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ABSTRACT

Integrated Ocean Drilling Program Expe-
dition 313 continuously cored uppermost 
Eocene to Miocene sequences on the New 
Jersey shallow shelf (Sites M27, M28, and 
M29). Previously, 15 Miocene (ca. 23–13 Ma) 
seismic sequence boundaries were recognized 
on several generations of multichannel seis-
mic profi les using criteria of onlap, downlap, 
erosional truncation, and toplap. We indepen-
dently recognize sequence boundaries in the 
cores and logs based on an integrated study of 
core surfaces, lithostratigraphy and process 
sedimentology (grain size, mineralogy, facies, 
and paleoenvironments), facies successions, 
stacking patterns, benthic foraminiferal water 
depths, downhole logs, core gamma logs, and 
chronostratigraphic ages. We use a velocity-
depth function to predict the depths of seismic 
sequence boundaries that were tested by com-
parison with major core surfaces, downhole 
and core logs, and synthetic seismograms. 
Using sonic velocity (core and downhole), 
core density, and synthetic seismograms, we 
show that sequence boundaries correspond 
with acoustic impedance contrasts, although 
other stratal surfaces (e.g., maximum fl ood-
ing and transgressive surfaces) also produce 
refl ections. Core data are suffi cient to link 
seismic sequence boundaries to impedance 
contrasts in 9 of 12 instances at Site M27, 6 of 
11 instances at Site M28, and 8 of 14 instances 
at Site M29. Oligocene sequences have mini-
mal lithologic and seismic expression due to 
deep-water locations on clinoform bottom-
sets. Miocene sequences (ca. 23–13 Ma) were 
sampled across several unconformity clino-

thems (prograding units) on topset, foreset, 
and bottomset locations. Excellent recovery 
allows core-seismic integration that confi rms 
the hypothesis that unconformities are a pri-
mary source of impedance contrasts. Our 
core-seismic-log correlations predict that key 
seismic surfaces observed in other sub surface 
investigations without core and/or well logs 
are stratal surfaces with sequence strati-
graphic signifi cance.

INTRODUCTION

The fi eld of stratigraphy was revolutionized 
by the realization that seismic profi les image 
unconformity-bounded units and that these 
units, termed sequences, are the fundamental 
building blocks of the stratigraphic record (Vail 
et al., 1977; Mitchum et al., 1977; see histori-
cal overviews in Nystuen, 1998; Embry, 2009). 
Seismic refl ections are caused by abrupt vertical 
changes in acoustic impedance, the product of 
a material’s density (ρ) and sonic velocity (v). 
Vertical changes in impedance are expressed by 
a refl ectivity coeffi cient, R that provides a mea-
sure of the amount of seismic energy refl ected 
from an interface:

 R = (ρv1
 – ρ2v2)/(ρ1v1

 + ρ2v2), (1)

where ρ1v1 and ρ2v2 are the acoustic impedance 
of layer 1 overlying layer 2, respectively. A seis-
mic refl ection results from the convolution of an 
impedance contrast with a seismic source signal 
assumed to be a wavelet traveling perpendicular 
to the change in impedance; the larger the value 
of R, the more energy refl ected. Sharp vertical 
changes in impedance yield large R values and 

cause strong seismic refl ections. However, any 
of several circumstances (e.g., graded bedding) 
can cause gradual vertical changes in impedance 
and corresponding gradual vertical changes 
in R. These gradual changes will tend to refl ect 
less seismic energy than narrowly defi ned, more 
abrupt changes in impedance.

A prevalent misconception was that litho-
logic variations (either lateral or vertical) were 
the primary source of impedance contrasts and 
seismic refl ections, until studies at Exxon Pro-
duction Research Company (Exxon herein) sug-
gested that abrupt impedance contrasts produced 
at stratal surfaces (including unconformities) 
were the primary source of seismic refl ections 
(see discussion in Vail et al., 1980). Because 
unconformable surfaces (versus lateral changes 
in facies) divide a succession of sediments into 
chronostratigraphic units, this implied that seis-
mic profi les could track geologic history in time 
and space. This breakthrough resulted in the 
fi eld of seismic stratigraphy, with the sequence 
boundary as the fundamental surface (Mitchum 
et al., 1977).

Mitchum et al. (1977, p. 53) defi ned a depo-
sitional sequence as a “stratigraphic unit com-
posed of a relatively conformable succession 
of genetically related strata and bounded at its 
top and base by unconformities or their correla-
tive conformities.” Two aspects of their defi ni-
tion have been extensively debated: genetically 
related, implying a global sea-level control, and 
the correlative conformity, that presumes that 
there are locations along a sequence where there 
is no time gap with the underlying sequence. 
Many view tectonic, not sea-level, changes 
as the genetic control (e.g., Catuneanu, 2006; 
Embry, 2009), though it is generally agreed that 
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unconformities are associated with the lower-
ing of base level due to eustatic and/or tec-
tonic infl uences, with sediment supply having 
minimal infl uence on formation of sequence 
boundaries (Christie-Blick, 1991; Christie-Blick 
and Driscoll, 1995). The concept of a correla-
tive conformity may be applicable in deep-sea 
pelagic sections, but its applicability in shallow 
shelf strata, where there are generally “more 
gaps than record” (Ager, 1973, p. 28), remains 
to be proven. Despite debates about defi nitions, 
unconformities provide a fundamental means for 
objectively subdividing the stratigraphic record.

Seismic sequence boundaries are objec-
tively recognized by certain stratal geometries: 
onlap, erosional truncation, toplap, and downlap 
(although downlap surfaces are also associated 
with maximum fl ooding surfaces, MFS; Vail 
et al., 1977). Seismic sequence stratigraphy is 
limited by vertical resolution (Widess, 1973; 
typically 15–25 m in older generation data, 5 m 
in modern multichannel seismic profi les using 
air guns, and higher resolution with higher fre-
quency sound sources), horizontal resolution 
(Sheriff, 1985), seismic artifacts (Tucker and 
Yorston, 1973), and the fact that lithology must 
be inferred. Inferences of lithology from seismic 
profi les still remain highly speculative, although 
three-dimensional (3-D) data sets improve such 
predictions based on seismic geomorphology 
and mapping of architectural elements (e.g., 
Deptuck et al., 2007).

Depositional sequences can also be recognized 
in outcrops, coreholes, and well logs (e.g., Van 
Wagoner et al., 1990), providing fi ner vertical 
resolution and a direct link of sedimentary facies 
to sequences. Sequence-bounding unconformi-
ties are recognized in outcrops and coreholes 
on the basis of physical stratigraphy, including 
irregular contacts, rip-up clasts, other evidence 
of reworking, heavy bioturbation, major facies 
changes, and stacking pattern changes (e.g., 
changes in coarsening versus fi ning  upward). 
Unconformities, including paraconformities 
with no obvious surface of erosion, can be 
inferred from age breaks (hiatuses). Sequences 
in logs can be recognized by stacking patterns, 
particularly of parasequences (those bounded 
by fl ooding surfaces; Van Wagoner et al., 1990), 
and large upsection gamma-log increases asso-
ciated with sequence boundaries , although these 
also occur at MFS.

Using seismic profi les, Exxon developed a 
cycle chart based on sequence-bounding uncon-
formities observed around the world (Vail et al., 
1977). Because these unconformities were inter-
preted as interregional, they were attributed 
to a global process: sea-level falls. They also 
ascribed patterns of onlap to sea-level rise and 
used these to create a global sea-level curve by 

measuring sea-level rises from the vertical com-
ponent of onlap (coastal encroachment) and falls 
from downward shifts in coastal onlap. On the 
Vail curve (Vail et al., 1977), sea-level falls were 
shown as virtually instantaneous. Thorne and 
Watts (1984) showed that this saw-toothed pat-
tern with extremely rapid falls was an artifact. 
The next generation Exxon sea-level curve (the 
Haq curve; Haq et al., 1987) also did not fully 
account for the effects of subsidence (thermal 
and differential local), compaction, and fl exural 
loading (Christie-Blick et al., 1990). The Haq 
et al. (1987) eustatic estimate was obtained as 
follows (see summary in Miller et al., 2011): 
(1) the relative sea-level curves obtained from 
various basins were scaled to Pitman’s (1978) 
long-term (107 yr) sea-level estimate of ~250 m 
above present ca. 80 Ma; (2) elevations of fl ood-
ing surfaces were scaled so that those on the mil-
lion year scale reached the envelope of the long-
term curve; and (3) lowstands were chosen to not 
exceed the depths of Pleistocene sea-level falls 
except during the middle Oligocene. Greenlee 
and Moore (1988) attempted to correct for sub-
sidence, loading, and compaction effects in the 
Exxon curves, but showed that any such attempt 
was critically dependent on the assumption of 
the water depth at the lowest point of onlap. 
Determining the depositional environment (non-
marine, shallow marine, or deep marine) of this 
lowest point of onlap is an objective addressed 
by Integrated Ocean Drilling Program (IODP) 
Expedition 313 (Mountain et al., 2010). Empiri-
cal comparisons of the Exxon amplitudes (Vail 
et al., 1977; Haq et al., 1987) with other records 
(e.g., Sahagian et al., 1996; Miller et al., 2005; 
John et al., 2004, 2011) show that the former are 
too high by more than a factor of 2.

