outcrop research on 
CLTZs has often focussed on large, relatively tectonically 
quiescent basins associated with mature passive margins, 
or thermal sag basins, such as the Karoo Basin in South 
Africa (Brooks et al., 2018a; Hofstra et al., 2015; Van der 
Merwe et al., 2014). Therefore, it is important to under-
stand if these same models can be applied to tectonically 
active basins, such as forearc, or retroarc foreland basins, 
as well as understanding the influence of tectonism under 
different depositional climates.

Regional work by Ito (2008) on a 20 km dip transect 
of an exhumed CLTZ in the Plio-Pleistocene Otadai 
Formation, deposited in the active Kazusa forearc Basin, 
Japan, also suggests that the sedimentology and architec-
ture of a CLTZ differs in an active forearc basin setting 
compared to tectonically quiescent basins. Specifically, 
Ito (2008) focussed on the downflow transition of beds 
from turbidites to hybrid beds, and back to turbidites 
downslope through this system. Ito (2008) documented 
numerous hybrid beds within the stratigraphy downflow 
of the channel mouth, the prevalence and variability of 
which contrast with hybrid beds observed in the Karoo 
Basin (Brooks et al., 2018a). Furthermore, the thickness 
of deposits (ca 100 m) indicates a strongly aggradational 
setting (Ito, 2008). Typically, these young sediments (1.18–
0.9 Ma) are poorly cemented and have undergone minor 
diagenesis (Kajita et al., 2021), and therefore are well-
suited to detailed grain-size analysis.

Currently, there is limited grain-size data available for 
deep-marine outcrops (Stevenson et al., 2014a), with the 
majority collected from thin-section analyses (Lowe & 
Guy, 2000; Stevenson et al., 2020; Sylvester & Lowe, 2004). 
The presence of authigenic clay minerals coupled with 
cementation and metamorphosis in many other stud-
ies complicate the recognition of detrital clays present 
within the flow. Nevertheless, studies on turbidites and 
associated debrites have shown that the analysis of mud 
in thin sections supports the observations of mud in the 
field (Bell et al., 2018; Kane et al., 2017; Lowe & Guy, 2000; 
see Stevenson et al., 2020 for full discussion). The present 
study is not restricted by these limitations, and is used to 
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provide an extensive analysis of the grain-size distribu-
tions and their formative processes.

This study examines a thick stratigraphic section 
(100  m) in order to establish a sedimentological and 
stratigraphic architectural model for CLTZs in forearc 
basins. The objectives of this study are: (i) to document 
the bed types, architecture and evolution of an exposed 
CLTZ from a tectonically active system; (ii) to record 
and discuss the extent of recorded bed types, and the 
distribution of hybrid beds within this zone; (iii) to iden-
tify and discuss the factors controlling the formation 
and evolution of this zone (e.g. seismicity, glacioeustasy 
and climate change) using comparisons to other systems 
globally; and (iv) to summarise these into conceptual 
models of CLTZ architecture in tectonically active and 
quiescent margins.

2   |   GEOLOGICAL SETTING

The Kazusa Basin developed as a forearc basin in re-
sponse to the subduction of the Pacific and Philippine 
Sea plates beneath the Eurasia plate, which resulted 
in the formation of the Izu-Bonin Trench and Sagami 
Trough (Ito & Masuda, 1989; Katsura, 1984) during the 
latest Pliocene to Quaternary (Takano et al., 2004). The 
basin was filled with the 3 km thick primarily siliciclastic 
marine succession of the Kazusa Group (Figures 1 and 2; 
Takano et al., 2004). The Kazusa Group strata display 
an overall shallowing-upward trend from deep-marine 
to shallow-marine environments, reflecting an overall 
transgressive to regressive cycle. The whole group con-
sists of 17 high-frequency depositional sequences/cycles 
(comprising the stratigraphy shown in Figure 1B), in-
terpreted to be formed by the interaction of glacioeus-
tatic sea-level changes and forearc tectonics (Ito, 1996; 
Ito & Katsura, 1992; Katsura, 1984). Overall, this basin 
is characterised by a fast rate of sediment accumulation 
(an average for the entire Kazusa Group of up to 4.9 m/
kyr; Pickering et al., 1999). The subsidence rate during 
the formation of the basin (2.4–0.45  Ma) is estimated 
to have peaked at <2.5 m/kyr (Kaizuka, 1987; Naruse, 
1968). The Kazusa Group has been separated into 23 dif-
ferent lithostratigraphic formations (Horikawa & Ito, 
2004), notably including the Otadai Formation (Figure 
1B), which is the main focus of this study. These de-
posits have been uplifted to form outcrops onshore at 
the present day, with some upper Pleistocene coastal 
deposits (ca 0.12 Ma) being uplifted up to 100 m above 
present-day sea level, with an average uplift rate of ca 
0.8 m/kyr (Kaizuka, 1987).

The Otadai Formation reaches a maximum thick-
ness of 520 m and is estimated to have been deposited 

between 1.18 and 0.9 Ma (Figure 1B) based on biostra-
tigraphy, magnetostratigraphy and fission-track dating 
of volcanic ash beds (Takano et al., 2004). The Otadai 
Formation is dominated by gravity flow deposits, which 
formed a submarine fan system (Hirayama & Nakajima, 
1977; Katsura, 1984), fed by a channel/canyon sys-
tem that crops out to the south-west of the study area 
in the up-dip section of the Otadai and Higashihigasa 
formations (Figure 2A,B; Ito & Saito, 2006; Ito et al., 
2014). The Otadai Formation has been subdivided into 
four 110–130  m thick sequences, each containing a 
lower sandstone-dominated interval and an overlying 
siltstone-dominated interval, which are interpreted to 
represent periods of low and high sea level respectively 
(Figure 2B; Ito, 1998a, 1998b; Ito & Katsura, 1992). 
This relationship is likely complicated by regional cli-
mate factors, such as variations in monsoonal activity 
(Nakajima et al., 2009), and tropical cyclone frequency 
and intensity. Correlation between outcrop sections is 
possible through the regional identification and dating 
of volcanic ash marker beds (Figure 2B; Ishiwada et al., 
1971; Machida et al., 1980; Mitsunashi, 1954, 1961; 
Mitsunashi et al., 1959; Satoguchi, 1995; Satoguchi & 
Nagahashi, 2012).

3   |   STUDY LOCATION

This study focusses on the top of Sequence 6 and 
Sequence 7 (Figure 2C) of the Kazusa Group (the third 
sequence of the Otadai Formation), deposited dur-
ing Marine Isotopic Stage MIS-32 (Kajita et al., 2021; 
Suganuma et al., 2021) to MIS-30 (Pickering et al., 1999), 
in a location interpreted as a CLTZ (Figure 2A; Location 
2 of Ito, 2008). This cycle consists of a 90 m thick siltstone 
to sandstone-dominated interval, interpreted as the fall-
ing stage and lowstand systems tract. This is followed by 
a 50 m thick, siltstone-dominated interval interpreted as 
the transgressive and highstand systems tracts (Figure 
2C; Ito, 2008). The sandstone-dominated interval com-
prises medium (0.1–0.3 m), thick (>0.3–1 m) and very 
thick (>1 m) beds, with a high proportion of intraforma-
tional clasts (pebble to boulder grade), as well as minor, 
thin (<20 cm thick) siltstone beds and pumice/ash lay-
ers, sourced from volcanoes that were active in the vicin-
ity of the depocentre at the time (Kikkawa et al., 1991; 
Machida et al., 1980) (Figure 2C). The regionally cor-
related ash bed O16 (1.10 Ma; Suzuki & Sugihara, 1983) 
and ash bed O11 (1.07 Ma; Suzuki & Sugihara, 1983) are 
present near the base and near the top of the measured 
section in Location 2 respectively (Figure 2B,C). The 
siltstone-dominated interval comprises thin-bedded 
(centimetres) to medium-bedded (decimetres) siltstone, 
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with some intercalated thin-bedded to medium-bedded, 
finer-grained sandstones (Figure 2C). The measured 
section is estimated to span 30 kyr (Suzuki & Sugihara, 
1983), while the whole of Sequence 7 (sandstone and 
mudstone-dominated interval) is estimated to repre-
sent 50 kyr years of deposition (Ito, 1998a, 2008; Ito & 
Katsura, 1992; Takano et al., 2004). The main focus of 
this study is on the area recognised as the CLTZ (Figures 
2A and 3A,C; Location 2 of Ito, 2008), with a section that 
is located 4 km up-dip, interpreted as channel overbank 
deposits (Figure 2A,B; Location 1 of Ito, 2008), used for 
comparison.

4   |   METHODOLOGY

The section at Location 2 (as named in Ito, 2008) was 
logged in detail along a river cut (Figure 3A,C) from 
the base of Sequence 7 from the regionally extensive 
O16 ash bed, up to the O11 ash bed present within the 
overlying siltstone-dominated section (Figure 2C). A 
less detailed stratigraphic log was documented from a 
river cut 4.5 km up section (Figure 3A,B; Location 1 in 
Ito, 2008) to compare changes within packages; no sam-
ples were taken at this location. Logged sections record 
information on the lithology, grain size, sedimentary 

F I G U R E  1   (A) Geological map of the 
Boso Peninsula, Japan and adjacent areas 
(Modified from Ito et al., 2016). Inset map 
shows a modern plate tectonic framework 
of the Boso Peninsula. (B) Stratigraphic 
column of Kazusa Group (Modified from 
Ito, 2008), see Horikawa and Ito (2004) 
for data sources. Red box highlights the 
studied formation



      |  833BROOKS et al.

structures, bed architecture and stratal boundaries at 
centimetre-scale resolution. Standard techniques in 
lithofacies and architectural-element analysis (sensu 
Walker, 1992) were used to identify and interpret the 
different processes involved in the deposition of the tar-
geted interval (Tables 1 and 2). Grain-size samples were 
used to assess variations in grain size and mud content 
across the whole section, as well as between different 
bed types. Within each sampled bed, samples were col-
lected at roughly 20  cm intervals from the bed base; 
61  samples from 12 beds were analysed in total. The 
Otadai Formation consists of young, shallow buried, 
unlithified sediments, which has prevented them being 
affected by intense deformation and only minor diage-
netic alteration is present (Inami, 1981; Kajita et al., 
2021; Kase et al., 2016), including limited amounts of 

carbonate cement. An estimated 45°C maximum palae-
otemperature and 960 m maximum burial depth (simi-
lar to the present-day overburden; Kamiya et al., 2017) 
support this. Therefore, sediment samples from the 
studied sections were easily disaggregated and defloc-
culated with addition of sodium hexametaphosphate 
(0.05% solution) under ultrasonic vibration in a water 
bath (for 2  min). The sample mixture was transferred 
to the Mastersizer 3000  grain-size analyser where the 
integrated stirrer and ultrasonic vibration ensured an 
evenly mixed suspension of grains. The grain size of the 
collected material was measured using laser diffraction 
grain-size analysis. The Mastersizer 3000 measures par-
ticles in the range of 10 nm to 3500 μm, coarser samples 
were passed through a 3500  μm sieve before measur-
ing, these grains were found to be aggregate grains and 

F I G U R E  2   (A) Geological sketch map of central Boso Peninsula. Modified from Ito (1998a) and Ito (2008). Location numbers 1–4 
indicate areas proximal to distal studied by Ito (2008), this study focusses on locations 1 and 2, see Figure 3 for satellite imagery of location. 
(B) Stratigraphic cross-section and sequencestratigraphic framework of the Kazusa Group demonstrating shelf to outer fan correlation, 
position of logs shown in (A), modified from Takano et al. (2004). O7 to O27 are regionally extensive ash beds used for correlation. (C) 
Sketch log and sequence stratigraphic characterisation of a ‘mid-fan’/base-of-slope section of the Otadai Formation. O7 tephra estimated 
at 1.05 Ma; LST—Lowstand systems tract, TST—Transgressive systems tract, HST—Highstand systems tract, SB7—Sequence boundary 7, 
SB8—Sequence boundary 8 (modified from Tsuji et al., 2005), key shown in (B)
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negligible. Using the Mastersizer 3000, each sample was 
circulated five times through the grain-size analyser, 
and an average of these five measurements was used as 
the final result.

4.1  |  Sampling and detailed 
grain-size analysis

Tables 3 and 4 display the detailed results of the grain-
size analysis for the samples of bed types 1 through 3 in 
order to support the subdivision of these groups. Table 3 
displays a sketch log of each bed sampled, and the loca-
tion of each sub-sample. Table 4 shows the correspond-
ing numerical data. For each sample, the d50 (particle 
diameter representing the 50% cumulative-percentile 
value) and average standard deviation (ASD) were meas-
ured. The ASD is a measure of the data spread in micro-
metres (μm), which can be used as a proxy for sorting 
(Friedman, 1962). The relative standard deviation (RSD) 

is a comparison of the ASD with the average grain size 
(d50), expressed as a percentage, enabling a better assess-
ment of sorting between samples. To obtain the RSD, the 
standard deviation is multiplied by 100, and this product 
is divided by the average.

