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ABSTRACT

Drilling of intrashelf Miocene clinothems onshore and offshore New Jer -
sey has provided better understanding of their topset and foreset deposits,
but the sedimentology and stratigraphy of their bottomset deposits have not
been documented in detail. Three coreholes (Sites M27—M29), collected during
Integrated Ocean Drilling Program (IODP) Expedition 313, intersect multiple
bottomset deposits, and their analysis helps to re ne sequence stratigraphic
interpretations and process response models for intrashelf clinothems. At Site
M29, the most downdip location, chronostratigraphically well-constrained
bottomset deposits follow a repeated stratigraphic motif. Coarse-grained
glauconitic quartz sand packages abruptly overlie deeply burrowed surfaces.
Typically, these packages coarsen then ne upwards and pass upward into
bioturbated siltstones. These coarse sand beds are amalgamated and poorly
sorted and contain thin-walled shells, benthic foraminifera, and extrabasinal
clasts, consistent with an interpretation of debrites. The sedimentology
and mounded seismic character of these packages support interpretation
as debrite- dominated lobe complexes. Farther updip, at Site M28, the same
chrono strati graphic units are amalgamated, with the absence of bioturbated
silts pointing to more erosion in proximal locations. Graded sandstones and
dune-scale cross-bedding in the younger sequences in Site M28 indicate
deposition from turbidity currents and channelization. The sharp base of each
package is interpreted as a sequence boundary, with a period of erosion and
sediment bypass evidenced by the burrowed surface, and the coarse-grained
debritic and turbiditic deposits representing the lowstand systems tract. The
overlying ne-grained deposits are interpreted as the combined transgressive
and highstand systems tract deposits and contain the deepwater equivalent
of the maximum ooding surface. The variety in thickness and grain-size
trends in the coarse-grained bottomset packages point to an autogenic con-
trol, through compensational stacking of lobes and lobe complexes. However,
the large-scale stratigraphic organization of the bottomset deposits and the
coarse-grained immature extrabasinal and reworked glauconitic detritus point
to external controls, likely a combination of relative sea-level fall and wax -
ing-and-waning cycles of sediment supply. This study demonstrates that large

amounts of sediment gravity- ow deposits can be generated in relatively shal-
low (~100-200 m deep) and low-gradient (~1°-4°) clinothems that prograded
across a deep continental shelf. This physiography likely led to the dominance
of debris ow deposits due to the short transport distance limiting transfor
mation to low-concentration turbidity currents.

B INTRODUCTION

Seismic sequences that prograde seaward, with geometrically de ned
topset, foreset, and bottomset deposits (Fig. 1), bounded by surfaces with a
distinct sigmoidal (clinoform) geometry (e.g., Vail, 1987; Van Wagoner et al.,
1987) are termed clinothems (e.g., Rich, 1951; Plink-Bjorklund and Steel, 2002;
Johannessen and Steel, 2005; Miller et al., 2013a, 2013b). Depending on the
geological setting and data sets examined, clinothem-bounding surfaces
can be maximum ooding surfaces (Carvajal and Steel, 2006) or sequence
boundaries (Miller et al., 2013a). Several scales of progressively larger-scale
clinothems can prograde synchronously along a shoreline-to—abyssal plain
transect (Fig. 1). The bottomset of one clinothem in an updip location corre-
sponds to the topset of a larger-scale clinothem in a downdip location, mean-
ing that these compound clinothems are genetically and morphologically
linked (Swenson et al., 2005; Helland-Hansen and Hampson, 2009; Henrik-
sen et al., 2009; Fig. 1). Objective description of the depositional architecture
of compound clinothems requires recognition of re ector terminations on
seismic pro les (onlap, downlap, erosional truncations, and toplap or of ap;
e.g., Vail et al., 1977; Mitchum et al., 1977) and patterns on logs and in core-
holes (Van Wagoner et al., 1987; Carvajal and Steel, 2009; Carvajal et al., 2009;
Miller et al., 2013b). This approach permits identi cation of key stratal sur
faces (sequence boundaries, transgressive surfaces, and maximum ooding
surfaces) and stacking patterns of parasequences (Vail, 1987; Van Wagoner
etal., 1987; Posamentier and Vail, 1988; Posamentier et al., 1988), and subdivi-
sion of depo sitional sequences into different systems tracts: lowstand (LST),
transgressive (TST), highstand (HST; Vail, 1987; Van Wagoner et al., 1987;
Posamentier and Vail, 1988; Posamentier et al., 1988), and falling stage (FSST)
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(Plint and Nummendal, 2000). Commonly, systems tracts are tied to relative
sea-level curves (Vail, 1987; Van Wagoner et al., 1987; Posamentier and Vail,
1988; Posamentier et al., 1988; Coe, 2003; Catuneanu, 2006); however, stratal
surfaces and systems tracts can be objectively de ned irrespective of base-
level changes (Neal and Abreu, 2009; Miller et al., 2013a). In deepwater set-
tings (below storm weather wave base), the seismic criteria for de nition of
sequence bounding unconformities is lost (or becomes cryptic) basinward,
which led Mitchum et al. (1977) to coin the term “correlative conformity” for
the surface traced beyond the unconformity. Recognition and interpretation
of the LST is often equivocal because of the uncertainties in placement of its
base versus that of the FSST (Coe, 2003; Hodgson et al., 2016) and the varied
facies it contains (van der Merwe et al., 2010).
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The interaction between sediment supply, accommodation, and process
regime needs to be assessed in order to understand the depositional architec-
ture of clinothems and the stratigraphic evolution of basin margins (e.g., Vail
et al., 1977; Posamentier and Vail, 1988; Van Wagoner et al., 1988; Galloway,
1989; Christie-Blick and Driscoll, 1995; Martinsen and Helland-Hansen, 1995;
Burgess and Hovius, 1998; Steel and Olsen, 2002; Johannessen and Steel,
2005; Carvajal and Steel, 2006; Dixon et al., 2012b; Burgess and Prince, 2015;
Jones et al., 2015). Exhumed clinothem rollovers have proven valuable in the
assessment of process interactions in the critical zone between shallow-marine
currents (interactions of wave, river, and tide processes) and gravity-driven
processes below storm weather wave base (e.g., Plink-Bjérklund and Steel,
2002; Mellere et al., 2002; Uroza and Steel, 2008; Carvajal and Steel, 2009;