The work of Exxon was groundbreaking, but 
the assumptions made require testing, includ-
ing the assumption that sequence boundaries 
are a primary cause of impedance contrasts. The 
Ocean Drilling Program (ODP) and its succes-
sor (IODP) identifi ed as high-priority objectives 
(1) determining the history of sea-level changes 
and (2) evaluating the processes governing the 
responses of margin sedimentation patterns to 
sea-level change. The continental margin of 
New Jersey was one of the fi rst targeted by the 
ODP and IODP for seismic profi ling, coring, and 
logging to address these objectives.

The New Jersey passive continental margin 
(Fig. 1) provides a natural laboratory for evaluat-
ing sequences and sea level because of tectonic 
stability, thick Miocene sediments, and abundant 
seismic, well log, and well data for planning 
drilling (summaries in Miller et al., 1997a, 2005, 
2011; Mountain et al., 2010). Tectonism in New 
Jersey has been dominated by passive effects, 
including simple thermofl exural subsidence 

and Airy loading (Kominz et al., 1998, 2002), 
although glacial isostatic adjustments complicate 
the Pliocene and younger record (e.g., Peltier, 
1998; Raymo et al., 2011). Evidence of fault-
ing is lacking in the Miocene offshore section 
except for compaction faults (e.g., between 600 
and 1000 m seaward of common depth point, cdp 
3000; Fig. 2; Figs. S32 and S33 in the Supple-
mental File1). However, there is evidence of dif-
ferential subsidence between Miocene strata in 
New Jersey and Delaware (Browning et al., 2006) 
and recent studies have suggested that the strati-
graphic record of this region was overprinted by 
changes in mantle dynamic topography (Moucha 
et al., 2008; Rowley  et al., 2013). Nevertheless, 
the correspondence between sequence bound-
aries and global δ18O increases indicative of ice 
growth (Miller et al., 1998, 2005; Browning et al., 
2013) argues that tectonism does not completely 
overprint the sea-level signal.

The New Jersey Margin also affords excellent 
Oligocene–Miocene chronostratigraphic control 
using integrated biostratigraphy and Sr isotope 
stratigraphy, as documented for the onshore 
coastal plain and continental slope sections 
drilled by ODP Legs 150X and 150, respectively 
(e.g., Miller et al., 1998) although many slope 
sections have undergone diagenetic dissolution 
of carbonate microfossils (Miller et al., 1996b, 
1997a; Pekar et al., 1997; Browning et al., 2013). 
Magnetostratigraphy is generally limited to fi ne-
grained facies and the magnetic signal in shelf 
sections is overprinted by the growth of greigite 
(Mountain et al., 2010). Despite these limita-
tions, it has been demonstrated (Browning et al., 
2013) that a fi rm chronology (± 0.25–0.5 m.y.) 
can be established even in the shallow shelf 
strata sampled by Expedition 313.

Greenlee et al. (1992) used industry seismic 
data and wells on the New Jersey continental 
shelf to illustrate Oligocene–Miocene prograd-
ing clinothems, packages of sediment gener-
ated by strata that gently prograde seaward into 
deeper water, bounded by surfaces (in this case 
sequence boundaries) with distinct sigmoidal 
(clinoform) shape and sequences. The New 
Jersey/Mid-Atlantic Transect was designed as a 
series of coreholes from the onshore New Jersey 
coastal plain across the shelf to the continental 
slope and continental rise (Fig. 1; for a history 
of the transect, see Miller and Mountain, 1994; 
Mountain et al., 2010) to sample Oligocene–
Miocene sequences across clinothems during 
a time of large glacioeustatic changes (Miller 
et al., 1987, 1991).

1Supplemental File. PDF fi le of 31 core photographs 
illustrating stratal surfaces. If you are viewing the PDF 
of this paper or reading it offl ine, please visit http://
dx.doi.org/10.1130/GES00858.S1 or the full-text article 
on www.gsapubs.org to view the Supplemental File.



Expedition 313 sequence boundaries

 Geosphere, October 2013 1259

Several locations were targeted in planning a 
transect that would sample topset, foreset, and 
bottomset deposits across clinothems (Fig. 2, 
inset). These include (1) a distal setting (e.g., 
the continental slope), where the sequence 
boundaries can be best dated; these were drilled 
by ODP Leg 150 (Mountain et al., 1994); (2) at 
the bottomset of each sequence-bounding clino-
them (Fig. 2, inset); (3) along the foreset of each 
clinothem, where the overlying sequence is 
thickest and strata are physically most complete 
(i.e., the hypothetical correlative conformity) 
(Fig. 2, inset); (4) at the topset of each sequence 
boundary clinothem, immediately landward 
of the clinoform rollover (Fig. 2, inset); and 
(5) onshore, where Miocene sequences com-
prise largely truncated topset deposits (Miller 

et al., 1997b), although Oligocene sequences 
sample across clinothems (Pekar et al., 2002). 
The foreset and topset settings straddle a clino-
form rollover where the sedimentary facies and 
paleodepths may provide a record of water-
depth changes across each sequence boundary 
that is needed to estimate the amplitude of sea-
level change (Greenlee and Moore, 1988).

Slope drilling by Leg 150 documented the 
age and facies of sediments associated with 
22 middle  Pleistocene to early Eocene seis-
mic reflectors with a temporal resolution 
of ±0.5 m.y. (Miller et al., 1996b, 1998). In 
many cases, sequence boundaries on the slope 
are expressed as the base of slightly coarser 
grained sediment transported during sea-level 
lowstands. Leg 174A drilled primarily upper 

Miocene sequences at outer continental sites on 
either side of clinoform rollovers, but there was 
poor recovery in sands (Austin et al., 1998).

Drilling onshore in New Jersey and Delaware 
by ODP Legs 150X and 174AX sampled Creta-
ceous to Holocene sequences, also with a tem-
poral resolution of ~±0.5 m.y. (see summary in 
Miller et al., 1998, 2005). Oligocene to middle 
Miocene sequence boundaries onshore and on 
the slope correlate with major δ18O increases, 
confi rming that they formed during global sea-
level lowerings (Miller et al., 1996a, 2005). In 
addition, the timings of the falls compare well 
with those of Exxon (Haq et al., 1987), indicat-
ing that the cycle chart provides useful informa-
tion on the timings, although not the amplitudes, 
of sea-level falls (Miller et al., 2005). As summa-
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rized in Mountain et al. (2010), previous drilling 
has (1) provided a chronology of eustatic lower-
ings for the past 100 m.y. (Miller et al., 1998, 
2005); (2) validated the dip transect approach 
(onshore, shelf, slope) of drilling passive 
margins  for sea-level studies (Mountain et al., 
1994, 2010), although the three-dimensionality 
of sequences requires an additional along-strike 
component (Fulthorpe and Austin, 2008; Monte-
verde et al., 2008); (3) shown that unconformi-
ties are a source of seismic refl ections on the 
continental slope (Mountain et al., 1994; Miller 
et al., 1998); and (4) provided a testable record 
of global sea-level change over the past 100 m.y. 
(Miller et al., 2005; Kominz et al., 2008), with 
amplitude estimates of ~20–85 m for million-
year-scale variations that agree with oxygen iso-
topic estimates (Miller et al., 2005, 2011).

Despite the accomplishments of seismic pro-
fi ling and drilling on the New Jersey Margin, 
several major goals were not achieved. Because 
Miocene sequences were sampled far updip on 
the topsets, they are relatively incomplete and 
sea-level reconstructions based on them under-
estimate amplitudes (Miller et al., 2005; Kominz 
et al., 2008; John et al., 2004). In addition, 
despite valiant attempts by Leg 174A, the full 
suite of facies across a clinothem has not been 
sampled until now. Drilling of the New Jersey 
shallow shelf by IODP Expedition 313 at Sites 
M27, M28, and M29 continuously cored and 
logged Oligocene to Miocene prograding clino-
them sequences imaged on multichannel seis-
mic profi les. In this contribution we integrate 
seismic, core, and log data to provide a fi rm 
sequence stratigraphic framework for Oligo cene 
to Miocene sequences on the New Jersey shal-
low shelf. Pleistocene sequences were discussed 
in Miller et al. (2013a) and Pliocene strata were 
not sampled by Expedition 313. We test our cor-
relations with new lithologic, benthic foraminif-
eral, and age data, and use sonic velocity (core 
and downhole) and core density data to compute 
acoustic impedance to provide a robust series of 
tests of the relationship of sequence boundaries 
with impedance contrasts.