The mud content is defined as the combined clay 
and silt content (grain sizes of <63 μm; McCave et al., 
1995; Winterwerp & van Kesteren, 2004). The clay con-
tent (grain sizes of <4 μm) was also measured through 
each bed to aid interpretation of flow variation during 
bed deposition. The overall grain-size distribution for 
each sub-sample is displayed on a logarithmic volume-
density-distribution graph (Table 3). Single peaks indi-
cate a unimodal sorting, with a narrow grain-size range; 
convex shapes indicate a broader grain-size spread; and 
flatter curves reflect a more equal proportion of differ-
ent grain sizes. The detailed grain-size information, 
descriptions and interpretations of each sample are 
given in Table 2 and Material S1, these are integrated 
into bed type interpretations below.

F I G U R E  3   (A) Google Earth image showing location in dashed black box (Figure 2A) of location 1 (B) and location 2 (C) as named by 
Ito (2008). These are interpreted as channel overbank deposits and channel lobe transition zone deposits respectively. This study examines 
the channel-lobe transition zone deposits of location 2 in more detail with location 1 used for comparison. (B) Google Earth image of logged 
river section (Location 1, Ito, 2008) O7, O11, O12 and O16 are regionally extensive ash beds used for correlation. (C) Google Earth image 
of logged river section (Location 2, Ito, 2008) O7, O11, O12 and O16 are regionally extensive ash beds used for correlation; numbers denote 
sections shown in Figure 6
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5   |   BED TYPES

This section presents a detailed description and interpre-
tation of the different bed types recognised in this study 
(Material S1, Table 2, Figure 4) in order of occurrence, 
from base to top of the measured section. Information on 
individual facies can be found in Table 1, with examples 
in Figure 4. Five ‘Bed Types’ (BTs 1–5) represent groups 
of beds that have similar characteristics for purposes of 
interpretation. Note that BT 2 was separated into three 

groups (BTs 2i, 2ii and 2iii) based on thickness, evidence 
of remobilisation (e.g. soft-sediment deformation) and oc-
currence of bioturbation.

5.1  |  BT 1—Banded beds (Sample 6)

Description: Bed type 1 (sub-types A, B; Material S1, Table 
2; Figure 4Ai,ii) are thin to medium thickness (<40 cm) and 
consist primarily of sandstone. Within these sandstones, 

T A B L E  1   Facies codes, names, descriptions and interpretations. See Material S1 and Table 2 for bed types and corresponding facies

Facies 
code Facies Description Interpretation

LM Laminated 
mudstone

Dark brown to grey, clay to silt-grade, crudely to well-
laminated. Sporadic mm sized pumice and shell fragments 
can be present. See example at top of Figure 4Ai

Deposition from suspension fall-
out. Background sedimentation 
or settling from tail of turbidity 
current

DM Debritic mudstone Clay and siltstone matrix with clasts mm- 10 cm consisting of 
sandstone, mudstone, pumice and organic material. Often 
dewatered/ loaded contact with sandstone facies below. 
See example in Figure 4Di

En masse deposition from a 
cohesive flow (Haughton et al., 
2009)

SS Structureless 
sandstone

Fine- coarse sandstone, well to- moderately well-sorted. 
Loaded or erosional bases common. Can fine upwards. See 
example in Figure 4Civ

Rapid suspension fall-out from 
high-density turbidity current 
(Lowe, 1982)

PLS Parallel laminated 
sandstone

Medium- to very finer-grained sandstone, with horizontal 
laminations picked out by subtle changes in colour or 
grain size

Tractional laminations formed by a 
waning flow (Allen, 1983)

RS Rippled sandstone Medium- to very finer-grained sandstone with asymmetrical 
ripple laminations, 1–5 cm thick and 5–10 cm in 
wavelength. See example in Figure 4Cii

Current ripples through tractional 
reworking in a decelerating 
turbulent flow

BSMP Banded sandstone, 
mudstone and 
pumice

Bands 1–10 cm thick, consisting of coarse, medium and fine 
sandstone, siltstone, clay as well as organic-rich layers and 
granule sized pumice. See examples in Figure 4Ai and Aii

Deposition from mud-rich 
transitional flow (see text for 
full interpretation)

SCL Sandstone with 
convoluted 
laminations

Fine to very finer-grained sandstone with parallel, wavy and 
convoluted laminations. Often occurs overlying a sharp 
grain-size break, and fines up into laminated mudstone 
facies. See example in Figure 4Bvi

Shear, buoyancy instabilities, and/
or water escape (Gladstone 
et al., 2018 and references 
therein)

SML Sandstone with 
mudclast layers

Coarse- to finer-grained sandstone, well- to poorly sorted 
containing randomly orientated to imbricated mudclasts. 
Clasts are mm to boulder in size. Layers of clasts can be 
cm's to dm's thick. Layers can be singular or multiple. See 
example in Figure 4Ciii

High-density turbidity currents 
with mudclasts transported as 
bedload

DSM Deformed 
sandstone and 
mudstone

Deformed structured coarse to very finer-grained sandstone, 
siltstone and claystone. Structures include parallel and 
ripple laminations that are contorted. Can include dish 
structures, loading and pipes. See example in Figure 4Biii

Slumping and remobilisation of 
soft sediments, along with 
dewatering

MCC Mudstone clast 
conglomerate

Up to 80% by volume mudclasts, gravel to boulder in size. Sub-
angular to sub-rounded, randomly orientated. See example 
in Figure 4Bii.

Ripped up beds (Cunha et al., 2017) 
or rafts (Fonnesu et al., 2018)

A/T Ash/tephra White or black very finer-grained ash, within thin mm to cm 
laminations, marked by small changes in colour. Pumice, 
silt grains and sand grains are intercalated within the 
bed in undulating layers 1–5 cm in thickness. Ripple 
laminations can be present. See example in Figure 4E

Settling from suspension of ash fall 
from local volcanic eruptions. 
Intercalated sediments from 
low-density turbidity currents 
and hemipelagic sediment
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T A B L E  2   Abbreviated table listing bed types and subdivisions, including a description, bed thickness and sedimentary structures. Full 
table can be seen in Material S1, with additional representative sketches of each bed type. Information of facies can be found in Table 1. 
Information on samples can be found in Tables 3 and 4

Bed types (Facies code, Table 1) Description
Bed 
thickness

Structures (see 
caption for codes)

1. Banded beds (LM, 
BSMP, SS, PLS, 
SCL)

A (Figure 4Ai) 
(S3, S6)

Banded sandstone/siltstone beds. Bands 1–10 cm thick. 
Sharp (bed) top and base contacts. Clay to granule size 
particles. Alternating between lighter ‘sandy’ bands 
(with silt-/sandstone, pumice and mudclasts) and 
darker ‘muddy’ bands (mostly clay-/siltstone)

4–40 cm Ba., R.L., Lo.

B (Figure 4Aii) Banded granule, sandstone and siltstone beds. Sharp 
bed tops and erosive bed bases. Base of portly sorted 
medium to coarse sandstone. Overlain by fine to 
medium sandstone with mudclasts and pumice. 
5–40 cm banded intervals occur near top of bed. Bands 
as 1A. Bands are sometimes discontinuous and forming 
undulating ‘wave’ like features

30–50 cm Ba., undulating 
gravel ‘waves’, 
Lo., R.L.

2i. Hybrid beds (LM, 
SS, PLS, RS, 
BSMP, SCL, SML, 
DSM, MCC)

C (S1, S5, S10) Bipartite beds. Sharp, erosional base and top. Beds pinch 
out laterally. Commonly sole structures on base of beds. 
Lower Division: poorly sorted fine to coarse sandstone 
structureless or structured. Upper division: poorly 
sorted silt to very fine sandstone with mm- cm clasts

8–50 cm Sc., Fl., Gr., D.S., 
R.L., P.L.

D (S4) Bipartite beds. Sharp, erosional base and top. Commonly 
sole structures on base of beds. Lower Division: thick 
poorly sorted medium to coarse sandstone. Overlain by 
grain-break to very fine sandstone with undulating clast 
layer. Upper division: same as C

ca 1 m Sc., Fl., Gr., Clast 
layer (gran-peb).

E (S7, S11) Bi/tripartite beds. Sharp, erosional base and top. Lower 
Division (not always present): gravel to boulder clasts, 
up to 80% clasts by volume. Middle division: poorly 
sorted fine to coarse sandstone with occasional gravel. 
Beds structureless or structured. Fines upwards to fine/
very fine sandstone with some pumice. Upper division: 
same as C

0.3–2 m Sc., Fl., Gr., Clast 
layers (grav.-
boul.), D.S., Lo.

F (S13) Bi/tripartite beds. Sharp, erosional base and top. 
Lower Division: same as E. Middle division: poor to 
moderately sorted medium sandstone to gravel. Beds 
structureless or structured. Can contain gravel- to 
boulder-sized mudclast layers. Can fine upwards to 
very fine sandstone with banded layers of siltstone and 
pumice with dewatering structures. Upper division: 
same as C

0.3–1.2 m Sc., Fl., Gr., Clast 
layers (grav.-
bould.), D.S, C.L.

2ii. Megabeds (DM, 
LM, SS, PLS, RS, 
BSMP, SCL, SML, 
DSM, MCC)

G (S8) 7 distinctive thick beds. Siltstone to boulder-sized clasts. 
Beds vary in grain size and thickness laterally. Beds 
consist of amalgamated beds from other bed types and 
mudclast layers. See full table (Material S1) for full 
information

2.4–4.1 m Various (as above), 
Folds, Am.

2iii. Bioturbated 
hybrid beds (DM, 
SS, PLS, RS, 
BSMP, SCL, SML)

H (S14) Bipartite beds. Sharp base and top. Lower Division: very-
fine to medium sandstone, fining upwards. Banded 
intervals of very fine and fine sandstone, throughout 
or at top of beds. Can contain gravel to pebble-sized 
mudclast layers. Mm-sized organic matter fragments 
present dispersed throughout the beds. Planolites and 
Thalassinoides burrows common, burrowing index 2–3 
(MacEachern et al., 2005). Upper division: same as C

0.3–1 m Lo., R.L, C.R.L.,
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there are alternations of siltstone-rich and claystone-rich 
darker bands and sandstone-rich and pumice-rich lighter 
bands; these occur throughout or near the tops of beds. Minor 
dewatering structures and ripple laminations are present at 
the tops of beds. For a full description see Tables 1 and 2.

Interpretation: The mechanisms for forming ‘bands’ 
have been debated. Lowe and Guy (2000) proposed that 
banding develops at the base of flows that vary between 
turbulent and laminar states, through the cyclic develop-
ment of near-bed cohesive plugs. In contrast to this, ex-
perimental work on transitional flows (sensu Baas et al., 

2009) with well-developed cohesive plugs has demon-
strated that banded deposits can form within the upper 
stage plane bed flow regime, and at the transitional zone 
between true ripples and upper stage plane beds (Baas 
et al., 2011, 2016; Baker & Baas, 2020). Transitional plug 
flows progressively form as increasing amounts of cohe-
sive clay within the flow modifies turbulence (from en-
hanced to damped). This results in the development of a 
laminar plug, which grows downward from an interval 
of low shear stress (Baas et al., 2009). This transitional-
flow behaviour is governed by the balance of turbulent 

Bed types (Facies code, Table 1) Description
Bed 
thickness

Structures (see 
caption for codes)

3. Low-density 
turbidites to high-
density turbidites 
(LM, SS, PLS, RS, 
BSMP, SCL, SML)

I (S2) Very fine to coarse sandstone beds with sharp, erosional 
base and top. Poorly sorted base. Beds fine upwards. 
Scours can be gravel-infilled. Overlying this, beds 
contain medium to very coarse, poorly sorted 
sandstone, with mudstone and debrite clasts (pebble 
to boulder). Clast layers can form discontinuous 
undulating ‘wave’ like features. Top often fines upwards 
to structured fine to very-fine sandstone

0.3–1.2 m Sc. Fl., Gr. Am., 
undulating gravel 
‘waves’, C.L., L.S., 
C.R.L.

J (S12) Coarse to very fine sandstone beds. Bases consist of poorly 
sorted medium to coarse sandstone. Beds fine upwards 
to very fine sandstone with structures

0.2–1.5 m Sc. Fl., Gr., Am., 
C.R., C.L.

K (S9) Very fine sandstone beds, occasionally with gravel. Base 
consists of poorly sorted medium to coarse sandstone 
with shell fragments. Beds fine up to structured very 
fine sandstone, with intervening discontinuous clast 
layers (coarse sandstone, gravel and pumice) marking 
a sharp grain-size break. Beds are capped by a siltstone 
layer which loads into the sandstone below.

1–1.2 m Sc. Fl., Gr., Clast 
layers, C.L., Lo.

L Poorly sorted siltstone to pebble beds. Erosional and 
undulating base, sharp and undulating top. Coarse 
sandstone and gravel at bed bases. Beds fine upwards 
to medium/fine sandstone with mudclast pebbles 
and structures, and then structureless very fine sand/
siltstone

ca 1 m Sc., C.L., L.S.