Dixon et al., 2012a; Jones et al., 2013; Poyatos-Moré et al., 2016). However, out-
crop and well coverage is generally limited, and detailed documentation of the
sedimentology and stratigraphy of individual clinothems from topset, through
foreset, to bottomset settings is rare (e.g., Carvajal and Steel, 2009; Carvajal
etal., 2009; Wild et al., 2009; Grundvag et al., 2014; Prélat et al., 2015; Koo et al.,
2016). Therefore, to unravel the interplay of these different controls, detailed
observations and data across multiple successive clinothems and a range of
scales are needed. This requires large integrated data sets with well-mapped
clinothems that have good chronostratigraphic constraints and detailed sedi-
mentary facies information.

A unique subsurface data set collected offshore New Jersey (Integrated
Ocean Drilling Program [IODP] Expedition 313, Sites M27, M28, and M29; Fig. 2)
intersected the topset, foreset, and bottomset deposits of multiple successive
Miocene clinothems (Mountain et al., 2010). The process sedimentology and
stratigraphy preserved in clinoform topsets are well constrained by onshore
and offshore coreholes (Miller et al., 1997), and the foreset deposits have been
used to help re ne sequence stratigraphic models (Miller et al., 2013a). How
ever, the character of the bottomset deposits has been poorly constrained be-
cause they are absent from coreholes drilled on the modern coastal plain, and
coreholes drilled on the modern shelf edge and slope (Mountain et al., 1994;
Christie-Blick et al., 2003) largely provided muddy mass-transport deposits and
homogeneous mudstone-dominated facies successions (Hesselbo and Hug-
gett, 2001; McHugh et al., 2002). The aim of this paper is to document in detail
the sedimentology and stratigraphic record of the Miocene clinothem bottom-
set deposits in an overall sequence stratigraphic framework attained by Expe-
dition 313. We address the following objectives: (1) to describe and interpret
the process sedimentology of bottomset deposits; (2) to develop depositional
environment models for intrashelf clinothems; (3) to consider these deposits
in a sequence stratigraphic framework; and (4) to discuss the controls on the
timing of sediment supply from shallow (<100 m) to deep water (100-200 m)
in this setting.

B GEOLOGICAL SETTING AND PREVIOUS WORK

The New Jersey—Delaware—Maryland Atlantic passive margin is an ideal
natural laboratory for understanding the interaction of sediment supply, ac-
commodation, and process regime due to the wealth of previously collected
data (summarized in Mountain et al., 2010). Late Triassic to earliest Jurassic
rifting (ca. 230-198 Ma) was followed by uplift and sea oor spreading begin-
ning prior to the Bajocian (ca. 175 Ma; Middle Jurassic), with the likely onset
of opening off the southeast U.S. by ca. 200 Ma and progressing northward to
the U.S. middle Atlantic margin (Withjack et al., 1998). This was followed by
thermal subsidence on the margin associated with sediment loading and ex
ure (Watts and Steckler, 1979; Reynolds et al., 1991). The Jurassic succession
comprises 8-12 km of shallow-water limestones and mudstones, and a barrier
reef complex fringed the margin until the mid-Cretaceous (Poag, 1985). Accu-
mulation rates were generally low (< 20 m/m.y.) during dominantly carbonate

deposition in the Late Cretaceous to Paleogene (Poag, 1985). A major transition
from carbonate ramp to starved siliciclastic sedimentation occurred in the late
middle Eocene to earliest Oligocene in response to global and regional cool-
ing (Miller and Snyder, 1997). Sedimentation rates increased dramatically in
the late Oligocene to Miocene (Poag, 1985; Miller and Snyder, 1997; Browning
etal., 2013), resulting in a siliciclastic sedimentary prism that comprises multi-
ple clinothems that prograded above a wide (~150 km) and deep (100—400 m)
low-gradient shelf. These clinothems were rst identi ed as “deltas” (Schlee,
1981). However, deltas are much smaller and will form part of the topsets
(Fig. 1). Intrashelf clinothems, which form a basinward-thickening shelf prism
(Patruno et al. 2015), are part of a hierarchy of clinoform scales (Fig. 1) and are
similar in scale to other systems where the topsets are referred to as the shelf,
the foresets as the slope, and the bottomsets as the basin oor (e.g., Carvajal
et al., 2009). These terms may be appropriate when there is not an observ
able continental shelf break. In the case of the New Jersey margin, however,
we prefer the descriptive topset-foreset-bottomset terminology because these
compound clinoforms are demonstrably located on the shelf (Fig. 1) with a
shelf break and continental slope and rise seaward, and are therefore building
the shelf segment of the basin (sedimentary shelves of Helland-Hansen et al.
[2012]). The topset-foreset-bottomset nomenclature has been employed for in-
termediate-scale clinoforms that developed on deep shelves (e.g., Steel and
Olsen, 2002; Anell et al., 2014; Patruno et al., 2015; Pellegrini et al., 2017) or in
lakes (e.g., Fongngern et al., 2016).