METHODS

Seismic Interpretation

Several seismic grids obtained on the New 
Jersey continental shelf and slope (Fig. 1) 
were used in locating the Expedition 313 sites, 
building on industry multichannel seismic data 
(Greenlee et al., 1992).

1. A reconnaissance grid was shot by R/V 
Ewing cruise Ew9009 (Fig. 1) in 1990 across 
the shelf and slope using a 120 channel, 6 air 
gun system with ~15 m vertical resolution. This 

grid imaged additional Oligocene–Miocene 
prograding clinothem sequences that were not 
resolvable in the 1975–1977 Exxon multichan-
nel seismic data due to the lower resolution 
(Greenlee et al., 1992). The Ew9009 multi-
channel seismic data were used to locate sites 
drilled on the continental slope by ODP Leg 150 
(Mountain et al., 1994; Fig. 1).

2. A higher resolution grid was shot by the R/V 
Oceanus cruise Oc270 in 1995 with 48 channel 
generator injector gun and HiResTM (http://www
.seismicventures.com/hires.html) equipment with 
~5 m vertical resolution. Oc270 Line 529 col-
lected remarkably improved images of features 
imaged in Ew9009 line 1003 (Fig. 2) across 
the shelf, although the Oc270 grid focused on the 
outer continental shelf subsequently drilled by 
ODP Leg 174A (Austin et al., 1998).

3. Several seismic grids were collected by 
cruise R/V Cape Hatteras cruise CH0698 in 
1998 using the same HiRes gear used on Oc270; 
a regional grid links the middle shelf to onshore 
New Jersey. Three hazard grids of 150–600 m 
line spacing were collected to provide detailed 
control on clinoform geometries, as well as to 
meet safety guidelines for drilling at Expedition 
313 Sites M27, M28, and M29 (Ball et al., 1992).

Together, the 2-D data collected by Oc270 
and CH0698 signifi cantly increased the num-
ber of sequences resolved (Fig. 2) compared 
with the earlier Greenlee et al. (1992) and 
Ew9009 data.

Sites M27, M28, and M29 are located on 
Oc270 Line 529 (Fig. 2). Analysis of CH0698 
seismic profi les built on earlier analyses of 
Exxon (Greenlee et al., 1992) and Ew9009 and 
Oc270 profi les (Miller and Mountain, 1994; 
G.S. Mountain, K.G. Miller, and N. Christie-
Blick, our own data) that identifi ed seismic 
sequence boundaries based on refl ector termi-
nations of onlap, downlap, erosional trunca-
tion, and toplap. Greenlee et al. (1992) named 
sequence boundaries by color, from oldest to 
youngest as pink-3, blue, sand, ochre, green, 
pink, blue, yellow, and tuscan. These sequence 
boundaries were changed to an alphanumeric 
designation (m6, m5.6, m5.4, m5.2, m5, m4, 
m3, m2, and m1, respectively) to allow for 
additional sequence boundaries noted in higher 
resolution Ew9009 data (Mountain et al., 1994). 
Refl ectors m6 to m4 bracket a lower to middle 
Miocene (Aquitanian to Serravalian) package 
that was targeted by drilling at Sites M27–
M29. Seismic sequence boundaries from the 
older data sets were traced and loop correlated 
throughout the CH0698 grid (Monteverde et al., 
2008; Monteverde, 2008). Several additional 
lower Miocene sequence boundaries were iden-
tifi ed between these refl ectors and named m5.8, 
m5.7, m5.5, m5.47, m5.45, and m5.3 (Fig. 2; 

Monteverde et al., 2008; Monteverde, 2008; 
Mountain et al., 2010). Sequences are named 
according to their basal refl ector boundary, such 
that sequence m5.2 overlies refl ector m5.2.

The stratal signifi cance of refl ectors m4.5, 
m4.4, m4.3, m4.2, and m4.1 (ca. 13.8–12.6 Ma; 
Fig. 2) have not been fi rmly determined. Monte-
verde et al. (2008) fi rst traced these seismic 
refl ections between m5 and m4 just seaward 
of Site M29, but did not loop correlate or con-
fi rm refl ector terminations on these surfaces. 
Mountain et al. (2010) reexamined the data 
set and recognized that m4.5 and m4.2 display 
evidence for sequence boundaries. We recog-
nize that m4.4 and m4.3 are probably sequence 
bound aries based on refl ector terminations, 
and refl ector m4.1 is probably a merged trans-
gressive surface  and sequence boundary at 
Site M29.

Sequences, Lithology, and 
Paleoenvironments in Cores and 
Core-Seismic Integration

We recognize sequence boundaries in the 
Expedition 313 cores on the basis of physical 
stratigraphy and age breaks. Criteria for rec-
ognizing sequence bounding unconformities 
in onshore coreholes (e.g., Browning et al., 
2006) that were also applied to Expedition 313 
cores include (1) irregular contacts, with sev-
eral centi meters of relief on a 6.2-cm-diameter 
core; (2) reworking, including rip-up clasts 
found above the contact; (3) heavy bioturbation, 
including burrows fi lled with overlying mate-
rial; (4) major lithofacies shifts and changes in 
stacking patterns; (5) gamma-ray increases on 
topsets associated with changes from low radio-
activity sands below to hotter above sequence 
boundaries, associated with clays, glauconites, 
and/or marine omission surfaces (e.g., with high 
U/Th scavenging); (6) shell lags above the con-
tact; and (7) age breaks indicated by Sr iso-
topic stratigraphy or biostratigraphy. Lithologic 
expression of the unconformities is clearest on 
the topsets (landward of the clinoform rollover), 
where they typically consist of a coarsening-
upward shallow-water succession found below 
the merged sequence boundary-transgressive 
surface changing abruptly to deeper water, 
fi ning-upward deposits above the contact. 
Sequence boundaries in the foresets are gener-
ally subtle lithologically because they juxtapose 
coarsening-upward highstand bottom sets below 
and coarsening-upward lowstand depos-
its above, although they usually exhibit evi-
dence for erosion (Figs. S4, S14, and S24 in the 
Supplemental File [see footnote 1]). Sequence 
bound aries are often obscure on bottomsets 
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where they are overlain by stacked sediment 
gravity fl ow deposits (Mountain et al., 2010).

The onshore science party provided core 
descriptions and differentiated clay, silt, and var-
ious sand fractions visually and on smear slides 
(Mountain et al., 2010). The lithologic descrip-
tions were synthesized into general lithology 
columns presented here essentially unchanged 
from Mountain et al. (2010; presented as 
“Lithology” in Figs. 3–17 herein). In this study 
we added quantitative and semiquantitative 
lithology data (Supplemental Table2). We quanti-
tatively measured weight percent mud (<63 μm), 
very fi ne and fi ne sand (63–250 μm), and medium 
sand and coarser sediment (>250 μm) in washed 
samples at ~1.5 m intervals. We semiquanti-
tatively estimated the abundance of glauconite, 
shells, and mica in the sand fraction (>63 μm) by 
splitting 1727 samples into aliquots and visually 
estimating percentages on a picking tray (Figs. 
3–17). The semiquantitative and quantitative 
percent data were combined and presented as 
“Cumulative lithology” in Figures 3–17; these 
clearly show distinct trends in grain size and 
mineralogy that complement and extend the 
lithology columns developed in Mountain et al. 
(2010). They are particularly useful in showing 
fi ning-upward and coarsening-upward trends 
not readily observable in the descriptive lithol-
ogy (e.g., Fig. 7).

Lithofacies variations are interpreted based 
on previous studies of shallow-marine sedi-
ments using a wave-dominated shoreline model 
(summarized in Mountain et al., 2010), recog-
nizing upper shoreface (0–5 m), lower shore-
face (5–10 m), shoreface-offshore transition 
(10–30 m), and offshore (>30 m) environments. 
Benthic foraminiferal biofacies were reported in 
Mountain et al. (2010) and in greater detail by 
Katz et al. (2013). Benthic foraminifera provide 
additional paleodepth constraints particularly 
for deeper (>30 m) water following the general 
paleobathymetric model (Miller et al., 1997b) 
for coeval onshore New Jersey sections. In gen-
eral, innermost neritic (<10 m) sediments were 
barren, Hanzawaia concentrica–dominated bio-
facies are inner neritic (10–25 m), Nonionella 
pizarrensis–dominated biofacies are inner to 
middle neritic (25–50 m), Buliminella gracilis–
dominated biofacies are middle neritic (50–
80 m), Uvigerina juncea–dominated biofacies 
are middle neritic or deeper (>75 m), and high-
diversity, low-dominance assemblages with 
key indicator taxa (e.g., Cibicidoides pachy-
derma, Hanzawaia mantaensis, and Oridor-

salis) are outer neritic (>100 m; Mountain et al., 
2010; Katz et al., 2013). We present both ben-
thic foraminiferal paleodepths and integrated 
paleodepths obtained by combining lithofacies 
and biofacies constraints (Figs. 3–17). The inte-
grated paleodepth estimates reconcile minor 
differences between benthic and lithofacies-
derived estimates and are used in one-dimen-
sional backstripping (Kominz et al., 1998). Ages 
of sequences and hiatuses presented (Figs. 3–17) 
and discussed here (see Results discussion) are 
derived by integrating Sr isotopic stratigraphy 
and biostratigraphy (diatoms, nannofossils, and 
dinocysts) on age-depth diagrams with a resolu-
tion of ±0.25–0.5 m.y. (Browning et al., 2013).