4. Debrites (DM, 
DSM, MCC)

M Very poorly sorted beds, siltstone to boulder-sized clasts. 
Erosive scoured base, undulating top. Lateral bed 
thickness changes. Matrix: siltstone to gravel, shell 
fragments and pumice. Clasts: Gravel to boulder-
sized mudstone clasts, 50%–70% by volume, angular 
to sub-rounded, randomly orientated. Planolites, 
Thalassinoides and Chondrites are present, burrowing 
index 3–4 (MacEachern et al., 2005)

1–1.5 m Folds

5. Ash/Tephra (A/T) N Ash beds. Sharp planar non-erosive base and top. Very fine 
grained, black or grey-white in colour. Minor siltstone, 
organic matter, pumice and scoria. Can contain dark 
grey/black ash layers mixed with siltstone. Planolites, 
Thalassinoides and Chondrites are common, burrowing 
index 2–4 (MacEachern et al., 2005)

10–40 cm R.L. (low angle)

Code for structures: Ba. = Banding, R.L. = Ripple lamination, Lo. = Loading, Sc. = Scours, Fl. = Flutes, Gr. = Grooves, D.S. = Dish structures, P.L. = Planar 
laminations, C.L. = Convolute laminations, C.R.L. = Climbing ripple laminations, L.S. = Loading structures, A.M. = Amalgamation surfaces.

T A B L E  2   (Continued)
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T A B L E  3   Sample numbers and corresponding bed type code, grain-size mean and standard deviation for each sample, sketch log 
showing location of each sample within the bed, % volume silt and clay content of the bed and grain-size distribution curves for each sample
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T A B L E  3   (Continued)
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T A B L E  4   Laser diffraction grain-size analysis results for samples. Showing bed types, sample numbers, sub-sample (within bed), d(50), 
average standard deviation (ASD), relative standard deviation (RSD), the results below 63 μm (silt and clay), results below 4 μm (clay), d(90) 
and d(10). Notes show any other useful information, see text for details. Graphs of results and sketch of bed with location of sub-samples 
shown in Table 3. Detailed description of each bed type can be found in Material S1 and an abridged version in Table 2

Bed types
Sample 
no.

Sub-
sample

d(50) 
(µm) ASD (µm) RSD (%)

Result 
Below (63) 
μm (%)

Result 
Below (4) 
μm (%) d(90) (µm)

d(10) 
(µm) Notes

A 3 3.2 64.4 70.8 110 48.87 2.52 167 15.6 Sand-rich band

3.1 64.5 51 79 48.61 4.02 136 12.1

A 6 6.2 19.3 25.9 134 89.95 16.23 63.1 2.52 Mud-rich band

6.1 70.6 89.6 127 43.68 3.54 160 14.2

C 1 1.3 33 96.4 292 65.33 12.79 197 3.14 H3b?

1.2 50.6 114 225 57.32 6.18 244 6.78 H3a?

1.1 74.6 84.1 113 42.43 2.86 205 15.6 H1

C 5 5.2 32.8 79.8 243 66 12.37 176 3.25 H3

5.1 65 59.1 91 48.47 4.65 154 9.96 H1

C 10 10.2 36.9 94.9 257 62.39 11.35 209 3.52 H3

10.1 209 254 122 19.22 1.54 565 25.2 H1

D 4 4.5 14.5 29.3 202 89.5 20.01 64.6 2.1 H3

4.4 262 241 92 16.6 1.99 611 28.7 H1

4.3 194 201 104 28.57 4.4 499 9.64 H1- Clast Layer

4.2 258 303 117 20.01 2.92 673 17.1 H1

4.1 235 292 124 23.69 3.66 650 12.5 H1

E 7 7.10 29.6 56.7 192 69.12 14.39 137 2.8 H3b?

7.9 44.1 70.8 161 59.98 8.71 176 4.59 H3a?

7.8 140 223 159 21.49 2.23 528 22.1 H1- Clast Layer

7.7 177 176 99 16.65 2.09 435 28.2 H1

7.6 203 151 74 15.31 1.35 426 32.8 H1

7.5 212 160 75 14.61 1.8 445 33.3 H1

7.4 212 150 71 13.45 2.22 436 38.8 H1

7.3 201 159 79 15.94 2.76 421 26.1 H1

7.2 208 145 70 14.29 1.48 422 35.6 H1

7.1 201 132 66 12.61 0.99 396 46.6 H1

E 11 11.5 30.9 74.2 240 65.76 13.55 169 3 H3

11.4 132 165 125 25.56 2.99 404 16.2 H1- Clast Layer

11.3 150 134 89 18.67 1.69 350 28.6 H1

11.2 164 192 117 16.5 1.44 425 33.1 H1

11.1 163 175 107 17.29 1.3 401 31 H1

F 13 13.6 18.9 70.8 375 72.86 19.23 152 2.19 H3

13.5 94.1 56 60 25.84 1.69 176 29.2 H2

13.4 162 126 78 15.46 0.91 354 36.2 H1

13.3 197 208 106 15.03 1.1 537 35.6 H1

13.2 194 180 93 12.75 1.25 468 46.7 H1

13.1 171 212 124 20.79 2 502 20.9 H1
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versus cohesive forces (Baas et al., 2009, 2011, 2016). 
‘Lower Transitional Plug Flows’ (sensu Baas et al., 2009) 
produce sub-parallel bands of muddy sand, overlain by 
low-amplitude bedwaves comprising isolated streaks of 
clayey-sand. Bedwave migration can form complex het-
erolithic stratification (Baas et al., 2016; Baker & Baas, 
2020). In the field, these occur as ‘wavy morphologies’ 
(Hofstra et al., 2015, 2018). Therefore, both broadly 
linear and undulating bands can form under these 
transitional-flow conditions via tractional reworking 
beneath mud-laden transitional plug flows, as well as 
sandier ‘light bands’ (e.g. S3, Table 3) and muddier ‘dark 
bands’ (sensu Stevenson et al., 2020; e.g. S6, Table 3), de-
pending on fluctuations in balance of turbulent versus 
cohesive forces. The distinctive ‘wave-like’ features de-
scribed in bed type 1B (Material S1, Table 2) may corre-
spond to the low-amplitude bedwaves of Baker and Baas 

(2020), interpreted to form under upper transitional 
plug flows (Baas et al., 2009). Ripples formed overlying 
the banded interval (in BT 1A and 1B) may correspond 
to the ‘sandy current ripples’ of Baker and Baas (2020) 
forming under fully turbulent conditions. The require-
ment of prolonged traction suggests banded sandstones 
require slower deceleration rates compared to collapse 
of flows resulting in turbidites with linked debrites 
(Stevenson et al., 2020). Sheared dewatering features 
present at bed tops within both bed types 1A and 1B in-
dicate turbulence damping and more rapid deposition 
(Stevenson et al., 2020). These beds are interpreted to 
reflect a more gradual deceleration during deposition of 
the flow head and body, followed by more rapid decel-
eration as the flow tail was depositing, possibly due to 
cohesive forces overriding reduced turbulence for the 
latter, creating a high rate of suspension fallout (Baas 

Bed types
Sample 
no.

Sub-
sample

d(50) 
(µm) ASD (µm) RSD (%)

Result 
Below (63) 
μm (%)

Result 
Below (4) 
μm (%) d(90) (µm)

d(10) 
(µm) Notes

G 8 8.6 20.2 67.2 333 75.52 17.5 123 2.36 H3

8.5 69.9 52.1 75 44.45 4.65 146 9.5 H2

8.4 192 126 66 14.1 1.05 379 39.2 H1

8.3 200 161 81 15.64 0.97 446 37.8 H1

8.2 191 158 83 18.47 2.38 426 22.6 H1- Clast Layer

8.1 177 172 97 24.97 2.7 447 15 H1- Clast Layer

H 14 14.5 23.3 83 356 69.32 18.05 172 2.29 H3

14.4 93.7 175 187 34.99 3.77 372 12 H2

14.3 153 123 80 16.06 1.99 315 27.2 H1

14.2 146 99.9 68 18.38 1.99 283 20.6 H1

14.1 148 96 65 16.52 1.63 286 26.6 H1

I 2 2.4 64.4 39.7 62 48.58 4.17 122 12.1

2.3 80.8 137 170 41 5.11 261 8 Clast layer

2.2 95.5 212 222 36.18 4.47 409 9.22 Clast layer

2.1 196 227 116 21.73 3.39 447 12.3 Clast layer

J 12 12.3 33.5 97.4 291 61.18 13.52 220 2.99

12.2 112 133 119 33.55 4.54 326 9.49

12.1 110 120 109 33.73 4.34 307 9.83

K 9 9.6 96.4 78.1 81 27.07 1.77 207 26.5

9.5 198 208 105 13.19 0.64 483 47 G-size break

9.4 227 188 83 14.3 1.12 512 38.3 Clast Layer

9.3 236 207 88 12.3 0.92 555 47.4

9.2 240 263 110 11.89 0.81 612 50.4

9.1 221 189 86 13.44 1.52 501 42.8

Clay (<4 µm) Silt (4–63 µm) V. Fine Sand Fine Sand Medium Sand 
(250-500 µm)

Coarse sand 
(500–1000 µm)

(63–125 µm) (125-250 µm)

The shadings corresponds to the grain-size.

T A B L E  4   (Continued)



842  |      BROOKS et al.



      |  843BROOKS et al.

et al., 2009, 2011, 2016). Overall, this model fits well 
with the spectrum of bands seen in this study.

5.1.1  |  BT 2

Bed type 2 (BT 2; sub-types C-F) is divided into three 
groups BT 2i- Hybrid beds, BT 2ii-Megabeds and BT 2iii-
Bioturbated hybrid beds.

5.2  |  BT 2i- Hybrid beds (Tables 2–4; 
Samples 1, 3, 4, 5, 7, 10, 11, 13)

Four sub-types of hybrid beds are recognised (C, D, E, F; 
Figure 4Bi-vi) that comprise bi-partite or tri-partite bed 
structures, with differences occurring within their sand-
rich lower (and middle) divisions, while sharing a simi-
lar upper mud-rich division. H-divisions 1–5 are sensu 
Haughton et al. (2009).

Bed type 2iC description, lower division (H1 and H2): 
This type consists of relatively simple bi-partite beds, with 
a lower sand-rich division that is generally structure-
less, or normally graded, but can contain minor ripple or 
planar-laminations, or dish structures.

Bed type 2iC interpretation: The lower sand-rich di-
vision is interpreted as a turbidity current deposit due 
to normal grading with parallel and/or ripple-laminated 
top, diagnostic of layer-by-layer deposition from a non-
cohesive flow. The variation in grain size and structures 
indicates deposition from both high and low-density tur-
bidity currents (Lowe, 1982; Mutti, 1992).

Bed type 2iD description, lower division (H1 and H2): 
This bed type has the same bi-partite, sand-rich and mud-
rich divisions, but with an intervening division of fine 

sandstone and pumice, undulating crudely imbricated 
clast layers, grain-size breaks, dewatering structures in-
cluding convolute laminations and mudstone-rich bands. 
Flutes and grooves are present at the base.

Bed type 2iD Interpretation: Grain-size breaks within 
beds represent a fluctuation of the flow from deposition 
to sediment bypass within a single event (Gladstone & 
Sparks, 2002; Kneller & McCaffrey, 2003; Stevenson et al., 
2014a, 2015). This grain-size break is interpreted as a Type 
III surface (sensu Stevenson et al., 2014a), which is most 
common in proximal basin-floor localities. Dewatering 
structures are interpreted to form during an initial high 
rate of suspension fallout from a high-density turbid-
ity current (Lowe, 1982). Convolute laminations form 
due to shear, buoyancy instabilities and/or water escape 
(Gladstone et al., 2018 and references therein), and indi-
cate high suspension fall-out rates, deceleration of flows, 
and possibly interactions with local confining slopes 
(Tinterri et al., 2016). Baker and Baas (2020) demonstrated 
similar examples of lower hybrid bed divisions consisting 
of a mix of sandstone-mudstone rather than the homoge-
neous structureless sandstone of Haughton et al. (2009). 
Planar and undulating mudstone-rich bands present 
within the top of the lower division are interpreted to form 
under these transitional-flow conditions via tractional re-
working beneath mud-laden transitional plug flows (Baas 
et al., 2016; Stevenson et al., 2020) depending on fluctua-
tions in the balance of turbulent versus cohesive forces. 
The muddier interval may have been formed by a cohe-
sive flow that decelerated comparatively more slowly, and 
which generated sub-parallel banding (Baas et al., 2016; 
Stevenson et al., 2020). See BT 1 for further discussion. 
Crudely imbricated, angular, mudclast layers up to pebble 
in size, are interpreted to form by either (i) deceleration 
of a basal dense flow followed by the bypass of a turbidity 

F I G U R E  4   Representative photographs of bed types at location 2, descriptions in Table 1. (A) Bed type (BT) 1, banded beds consisting 
of banded siltstone, sandstone and gravel (Table 2), (i) bed type 1A, planar banded mudstone, sandstone and gravel layers, scale bar 10 cm. 
(ii) Bed type 1B, wave shaped bedforms consisting of mudstone, sandstone and gravel layers, scale bar 10 cm. (B) Bed type 2, hybrid beds, 
megabeds and bioturbated hybrid beds, (i) Bed type 2iC, lower sand-rich turbidite loaded into by upper mud-rich debrite with mm-cm 
mudclasts and organic matter, hammer handle at base for scale—25 cm long. White line indicates boundary between well sorted sandstone 
and debrite. (ii) Bed type 2iD, gravel and pebble wave shaped bedforms within sand-rich turbiditic component capped with mud-rich 
debrite; scraper for scale—30 cm long, (iii) bed type 2iF, dish structures within medium-coarse sandstone turbidite, scale bar shows 10 cm 
intervals, (iv) bed type 2iC, lower coarse sandstone turbidite sharply overlain by upper mud-rich debrite, scale bar shows 10 cm intervals. 
White line indicates boundary between well sorted sandstone and debrite. (v) Bed type 2iiG, grooves parallel to pole at the base of a 
megabed, scale bar shows 10 cm intervals, (vi) bed type 2iF, dewatered convoluted beds, scale bar at 10 cm intervals. (C) Bed type 3, low-
density turbidites and high-density turbidites, (i) bed type 3I, diffuse banding (band separation marked by dashed white line) at top of bed 
overlain by a sharp grain-size break with mudclast layer and dewatered convoluted laminations, scale bar at 10 cm intervals, (ii) bed type 
3K, discontinuously rippled sandstone with sharp, erosional and dewatered grain-size break to siltstone, scale at 10 cm intervals, (iii) bed 
type 3K, very coarse to gravel bed with mudclast layer and wavy laminations, sharp grain-size break to vf sandstone with organic rich bands 
and convolute laminations, scale bar 10 cm, (iv) bed type 3J, normal graded medium to fine grained turbidite with pumice bands at top, scale 
at 10 cm intervals. (Di) Bed type 4M, mudstone-sandstone debrite with burrows, (Dii) bed type 4M, mudstone to sandstone debrite with mm-
cm clasts of organic matter and gravel to pebble mudclasts, burrows outlined by dashed black line. (E) Bed type 5N, layered ash and tephra 
bed, planar and undulating/erosional layers, organic material and burrows throughout
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current reworking clasts, creating tractional structures, 
or (ii) by direct deposition of bedload transported clasts, 
with the angular nature suggesting travel distances were 
short (Baas et al., 2021). In both cases, the sharp grain-size 
break above the clast-layer indicates subsequent full by-
pass of the flow down-dip. Flute marks are interpreted to 
have been caused by erosive, turbulent eddies at the base 
of the flow. Groove formation is discussed below. Clasts 
at the base of, and throughout, beds were sourced from 
erosion and entrainment of the weakly consolidated un-
derlying substrate, resulting in the sharp surfaces at the 
base of the turbidite component.