The seismic stratigraphy of the Miocene and younger margin deposits
is characterized by the intrashelf clinothems (e.g., Monteverde et al., 2008).
The clinothems generally prograde, with lower to lowermost middle Miocene
sequences found beneath the modern inner-middle continental shelf, middle
Miocene sequences beneath the modern middle shelf, and upper Miocene and
younger beneath the modern outer shelf (Greenlee et al., 1992). Sequences
are named according to their basal re ector boundary, for example sequence
mb5.2 lies on re ector m5.2 (Monteverde et al., 2008; Monteverde, 2008; Moun-
tain et al., 2010; Fig. 3). IODP Expedition 313 recovered Oligocene to Holocene
siliciclastic sediments from three coreholes at ~35 m present depth (Sites M27,
M28, and M29; Fig. 2) on the inner-middle continental shelf of New Jersey
(Mountain et al., 2010). Core recovery for the target sequences was ~80%, and
geophysical logs were obtained at all three sites (Fig. 3).

Seismic pro les (Fig. 3) show that clinothems vary from 100 to 200 m in
thickness and that foresets dip seaward 1°—4° and are 5-15 km in basinward
length. Two-dimensional backstripping, accounting for the effects of compac-
tion and loading, restores the clinoforms to their original thickness (Steckler
et al., 1999). Reconstructions indicate that the height on the m5.8, m5.6, and
m5.2 clinothems (Fig. 3) was ~50, ~100, and ~100 m, respectively (Kominz
et al., 2016), with calculated foreset gradients of 0.5°, 0.7°, and 0.8°, respec-
tively. Two-dimensional backstripping also shows that the Late Cretaceous
to Miocene structural continental shelf break was at several hundred meters
water depth, well seaward (>75 km) of these clinothems (Steckler et al., 1999;
Mountain et al., 2010; Miller et al., 2013b, Kominz et al., 2016). Therefore, the
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seaward progradation of the Miocene clinothems was entirely con ned to the
continental shelf. The intrashelf sedimentary prism reached the modern outer
continental shelf in the late Miocene and the structural shelf-edge break in the
Pleistocene (Fulthorpe and Austin, 1998; Steckler et al., 1999).

Cores drilled by ODP Legs 150, 174, 150X, and 174AX through onshore and
offshore New Jersey clinothems have provided signi cant advances in under
standing the timing and magnitude of relative sea-level change in shallow-
marine settings through much of the Late Cretaceous and Cenozoic (e.g., Miller
etal., 2005). However, onshore drilling of topset deposits recovered sequences
that comprise mainly TST and HST deposits. The facies associations in these

onshore cores primarily comprise transgressive ning-upward packages of
sand and silt overlain by a regressive coarsening- and thickening-upward suc-
cession of bioturbated silt and quartz-rich sand. These are interpreted as mixed
wave-dominated and river-in uenced (Wr of Vakarelov and Ainsworth [2013])
offshore to shoreface deposits (Miller et al., 1997). Miocene clinothem bottom-
set deposits, and facies representing deepwater (>100 m paleodepth) shelfal
environments, were not sampled by previous drilling projects. In part, IODP
Expedition 313 was designed to Il this gap (Mountain et al., 2010).

Expedition 313 results showed 25 regionally mapped Oligocene to Mio-
cene seismic surfaces that correlate to abrupt sedimentary facies changes



in the coreholes (Mountain et al., 2010; Miller et al., 2013b). Sequences were
dated with a resolution of +0.25 to +0.5 m.y. by integrating nannofossil, plank-
tonic foraminiferal, and dinocyst biostratigraphy with Sr-isotopic stratigraphy
(Browning et al., 2013). Here, we focus on lower to middle Miocene sediments
deposited in intrashelfal base-of-slope to distal bottomset locations from se-
guences m5.8 (20.0-19.5 Ma; Browning et al., 2013) to m5.3 (16.3-15.7 Ma;
Browning et al., 2013) (Fig. 3).

B METHODS

The three research cores collected during IODP Expedition 313 are along
a dip transect that runs parallel to several existing seismic pro les (Figs. 2
and 3). Sixteen lower to middle Miocene (ca. 23-13 Ma) seismic sequence
boundaries were recognized in pro les and correlated to the IODP Expedition
313 sites using a velocity-depth function developed from stacking velocities of
nearby pro les (Mountain et al., 2010; Mountain and Monteverde, 2012; Miller
etal., 2013a). The re ection seismic data have a vertical resolution of ~5m, and
were shot by the R/V Oceanus cruise Oc270 in 1995 with a 48-channel gener -
ator injector gun and HiRes (http:// www .seimaxtech .com/) equipment (Miller
et al., 2013b). Sequence boundaries are recognized on seismic re ection pro-
les by re ector terminations: onlap, erosional truncation, downlap, and top-
lap (Vail et al., 1977; Mitchum et al., 1977). Seismically interpreted sequence
boundaries correlate well with sequence boundaries recognized on the basis
of physical stratigraphy and sedimentological character in the Expedition 313
cores, indicating that impedance contrasts across changes in stratal patterns
are indicative of sequence boundary locations (Miller et al., 2013b; Fig. 3). Here,
we focus on sequences m5.3—-m5.8 because their topset, foreset, and bottom-
set deposits were intersected by the coreholes. In particular, cores from Sites
M28 and M29 provide excellent records of bottomset deposits (Figs. 3-5).