The primary purpose of this paper is to 
reognize sequence-bounding unconformities 
(Table 1), although the data presented allow 
limited recognition of stratal surfaces (MFS, 
transgressive surface [TS], fl ooding surfaces 
[FS]) and systems tracts. We recognize MFS 
as downlap surfaces seismically. In cores, 
MFS are recognized by (1) a change in stack-
ing pattern from transgressive (generally fi ning 
upward) below to regressive (generally coarsen-
ing upward) facies above (inset model Fig. 2); 
(2) maximum water depths as indicated by 
benthic and percent planktonic foraminifera; 
(3) fi nest grain size; and (4) gamma-log peaks. 
Both highstand systems tracts (HST) and low-
stand systems tracts (LST) show regressive 
stacking patterns. Transgressive surfaces gener-
ally are recognized as erosional contacts at the 
top of the regressive LST; they are generally 
merged with sequence boundaries on the top-
sets. Transgressive systems tracts (TST) gen-
erally fi ne upward. Parasequence boundaries 
(fl ooding surfaces) are recognized in LST, TST, 
and HST. We do not recognize systems tracts on 
the bottomsets due to the diffi culty of resolving 
their complex stratal relationships with the data 
presented here. Falling stage systems tracts are 
recognized seismically (for a discussion, see 
Miller et al., 2013b).

A velocity versus depth function that pro-
vided estimated depths to target refl ectors was 
developed to aid drilling decisions aboard the 
L/B Kayd (see Mountain et al., 2010). Depths 
to refl ectors that were identifi ed as sequence 
boundaries on the basis of seismic geometry 
(e.g., Mitchum et al., 1977; Abreu et al., 2010) 
were compared to stratal surfaces when the cores 
were split and described. Surfaces in cores close 
to predicted depths (±5 m) were examined for 
stratigraphic evidence of sequence bound aries, 
and where confi rmed the intervening depo si-
tional sequences were classifi ed on the basis of 
physical stratigraphy, age, and downhole and 
core-log data. However, in some cases multiple 
lithostratigraphic surfaces were encountered 

within a 10 m interval, and the correlation to 
any of several nearby seismic sequence bound-
aries remained uncertain. In these instances, 
lithostratigraphic character was the defi ning cri-
terion for the location of sequence boundaries 
and the tie to the seismic record was left unclear 
(Mountain et al., 2010).

To address inadequacies of several core-
seismic correlations, the velocity-depth function 
was revised (Mountain and Monteverde, 2012). 
Recalculated interval velocities increased 
slightly from those used previously, resulting in 
depths to refl ectors generally 3–9 m greater than 
in Mountain et al. (2010). The revised seismic-
core correlations (Figs. 3–17) have been com-
pared with visual evidence (core descriptions 
and photographs) and log data (downhole and 
core) as described in the Results discussion, and 
the resulting agreement is improved over previ-
ous efforts (Mountain et al., 2010). While this 
updated velocity-depth function (Mountain and 
Monteverde, 2012) clarifi es some ambiguities 
in placement of sequence boundaries in Moun-
tain et al. (2010), any such method is limited in 
its ability to resolve predicted depths to better 
than ~±5 m.

Synthetic seismograms from Sites M27A and 
M29A (Mountain and Monteverde, 2012) pro-
vide a check on our seismic-core correlations. 
Depths of seismic sequence boundaries predicted 
by synthetic seismograms are indicated with 
purple arrows in the fi gures. Synthetic seismo-
grams were not computed for Site M28 because 
downhole sonic log data were not collected due 
to hole conditions. The synthetic seismograms 
were computed to depth using Seismic Micro-
Technology (SMT) software as follows (see 
Mountain and Monteverde, 2012): (1) imped-
ance values were derived from fi ltered and edited 
sonic logs and multispectral core logger (MSCL) 
density values; (2) refl ectivity co effi  cients were 
calculated at 1 m intervals and with the velocity-
depth function described previously converted to 
depth at 2 ms increments throughout the interval 
of interest; (3) a source wavelet was extracted 
from the average of 3 traces centered on each 
Expedition 313 corehole (using the crossing 
Oc270 Line 529; Fig. 2); (4) this wavelet was 
convolved with the refl ectivity co effi  cients to 
yield a synthetic seismogram in the time window 
for which there were both sonic downhole log 
and MSCL data; (5) the synthetic trace was visu-
ally matched to a true-amplitude display of the 
recorded trace at each drill site; and (6) adjust-
ments to the velocity-depth function  were made 
inter actively using the SynPAK utility of SMT 
to move peaks and troughs of the synthetic seis-
mogram up or down in time to better match their 
apparent analogs in the recorded data. When a 
reasonable match was achieved without impos-

2Supplemental Table. If you are viewing the PDF of 
this paper or reading it offl ine, please visit http://dx.doi
.org/10.1130/GES00858.S3 or the full-text arti cle on 
www.gsapubs.org to view the Supplemental Table.
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ing unrealistic velocity-depth values, the syn-
thetic trace was superimposed on a full display 
of the recorded profi le and matching features 
could then be identifi ed in both seismic travel-
time and subseafl oor drilling depth.

The SMT SynPAK software convolves a 
complex synthetic source wavelet with down-
hole impedance patterns. Success in a syn-
thetic seismogram resembling the actual profi le 
depends on the match of the synthetic source 
wavelet to the real source. An accurate synthetic 
wavelet will produce refl ections at positions that 
match the real data, and any acoustic interfer-
ence patterns caused by closely spaced (e.g., 
bed to bed) impedance contrasts in the actual 
profi le should also be faithfully reproduced in 
the synthetic seismogram in terms of position, 
amplitude, and phase.

Geophysical Log Data

We present gamma-log values obtained down-
hole through the drill pipe and those obtained 
by laboratory measurements directly on the core 
(Figs. 3–17). Gamma-ray measurements  on 
cores confi rm the registration of the downhole 
logs to the core within at least 0.5 m (Mountain 
et al., 2010). Gamma-log data record lithologic 
variations primarily of quartz sands versus muds 
or glauconite-rich sediments, with low gamma 
readings in sands, high gamma-log values in 
muds, and generally highest values in glauco-
nite-rich sediments.

Expedition 313 acquired compressional wave 
(P-wave) velocity data from downhole sonic 
logs and laboratory measurements on cores. 
Density measurements were acquired on cores 

only. Two sets of impedance have thus been 
calculated using (1) core density and P-wave 
velocities from cores; and (2) core density and 
P-wave velocities from sonic logs.

For downhole sonic measurements, the 
Mount Sopris 2PSA-1000 sonic probe was 
used to measure P-wave velocities of the for-
mation (15 kHz monopole confi guration). The 
sonic probe is composed of an acoustic trans-
mitter and two receivers. Recorded waveforms 
were examined and wave arrival times manu-
ally selected. We calculated sonic velocity of 
the rock by measuring the acoustic transit time, 
knowing the distance between the two receiv-
ers (0.3048 m), the velocity in the fl uid, and 
the corehole diameter. At Site M27, downhole 
sonic logs were acquired in open hole at depths 
between 192 and 327 m below seafl oor (mbsf) 
and 418 and 622 mbsf. At Site M29, the down-
hole sonic log covers an interval ranging from 
403 to 720 mbsf. In both holes, measurements 
were acquired at a vertical measurement inter-
val of 10 cm. No sonic logs were acquired at 
Site M28.

To obtain P-wave velocities on core, an MSCL 
was used to measure transverse P-wave velocity 
at a downcore resolution of 1 cm. Two trans-
ducers aligned perpendicular to the core axis 
transmit a P-wave pulse centered on a frequency 
of 320 kHz horizontally through the core. A pair 
of displacement transducers monitors the sepa-
ration between the P-wave transducers to enable 
correction for small variations of this distance 
(due to liner diameter variations).