Bed types 2iE and 2iF description: Similar sand-rich 
divisions (H1) are noted in bed types 2iE and 2iF (their 
middle division, Material S1, Table 2), but in these cases, 
a 10–40 cm lower division can be present containing 80% 
clasts-by-volume. The lower, mudclast-dominated section 
displays an internal clast-supported texture. Clasts are 
intraformational, sub-angular to sub-rounded, randomly 
orientated, and range in size from granule to boulders 
with long axes up to 30 cm. Flutes, rare scours and rare 
grooves are found at the base.

Interpretation: the sand-rich divisions are unlikely to 
have formed by a traction carpet due to the large size of 
clasts compared to the thickness of the layer (clasts are 
typically less than a tenth of the thickness of the traction 
carpet; Sohn, 1997). These are interpreted as the product 
of eroded mudclasts that have been transported as bed-
load, or were deposited from flows via competence-driven 
deposition. A bedload interpretation is supported by the 
abraded nature of these intraformational mudclasts (sub-
angular to sub-rounded) and the presence of clast sizes up 
to boulders. The random orientation and lack of imbrica-
tion suggests that they accumulated as a result of over-
passing (large clasts rolling over a finer substrate; Allen, 
1983) rather than moving as a bed-covering traction layer. 
Granules and other finer components may also have ac-
cumulated from competence-driven deposition. Grooves 
present at the base of the sand-rich middle division (BT 
2iE and 2iF, Material S1, Table 2) may be caused by a fore-
running debris flow, which would have sufficient cohe-
sion to hold a clast in suspension and drag it across the 
substrate (Baas et al., 2021; Peakall et al., 2020).

Description, upper division 2iC-F: The upper division 
of all four hybrid bed sub-types (Material S1, Table 2) is an 
argillaceous-matrix that supports chaotically distributed 
larger clasts (H3). The clasts comprise mudstones and pumice 
(millimetre to 1 cm diameter), and organic matter and shelly 
fragments (millimetre to 1  cm diameter). Commonly, the 
upper division is foundered or loaded into the lower division.

Interpretation: The upper divisions are interpreted as a 
debrite formed by inefficient sorting and en masse deposi-
tion from a cohesive flow. Mudstone and pumice clasts were 

likely sourced from up-dip deposits, while organic matter 
and shelly fragments likely originated from the up-dip shelf. 
Foundering and load structures at the base of this division 
formed due to rapid deposition and buoyancy instabilities, 
indicating that deposition of the debris flow took place soon 
after deposition of the antecedent turbidite. Debrites such 
as this can form due to partial flow transformation as a tur-
bidity current traverses the slope, so that the subsequent 
incorporation of mud and mudclasts damps flow turbu-
lence (Haughton et al., 2003; Talling et al., 2004). Cohesive 
‘freezing’ of debris flows can cause an undulating sharp top 
surface. Hybrid beds have been previously considered as un-
common in proximal fan settings (Hodgson, 2009), but they 
have been documented in channel-fills and CLTZs due to 
enhanced erosion of underlying substrate (Baas et al., 2021; 
Brooks et al., 2018a; Ito, 2008; Kane et al., 2010; Mueller 
et al., 2017; Terlaky & Arnott, 2014).

5.3  |  BT 2ii- Megabeds (Tables 2–4; 
Sample 8)

Bed type 2ii encompasses seven megabeds that are 2.4–
4.1 m thick (bed sub-type G; Figure 5) which due to their 
thickness are designated as a sub-category of hybrid 
beds.

Description: These beds contain many of the same fea-
tures as the hybrid beds described above, but what are sev-
eral beds in one location, can be traced laterally over a few 
metres to tens of metres, into a single amalgamated unit 
(Figure 5A,B). This bed type shows marked scouring at 
the base of beds, boulder-sized clasts, ductile deformation 
structures and preservation of internal structures within 
ripped-up amalgamated beds.

Interpretation: The boulder-sized clasts and ripped-up 
beds with preserved internal structures that are contained 
within the amalgamated beds indicate very high-energy 
processes, and local sources for the entrained material 
(e.g. Figure 5Bv). Ductile deformation structures indi-
cate the substrate was partially consolidated rather than 
lithified prior to erosion (Figure 5A). The variation in 
the amount of lateral disarticulation over several metres 
indicates abrupt changes in processes from deformed to 
undeformed sections (Figure 5A). These megabeds are in-
terpreted as packages of other bed types. They mostly con-
sist of hybrid beds (BT 2i) and some banded beds (BT 1) 
that were remobilised as slides, slumps and debris flows, 
either locally or further upslope. As these remobilised de-
posits are transported downslope, they continue to entrain 
substrate material as evidenced by the erosion and scour-
ing at the base of beds.

The extensive ripped-up clasts made up of whole pack-
ages of beds (shown in the example in Material S1) show 
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similarities with Type 1 beds of Cunha et al. (2017), which 
are interpreted as reflecting the sudden deceleration of 
dense flows, producing flow impacts and hydraulic jumps 
(see also Tinterri et al., 2016). Large ripped-up beds may 
be formed by similar processes as HEB1 beds of Fonnesu 
et al. (2018) in the Gottero Formation, Italy, which are in-
terpreted to form due to rip-up of rafts from underlying 
substrate and subsequent disaggregation.

5.4  |  BT 2iii- Bioturbated hybrid beds 
(Tables 2–4; Sample 14)

Bioturbated hybrid beds are a specific type of hybrid bed 
that have a moderate degree of bioturbation throughout 
both the lower and upper division (bed sub-type H, BI 
index 2–3, after MacEachern et al., 2005).

Description: These beds are thinner (0.3–1  m), with 
minor basal erosion, and better sorted than the other hy-
brid bed groups described above. Burrows are both verti-
cal and horizontal, isolated and cross-cutting, millimetres 
to 3 cm in diameter and 2–20 cm long; they are present 
in the lower sand-rich division. Mudstone bands, both 
planar and undulating, are present towards the top of 
the lower sand-rich division. The upper division has an 
argillaceous matrix, with millimetre to 1  cm chaotically 
distributed clasts of mudstone and pumice, along with 

similar sized organic matter and shelly material; this divi-
sion may show foundering and loading at its base.

Interpretation: Due to the thinner bedding, better sort-
ing and less erosion these beds are interpreted as lower 
energy flows than the previous hybrid bed types. The 
presence of Thalassinoides and Planolites in these beds 
along with Zoophycos, Chondrites and other ichno-fauna 
recognised by Ito (1998a), suggest a palaeowater depth of 
ca 400–1500 m (Baba, 1990; Kitazato, 1989). The moder-
ate degree of bioturbation (BI 2–3) of these beds indicates 
sufficient energy for nutrients and oxygen to be delivered 
from the shelf, but also for energy to be low enough for 
many organisms to be able to burrow and feed. As these 
bioturbated hybrid beds are interpreted as two portions of 
the same flow, it is possible that the burrowing organisms 
were brought down within the turbidity current to rapidly 
colonise the beds. Moreover, the layer-by-layer deposition 
of the basal turbidite may have allowed time for burrow-
ing organisms to move up through the beds creating the 
burrowing networks noted in Table 2/Material S1 imme-
diately after or during deposition of the bed, whereas the 
relatively quicker en masse deposition of the overlying 
debrite would not allow the organisms to escape upward, 
making extensive burrowing less common.

Planar and undulating mudstone bands present within 
the top of the lower turbidite (H1) division are interpreted 
as having formed under transitional-flow conditions via 

F I G U R E  5   (A) Sketch logs of megabeds at location 2, bed type 2, group 2ii, for description see Table 2, for location within section see 
Figure 6, roman numerals relate to photographs in B, (B) photographs of megabeds see A for location within bed. See Figure 6 for key to 
logs, A—denotes amalgamated bed contacts
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tractional reworking beneath mud-laden transitional-plug 
flows (Baas et al., 2016; Stevenson et al., 2020). The muddy 
consistency may have been formed by a cohesive flow that 
decelerated comparatively slowly compared to the struc-
tureless portion of the bed, generating sub-parallel band-
ing (Baas et al., 2016; Stevenson et al., 2020). See BT 1 for 
further interpretation.

The upper division is interpreted as a mud-rich debrite 
due to the argillaceous matrix supporting chaotically dis-
tributed larger components (millimetres to 1 cm), which 
indicate an inefficient sorting associated with en masse 
deposition from a cohesive flow. The clast sizes (milli-
metres to 1  cm) suggest that this debrite was deposited 
by a low-strength debris flow, as defined by Talling et al. 
(2012). Mudstone clasts and pumice were likely sourced 
from underlying up-dip deposits, and the organic matter 
and shelly material from the up-dip shelf. Foundering and 
load structures at the base of this division formed due to 
rapid deposition and buoyancy instabilities, indicating 
that the deposition of the debris flow took place soon after 
deposition of the turbidite (Lowe, 1975).

5.5  |  BT 3-Low-density and high-density 
turbidites (Tables 2–4; Samples 2, 9, 12)

Description: Bed type 3 consists of poorly sorted conglom-
eratic to finer-grained sandstone beds, with erosional 
bases with scours, rare grooves and flutes, the latter filled 
with coarse sand/gravel lags. The beds grade normally to 
very fine sandstone and siltstone with ripple, climbing rip-
ple, parallel and convolute laminations. Layers of crudely 
imbricated mudstone clasts can be present within the 
beds, sometimes forming wavy bedforms. The thickness 
of BT 3’s very fine-grained to gravel-grade beds varies be-
tween 0.2–1.2 m (sub-types I, J, K, L; Figure 4 Ci-iv). See 
Material S1 for full description.

Interpretation: The erosional basal bed surfaces indi-
cate high-energy flows that entrained substrate, forming 
scour features prior to deposition. Flutes are filled with 
coarse sand/gravel lags (0.6–4 mm), representing a tran-
sient bypass surface (Kuenen, 1953, 1957), similar to Type 
I surfaces of Stevenson et al. (2014a). Flute marks are in-
terpreted to have been caused by erosive turbulent eddies 
at the base of the flow, whereas the grooves were formed 
by large clasts transported at the base of a cohesive flow 
component, such as a forerunning debrite (Baas et al., 
2021; Peakall et al., 2020). Normal grading within beds 
indicates layer-by-layer deposition from a waning turbu-
lent flow. Grain-size breaks within the bed are indicators 
of sediment bypass (Gladstone & Sparks, 2002; Kneller & 
McCaffrey, 2003; Stevenson et al., 2013), and represent a 
fluctuation of the flow from deposition to bypass within a 

single event, with angular clasts indicating a local source 
and therefore local erosion. The layers of crudely imbri-
cated clasts are interpreted to form by the reworking of 
lag deposits and the subsequent imbrication of their clasts 
in the direction of flow. This would occur during either 
multiple pulsed events within one flow, or several sepa-
rate flows; either of which suggests that significant bypass 
occurred. Climbing ripples are interpreted to have formed 
from continuous bedload traction under high-aggradation 
rates (Allen, 1970; Jobe et al., 2012; Morris et al., 2014). 
Convolute laminations are interpreted to have formed 
due to shear, buoyancy instabilities, and/or water escape 
(Gladstone et al., 2018 and references therein), and indi-
cate high suspension fall-out rates.

5.6  |  BT 4—Debrites

Description: Bed type 4, sub-type M (Material S1, Table 2), 
is characterised by poor sorting, a lack of sedimentary struc-
tures (Figure 4Di–ii), and gravel-sized to boulder-sized mud-
stone clasts throughout. See Material S1 for full description.