Lithologic composition of the >63 um fraction (very ne sand and coarser)
was obtained semiquantitatively. A total of 1727 samples were washed
through a 63 m screen, and the percent mud (clay and silt) versus sand was
calculated (data are tabulated in Miller et al. [2013a]). The sand fraction was
sieved to separate the ne and very ne quartz sand and glauconite sand from
the medium and coarser quartz sand and glauconite sand. Percent glauconite,
shells, and mica were visually estimated. The data, graphed alongside the
litho logic columns, are useful in showing ning- or coarsening-upward trends
and stratigraphic trends in the proportion of quartz and glauconite sand that
enhance observations in descriptive lithology.

Paleoenvironmental interpretations of lithofacies are based on previous
studies of shallow-marine sediments using a wave-dominated shoreline model
(summarized in Mountain et al. [2010]), recognizing upper shoreface (0-5 m),
lower shoreface (5—10 m), shoreface-offshore transition (10-30 m), and offshore
(>30 m) environments. Benthic foraminiferal biofacies, reported by Mountain
et al. (2010) and in greater detail by Katz et al. (2013), provide paleodepth con-
straints in deeper (>30 m) water following the general paleobathymetric model

of Miller et al. (1997) for coeval onshore New Jersey sections. An important
addition to the Miller et al. (1997) benthic foraminifer model is the nding of
Uvigerina juncea—dominated biofacies, interpreted as middle neritic or deeper
(>75 m), and of high-diversity, low-dominance assemblages with key indicator
taxa (e.g., Cibicidoides pachyderma, Hanzawaia mantaensis, and Oridorsalis),
interpreted as outer neritic (>100 m) (Mountain et al., 2010; Katz et al., 2013).

B SEDIMENTOLOGY

Here, we focus on sedimentary facies associations found in the lower fore-
set and bottomset positions, and their interpretation in terms of sedimentary
processes and depositional environments. The full range of sedimentary
and their interpreted depositional environments from analysis of the three
coreholes are described by Mountain et al. (2010). Sediments deposited on the
bottomset are abundant at the base of the Site M28 (501-611.6 mcd [meters
composite depth]) and Site M29 cores (593-746/753.8 mcd) (Figs. 4 and 5), and
are of two broad facies association groups: ne grained and coarse grained.

facies

Fine-Grained Facies

Fine-grained lower foreset and bottomset deposits are found in all three
holes. At Site M27, they are only found in cores 168 and 169 (482.4-483.5 and
484.8-485.2 mcd; sequence m5.8). At Site M28, sediments deposited in lower
foreset to bottomset settings are found from the transgressive surface of se-
guence m5.34 (475 mcd, core 98) down to the base of sequence m5.7 (611.6
mcd; core 152). Fine-grained facies are rare at Site M28. They are found from
the transgressive surface in sequence m5.34 (475 mcd; core 98) to the base of
core 108 (~506 mcd), from the m5.4 sequence boundary (512.33 mcd; core 110)
down to ~516 mcd (core 111; sequence m5.45), and from ~520 mcd to ~523 mcd
(bottom of core 113; sequence m5.45). The ne-grained facies is most common
in Site M29 cores.

Description

Fine-grained successions in lower foreset to bottomset positions form two
types of facies. Type 1 is found only in sequence m5.8, with common meter-
to 10-m-thick coarsening- and thickening-upward packages from silt prone to
sand prone. These packages comprise dark to pale brown nannofossil-bearing
silty clays to clayey silts that are intercalated with thin (<5 cm) normally and
inversely graded and laminated sand and silt beds containing abundant mica
and plant debris, sponge spicules, and diatoms (Fig. 6). Abrupt stratigraphic
changes in bioturbation intensity range from absent (with carbonate concre-
tions), through moderate with scarce burrows (e.g., Chondrites, Planolites), to
intense with back lled forms (e.g., Teichichnus, Taenidium).
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Figure 6. Representative core photos from
ne-grained bottomset deposits. Scales
are in centimeters. (A) From sequence
m5.8 (core 313-28-A-155-1-1), tan-colored
thin-bedded succession with alternating
strati ed and bioturbated intervals (type 1
fine-grained facies). (B—C) Bioturbated
clayey silt from sequence m5.45 (core 313-
29-A-183-1-1) with in situ glauconite in
burrow lIs (B), and bioturbated clayey silt
from sequence m5.7 (core 313-29-A-204-
1-1) (C), both type 2 fine-grained facies.
gtz—quartz.

Type 2 ne-grained facies are found above the m5.7 sequence boundary,
where ne-grained units comprise homogenous dark brown clayey silt to silt
beds that contain a few percent quartz sand (Figs. 5 and 6). Rare glauconite
sand, mica, and lignite are present. Commonly, glauconite is found in equal
percentage to the quartz in the same sample. The ne-grained units com-
monly display a mottled texture suggestive of heavy bioturbation. Thin-walled
bivalve shells, shell hash, and benthic foraminifers are commonly present
(Fig. 6). Typically, bivalve shells are disarticulated and randomly arranged
in the sediments. The ne-grained sediments contain sharp-based normally
graded beds with parallel and ripple laminations.