Gamma density was also acquired at a down-
core resolution of 1 cm using the MSCL by deter-
mining the attenuation of gamma rays (mainly by 
Compton scattering) that pass through the cores. 
A small (370 MBq) 137Cs source (half life = 
30.2 yr) was used to produce a gamma beam 
with primary photon energies of 662 keV. The 
degree of attenuation is proportional to the elec-
tron density in the gamma path (Rider, 2006). 
Gamma attenuation coeffi cients vary as a func-
tion of atomic number, but as most rock-forming 
minerals have similar and low atomic numbers, 
the correlation between gamma density and bulk 
density is generally very good.

The MSCL data are signifi cantly affected by 
core conditions (e.g., the degree to which the 
cores fi lls the liner or presence of cracks) and cor-
ing gaps. P-wave velocity data and gamma density 
have therefore been fi ltered to omit anomalously 
low values (<1400 m/s and <1 g/cm3, respec-
tively). In addition, data affected by end caps were 
omitted prior to the impedance calculation. To 
account for the difference in measurement resolu-
tion between sonic logs (10 cm) and core densities 
(1 cm), sonic data were interpolated between suc-
cessive measurement points. Where the fi ltering 
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process resulted in the removal of values from a 
core data set, data were interpolated between val-
ues. No corrections were applied to account for 
differences between in situ formation velocities 
and those measured on the core; impedance val-
ues calculated from the sonic logs display higher 
values than those calculated from core velocities, 
although impedance contrasts occur at the same 
levels regardless of absolute values.

RESULTS

Eocene–Oligocene Sequence Boundaries

Eocene–Oligocene sequences were only 
sampled at Site M27 (Figs. 1 and 2). Sequence 
boundaries for the Eocene–Oligocene are iden-
tifi ed based on hiatuses (Browning et al., 2013) 
associated with stratigraphic surfaces in the 

cores (Fig. 8) because the sequence boundaries 
have no resolvable seismic expression on Line 
529 (Fig. 2). Pre-Miocene seismic resolution in 
the region of Expedition 313 degrades relative 
to the Miocene due to either increasing burial 
depth or less stratal organization, and the lack of 
visible refl ector terminations hinders clear rec-
ognition of seismic sequence boundaries. Two 
poorly resolved Oligocene refl ectors have been 
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traced into Site M27, o.1 and o.5 (Fig. 2), both 
of which correlate within sequence O3 (Fig. 8). 
Eocene–Oligocene sequences at Site M27 were 
deposited on bottomsets (Fig. 2) in relatively 
deep water (generally 75–100 m paleodepth; 
Katz et al., 2013; Fig. 8) and their lithologic 
and seismic expressions are subtle. We identify 
one Eocene and three Oligocene sequences at 
Site M27.

Sequence O1
A distinct erosional surface at 625.83 m com-

posite depth (mcd) (313–27–223R-1, 92 cm; 
Fig. 8; Fig. S1 in the Supplemental File [see 
footnote 1]) separates Zone NP21 below from 

Zone NP22 (Mountain et al., 2010; Brown-
ing et al., 2013) above and is interpreted as 
sequence boundary straddling the Eocene–Oligo-
cene boundary. This irregular surface (span-
ning 5 cm) separates a glauconitic clay below 
from silty sand above (Fig. S1). The underly-
ing Eocene sequence is poorly sampled. The 
overlying sequence O1 (625.83–617 mcd) is a 
glauconitic clay dated as ca. 32.3–32.2 Ma and 
correlated with onshore sequence O1 (Fig. 8) of 
Pekar et al. (2001); there appears to be a >1 m.y. 
hiatus (33.9–32.3 Ma) associated with the 
basal O1 sequence boundary, although this age 
assignment is tentative. Benthic foraminifera 
indicate deposition in 100–120 m paleodepth.

Sequence O3
A contact at 617 mcd (313–27–219R-1, 124 

cm; Fig. 8; Fig. S2 in the Supplemental File [see 
footnote 1]) consists of an irregular (313–27–
219R-1, 120–124 cm) burrowed surface (Fig. 
S2) with slightly shelly sandy silt above and 
sandy silt below; it is interpreted as a sequence 
boundary and is associated with a 2.9 m.y. hia-
tus from 32.2 to 29.3 Ma. This middle Oligo-
cene sequence (617–538.68 mcd) is dated as 
29.3–28.2 Ma (Fig. 8), correlating with onshore 
New Jersey sequence O3 of Pekar et al. (2001). 
Sequence O3 has three distinct sedimentary 
facies: a basal glauconitic-quartzose sandy 
clay (617–596.3 mcd), a medial glauconite 
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clay to clayey glauconite sand (596.3 to ~560 
mcd), and an upper clayey glauconitic quartz 
sand (~560–538.68 mcd), all deposited in ~75–
100 m of water. Refl ector o.5 ties approximately 
to 563 mcd within sequence O3 at a glauconite 
peak (Fig. 8); synthetic seismograms confi rm 
the depth placement of this refl ector (level indi-
cated with purple arrow, Fig. 8). A very poorly 
resolved refl ector (o.1) is tentatively placed at 
596.3 mcd using the revised velocity-depth 
function, a level of a large impedance contrast 
(Fig. 8); however, synthetic seismograms place 
it deeper (606 or 610 mcd; purple arrow, Fig. 8; 
Mountain and Monteverde, 2012). Consider-
ing the uncertainty in the depth of this refl ec-
tor, it could be equivalent to the 617 mcd basal 
sequence boundary of sequence O3. Refl ector 
o.1 may alternatively be associated with the 
facies change at 596.3 mcd because it is corre-

lated with a major gamma-log increase and peak 
in mud, just below the facies change from clay 
to glauconite sands (Fig. 8). The sequence was 
deposited in relatively deep water (~75–100 m) 
infl uenced by entrainment and downslope trans-
port indicated by the mixing of shallow-water 
and deep-water benthic foraminifera. Identifi ca-
tion of an MFS is diffi cult on bottomsets and 
could be placed at either of the facies changes 
(596.3 or 563 mcd). A peak in Uvigerina spp. 
(typically found at MFS; Loutit et al., 1988) at 
595.14 mcd (see Katz et al., 2013) favors the 
placement of the MFS at 596.3 mcd.

Sequence O6
A major hiatus (28.2–23.5 Ma) is associated 

with a heavily bioturbated contact at 538.68 
mcd (313–27–191R-2, 70 cm; Fig. 8; Fig. S3 in 
the Supplemental File [see footnote 1]) separat-

ing glauconitic, slightly shelly fi ne sand below 
from silty fi ne sand above. The uppermost 
Oligo cene sequence from 538.68 to 509/515 
mcd is 23.5–23.0 Ma and apparently correlates 
with onshore sequence O6 (Pekar et al., 2001). 
It is dominated by clayey, slightly glauconite fi ne 
quartz sand (Fig. 8). Benthic foraminifera indi-
cate ~75–100 m water depth.

Early to Middle Miocene 
Sequence Boundaries

Early to middle Miocene sequences show a dis-
tinct clinothem geometry beneath the New Jersey 
shallow shelf, with topsets, foresets, and bottom-
sets (Fig. 2). Water depths on the bottomsets are 
middle to outer neritic (typically 75–120 m; Katz 
et al., 2013), but due to complicated downslope 
transported sedimentary facies, correlation of 
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the seismic sequences to the core expressions 
of the sequence boundary is less clear on the 
bottom set than in proximal settings. Landward of 
the bottomsets, three sequences were drilled on 
the clinothem foresets: m5.8 at Site M27, m5.4 
at Site M28, and m5.2 at Site M29, where place-
ment of the sequence boundaries is clear (Fig. 2; 
see Miller et al., 2013b, for detailed discussion of 
these foresets). Placing seismic sequence bound-
aries on the topsets is potentially more com-

plicated because these units are thin, although 
synthetic  seismograms provide increased confi -
dence in our correlations using the velocity-depth 
function (Mountain and Monteverde, 2012).

Sequence m6
Seismic sequence boundary m6 is placed 

at 509–515 mcd at Site M27 (Fig. 8). A cor-
ing gap (509–515 mcd) precludes  defi nitively 
tying seismic sequence boundary m6, placed at 

510 mcd by synthetic seismograms (Fig. 8), to 
impedance contrasts, although there is a major 
downhole increase in impedance just above the 
gap (Fig. 8). The impedance contrast is asso-
ciated with an up section increase in glauco-
nite and large gamma-log increase (Fig. 8). 
At Site M27, the sequence consists of clayey 
glauconite-quartz sands deposited in a bottom-
set. Benthic foraminifera indicate a shallow-
ing from ~75–100 m water depth at the base 
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of the sequence to 50–80 m in the upper part 
of the sequence. This suggests that the glauco-
nite bed at ~505 mcd may be an MFS (Fig. 8). 
Sequence m6 (509–494.87 mcd) is dated as 
20.9–20.7 Ma at Site M27. The basal sequence 
boundary is associated with a long hiatus from 
23.0 to 20.9 Ma, representing much of the 
Aquitanian, suggesting that refl ector m6 trun-

cates Aquitanian sequences. Onshore, the main 
Aquitanian sequence is Kw0, which reaches its 
maximum thickness at Cape May (Miller et al., 
1997a; Browning et al., 2006); equivalent age 
strata are lacking in the Expedition 313 area. 
The m6 seismic sequence boundary was not 
cored at Sites M28 and M29 because it was 
below total depth.