Interpretation: Bed type 4 examples are interpreted to 
have been deposited en masse, under laminar-flow condi-
tions, by intermediate to high strength debris flows (sensu 
Talling et al., 2012). Erosive undulating bases indicate a 
high-energy flow that scoured the underlying substrate. 
Ductile deformation structures within mudclasts indi-
cate that the substrate was partially consolidated rather 
than lithified prior to erosion. Sharp, undulating bed tops 
formed due to cohesive ‘freezing’ of debris flows (i.e. 
Lowe, 1982). Intense bioturbation of bed tops indicates 
the development of a nutrient-rich, well-oxygenated en-
vironment, in a state of quiescence immediately after the 
bed deposition. A mixed foraminiferal assemblage typi-
cal of the upper and middle bathyal zones has been doc-
umented in bed type 4 by Ito (2008).

5.7  |  BT 5—Ash/Tephra

Description: Bed type 5, sub-type N (Material S1, Table 2; 
Figure 4E) consists of finer-grained ash with some inter-
calated siltstone, organic matter, pumice and scoria with 
minor low-angle cross-laminations. These form uniform 
drapes across the basin, and therefore can be used as cor-
relation datums.

Interpretation: These beds are interpreted as ash-
fall from numerous volcanic eruptions, which occurred 
throughout the Pleistocene in the Japanese islands 
(Ishiwada et al., 1971; Ito, 1994, 1995; Mitsunashi, 1961; 
Mitsunashi et al., 1959). Intercalated pumice and scoria 
are interpreted as tephra from explosive eruptions. Organic 
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and siliciclastic material has been incorporated into the 
volcanic deposits, by low-density turbidity currents and 
bottom currents that were active during deposition. Low-
angle cross-laminations observed in these deposits may be 
similar to low-amplitude bedwaves (Baker & Baas, 2020), 
which are interpreted to have formed by lower and upper-
transitional plug flows that contained varying proportions 
of sand and mud. These types of flows have a high yield 
strength and reduced turbulence at the base, which limits 
the bedforms to long, thin shapes, producing low angle 
cross-lamination (Baas et al., 2016; Baker & Baas, 2020).

6   |   CLASSIFICATION AS A CLTZ

The precise palaeoenvironmental setting is challenging 
to constrain, and could record a channel mouth or prox-
imal lobe setting. For instance, the classic example of a 
CLTZ from the Navy Fan (Normark et al., 1979) was later 
discovered with higher resolution side-scan sonar data 
(Carvajal et al., 2017) to be a downstream widening, and 
shallowing channel-mouth transition zone. Despite this, 
the regional setting at the base-of-slope (Ito, 2008), with 
channel levee deposits up-dip and medial to distal lobes 
down-dip, together with the recognition of scour-fills, 
grain-size breaks, sand-rich hybrid beds and rip-up clasts 
and grooves (suggesting bypass of forerunning debris 
flows down-dip; Baas et al., 2021; Peakall et al., 2020) sup-
ports a sediment bypass-dominated setting (Brooks et al., 
2018b) and interpretation of a CLTZ (Ito, 2008). Moreover, 
a mixed-foraminiferal assemblage that has previously 
been recorded in the debrites is dominated by species typi-
cal of the upper and middle bathyal zones (1000–1500 m 
palaeowater depth) similar to faunas in interbedded hemi-
pelagites (Ito, 2008). Furthermore, the zone in this study 
does appear to fall broadly within the original definition 
of a CLTZ by Mutti and Normark (1987, 1991) and Wynn 
et al. (2002b) as ‘the region that, within any turbidite sys-
tem, separates well-defined channels or channel-fill from 
well-defined lobes or lobe facies’.

7   |   DEPOSITIONAL STAGES

The logged succession was classified into three distinct 
stages (1, 2 and 3 outlined below) based on: the mudstone 
to sandstone ratio; the thickness of beds; variations in the 
proportions of bed types described above; the changes in 
depositional architecture; and the presence or absence of 
scouring and erosion (as well as other bypass indicators). 
These are summarised in Table 5. Stage 2 is separated into 
three packages, which each show a repeating pattern up-
section of similar bed types and architecture changes.

7.1  |  Stage 1

Stage 1 contains a significant proportion of mudstone 
(sand-to-mud ratio of 55:45) compared to the later stages, 
as well as the lowest average bed thickness of 43 cm (Table 
5). This stage primarily comprises hybrid beds (BT 2i) and 
banded beds (BT 1), as well as a few low-density turbid-
ites to high-density turbidites (BT 3; Figure 6). The O16 
ash marker bed is documented at the top of this stage 
(Figure 6), and was correlated throughout the region 
(Ishiwada et al., 1971; Ito, 1994, 1995; Mitsunashi, 1961; 
Mitsunashi et al., 1959). Overall, palaeocurrent readings 
obtained from ripples, grooves and flutes are consistently 
towards the north-east (Figure 6). Beds deposited during 
this stage are fairly tabular, with most extending laterally 
for tens of metres, with only minor changes in thickness, 
and a few thin beds that are eroded-out laterally (Figure 
7). Scouring at the base of, and within beds, is common 
but scour depths do not exceed 20 cm, and they are gen-
erally less than a few centimetres deep. The majority of 
beds comprise relatively thin (<50 cm thick) hybrid beds 
which have muddy debritic caps (Figure 6), indicating 
up-dip erosion and rapid flow deceleration. These hybrid 
beds are interbedded with banded beds (BT 1), which only 
occur in Stage 1, and are interpreted to be formed by tran-
sitional clay-rich flows that are cohesive, and likely decel-
erated relatively slowly (Baas et al., 2009; Stevenson et al., 
2020). Another feature only observed at Stage 1 are tens of 
centimetres thick reworked-lag deposits, which also sup-
port up-dip substrate erosion as well as prolonged periods 
of sediment bypass (e.g. S4, Table 3).

The presence of scouring, mudclast lags and hybrid 
beds in Stage 1 all indicate some high-energy erosive and 
bypassing flow conditions at this location, supporting an 
active CLTZ. Sandstone banding in Stage 1 beds indicates 
that some of the flows experienced slower deceleration 
rates (Stevenson et al., 2020), suggesting either more flow 
variability compared to Stages 2 and 3, or that the break-
in-slope was more gentle at this early stage.

In previous studies, this interval was interpreted to 
represent relatively low-energy conditions and to have 
therefore developed during a relative sea-level highstand 
(Ito, 1998b), with few large flows traversing the slope to 
the basin-floor. However, due to the evidence presented 
in this study of erosion and bypass, this stage may have 
formed during higher energy conditions than previously 
suggested, and is therefore interpreted to represent the 
transition from a highstand systems tract to a falling-
stage systems tract, as local relative sea level began to fall. 
Furthermore, this stage may have been deposited during 
in an initial phase of lobe initiation and building, with the 
bulk of flows forming lobe deposits in down-dip locations 
(Ito, 2008).
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F I G U R E  6   Sketch of logged section at location 2, over 100 m in total. Location of section shown in Figure 3A,C. Less detailed log 
of same section with above and below stratigraphy shown in Figure 2C. Column of colours on the left indicates facies group. Arrows 
indicate averaged palaeoflow direction with n = X indicating number of measurements. Photographs of each stage are shown in Figure 7. 
More detailed sketches of megabeds shown in Figure 5, numbers of megabeds correspond to numbers in Figure 5A. Bidirectional scour 
palaeocurrents were taken from scour margins, unidirectional scour measurements were taken from smaller tens of centimetres width and 
length scours with megaflute like morphology (Brooks et al., 2018a fig. 12F) where flow direction could be noted.
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7.2  |  Stage 2

Stage 2 is sub-divided into three packages (Package 1, 2 
and 3 from base to top) based on a distinctive bed type 
distribution expanded on below. Overall, this stage is 
dominated by sandstone (sand-to-mud ratio 77:23), 
and each of the three packages contains a very similar 
number of beds (Table 5; Figure 7). Each package con-
sists of hybrid beds interbedded with minor turbidites 
(BT 2i and 3), with the top of the package capped with 
one or two megabeds (BT 2ii) with intervening deb-
rites (BT 4; Figures 6 and 7). Overall, beds in Stage 2 
are less tabular than in Stages 1 and 3, and with more 
erosive scoured bases (up to 1 m deep) and undulating 
tops. The beds can be laterally discontinuous, and their 
thickness can change by several decimetres over short 
(tens of metres) distances.

7.3  |  Package 1

Package 1 is 17.4 m thick and consists of 17 beds (Table 5, 
Figures 6 and 7), which are primarily hybrid beds (BT 2i) 
with minor turbidites (BT 3), capped by two megabeds (BT 
2ii), which are themselves interbedded with a debrite (BT 4). 
The average bed thickness (1.02 m) is more than twice that 
of Stage 1, and the sand-to-mud ratio is markedly higher 
(79:21, Table 5). Package 1 records an overall thickening-
upwards trend, along with an increasing scour depth (up 
to 1 m deep and 1.5 m in width), and size/volume of mud-
clast inclusions. No bioturbation is recorded in Package 1. 
Palaeocurrents that were measured from flute casts indi-
cate a transport direction towards the north–north-west at 
the base and north-east and north–north-east in the mid-
package. Scour palaeocurrents are towards the north–north-
east in the upper part of the package (Figure 6).

F I G U R E  7   Photographs of stages 1, 2 and 3, showing the architecture of beds and facies groups at location 2. Logs correlate to section 
shown in photograph. See text for descriptions of each stage. Statistics for each stage shown in Table 5. Key to logs and facies colours shown 
in Figure 6. Refer to Table 2 for corresponding descriptions of bed sub-types A–H. Palaeocurrents are from combined ripples and sole 
structures i.e. flutes, grooves and scours
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Erosion surfaces and grain-size breaks, which are pres-
ent throughout, indicate that flows were bypassing the area 
and continuing down-dip (Stevenson et al., 2015). Overall, 
Package 1 is interpreted to represent a high-energy envi-
ronment, dominated by high-density turbidites with or 
without co-genetic debritic caps. These are interpreted to 
have been deposited in an environment with significant 
variation in flow conditions, fluctuating between rapid 
deposition, bypass and erosion. An increase in erosion-
surface frequency and depth indicates an increase in sed-
iment bypass. This is topped with a bundle of megabeds 
and debrites, which indicate remobilisation, and may be 
diagnostic indicators of slope instability.

7.4  |  Package 2

Package 2 (31.2 m thick) consists of 19 beds (Figures 6 and 
7) and is similar to Package 1 in bed type distribution (Table 
5). The average bed thickness (1.64 m) shows a continued 
increase from Package 1, along with a slight increase in the 
sand-to-mud ratio (81:19). The thickest beds are present at 
the top of the section, but an overall thickening-upward 
trend is not as distinct as in Package 1. Package 2 also in-
cludes scour surfaces (up to 50 cm deep, and 1.5 m wide) 
and a higher size/volume of mudclast inclusions towards its 
top. This occurs along with a higher number and depth of 
erosion surfaces, as well as more common grain-size breaks 
(Figure 6). Very minor bioturbation is noted within the in-
terbedded siltstones. The orientation of scour margins are 
ca east to west, or (in exposures with 3D constraint) show a 
north-east palaeoflow direction. Palaeocurrents from flutes 
indicate a transport direction towards the north-east in the 
lower-mid package. In the upper package, flutes continue 
to indicate a palaeoflow direction towards the north-east; 
while grooves display a north–north-east to south–south-
west orientation (Figure 6).

The increase in mudclasts, scours and erosion surfaces 
up-section, indicates an increase in erosion and bypass 
combined with increased slope instability, all of which is 
evidenced by the megabeds at the top of section. The pres-
ence of bioturbation within the package suggests either 
a more hospitable environment for burrowing organisms, 
or potentially increased time between flows for burrows to 
be established.

7.4.1  |  Package 3

Package 3 (13  m thick) consists of 18 beds made up of 
similar bed types to Packages 1 and 2 (Figures 6 and 7) 
but with a higher proportion of hybrid beds (BT 2i), and 
no debrites (BT 4) present (Table 5). Package 3 displays a 

decrease in sand-to-mud ratio (71:29), and decrease in av-
erage bed thickness (72 cm), both with respect to the two 
underlying packages, making this the most mud-prone 
package of the overall sand-dominated Stage 2. Minor bio-
turbation is recorded in some beds (BI 1–2). Flutes indi-
cate a palaeoflow direction towards the east in the lower/
mid sections of Package 3, while they indicate a north-east 
palaeotransport direction in the upper part of the pack-
age (Figure 6). The frequency/depth of scour surfaces in-
creases up section (up to 50 cm deep, 1.5 m wide).

7.4.2  |  Stage 2 summary

The regional setting at the base-of-slope (Ito, 2008), as-
sociated with the recognition of: discontinuous beds; 
scour-fills; grain-size breaks; sand-rich hybrid beds; rip-
up clasts; along with the thick-bedded sand-rich nature, 
support an interpretation that Stage 2 represents deposi-
tion in a CLTZ to proximal lobe environment during high 
sediment input and high-energy flow conditions (Brooks 
et al., 2018a). The bioturbation suggests periods suitable 
for burrowing organisms to begin bed colonisation. In pre-
vious studies, this stage was interpreted to have developed 
as relative sea level continued to fall and reached a low-
stand (Ito, 2008). This is consistent with the finding of this 
study, with Stage 2 constituting the bulk of sediment input 
and lobe building.