Interpretation

The abundance of plant debris and mica in type 1 ne-grained units (be-
low the m5.7 sequence boundary) indicates a uvial source for the sediment.
The well-laminated silty clays, absence of burrowing fauna, and presence of

concretions indicate a quiet depositional environment and an open shelf that
experienced repeated periods of dysoxic bottom-water conditions. At times
of better oxygenation, the infauna was dominated by horizontally mining
deposit- feeding organisms. The gradational upper and lower boundaries and
inverse grading of the very ne, parallel- and ripple-laminated sand beds, as
well as the millimeter-scale clay-silt lamination in the clay, point to deposition
from river ood events (Mulder et al., 2003, Plink-Bjorklund and Steel, 2004)
with ne-scale cyclicity possibly indicating seasonal discharge (e.g., Gugliotta
et al., 2016). The coarsening-upward pattern indicates progressive shallowing
from lower to upper prodelta environments.

The presence of benthic foraminifers in type 2 ne-grained units (above the

m5.7 sequence boundary) shows deposition in an oxygenated marine setting

below storm weather wave base. Benthic foraminiferal biofacies analysis (Katz
et al., 2013) indicates that most of these units were deposited at paleowater
depths of at least 75-100 m. The thin normally graded beds indicate turbid-
ity currents that transported quartz and glauconite sand into the depositional



environ ment, although much of the ne-grained sediment was likely depos-
ited from suspension fallout. The presence of rare mica and lignite show minor
in uence from a riverine source (less than in sequence m5.8). Intense biotur
bation implies slow sedimentation rates.

Coarse-Grained Facies

Coarse-grained lower foreset and bottomset deposits are abundant in
cores from Sites M28 and M29 (M28, 500-611.6 mcd; M29, 600-728.56 mcd;
Figs. 3-5).

Description

Typically, the coarse siliciclastic lower foreset and bottomset deposits are
either glauconitic quartz sands and gravels or glauconite-dominated sands.
Quartz and lithic granules are subrounded to subangular, although the full
range of well-rounded to angular granules occurs. Two broad types of coarse
clastic deposits are identi ed: (1) normally graded, moderately sorted, and
planar- to cross-strati ed (decimeter-scale) medium and coarse sands, which
locally form inclined meter-thick bedsets with intercalated clay laminae and

cross-strati ed
glauconitic sands

burrows (especially the bottom of sequence m5.47, Site 28, cores 117 and 120;
527.75-533.59 mcd; Fig. 7 and (2) ungraded, poorly sorted, poorly strati ed
muddy sands (10%—-30% silt and clay) with oating granules, articulated thin-
walled bivalve shells, and pristine benthic foraminifers (Fig. 8). Overall, the
poorly sorted and poorly strati ed facies dominates coarse-grained lower fore-
set and bottomset successions.

Interpretation

Normally graded and cross-strati ed sands and gravels are interpreted as
deposits of high-concentration turbidity currents (Fig. 7; Mulder and Alexander,
2001). The inclined meter-thick bedsets with burrows and clay laminae suggest
formation and episodic migration of dune-scale bedforms. The cross-bedding
indicates a sustained high-energy context where bypassing turbidity currents
built dune-scale bedforms (Fig. 7; Amy et al., 2000; Stevenson et al., 2015) on
the lower foreset. Locally, there are concentrations of coarse grains that are
interpreted as lag deposits recording sediment bypass above erosion surfaces
(Stevenson et al., 2015).

Poorly sorted and poorly strati ed muddy sands are interpreted as debrites
(debris- ow deposits; Mulder and Alexander 2001). A transport mechanism of

Figure 7. Representative core photos from
coarse-grained bottomset deposits inter-
preted as turbidites. Scales are in centi-
meters. (A) From sequence m5.45 (core
313-28A-118-2), normal grading in a very
coarse to ne glauconite sand bed inter-
preted as a turbidite. (B) From sequence
m5.45 (core 313-28A-118-1), moderately
sorted glauconitic medium sand cross-
beds. (C) From sequence m5.45 (core
313-28A-119-1), moderately sorted glau-
conitic medium sand cross-beds. Note
the changes in grain size and apparent
change in cross-bed dip direction (dashed
lines to pick out laminae), interpreted to
indicate dune-like bedforms, possibly with
different migration directions. (D) From
sequence m5.45 (core 313-28-A-118-2-1),
moderately sorted glauconitic medium
sand cross-beds. Note apparent steepen-
ing-upward trend in dip of cross-strati-
cation with clay-rich interlamination indi-
cating episodic migration of a dune-scale
bedform.



cohesive ows with little internal turbulence is supported by the thin-walled
articulated shells and pristine benthic foraminifera dispersed in the muddy
sands (Fig. 8). Rounded intraformational (bioturbated) mud clasts and the high
proportion of glauconite sand grains record upslope erosion and substrate en-
trainment. The interpreted environments of deposition of the coarse-grained
bottomset deposits are discussed below.

B STRATIGRAPHY OF BOTTOMSETS

The lithofacies successions are described within individual sequences fo-
cusing on Site M29 (Fig. 5), then compared to Site M28 (Fig. 4), which were
both strategically sited to sample multiple bottomset successions.