Sequence m5.8
At Site M27, we cored the foreset of 

sequence m5.8 (Fig. 7). We note a distinct sur-
face at 494.87 mcd (313–27–174R-1, 111 cm; 
Fig. 7; Fig. S4 in the Supplemental File [see 
footnote 1]) that separates graded, interbedded 
glauconite sand and clay below from quartzose 
glauconite sandstone above. This is the level 
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predicted by the velocity-depth function for 
the seismic sequence boundary. Mountain et al. 
(2010) placed the sequence boundary at the top 
of the indurated zone (489.39 mcd). The top of 
the indurated zone is a major downhole increase 
in sonic impedance; the base and favored 
placement  of the sequence boundary (Fig. 8) is a 
major decrease. Synthetic seismograms (purple  
arrow, Fig. 7) suggest that the m5.8 seismic 
sequence boundary is best placed at the lower 
contact (494.87 mcd). There are two coarsen-
ing-upward successions in the lower part of the 
sequence (494.87–485 mcd; 485–477.52 mcd) 
deposited on a bottomset. Benthic foraminifera 
are absent from samples in much of this lower 
section (494.77–469.895 mcd). We interpret this 
as a LST to 477.52 mcd and place the TS at the 
change from regressive to transgressive sedi-
mentary facies at 477.52 mcd. This is overlain 
by a fi ning-upward succession to 451.36 mcd 
interpreted as a TST (see Miller et al., 2013b, 
for detailed discussion of systems tracts and 
stratal surfaces within this sequences). There is 
a large downhole increase in impedance at ~470 

mcd and a decrease in impedance at 476 mcd; 
together, these two surfaces yield a strong posi-
tive (black) and negative (white) refl ection just 
above the TS (Fig. 2). Placement of the MFS 
is uncertain, with three possible locations based 
on foraminiferal, lithologic, or seismic cri-
teria: (1) at the top of the fi ning-upward TST at 
451.36 mcd, where there is a shell concentra-
tion; (2) at 457.78 mcd, where peak abundance 
of planktonic foraminiferal at benthic forami nif-
era indicating maximum water depths within a 
thick zone of maximum water depth 50–80 m 
from 467.01 to 421.31 mcd; and (3) at 442 mcd, 
where we tentatively correlate a major downlap 
surface observed on seismic profi les (for further 
discussion see Miller et al., 2013b). The HST 
consists of offshore clays that continue to ~414 
mcd, where there is an upsection coarsening to 
fi ne sands deposited in shoreface-offshore tran-
sition environments and overlain by medium- 
to coarse-grained sands deposited in shoreface 
environments. The m5.8 sequence is dated as 
20.1–19.2 Ma at Site M27, with a 0.6 m.y. hiatus 
(20.7–20.1 Ma) associated with its basal uncon-

formity. Considering that the m5.8 sequence at 
M27 captures a relatively complete cycle, this 
suggests that the hiatus is due to erosion and 
truncation of the underlying m6 sequence, as 
indicated on seismic profi les (Fig. 2).

At Site M28, there is a major contact at 662.98 
mcd (313–28–169R-1, 61 cm; Fig. 12; Fig. S5 
in the Supplemental File [see footnote 1]) that 
we correlate with seismic sequence bound-
ary m5.8. The sequence boundary consists of 
glauconite sand over siltstone with large bur-
rows extending to 27 cm below the contact (Fig. 
S5). Above this, sequence m5.8 (662.98–611.6 
mcd) consists of tan prodelta silty clays; there 
were no benthic foraminifera in samples from 
this sequence. This placement of the sequence 
boundary is different from the depth predicted 
by the velocity-depth function (673 mcd, which 
is below the total depth of the hole) and no syn-
thetic seismograms are available. However, we 
note a major downhole decrease in core density 
at 662.98 mcd (Fig. 12), and suggest that this 
is the best correlation considering that at both 
Sites M28 and M29, sequence m5.8 is associ-
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ated with distinctive tan prodelta silty clays. 
Based on biostratigraphy alone, this sequence is 
dated as 20.0–19.5 Ma (Browning et al., 2013).

At Site M29, the velocity-depth function 
suggests that seismic sequence boundary m5.8 
correlates at 747 mcd (Fig. 17). There are three 
surfaces in the core between 746 and 753.80 

mcd (from top down: glauconite over clay, clay 
over glauconite clay, and the top of glauconite 
sands associated with a gamma-log peak); we 
lack velocity and density logs to differenti-
ate which best matches the refl ector, although 
it is likely that the gamma-log increase at 
753.80 mcd marks the sequence boundary. We 

note that the prodelta silty clays overlie these 
closely spaced surfaces and that these extend 
to the top sequence boundary at 728.56 mcd. 
Benthic forami nif era in several samples at 
the base of the sequence indicate paleodepths 
of 75–100 m, and benthic foraminifera in a 
single  sample at the top of the sequence indi-
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cate 50–80 m paleodepths; intervening samples 
are barren. We tentatively place the MFS at 742 
mcd, at a change from sandy silt below to silty 
clay at a level where a downlap surface corre-
lates to the corehole (Miller et al., 2013b). A 
seismic refl ector links the HST sands of m5.8 at 
Site M27 with the prodelta clays at Sites M28 
and M29. This sequence is poorly dated at Site 
M29 as 20.2–20.0 Ma (Browning et al., 2013).

Sequence m5.7
This sequence is poorly represented on Line 

529 (Fig. 2). At Site M27, the m5.7 sequence 
boundary is placed in association with a large 
gamma-ray peak (361.28 mcd) in a coring gap 
separating indurated silty shoreface sands above 
from medium to coarse shoreface sands below 
(Fig. 6). The seismic sequence boundary is pre-
dicted at 365 mcd, but log data are insuffi cient 
to document an impedance contrast or allow 
computing of a synthetic seismogram. Seismic 

profi les show this sequence as a thin remnant 
overlying the clinoform rollover of the underly-
ing sequence. This thin (5.75 m) sequence coars-
ens upsection, likely refl ecting an HST. Absence 
of foraminifera in this sequence is consistent 
with the interpretation of shallow-water shore-
face deposits. The sequence boundary cannot be 
dated at this site.

At Site M28, the basal m5.7 sequence boundary 
is placed at a very heavily bioturbated sequence 
boundary at 611.60 mcd (313–28–152–R1, 
108 cm; Fig. 11; Fig. S6 in the Supplemental File 
[see footnote 1]) separating a medium sand above 
from a clay below, associated with a major down-
hole gamma-log increase. Heavy bioturbation 
extends 30 cm above and below the contact. A 
major downhole increase in impedance is caused 
by a density increase from the sands to the clays 
(Fig. 11). The sequence coarsens up section to 
~595 mcd; above this, it consists of fairly uniform 
medium sands, devoid of forami nifera, deposited 

on a bottomset (Fig. 11). Distinct seismic down-
lap onto sequence boundary m5.7 at Site M28 
suggests that this upward coarsening occurs in the 
HST. The m5.7 sequence is poorly dated at Site 
M28, with a best age estimate of 18.8–18.6 Ma 
and a hiatus of ~0.7 m.y. (19.5–18.8 Ma) at the 
basal sequence boundary.

At Site M29, the basal m5.7 sequence bound-
ary is placed at a heavily burrowed contact at 
728.56 mcd (313–29–208-R1, 9–11 cm; Fig. 17; 
Fig. S7 in the Supplemental File [see footnote 
1]) separating glauconitic quartz sands above 
from tan prodelta clays below. Burrows extend 
more than 30 cm below the contact. This change 
is associated with an uphole gamma-log increase 
due to high abundance of glauconite. Sonic data 
are insuffi cient to demonstrate that this is an 
impedance contrast and no synthetic seismo gram 
is available, although there is a major minimum 
in core density at the sequence boundary, sug-
gesting a likely large impedance contrast (Fig. 
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17). The sequence (728.56–707.56/710 mcd) 
fi nes upward from a bottomset sand to a clay. It 
was deposited on a bottomset in ~75 m water 
depth and is dated as ca. 18.8–18.6 Ma. Benthic 
foraminifera indicate paleodepths of 75–100 m 
in most of the sequence.

Sequence m5.6
This sequence is cut out at Site M27 (Fig. 2). 