7.5  |  Stage 3

Overall, Stage 3 (15.9 m thick) is less sand-rich than Stage 
2 (sand-to-mud ratio 60:40) and comprises 31 beds with a 
marked decrease in average bed thickness (0.51 m), and 
change in bed types from Stages 1 and 2 (Figures 6 and 
7). Two ash beds are documented in this interval: O12 
near its base and O11 at its top (Figures 4E and 6), both 
of which have been correlated throughout the region 
(Ishiwada et al., 1971; Ito, 1992, 1994, 1995, 1998a, 1998b; 
Mitsunashi, 1961; Mitsunashi et al., 1959). Bioturbated 
hybrid beds (BT 2iii) that are tabular at outcrop scale 
dominate Stage 3. Beds have frequent, but small (<6 cm) 
loads at bed bases. Flutes indicate palaeotransport direc-
tion to the east and north-east (Figure 6), with no major 
scouring recorded throughout this stage. Very few pal-
aeocurrents are recorded throughout the mid and upper 
parts of Stage 3, with a few ripple cross-lamination meas-
urements towards the east–north-east (Figure 6). The top 
of the section comprises 5 m of debrites, indicative of an-
other period of slope instability. These debrites are matrix-
supported, with rounded mudclasts and high amounts of 
bioturbation in both the upper portion of beds and on top 
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surfaces (BI 3–5; Figure 4Di). This signifies that they were 
deposited with sufficient time between each event for or-
ganisms to significantly colonise the substratum, or the 
organisms were brought down-slope within the flow.

With limited banding, lags, scour-fills or grain-size 
breaks, together with the more tabular, highly bioturbated 
beds (BI 3–5), Stage 3 contrasts markedly with underly-
ing Stage 1 and 2. Because of the reduction in average bed 
thickness with respect to the underlying unit, significant 
increase in bioturbation, and a lack of evidence for sub-
stantial sediment bypass and scouring, Stage 3 is inter-
preted as a lower-energy environment than Stage 2. The 
increased tabularity of beds may support deposition in a 
lobe environment (Prélat et al., 2009), with the sand-to-
mud ratio and facies consistent with an interpretation of 
an off-axis lobe setting (Prélat et al., 2009; Spychala et al., 
2017a).

Stage 3 has been previously interpreted as the start of 
the transgressive systems tract during initial relative sea- 
level rise (Ito, 2008), where O12 was deposited slightly 
prior to the onset of the subsequent transgression, while 
O11 was deposited at a more advanced stage of the trans-
gression. The onset of the transgression might have oc-
curred slightly earlier than previously envisaged, given 
the upward fining trend that characterises Stage 3, which 
recorded the transition to a lower energy and more consis-
tently ordered lobe development. This was associated with 
reduced levels of scouring, as sediment input diminished, 
albeit some initial slumping occurred, potentially caused 
by re-equilibrium of the slope.

7.6  |  Comparison to up-dip section 
(Location 1)

A less detailed logged section located 4.5  km palaeo-
geographically up-dip on the former continental slope 
(Location 1 of Ito, 2008; Figure 8) shows many similari-
ties with the section described above (Table 5). Ash beds 
O16, O12 and O11  have been used for correlation be-
tween sections, with O16 used as a datum (Figure 8). 
Location 1 displays the same tripartite Stage 1–2–3 con-
struction as Location 2. The overall change from more 
mud-rich beds (Stage 1) through sand-rich (Stage 2) to 
mud-rich (Stage 3) can generally be recognised in up-dip 
Location 1, as well as other up-dip and down-dip sections 
in the area (see Ito, 2008 for details). Key differences in 
this up-dip section include the presence of thicker, more 
amalgamated and remobilised beds in Stage 2 and Stage 
3 (Table 5), interpreted as channel-collapse deposits, 
due to the proximity to up-dip channels (Ito, 2008), as 
well as a marked decrease in hybrid beds. Packages 1, 2 
and 3 of Stage 2 at Location 2 can be crudely correlated 

up-dip to Stage 2 at Location 1 (Figure 8), but beds are 
more amalgamated and do not show the distinctive 
presence of megabeds at the top of each sub-package, 
only the debrites. The up-dip Location 1 section shows 
less evidence of bypass including fewer scour-fills, fewer 
grain-size breaks and fewer discontinuous beds than the 
Location 2 section. Consequently, the Location 1 section 
is interpreted to have formed outside the CLTZ in an up-
dip channel complex (Ito, 2008, Figure 9). Hybrid beds 
are present but sporadically distributed within the up-
dip Location 1 section, while they are dominant down-
dip at Location 2. Past studies have shown that hybrid 
beds are present further down-dip (roughly 8  km; Ito, 
1998b, 2008), but are also sporadically distributed spa-
tially and through the section, with the most hybrid bed-
rich strata being found at Location 2.

8   |   DISCUSSION

8.1  |  Development of hybrid bed-rich 
and thick CLTZ stratigraphy

A high proportion of hybrid beds are preserved in this 
base-of-slope setting compared to base-of-slope settings 
in other studies (Brooks et al., 2018a; Hofstra et al., 2015; 
Pemberton et al., 2016; Van der Merwe et al., 2014). Hybrid 
beds develop through flow transformation following sig-
nificant entrainment of a muddy substrate and/or declin-
ing turbulent energy (Amy & Talling, 2006; Haughton 
et al., 2003, 2009; Hodgson, 2009; Lucchi & Valmori, 1980; 
Muzzi Magalhaes & Tinterri, 2010; Southern et al., 2015), 
and are commonly observed within the distal fringes of 
lobe systems (Fonnesu et al., 2018; Haughton et al., 2003; 
Hodgson, 2009; Kane & Pontén, 2012; Kane et al., 2017). 
Recently, studies have shown that hybrid beds can also 
develop in base-of-slope settings (Baas et al., 2021; Brooks 
et al., 2018a; Fonnesu et al., 2018; Ito, 2008; Mansor & 
Amir Hassan, 2021), and are generally associated with 
frontal lobes (Mueller et al., 2017; Spychala et al., 2017a, 
2017b, 2021). The stratigraphic distribution of hybrid beds 
has been linked to the character of the supply slope and 
seafloor relief, where hybrid beds are invoked to develop 
during periods of disequilibrium in out-of-grade slopes 
(Haughton et al., 2003, 2009; Hodgson, 2009; Pierce et al., 
2018; Spychala et al., 2017a, 2017b). Therefore, they are 
dominantly deposited during stages of fan initiation and 
growth (Kane & Pontén, 2012; Privat et al., 2021), or up-
dip erosion during spatial expansion at the CLTZ (Brooks 
et al., 2018a). The equilibrium state of the slope is impor-
tant, as when a system is above-grade (Prather, 2000, 2003) 
flows preferentially erode the slope to form a profile that is 
at equilibrium. Consequently, the availability of mud-rich 
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F I G U R E  8   Comparison of main study section (location 2, Ito, 2008) and updip location 1 (Ito, 2008). See Figure 3 for geographical 
context. (A) Stage 1 thin bedded section with O16 ash and minor scouring, similar to stage 1 in downdip section. (B) Thin debritic bed, 
with grooves at base towards NE. (C) Thick bedded sandstone package. (D) Thin-medium bedded heterolithic clast-rich package overlain 
by debrite with rip-up beds and large clasts. (E) Medium-coarse sandstone bed with large mudclasts. (F) Medium-fine sandstone bed with 
1 cm light bands. (G) Medium to thin sandstone beds with gravel to pebble clasts and mudstone caps. (H) Debritic sandstone-mudstone bed 
top with mm-1 cm shelly fragments. (I) Transition from thick dewatered and remobilised sandstone beds to mud-rich heterolithic package 
capped by O11 ash beds; remobilised beds are not present in the section down-dip
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substrate decreases through time as a system grades to 
equilibrium. However, in the case of a tectonically active 
basin margin, the slope may be consistently above-grade 
(Prather et al., 2017; Figure 10) meaning large volumes of 
mud-rich substrate are available to be entrained through-
out the duration of fan development.

It is therefore important to decipher the nature of 
the slope system, in order to understand the availabil-
ity of mud utilised in creating hybrid beds. Although 
the slope gradient for the basin cannot be directly mea-
sured, Ito and Saito (2006) estimated a 3–4° mean gradi-
ent of the slope (outside of the canyon) for deposits in 
the Umegase and Otadai formations, based on the pa-
laeodepth of the adjacent outer-shelf and slope depos-
its, which deepen to about 500 m within about an 8 km 
distance downslope. Based on the empirical relationship 

between the submarine-fan length and lower-fan slopes 
from modern examples, Fukuda et al. (2015) estimated 
the basin-floor fan gradient as 0.3°–0.5° consistent 
with measurement of <1° for other basin-floor fans 
(Stevenson et al., 2014b). Therefore, a gradient change 
of 2.5–3.7° (Figure 10) is estimated at the base-of-slope. 
This gradient change is probably to have occurred over 
a short length scale due to the relatively small size of 
the basin, which likely varied spatially and temporally 
throughout the development of the system.

The Otadai Formation slope-to-basin-floor system is 
dominated by aggradation, as opposed to most submarine 
slope systems that show significant progradation (Hodgson 
et al., 2016), with channel-levee systems prograding over 
and eroding into lobe deposits. This is likely due to a high 
subsidence rate of 0.5–2  m/kyr (Kaizuka, 1987; Naruse, 

F I G U R E  9   Evolution of channel-
lobe transition zone. (A) Stage 1, (B) 
Stage 2 packages 1 and 2, and (C) Stage 
2 package 3 and Stage 3, as related to 
relative sea-level curve, see text for further 
explanation and details
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1968), and active tectonism, which kept the system out-
of-grade, as well as the Higashihigasa Formation canyon 
system fixing the point of input of sediment up-dip (Ito 
& Saito, 2006; Sato & Koike, 1957; Yamauchi et al., 1990). 
The out-of-grade system would consistently entrain slope 
sediments in order to reach equilibrium, creating a source 

of erodible mud-rich substrate to drive flow transforma-
tion and the development of hybrid beds (Figure 10).

Hybrid beds are generally thought to have formed in 
one of several ways: (i) partial transformation of debris 
flow sourced from the upslope area into a forerunning 
turbidity current (Haughton et al., 2003); (ii) late stage 

F I G U R E  1 0   Evolution of slope to basin-floor system over deposition of outcrop section. Images from bottom to top show evolution 
of a slope to basin-floor profile over time. Profile cannot grade towards equilibrium due to ongoing tectonic activity and high rate of basin 
subsidence. The out of grade slope is eroded consistently through time, sourcing mud-rich material which is incorporated into flows 
allowing hybrid beds to form at the CLTZ. Earthquake periodicity from Seno et al. (1996) and Shishikura et al. (2001). Subsidence rate 
estimated by Naruse (1968) and Kaizuka (1987). See text for further details. Central and eastern basin terms and subsidence information 
from Kamiya et al. (2020)



856  |      BROOKS et al.

basal sand settling from a plug flow (Baas et al., 2009; 
Sumner et al., 2009; Talling et al., 2012); (iii) rapid de-
celeration of turbidity current and generation of transi-
tional flows (Baas et al., 2011) and ultimately a debris 
flow (Haughton et al., 2009; Talling et al., 2004); and (iv) 
erosion of substrate underlying turbidity current causing 
bulking and damping of flow turbulence leading to (par-
tial) transformation to a laminar flow (Amy & Talling, 
2006; Fonnesu et al., 2016; Haughton et al., 2009; Mutti & 
Nilsen, 1981; Mutti et al., 1978; Talling et al., 2004). Kane 
et al. (2017) have argued that this erosion is then linked 
to the development of a higher-concentration lower 
boundary layer inhibiting transfer of turbulent kinetic 
energy into the upper parts of the flow, ultimately re-
sulting in catastrophic loss of turbulence and collapse of 
the upper part of the flow. Overall, longitudinal change 
with the flow (Haughton et al., 2009), as well as vertical 
segregation (Baas et al., 2011) have been postulated as 
explanations of hybrid bed development, but these have 
not been previously integrated.