Site M29

The m5.7 sequence (728.56-707.56/710 mcd at Site M29) comprises coarse
sand with oating pebbles at the base, overlain by ne-grained sediments
(Fig. 5). The basal m5.7 sequence boundary at Site M29 (728.56 mcd; 20.0—
18.8 Ma; Fig. 9) is marked by an abrupt change from silty clays and clayey
silts below (type 1 ne-grained facies) to glauconitic coarse and medium
sands with angular clasts of clayey silts above (Figs. 5 and 9). The contact
is sharp and heavily disturbed through bioturbation, including large glauco-
nitic coarse and medium sand- lled branching burrows (Thalassinoides) that

Figure 8. Representative core photos from
coarse-grained bottomset deposits inter-
preted as debrites. Scales are in centi-
meters. (A) From sequence m5.7 (core 313-
28-A-136-2-1), strati ed (dotted lines are
bed contacts) poorly sorted muddy sand
and gravel grains supported by (floating
in) a finer grained matrix. (B) From se-
guence m5.6 (core 313-28-A-129-2-1), un-
sorted muddy sand and gravel. Note intra-
formational mud clasts and extrabasinal
clasts that range from angular to rounded.
(C) From sequence m5.45 (core 313-29-A-
184-2-1), poorly sorted muddy sand with
an articulated thin-walled shell. (D) From
sequence m5.7 (core 313-28-A-145-1-1),
poorly sorted muddy sand, with a high
mud content. Scales are in centimeters.

extend downward tens of centimeters (as much as 0.49 m below the con-
tact; Fig. 9). The overlying succession (728.56—725.4 mcd) comprises ~3 m
of moderately to poorly sorted medium sands that are a mix of glauconite
and quartz, with rare granules. These are interpreted as mass- ow deposits,
largely debrites, with rare thin turbidites as evidenced by thin (2-10 cm) glau-
conite quartz sands. The sands become muddy sands above 725.4 mcd and
become increasingly silty to 717.7 mcd, above which they are predominantly
silts. The exact nature of the contact between sands and silts is obscured by
drilling disturbance. The overlying ~10 m comprise sandy silts and silts with
subhorizontal burrows, with rare glauconitic sand beds. These are interpreted
as hemipelagic deposits intercalated with silt-prone low-concentration tur
bidites. The location of the top of the m5.7 sequence is uncertain due to a
coring gap (707.56-710.0 mcd).

Sequence m5.6 (707.56/710.0-673.71 mcd at Site M29) comprises coarse
glauconite and quartz sand at the base with silts at the top (Fig. 5), repeating
the pattern of the underlying m5.7 sequence. The basal m5.6 sequence bound-
ary at Site M29 (18.6-18.3 Ma) is placed in a coring gap (707.56—710.0 mcd) and
is marked by a change from bioturbated silts below to poorly sorted, slightly
glauconitic quartz sands above. Glauconitic sand— lled burrows in the under
lying silts indicate the presence of deep (at least 1.17 m) bioturbation. Interbed-
ded silty sand and medium sand extend to ~682.7 mcd. The sediment from the
m5.6 sequence boundary to 695.65 mcd comprises poorly sorted medium and
coarse glauconitic quartz sands that ne upward to silty ne sands (695.65—



692.7 mcd), with an increase in glauconite. These are interpreted as debrites
with rare thin turbidites. The overlying 10 m (682.7-673.71 mcd) succession
comprises silts with common benthic foraminifers and glauconite- lled bur-
rows deposited in a low-energy environment.

The m5.47 sequence boundary was reported by Miller et al. (2013b) in this
succession at 695.65 or 683.17 mcd. There is no clear change in facies at ei-
ther depth, and overall the interval nes upwards to clayey silts and silty clays

Figure 9. Representative core photos from basal contacts (dashed lines) of coarse-grained bottom-
set deposits. Scales are in centimeters. (A) Base of sequence m5.7 (core 313-28-A-152-1-1). The
overlying medium sand (65-76 cm) increases in the proportion of glauconite downhole (2%—
20%) to an intensely bioturbated contact (at 76 cm) with silty clay. Burrows in clay are lled with
glauconite sand, including a large vertical burrow with sharp scalloped margins and multiple
branches identi ed as Thalassinoides and Ophiomorpha. (B) Base of sequence m5.7 (core 313-
29-A-208-1-1), showing a sharp contact (at 9 cm) between dark green-brown glauconite sand-
stone above and pale brown clayey silt below. Glauconite sand- lled Thalassinoides burrows
are in the underlying clayey silt. This surface is interpreted as an unconformity. (C) Candidate
m5.4 sequence boundary (core 313-28-A-113-1-1, 49-91 cm). Poorly sorted ne glauconite sand
(40%) bounded below by a sharp surface (at 68 cm) above a claystone with burrows lled with
glauconite sand from above (68—-88 cm). Firmground required some time to be formed before
sand deposition. (D) Candidate sequence boundary at Site 29 (core 313-29-A-167-2-1, 34-39 cm),
above the m5.3 sequence boundary, marked by a sharp contact between bioturbated silt below
and glauconitic ne sand with large angular clasts of the bioturbated silt above.

<

<

with thin-walled shells. Reexamination of the seismic pro les suggests that the
m5.47 sequence boundary merges with the m5.45 sequence boundary, which
is best placed at 673.71 mcd, suggesting that the entire interval from 707.56/710
to 673.71 mcd is sequence m5.6 (Fig. 5).