At Site M28, the revised velocity depth func-
tion places this sequence boundary at 567.5 mcd 
associated with an uphole gamma log increase. 
No distinct unconformity was observed in the 
cores and medium-coarse sand occurs across the 
boundary, though there is a distinct increase in 
glauconite above the boundary (Fig. 11). Our 
placement of the sequence boundary at 567.5 
mcd differs from that in Mountain et al. (2010), 
wherein the basal m5.6 sequence boundary was 
placed at 545.5 mcd; we now place the m5.47 
sequence boundary at 545.5 mcd based on the 
revised velocity-depth function (Fig. 11). There 
is a large impedance contrast just above 567.5 
mcd (Fig. 11). The sequence at Site M28 is a bot-
tomset sand devoid of foraminifera and cannot 
be dated.

At Site M29, the m5.6 sequence boundary is 
placed in a coring gap (707.56–710 mcd) with 
glauconitic quartz sand above and silt below 
(Fig. 17). Despite the coring gap, log data sug-
gest a major impedance contrast associated with 
the sequence boundary (Fig. 17), and synthetic 
seismograms place the refl ector just below this 

level (>715 mcd; purple arrow, Fig. 17). The 
sequence (707.56/710–696/687.87 mcd) con-
sists of a muddy glauconitic fine-coarse 
sand deposited in a bottomset, with glauco-
nite increasing upsection (Fig. 17). Most of 
the sequence is barren of benthic foraminifera, 
except two samples at the top of the sequence 
that indicate paleodepths of 90–120 m. The m5.6 
sequence at Site M29 is dated as 18.3–18.1 Ma 
with a 0.3 m.y. hiatus at its base (18.6–18.3 Ma). 
Sequence m5.5 is eroded in the Expedition 313 
area and is not discussed here.

Sequence m5.47
Seismic profi les show that the m5.47 sequence 

is highly dissected by erosion between Sites 
M27 and M28; the clinoform rollover is heav-
ily eroded on Line 529 (Fig. 2), although it is 
well imaged in nearby areas (Monteverde et al., 
2008). This erosion cut out the m6 sequence at 
Site M27. We place the basal m5.47 sequence 
boundary at 355.53 mcd (313–27–125–1, 
140 cm; Fig. 6; Fig. S8) at the top of a cemented 
quartz sandstone overlain by a glauconitic quartz 
sand associated with an upsection gamma-log 
increase. The sands (355.53–336.06 mcd) are 
interpreted as channel-fi ll deposits (Mountain 
et al., 2010) that are barren of foraminifera. 
The log quality in this section is not good due 
to gaps; no impedance data are available across 
the sequence boundary and no synthetic seismo-
gram was computed. This sequence cannot be 
dated at this site or at Site M28.

At Site M28, we place the basal m5.47 
sequence boundary at 545.5 mcd in a cor-
ing gap separating indurated glauconite sand 
above from glauconitic medium-coarse sand 
below associated with a major upsection gamma 
increase (Fig. 11). There is an increase in imped-
ance upsection due to a density increase associ-
ated with the lithologic change (Fig. 11). The 
sequence consists of glauconite-quartz sands 
devoid of foraminifera deposited on a bottomset 
(Fig. 11); it cannot be dated at this site.

The placement of the basal m5.47 sequence 
boundary at Site M29 is uncertain, and it can 
be placed at either 687.87 mcd at the top of 
a silt (Mountain et al., 2010) and a downhole 
decrease in impedance, or at ~696 mcd at the 
contact of the silt with underlying granulifer-
ous glauconite-quartz sands and a downhole 
increase in density (no sonic velocity data are 
available in this interval to compute im pedance; 
Fig. 17; Fig. S9 in the Supplemental File [see 
footnote 1]). There is a heavily bioturbated 
contact at 695.65 mcd (313–29–196R-1R, 
74 cm; Fig. S9) that is the likely placement 
of the sequence boundary. The sand and clay 
couplets mark deposits on the bottomset, with 
sands generally at the base and clays at top (e.g., 
sequence m5.7; Fig. 17), which would favor the 
upper placement (687.87 mcd). However, syn-
thetic seismograms suggest placement at the 
lower contact (695.65 mcd), as does the heavily 
bioturbated surface (Fig. S9). The sequence is 
dated as ca. 18.0–17.9 Ma.
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Sequence m5.45
Seismic profi les (Fig. 2) show that the m5.45 

sequence erodes into m5.47. The topsets and 
bottomsets of m5.45 were eroded by the overly-
ing m5.4 sequence boundary, but the foreset of 
the m5.45 clinoform is imaged between Sites 
M27 and M28 (Fig. 2). Expedition 313 sampled 
sequence m5.45 in a truncated topset at Site M27 
and eroded bottomsets at Sites M28 and M29. 
At Site M27, the basal sequence boundary of 
m5.45 is placed at 336.06 mcd (313–27–116–1, 
90 cm; Fig. 6; Fig. S10 in the Supplemental 
File [see footnote 1]) at an erosional contact of 
a silt over a slightly glauconitic coarse quartz 
sand associated with an upsection gamma-log 
increase. No impedance contrast appears to be 
associated with this contact, although log quality 
in this section is not good due to spotty sampling 
and no synthetic seismogram is available. The 
lithology within the sequence shows two distinct 
coarsening-upward parasequences (329–323 and 
323–309 mcd) within an otherwise fi ne-grained 
unit. Based on their location on the topset, we 

interpret this sequence as domi nantly HST 
(Fig. 6). Benthic foraminifera indicate paleo-
water depths of ~25–50 m (probably 40–50 m) 
for 329.81 mcd and 311.46–318.81 mcd. Abun-
dant planktonic foraminifera (~7%–41%) also 
characterize these sections; however, most sam-
ples below and above these intervals are barren 
except for 295.01 mcd (~25 m). We tentatively 
place the MFS at a mud peak at 329.81 mcd and 
interpret fl ooding surfaces at ~323 and 308 mcd 
within the HST. This is consistent with apparent 
placement of a downlap surface at ~330 mcd, 
although correlation into the corehole is not cer-
tain. An alternative interpretation (Fig. 6) places 
the downlap surface and MFS at ~323 mcd at 
the highest mud peaks, interprets the lag at ~332 
mcd as the TS, and places a thin LST below this. 
Sequence m5.45 is dated as 18.0–17.7 Ma at Site 
M27; the basal hiatus cannot be dated, although 
it is <1.2 m.y.

At Site M28, the basal sequence boundary of 
m5.45 is placed at the top an indurated zone at 
533.59 mcd (313–28–120R-1, 63 cm; Fig. 11; 

Fig. S11 in the Supplemental File [see foot-
note 1]) with angular glauconite sands above 
(channel fill of Mountain et al., 2010) and 
glauconite  sandstone below associated with a 
major gamma-log decrease upsection. A large 
downhole density drop causes a large imped-
ance contrast at this surface (Fig. 11). Glauco-
nite decreases and quartz increases in the upper 
part of the sequence (~520–512.33 mcd; Fig. 
11). The sequence was deposited on a bottomset 
(Fig. 2). No benthic foraminifera were found in 
this sequence at Site M28. The m5.45 sequence 
is dated as 18.0–17.9 Ma at Site M28; the hiatus 
associated with the basal sequence boundary 
cannot be dated, although it is <0.6 m.y.

The placement of the basal m5.45 sequence 
boundary at Site M29 is uncertain, and it can 
be placed at either 673.71 mcd at the contact 
of a glauconite sand over a silty clay (313–29–
189R-1, 15 cm; Mountain et al., 2010; Fig. S12 
in the Supplemental File [see footnote 1]) and a 
downhole decrease in impedance, or at 683.17 
mcd at the contact of the silty clay with underly-
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ing glauconite-quartz sands (313–29–192R-1, 46 
cm) and a downhole increase in impedance (Fig. 
17; Fig. S13 in the Supplemental File [see foot-
note 1]); synthetic seismograms (purple arrow, 
Fig. 17) favor the latter, placing it at 683.17 mcd. 
The sequence is dated as 17.8 or 17.9–17.7 Ma.

Composite Sequence m5.4
A major conclusion in Miller et al. (2013b) 

is that m5.4 is a composite sequence that may 
be divided into three higher order (100–400 k.y. 
scale) sequences separated by refl ectors m5.34 
(479 mcd) and m5.33 (405 mcd) based on 
detailed evaluation of seismic, core, and stack-
ing patterns. Details of systems tracts are pre-
sented in Miller et al. (2013b); we focus here on 
the impedance contrasts associated with these 
sequence boundaries.