A more recent study by Baas et al. (2021), however, ar-
gues for longitudinal change in flows, from the head to the 
tail, followed by vertical segregation, as a mechanism for 
hybrid bed formation. Erosion is focussed preferentially at 
the head of the flow, causing the head to become denser, 
and increasing in velocity (Sequeiros et al., 2009, 2018). 
While the density of the head is insufficient to suspend 
mudclasts they travel as bedload, moving more slowly 
than the suspended sediment and therefore travelling back 
through the flow (relative to the head), and being segre-
gated by size (Baas et al., 2021). If erosion is continuous, 
this frontal ‘flow cell’ can transform into a debris flow (Baas 
et al., 2021; Kane et al., 2017). Larger clasts at this point can 
then cut grooves (Peakall et al., 2020; Baas et al., 2021; e.g. 
Bed sub-types C-G, Material S1, Table 2). During flow de-
celeration across the CLTZ, segregation of suspended sand 
and mud occurs, with sand settling to form the H1 division 
(d(50) =146–235 μm, clay % = 0.91%–2.23%; Table 4), de-
creasing the turbulence/ increasing the cohesion in the re-
maining flow. The majority of the bedload will bypass with 
some isolated clasts being incorporated as: (i) randomly 
distributed clasts (e.g. Bed sub-types F and G, Material S1, 
Table 2); (ii) clasts near the base of the H1 division (e.g. 
Bed sub-types E and F, Material S1, Table 2); or (iii) con-
centrated along a clast horizon (e.g. Bed sub-types D, E, F G 
and H, Material S1, Table 2). In this study, these clast-rich 
horizons show a minor increase in clay percentage in the 
matrix (d(50) =132–258 μm, clay % =2.23–4.4%, Table 4), 
likely due to minor disaggregation of the mudclasts. Flow 
deceleration at a moderate rate can increase cohesivity and 
result in banding, with increase in clay content present in 
this study (d(50) = 65–69.9 μm, clay % = 4.65%, Table 4; 
e.g. Bed sub-types F and G, Material S1, Table 2; Baas et al., 

2011, 2016; Stevenson et al., 2020). A continued increase 
in cohesivity, aided by the disaggregation of mudclasts, re-
sulted in the formation of the mud-rich H3 debritic divi-
sion (d(50) = 14.5–33 μm, clay % = 11.35%–20.01%, RSD 
=192–375%, Table 4). This can be sub-divided into H3a and 
H3b, where the H3a shows some remaining minor stratifi-
cation of the sand division, and the H3b is a debrite, when 
examined under X-ray florescence core scanning (Hussain 
et al., 2020). This may be the case for samples 1.2 and 1.3 
(Table 4), in which the sorting decreases up through the 
H3 division (RSD =225–295%, Table 4). Overlying H4 di-
visions were not identified in this study. The Baas et al. 
(2021) model, which combines longitudinal segregation 
and vertical segregation, appears to most comprehensively 
explain the formation of hybrid beds found in this study 
(Figure 10).

8.2  |  Summary: why are hybrid beds 
abundant at this CLTZ when typically 
found at lobe fringes?

Overall, the increased formation and preservation of hy-
brid beds in this CLTZ is interpreted to be a result of: (1) 
The availability of erodible mud-rich substrate up-dip; 
(2) A persistent above grade slope (through ongoing tec-
tonic movement/steepening due to subsidence down-dip); 
(3) An abrupt gradient change estimated at 2.5–3.7°; and 
(4) Subsiding basin-floor creating accommodation and 
therefore high preservation potential. The combination 
of erodible mud-rich substrate up-dip and a prolonged 
above grade slope, means that flows reaching the CLTZ 
will have had high mud concentrations and thus higher 
cohesive strength. The large gradient change then leads to 
moderate to rapid deceleration of flows, and a further in-
crease in cohesive strength as the influence of turbulence 
decreases. This combination of high cohesive strength and 
moderate to rapid deceleration favours the development 
of hybrid event beds (rapid) and banding (moderate) (Baas 
et al., 2011; Stevenson et al., 2020; Sumner et al., 2009). 
The typical presence of hybrid beds in distal lobe locations 
suggests that the initial mud-content at the slope break is 
not normally high enough to cause the development of 
hybrid beds at the CLTZ. Instead, more gradual decelera-
tion occurs across lobes, likely in combination with inges-
tion of fluid mud from the seafloor, leading to increasing 
cohesive strength and the development of hybrid beds in 
lobe fringes (Haughton et al., 2003, 2009; Stevenson et al., 
2020; Talling et al., 2004). Finally, the combination of sub-
sidence and high deposition rates in the present example 
aids the preservation of these hybrid beds, unlike CLTZs 
in tectonically quiescent settings where erosion across the 
CLTZ is far more important.
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8.3  |  Controls on the Otadai CLTZ 
development

As documented in the results, the stratigraphic evolution 
of Stages 1–2–3 at Location 2 shows a marked change in 
bed types, bed thickness, sand-to-mud ratio, amount and 
depth of erosion and scouring, numbers of grain-size 
breaks, sedimentary structures, and degree of bioturba-
tion (Figures 6 and 7; Table 5). Overall, these changes 
are a record of waxing-to-waning sediment supply to the 
deepwater basin. The following sections discuss the fac-
tors that may have influenced the sediment supply signal 
and stratigraphic architecture of the measured section 
(spanning 30  kyr; Sugiyama & Miyata, 2015), as well 
as the entire Sequence 7 (spanning 50  kyr; Sugiyama & 
Miyata, 2015).

8.4  |  Seismicity

The basin was located in a tectonically active forearc basin, 
formed by the subduction of the Pacific and Philippine 
Sea Plates under the Eurasian Plate (Ito & Masuda, 1989; 
Katsura, 1984). Therefore, earthquakes of magnitude >5.0 
(similar to the ones impacting the study area today (e.g. 
Earthquaketrack.com, ©, 2020) may have affected the 
basin every 400–2700 years (Seno et al., 1996; Shishikura 
et al., 2001; Figure 10). Thus seismic activity potentially 
had a strong influence on triggering flows by remobilising 
surficial sediments on the outer shelf and the upper slope 
(Kioka et al., 2019; Molenaar et al., 2019; Schwestermann 
et al., 2020). Furthermore, seismicity could account for the 
syndepositional and post-depositional bed deformation 
and dewatering structures (Jones & Omoto, 2000), such 
as those observed in BT 1, BT 2i and BT 3. Theoretically, 
an increase-then-decrease in seismic activity could have 
deposited a sedimentary succession that characterises 
Stage 1–2–3. However, the time encompassed in Sequence 
7 (spanning 50 kyr; Sugiyama & Miyata, 2015) may be too 
short for such an increase-then-decrease in seismic ac-
tivity to have occurred. Additionally, the major tectonic 
event (associated with a potential increased earthquake 
frequency) in the area at that time was linked with the rise 
of the Kujukuri-oki Anticline, which is believed to have 
developed after the deposition of the Otadai Formation 
(Furuyama et al., 2021).

8.5  |  Climate and sea-level fluctuations

During the Calabrian (Early Pleistocene), glacial and in-
terglacial cycles were oscillating at a 41  kyr frequency 
(Head & Gibbard, 2015), accompanied by relative 

sea- level change and arid-humid climate variations. 
These factors combined to influence sediment sup-
ply from the hinterland drainage basins to marine sedi-
mentary basins (Igarashi et al., 2018; Kajita et al., 2021; 
Nakajima et al., 2009; Suganuma et al., 2021). The control 
of relative sea- level changes on the Otadai Formation has 
been discussed within previous studies, with Sequence 7 
interpreted as reflecting an overall relative sea-level fall-
then-rise cycle (Ito, 1995, 1998a, 1998b, 2008; Figure 9). 
This relative sea-level fall-then-rise scenario is supported 
by the δ18O curves from benthic foraminifera (Pickering 
et al., 1999; Tsuji et al., 2005), which indicate an increase 
to decrease to increase in δ18O values between ash beds 
O16 and O11. This supports the hypothesis that relative 
sea- level change was (one of) the main overall driver(s) 
for much of the variability noted between Stages 1–2–3 
at Location 2 (Figure 9). Indeed, Stages 1 and 2 recorded 
an increased sediment transport to the base-of-slope as-
sociated with high-energy flows, reflecting deposition 
that occurred during a relative sea-level fall and lowstand 
(Figure 9A,B). It is possible that the rapid relative sea-level 
fluctuations during the Calabrian could have led to local 
instabilities through periods of reduced sediment input 
to the shelf during the transition to glacial and more arid 
periods. These slope instabilities, in turn, generated surge-
type turbidity currents (Nakajima et al., 2009). The thin-
ning- and fining-upward trends that characterise Stage 
3  supports deposition during a subsequent transgressive 
phase (Figure 9C), while the overlying mud-dominated 
interval of Sequence 7, which caps the measured section 
(e.g. Figure 2C; Ito, 1998a), was deposited during a relative 
sea-level highstand.

If the overall Sequence 7 recorded one 41 kyr obliquity-
driven interglacial-to-glacial-to-interglacial cycle (Igarashi 
et al., 2018; Kajita et al., 2021; Nakajima et al., 2009; 
Suganuma et al., 2021), then development of Package 1, 
2 and 3 in stage 2 could reflect shorter-lived cycles. For 
example (half-?) precession-driven cycles, which seem to 
have gradually increased in intensity during the ‘41  kyr 
Pleistocene world’ (Liautaud et al., 2020 and references 
therein).

In addition to these glacioeustatic sea-level variations, 
there is evidence of significant climate shifts occurring 
during the deposition of the upper Otadai Formation. 
Momohara (1994) suggested that the floral changes, which 
occurred at 1.1 Ma in central Japan, indicate that climate 
fluctuations became frequent and occurred at less than 
100  kyr intervals. Igarashi et al. (2018) showed that sig-
nificant orbital-scale cyclical variations in both tempera-
ture and precipitation occurred in the hinterland of the 
Kazusa Basin during deposition of the Otadai Formation. 
These climate variations were derived from palynologi-
cal data and interpreted to reflect glacial and interglacial 
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cycles driven by 41  kyr orbital forcing (Igarashi et al., 
2018), associated with changes in regional ocean circula-
tion (Suganuma et al., 2021). Moreover, interglacial peri-
ods in the Kazusa Basin were associated with increased 
intensity and a northwards extension of the Kuroshio 
Current in comparison to glacial periods, circulating more 
warm water masses from the Western Pacific Warm Pool 
to the study area (Ito, 1992; Kajita et al., 2021; Takao et al., 
2020). Sea surface temperatures in the Kazusa Basin, 
derived from planktonic foraminifera, have varied from 
22.5–24.8°C during interglacial periods (MIS-33, 31, 29) 
to 19.9–21.9°C during glacial periods (MIS-32, 30; Kajita 
et al., 2021). Increased sea surface temperatures during 
interglacial periods might have been associated with an 
increased tropical cyclone frequency and intensity (Zhang 
et al., 2020), as well as potentially enhanced monsoonal 
activity (Liu et al., 2020). Increased monsoonal activity 
and tropical cyclone frequency and intensity during in-
terglacial periods would have led to accentuated coastal 
erosion by waves (Nishida et al., 2020), as well as in-
creased precipitation and weathering in the hinterland of 
the Kazusa Basin, resulting in higher river discharge and 
increased sediment delivery to the shelf (Joussain et al., 
2016; Rice et al., 2020).

The potential impact of these sediment supply varia-
tions on the deepwater system would have been out-of-
phase with the influence of the recorded glacioeustasy. 
The coarsest and thickest strata of Stage 2 could have been 
deposited during a highstand period associated with a 
climate optimum and an increased sediment input to the 
shelf. Sediment storage is limited on narrow and steep 
shelves during relative sea-level highstand on active con-
tinental margins (Covault & Graham, 2010; Covault et al., 
2007; Harris & Wiberg, 2002), such as the one that pre-
vailed when the Otadai Formation was being deposited. 
This shelf geometry restricts sediment storage capacity, 
particularly when sediment supply increases, and sand-
rich flows can still traverse the shelf and slope (Blum & 
Hattier-Womack, 2009; Bouma, 2000; Nakajima et al., 
2009; Postma et al., 1993; Prins et al., 2000; Weltje & de 
Boer, 1993). It is possible that the canyon feeding the deep-
water system of the Otadai Formation was disconnected 
from the shoreline during relative sea-level highstands, 
which would have prevented sediments from being trans-
ported further down the canyon. If the canyon had been 
connected to the shoreline, the deepwater system of the 
Otadai Formation would have been much more active 
during periods of relative sea-level highstand (Covault 
& Graham, 2010; Covault et al., 2007; Fisher et al., 2021; 
Sweet & Blum, 2016). Additionally, during interglacial pe-
riods, a strengthened Kuroshio Current (Ito, 1992; Kajita 
et al., 2021; Nishida et al., 2020; Takao et al., 2020) would 
have helped the shelf redistribution of sediment brought 

there by an increase in coastal wave erosion (Nishida 
et al., 2020; Nishida & Ikehara, 2013) associated with an 
enhanced tropical cyclone frequency and intensity (Zhang 
et al., 2020). This potentially prevented most sediment 
transfer from the shelf down the slope to the Otadai deep-
water system.

The 41  kyr-duration, obliquity-driven glacial-
interglacial cycles and associated relative sea-level change 
were the dominant factors influencing the development 
of Sequence 7 and these CLTZ deposits, and by exten-
sion, the entire Otadai Formation, in agreement with 
previous authors (Ito, 1995, 1998a, 2008; Pickering et al., 
1999; Tsuji et al., 2005). The signal of increased sediment 
supply to the shelf during humid interglacial periods was 
likely subdued by the absence of a conduit connected to 
the shoreline, and the presence of the Kuroshio Current 
strong enough to redistribute most of the sediment along 
the narrow shelf. In this context, intrinsic controls such as 
lobe stacking (Brooks et al., 2018b; Grundvåg et al., 2014; 
Hodgson et al., 2006, 2016; Mutti & Sonnino, 1981; Prélat 
et al., 2009, 2010; Pyrcz et al., 2005), variations of flow 
efficiency associated with change in upstream channel 
dimension (Fildani et al., 2013), or variations of channel 
sinuosity and the associated filtering effect (Amos et al., 
2010), were restricted to modulating the development of 
the Otadai Formation CLTZ.