The m5.45 sequence (673.71-662.37 mcd at Site M29) consists of coarsen-
ing-upward ne to medium and coarse sand and overlying silty clay (Fig. 5),
once again repeating the pattern seen in underlying sequences. The m5.45
sequence boundary at Site M29 (17.9-17.8 Ma) is marked by an abrupt and
intensely bioturbated surface at 673.71 mcd separating silty clay below from
glauconitic quartz sand above (Fig. 5). Burrows lled with glauconite sand are
found 0.38 m below the contact. The overlying ~11-m-thick sands (to 662.37
mcd) are highly glauconitic at the base, but there is an overall increase in me-
dium and coarser quartz sand upsection (Fig. 5). No strati cation is observed,
and the sands are poorly sorted and include extrabasinal pebbles and thin-
walled articulated shells. These are interpreted as debrites. There is an abrupt
upsection decrease in grain size from poorly sorted pebbly silts to silty clay at
662.37 mcd (Fig. 5) where the basal m5.4 sequence boundary was placed by
Miller et al. (2013b). The silt succession (662.37 to 649.16 m or higher; with a
~5 m coring gap from 649.16 to 644.28 mcd) is bioturbated and varies from
silty clay to sandy silt, with scattered thin-walled shells and benthic foramini-
fers. Rare glauconitic sands are centimeters thick and weakly graded. These
are hemipelagic deposits, with rare thin quartz and glauconite quartz sands
interpreted as turbidites. The section from 662.37 to 643.19 mcd was originally
assigned to sequence m5.4 by Miller et al. (2013b). However, on the seismic
line, re ector m5.4 merges with re ector m5.3 and sequence m5.4 pinches out
between Site M28 and M29 (Fig. 3). Basinward of the pinchout, sequence m5.4
was interpreted by Miller et al. (2013b) to reappear. An equally plausible inter-
pretation of the seismic data is that this interval is the upper part of sequence
mb5.45. The facies successions of m5.7 and m5.6 show coarse sand overlain
by bioturbated silts. Therefore, assigning the section 662.37-643.19 mcd to se-
guence m5.45 would follow this pattern of lower debrite-prone sands overlain
by hemipelagic and turbiditic silts.



Sequence m5.3 (643.19-602.25 mcd at Site M29) consists of two thick
packages of coarse sand separated by a thin bioturbated clayey siltstone
(Fig. 5). The basal m5.3 sequence boundary (643.19 mcd) is a sharp contact
between underlying bioturbated silt and overlying glauconitic ne sand with
large angular clasts of the bioturbated silt. The contact is bioturbated, with
Thalassinoides burrows lled with glauconite sand down to 0.18 m below the
contact. The lower section is strati ed with alternations of medium-grained
glauconite sands and poorly sorted muddy glauconite sands with thin-walled
shell debris and dispersed benthic foraminifers and granules. Overall, the
20 m sand-prone succession coarsens upward, with an increasing compo-
nent of poorly sorted structureless ne and medium quartz sand (Fig. 5),
which contains dispersed extrabasinal rounded to subangular granules and
small pebbles, and articulated shells. The ratio of quartz sand to glauconite
sand increases upsection to a 0.56-m-thick intensely bioturbated transition
from a poorly sorted sandstone to a 3-m-thick bioturbated clayey siltstone
with a large quantity of fragmented thin-walled shells (core 313-M29-168-2)
and several thin (3—6-cm-thick) sharp-based and weakly graded medium
quartz sands. The clayey silt is abruptly overlain by coarse to medium glau-
conitic sand, with Thalassinoides burrows lled with coarse glauconite sand
1 m below the contact (620.58 mcd; Fig. 9). The overlying ~20-m-thick sand
(from 620.58 to 602.25 mcd) dominantly comprises moderately to poorly
sorted medium to coarse quartz sand with rounded to subangular granules
(Fig. 5). The component of muddy glauconite sand increases upsection,
with a ning-upwards and increasingly strati ed bioturbated succession of
muddy sand and sandy mud.

The two sand packages in sequence m5.3 are ~20 m thick with deeply bur-
rowed basal surfaces, and dominated by debrites, with the lower one coars-
ening upward and increasing in the proportion of quartz sand, and the upper
package ning upward and increasing in muddy glauconitic sand. A 3-m-thick
hemipelagic interval with rare turbidites separates the sand packages. The two
sand packages might represent two parasequences within a single LST. How
ever, the intervening hemipelagic interval suggests a signi cant shutdown in
sediment supply, and the comparable nature of the basal contact to the upper
sand with the m5.7, m5.6, m5.45, and m5.3 sequence boundaries points to the
presence of an additional sequence boundary. If there are two lowstand se-
guences, then the bioturbated clayey silt contains the deepwater equivalent
to a maximum ooding surface and combined TST and HST, and one LST has
been removed through erosion upsection.

In summary, at Site M29 there is a clear stratigraphic packaging in the
bottom set stratigraphy, with sharp-based coarse-grained units above
the m5.7, m5.6, m5.45, and m5.3 sequence boundaries and the candidate
“intra-m5.3" sequence boundary (Fig. 9), which pass into overlying packages
of hemi pelagic muds and bioturbated silts. The coarse-grained packages are
several meters thick (~10-20 m) and comprise debrites with rare turbidites.
The contacts are sharp and locally marked by large glauconitic sand- lled
branching burrows (Thalassinoides) that extend tens of centimeters below
erosion surfaces.

Site M28

The same stratigraphic interval recovered at Site M29 was also recovered
9 km updip at Site M28, allowing a comparison of bottomset stratigraphy
(Fig. 4). Based on seismic cross-sections and chronostratigraphic dating, the
m5.7, m5.6, m5.47, and m5.45 sequences are in lower foreset to bottomset po-
sitions at Site 28, whereas sequence m5.3 is in a rollover position (Fig. 3). Se-
guence m5.4 is present at Site M28 but is not con dently resolved at Site M29,
and sequence m5.47 appears to be missing at M29. At Site M28, sequences
m5.7 (44.1 m thick), m5.6 (22 m thick), m5.47 (12 m thick) and m5.45 (21.3 m
thick) are sand prone and amalgamated, with no ne-grained intervals pre-
served apart from a rare thin (0.2-m-thick) and bioturbated silty clay and clay
unit at the top of sequence m5.47, and the upper part of m5.45 (Fig. 4). The basal
contact of sequence m5.7 is an abrupt contact between bioturbated silty clay
below and medium glauconite sand above (Fig. 4). The contact is heavily dis-
turbed by bioturbation, with poorly sorted medium to coarse glauconite sand
lling Thalassinoides burrows, which are identi ed down to 1.12 m below the
contact (Fig. 9). The overlying sands are quartz rich and coarsen upwards from
dominantly ne sand to dominantly medium sand with dispersed subrounded
to subangular quartz granules and small pebbles over the lower ~20 m (Fig. 8),
but there is little strati cation. Around the m5.6 sequence boundary, there is
an in ux of glauconite in the poorly sorted sands (Fig. 4), but the succession
remains sand rich, poorly sorted, and weakly strati ed. There is a marked
increase in the amount of glauconite sand at the m5.47 sequence boundary
(Fig. 4), although the facies above are the same as the m5.6 sequence. The
base of sequence m5.45 is marked by very coarse sand and is highly disturbed
by large burrows. The grain size and ratio of glauconite to quartz in the overly
ing 10-m-thick succession is consistent in sequence m5.45; however, there is a
marked increase in strati cation with changing grain size and sorting, and sev
eral normally graded beds (Figs. 4 and 7). Some units show clear subparallel
centimeter-thick sand laminations that steepen upwards, with rare intercalated
clay laminae interpreted to be turbidites, and episodically migrating dunes
(Fig. 7). The upper part returns to a succession of poorly sorted glauconitic
sands, which transitions through a bioturbated glauconitic sandy silt to a clay
(Fig. 4). Another sharp-based sand forms an 8-m-thick ning-upward package
of strati ed sands with a bioturbated contact (core 313-M28-113-1, 68 cm; 519.7
mcd; Fig. 9) that is an alternative base of sequence m5.4.

B DISCUSSION
Environments of Deposition of the Bottomsets

The one-dimensional (1-D) corehole data and 2-D seismic data permit the
interpretation of the depositional environments of coarse-grained bottomset
deposits of the intrashelf clinothems (Fig. 10). At Site M28, the presence of
episodically migrating dunes and clast-rich horizons in sequence m5.45 sup-
port the presence of a sediment bypass—dominated zone (sensu Stevenson
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Figure 10. (A) Diagram to illustrate the
scale of intrashelf clinoforms with respect
to delta or shoreline clinothems and basin
margin clinothems, drawn at a sea-level
lowstand where the delta or shoreline
topsets are exposed and coarse-grained
bottomset sedimentation of the intrashelf

Erosion of topset deposits

Clinoform
Clinoform rollover delta

rollover

Bypass of fine
sands through
small channels

Foreset deposits

] .
e,
B e
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Base of
clinoform slope

etal., 2015) and possible submarine channel lIs. This, together with the amal-
gamation of sand-rich units in lower foreset and bottomset deposits (Figs.
4 and 11), suggests higher amounts of erosion in more proximal positions.
The sharp bases to packages at Site M29 and deep bioturbation also support
erosion. However, the bottomset position, the 10-20-m-thick coarsening- then
ning-upward or ning-upward sand-prone packages (Figs. 4 and 5), and the
seismic architecture (Fig. 3) in all sequences point to relatively uncon ned de-

«

clinothems is active. Values in brackets
indi cate typical slope gradients in de-
grees. Adapted from Patruno et al. (2015),

Shorelln‘e. including progradation rates and clino-
low position form heights. (B) Block diagram of the en-
- vironments of deposition for an intrashelf

~3° clinothem. The reconstruction is at times

of high coarse-grained sediment supply to
bottomsets, with the presence of a uvial

system incising into older topset deposits,
and the presence of multiple channels in-
cising the foreset deposits and supplying
coalesced lobes in the bottomsets.

~100-300 m

+ ERRON Coalesced
lobes

Bottomset deposits

posits. Therefore, the sharp-based packages are interpreted as stacked deep-
water lobe deposits dominated by debrites (Fig. 10). Each coarse-grained pack-
age at Site M29 has its own thickness, ratio of glauconite to quartz sand, and
grain-size distribution, which could suggest compensational stacking of lobe
deposits (e.g., Prélat et al., 2009). Several studies have shown that compensa-
tional stacking of basin- oor elements can occur across a range of scales (e.g.,
Deptuck et al., 2008; Prélat et al., 2009; van der Merwe et al., 2014).
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