8.6  |  Comparing CLTZs in tectonically 
active and tectonically quiescent margins

This study compares the diagnostic criteria, dimensions 
and evolution of CLTZs in active margins and tectonically 
quiescent basins in order to distinguish the key differ-
ences and similarities (Figure 11; Table 6). The example 
presented in this study appears to be controlled primarily 
by extrinsic factors (i.e. sea-level fluctuation and tecton-
ics). These variable factors mean that the slope system 
most likely cannot reach equilibrium (Prather, 2000, 2003) 
throughout the CLTZ development. In active margins, due 
to ongoing erosion on the slope, there is a sustained avail-
ability of mud-rich substrate leading to enhanced hybrid 
bed development (Figures 10 and 11C). The debritic mud-
rich H3 divisions are characterised by an average grain size 
of fine to coarse silt (d(50) = 14.5–33 μm, Table 4), a high 
clay percentage (clay % = 11.35%–20.01%, Table 4) and a 
poor sorting (RSD = 192%–375%, Table 4). The diversity 
of hybrid bed types, including banded divisions, indicates 
variations in flow deceleration rates, due to differences in 
grain size and velocity of flows, and/or the gradient and 
magnitude of slope breaks. Specifically, throughout the 
deposition of the Otadai Formation (3 to 1 Ma), the east-
ern area of the Kazusa Basin, at and down-dip of the study 
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area, subsided more than in the western part of the basin, 
which started up-lifting after 1 Ma (Kamiya et al., 2020). 
This basinward tilting pattern may have helped to sustain 
erosion of the slope in the western area (immediately up-
dip of the study location) as the slope worked towards 
equilibrium, as well as the continued entrenchment of the 
Higashihigasa canyon (Ito & Saito, 2006; Sato & Koike, 
1957; Yamauchi et al., 1990). This suggests that the locus 
of subsidence along narrow active margins is spatially 
constrained and remains more fixed in a dip-direction 
through time than in tectonically quiescent basins, where 
the locus of subsidence can be broader or migrate along the 
dip transect of wide passive margins. As a result, the high 
rates of subsidence on the basin-floor, the spatially fixed 
locus of subsidence and sediment input created a thick, 
aggradational system dominated by depositional pro-
cesses (Figure 10). Periods of sediment bypass occurred, 
as evidenced by lags and grain-size breaks and scour-fills, 
but these are dispersed throughout the stratigraphy, and 

rarely coalesce or form composite surfaces due to this high 
sedimentation rate (Figure 11C). In contrast, Mansor and 
Amir Hassan (2021) explain the high number of hybrid 
beds in an interpreted exhumed CLTZ in a tectonically 
active basin (the Oligocene-Miocene Tajau Sandstone 
Member Sabah, Malaysia) by intrinsic controls. In this 
case, repeated flow transformation of turbidity currents is 
interpreted to be driven by flow deflection and decelera-
tion against a confining counter slope close to a sediment 
entry point in a narrow basin.

In comparison, examples of well-exposed CLTZs in 
tectonically quiescent basins, such as Unit E3 of the 
Permian Fort Brown Formation in the Karoo Basin 
(Brooks et al., 2018a; van der Merwe et al., 2014), are 
characterised by more bypass and erosion (Figure 11B,C), 
a thinner stratigraphic expression (metres to a few tens 
of metres) and more composite scour surfaces (Figure 
11C, Table 6). Hybrid beds in the Fort Brown Formation 
example are present in the proximal lobe area, and are 

F I G U R E  1 1   Comparison of CLTZ size, dimensions and architecture between this example (A) and an example from Unit E of the Fort 
Brown Formation, Karoo Basin, South Africa (information from Brooks et al., 2018a, 2018b) (B and C) Shows the key characteristics in a 
down-dip transect through both channel lobe transition zones; see text for details. The Otadai example (A) is more fixed in location whereas 
the Unit E CLTZ (B) is more dynamic, expanding/contracting or shifting spatially through time (Brooks et al., 2018a)
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sand-rich (by observation, no grain-size measurements 
available), with no banding or other diversity in bed 
types. The availability of mud-rich substrate was likely 
confined to the interval of erosion and bypass of the 
CLTZ immediately up-dip (Brooks et al., 2018a), so that 
hybrid beds only formed immediately down-dip (within 
1–2 km), and are not present any further down the sys-
tem (Brooks et al., 2018a; van der Merwe et al., 2014). 

Moreover, this CLTZ migrated, recording phases of con-
traction/expansion. It was associated with shifting of 
up-dip channel/levee systems and down-dip lobe com-
plexes (Brooks et al., 2018a), which contrasts with the 
more fixed position of the Otadai CLTZ. Despite the dif-
ferences, the two CLTZs are likely roughly comparable 
in size (few kilometres in length and width, Figure 11, 
Table 6), in contrast to examples from the modern that 

T A B L E  6   Key basinal factors and CLTZ characteristics in the active Kazusa Basin during deposition of the Otadai Formation, and Sub-
unit E3 of the Permian Fort Brown Formation of the Karoo Basin, South Africa

Kazusa Karoo

Basin

Sediment input Fixed location (Canyon) (Ito et al., 2014) Several locations

Slope conduit Canyon-channel system (Ito et al., 2014) Entrenched channels (Brooks et al., 2018a; van der 
Merwe et al., 2014)

Sediment source 
distance and 
provenance

Siliciclastics sourced central Japan? Local 
volcanic source for minor volcaniclastic input

Long distance, Antarctica igneous massif (McKay 
et al., 2016)

Duration of formation 
(1 sea-level cycle 
approx.)

0.21 My (Otadai Formation) (50,000 years Cycle 
7; Ito & Katsura, 1992; Ito, 1998a, 2008; 
Takano et al., 2004).

6 My (Collingham, Vishkuil, Laingsberg and Fort 
Brown Formations; Belica et al., 2017; Lanci 
et al., 2013; McKay et al., 2015). 1.2 My(?)* per 
formation. Fort Brown Formation (Unit C, D, E, 
F, G), 0.24 My(?)* per Unit.

Unit E1, E2 and E3 (80,000 yrs Unit E3)*
*Very rough estimate assuming linear deposition

Basin evolution Active tectonics-Creating accommodation 
throughout infill (Ito, 1992)

No active tectonics—Accommodation through sag 
of basin, differential subsidence and compaction 
(Brooks et al., 2018a)

Climate Similar to today, glacial/interglacial at altitude 
(Ito & Katsura, 1992; Pickering et al., 1999)

Post glacial- cool climate (Smith et al., 1993)

Grain size Clay-Boulder (Ito et al., 2014) Silt-fine sand (Brooks et al., 2018a)

CLTZ

Stratigraphy Sand-attached (sensu Mutti, 1985), volume of 
rock

Sand-detached (sensu Mutti, 1985), traceable surface 
(Brooks et al., 2018b; van der Merwe et al., 2014)

Scours Yes- Depth: mm- several m's
Generally isolated

Yes- Depth: mm to several m's
Isolated and composite (Brooks et al., 2018a)

Sediment waves No Remnant- Fine sandstone, Metre scale
Spaced stratification, climbing ripples + sheared 

climbing ripples (Brooks et al., 2018a)

Grain-size breaks Yes Not recognisable at outcrop (Brooks et al., 2018a)

Lags Few with large angular clasts Yes, numerous, mix of fine (+lower medium) sand 
and mudclasts (Brooks et al., 2018a)

Hybrid beds Yes- Numerous, range of bed types Yes, only in proximal lobe, sand-rich, 1 bed type 
(Brooks et al., 2018a)

Abandonment Gradual- Switch to off-axis lobe Abrupt- Sudden avulsion or shut off of sediment 
supply (Brooks et al., 2018a)

Palaeogeographic 
context

Overbank deposits up-dip 4.5 km
Lobe deposits down-dip 4.7 km
Max CLTZ length 9.2 km
Width of zone >700 m (Ito, 2008)

Can walk out up-dip levee and down-dip lobe 
deposits

Max CLTZ length 6 km
Width <12 km
(Brooks et al., 2018a)
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can be 30–120 km in length (Kenyon et al., 1995; Kenyon 
& Millington, 1995; Morris et al., 1998; Palanques et al., 
1995; Wynn et al., 2002).

The abundance and diversity of hybrid beds noted in the 
Otadai Formation CLTZ is rare, but not unique. A recently 
published example from the Aberystwyth Grits Group 
(Baas et al., 2021), within the Silurian deposits of the back-
arc Welsh Basin (Kokelaar et al., 1984), also documents a 
significant range of hybrid beds within a CLTZ (Baas et al., 
2021). Due to outcrop constraints, the exact basin configu-
ration is unknown in this Welsh Basin example, so it is not 
possible to compare the up-dip slope condition to the slope 
of the Otadai Formation system. This 1.6 km long down-
dip section records a transition from channel/levee depos-
its, through a CLTZ, to lobe axis and off-axis environments 
(Baas et al., 2021). It is noted that the CLTZ contains thicker 
beds with less common erosional scours when compared to 
the CLTZ of Unit E in the Karoo Basin, and that the hy-
brid bed component may indicate deposition concentrated 
towards the lobe rather than the channel (within the CLTZ). 
Overall, the example described by Baas et al. (2021) is 
likely smaller in spatial extent but is largely unconstrained 
(roughly an order of magnitude thinner; Baas et al., 2021) 
and has a thinner stratigraphic expression than the CLTZ of 
the Otadai Formation system. However, it does demonstrate 
that an abundance of hybrid beds is not unique to the Otadai 
Formation CLTZ. This therefore emphasises that abundant 
hybrid beds in outcrop or core are not necessarily indicative 
of lobe fringe environments (Spychala et al., 2017a, 2017b). 
Instead, hybrid beds are indicative of an availability of erod-
ible mud-rich substrate up-dip of the deposits, associated 
with conditions that allow both longitudinal and vertical 
segregation within the flow (Baas et al., 2021), independent 
of the environment and tectonic setting. Indeed, any basin 
margin with basinward tilting and a mud-rich substrate are 
primed to generate hybrid beds. This could include tectoni-
cally quiescent post-rift settings where canyon positions are 
fixed (Jackson et al., 2021).

9   |   CONCLUSIONS

This study documents the evolution of a CLTZ preserved 
in the Pleistocene Otadai Formation, cropping out on the 
Boso Peninsula, Chiba, Japan. This deepwater succession 
spanning 50  kyr recorded a full relative sea-level fall-
then-rise cycle, which is constrained by the presence of 
two regionally correlated ash beds. Based on variations in 
grain size, bed thickness, degree of amalgamation, stack-
ing pattern and sedimentary architecture, the succession 
was subdivided into three stages (Stages 1–3). These stages 
show an increase followed by a decrease in: bed thickness; 
sand content; and erosional/ bypass indicators.

Observations of the abundant and diverse hybrid beds 
noted in the Otadai Formation CLTZ most closely fit with 
models of hybrid bed formation that integrate longitudi-
nal segregation from the head to the tail of the flow, and 
vertical stratification from base to top. The presence of 
hybrid beds throughout fan development (and not just in 
frontal lobes) was likely a factor of a continuously above 
grade slope, unable to reach equilibrium due to high sub-
sidence rates and ongoing tectonic activity. These factors 
will have accentuated erosion on the slope, providing suf-
ficient mud-rich sediment to drive flow transformation, 
and form hybrid beds at the CLTZ.

Despite modulation from intrinsic controls, the over-
all coarsening then fining-upwards trend of this 50  kyr 
succession is thought to predominantly reflect an overall 
obliquity-driven relative sea-level fall-then-rise cycle, as-
sociated with a change from interglacial through glacial 
to interglacial climate conditions. During interglacial pe-
riods, the combination of a conduit disconnected from the 
shoreline, and a Kuroshio Current strong enough to re-
distribute shelf sediment freshly brought by an enhanced 
coastal wave erosion, likely hindered sediment transfer 
down-dip to the Otadai Formation deepwater system.

Compared to tectonically quiescent basin examples, 
CLTZs developing along active margins, such as that exam-
ined in this study consist of: (i) significantly thicker stratigra-
phy and more isolated and smaller scours, likely due to high 
sedimentation and subsidence rates; (ii) fewer bypass lags, 
which are only present at the base of the section and are sig-
nificantly reworked; (iii) more common grain-size breaks, 
likely recognised due to wider grain-size range; and (iv) a 
higher proportion and diversity of hybrid beds, due to high 
availability of mud-rich erodible substrate. Additionally, 
CLTZs along active margins are characterised by a fixed and 
aggradational position at the base-of-slope, in contrast with 
the shifting, contracting and expanding behaviour of their 
counterparts in tectonically quiescent basins. Consequently, 
CLTZs along active margins are less interstratified with sed-
iments from adjacent palaeoenvironments, compared to dy-
namic CLTZs in tectonically quiescent systems. This fixed 
and aggradational behaviour of CLTZs along active margins 
is thought to reflect a subsidence-to-sedimentation rate ratio, 
which prevented the slope up-dip of the CLTZ from pro-
grading and changing its geometry, and certainly not by as 
much as it would in tectonically quiescent basins. Intrinsic 
controls, therefore, are more influential on the nature and 
the dynamic of the flows, and the resulting architecture of 
CLTZs, in tectonically quiescent basins. This suggests that 
there is a much greater diversity in CLTZ deposits than has 
previously been recognised, but also suggests that these are 
broadly predictable based on the relative degree of tectonic 
activity, the amount of accommodation and the availability 
of mud as an input to the system.
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