Site M28 cored sequence m5.4 in a foreset, 
with several intrasequence refl ections (m5.35, 
5.34, 5.33, 5.32; Figs. 2 and 10 herein, in addi-

tion to several other numbered surfaces in Miller 
et al., 2013b). The basal m5.4 sequence bound-
ary is placed at 512.33 mcd (313–28–110R-2, 
114 cm; Fig. 10; Fig. S14 in the Supplemental 
File [see footnote 1]) at a distinct contact of 
fi ne sand over clayey silt. This differs slightly 
from Mountain et al. (2010), wherein it was 
placed at a surface at 495.2 mcd, where there is 
a thin sand bed over a clayey silt. There is only 
a minor impedance contrast associated with 
the sequence boundary (synthetic seismogram 
data are not available), perhaps because toe-of-
slope facies are juxtaposed across the contact 
with a minimal time gap (ca. 17.7 Ma above, 
17.9 Ma below). This is surprising considering 
the high amplitude of refl ector m5.4 (Fig. 2). 
The overall million-year-scale m5.4 sequence 
(512.33–361 mcd) could be interpreted as one 
thick (151 m) sequence and dated as 17.7–
16.6 Ma. However, examination of seismic pro-
fi les shows that refl ectors m5.34 and 5.33 are 

seismic sequence boundaries that subdivide this 
composite sequence (sensu Mitchum and Van 
Wagoner, 1991; Neal and Abreu, 2009). Chrono-
stratigraphic constraints support that these are 
sequences on the 100–400 k.y. scale (Browning 
et al., 2013). Sequence boundary m5.34 (pre-
dicted at 479 mcd) is associated with a minor 
impedance contrast (Fig. 1), whereas sequence 
boundary m5.33 (405 mcd) is placed in a coring 
gap (400.30–412.47 mcd). The m5.34 sequence 
boundary may be lithologically expressed at the 
contact of very fi ne sand over silt at 313–28–
100R-1, 77 cm (480.14 mcd). No synthetic seis-
mograms are available for this site. (For details 
of the MFS, TS, and systems tracts and ages of 
these sequences, see Miller et al., 2013b.)

At Site M27, the basal sequence boundary of 
m5.4 is placed at an erosional surface at 295.01 
mcd (313–27–102R-2, 105 cm; Fig. 5; Fig. 
S15 in the Supplemental File [see footnote 1]) 
based on the revised velocity-depth function 
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where a very coarse sand lag overlies a silt 
(Mountain et al., 2010). This contrasts with the 
previous placement at 271.23 mcd (Mountain 
et al., 2010), which is here identifi ed as higher 
order sequence boundary m5.33 (Miller et al., 
2013b). Both surfaces at 295.01 and 271.23 
mcd yield impedance contrasts, although syn-
thetic seismo grams unequivocally link seismic 
sequence boundary m5.4 with the lower sur-
face (purple arrow, Fig. 5). The m5.4 compos-
ite sequence at Site M27 appears to consist of 
the m5.34 and m5.33 higher order sequences. 
The m5.34 sequence (295.01–271.23 mcd) has 
a possible TS at 292 mcd and a possible MFS 
at ~289 mcd (Fig. 5). Facies trends above the 
271.23 mcd m5.33 sequence boundary are 
unclear, although benthic forami nif era indi-
cate maximum water depth at the correlation 
of a downlap surface at 263 mcd, suggesting 
placement of the MFS (Miller et al., 2013b), 

and shallowing upward in the HST from 263 
to the overly ing sequence boundary, although 
HST sands are absent. Placement of the upper 
sequence boundary (249.76/256.19 mcd) is 
unclear (see discussion of sequence m5.3). 
The m5.34 sequence at Site M27 is dated as 
17.0–16.9 Ma, with a hiatus of 0.7 m.y. associ-
ated with the basal sequence boundary (17.7–
17.0 Ma). The higher order sequence m5.33 
(271.23–256.19 mcd; discussed in Miller et al., 
2013b) is dated as 16.6–16.5 Ma (Fig. 5).

At Site M29, the m5.4 sequence boundary is 
placed at 662.37 mcd (313–29–183R-1, 101 cm; 
Fig. 17; Fig. S16 in the Supplemental File [see 
footnote 1]), where a silt overlies a silty glau-
conite sand associated with a very large down-
hole density and impedance increase. Synthetic 
seismograms place the m5.4 seismic sequence 
boundary at this level (purple arrow, Fig. 17). 
The sequence (662.37–643.19 mcd) consists pri-

marily of silt with fl oating granules and coarse 
quartz sand (Mountain et al., 2010) deposited on 
a bottomset and dated as 17.7–17.6 Ma at this 
site with no discernible gap at its base. The entire 
sequence is characterized by outer middle neritic 
(75–100 m) foraminiferal assemblages.

Sequence m5.3
The placement of the basal sequence bound-

ary of m5.3 is equivocal at Site M27 (Fig. 5). 
In Mountain et al. (2010), m5.3 was placed at 
236.15 mcd, where we now place sequence 
boundary m5.2 (Fig 2). The revised velocity-
depth function places m5.3 near 249.76 mcd at 
the level of a contact of clay above and sandy 
silty clay below. Alternatively, a bioturbated 
contact at 256.19 mcd (313–27–90–1, 33 cm; 
Fig. 5; Fig. S17 in the Supplemental File [see 
footnote 1]) separating coarse glauconite and 
granules above from silt below is another possi-
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ble placement of the m5.3 sequence boundary at 
Site M27. This lower surface yields a relatively 
sharp impedance contrast (Fig. 5). This contrast 
did not yield a refl ector on the synthetic seismo-
gram because of destructive interference with 
the SMT-generated wavelet. We favor placement 
at 256.19 mcd based on the core expression (Fig. 
S17). The sequence (256.19–236.15 mcd) was 
drilled on a topset and appears to consist of one 
or two fi ning-upward successions (depending on 
choice of the placement of the sequence bound-
ary) interpreted as a TST with an MFS near the 
top of the sequence. Foraminifera indicate an 
upsection deepening from ~25 m (255.06 mcd) 
to ~25–75 m (250.46–245.88 mcd), overlain by 
barren samples. It is dated as 15.8–15.6 Ma, with 
a hiatus of 0.7 m.y. associated with the basal 
sequence boundary (16.5–15.8 Ma).

At Site M28, the basal m5.3 sequence bound-
ary is predicted at 361 mcd; we place it here at 
a major gamma-log change (Fig. 10). There is 
little expression of this sequence boundary in 
the core; it is likely in a small coring gap sepa-
rating a coarse sand below 360.74 mcd and a 

fi ning-upward fi ne to medium to coarse sand 
from 360.13 to 359.0 mcd. This sequence was 
drilled on a topset immediately landward of the 
rollover of the underlying clinothem and con-
sists of a thick pile of coarse slightly glauconitic 
quartz sands deposited in shoreface environ-
ments and capped by a channel (Mountain et al., 
2010). This sequence is apparently regressive 
and is interpreted as an HST. Foraminiferal 
assemblages are consistent with this conclusion, 
with paleodepths of 10–25 m through 346.26 
mcd, 0–10 m for 345.81–336.07 mcd, and bar-
ren above this, with the exception of 10–25 m at 
324.42 mcd. The sequence is dated as 16.3–15.7 
Ma, with a short hiatus (0.3 m.y.) associated with 
the basal sequence boundary (16.6–16.3 Ma).

At Site M29, the basal m5.3 sequence bound-
ary is placed at 643.19 mcd (313–29–176R-1, 
13 cm; Fig. 16; Fig. S18 in the Supplemental 
File [see footnote 1]) at an abrupt, irregular 
contact where overlying glauconite sand is 
burrowed down (67 cm) into silt and associ-
ated with a large impedance contrast. Synthetic 
seismograms place the m5.3 seismic sequence 

boundary in a coring gap just below this level 
(648 mcd); the discrepancy is likely due to inter-
polation of data by SMT across the data gap. 
The sequence (643.19–602.25 mcd) was depos-
ited on a bottomset with two distinct coarsen-
ing-upward successions separated by a silt. 
Seismic profi les suggest that the lower succes-
sion is a LST and the upper a likely HST, with 
the silt refl ecting the TST and MFS. Benthic 
foraminifera indicate paleodepths of 75–80 m at 
the base and ~75–120 m upsection. The m5.3 
sequence is dated as 16.0–15.8 Ma with a 1.6 
m.y. hiatus associated with the basal sequence 
boundary (17.6–16.0 Ma).

Sequence m5.2
At Site M27, the basal m5.2 sequence bound-

ary is placed at a heavily burrowed lithologic 
contact with apparent rip-up clasts at 236.15 
mcd (313–27–83R-2, 129 cm; Fig. 5; Fig. S19 
in the Supplemental File [see footnote 1]), sepa-
rating medium-coarse glauconitic quartz sand 
above from clay below. It is associated with a 
sharp gamma-log uphole decrease and sharp 
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impedance contrast (Fig. 5). Synthetic seismo-
grams place the m5.2 seismic sequence bound-
ary slightly below this (240 mcd, purple arrow 
Fig. 5), possibly because SMT fi lters the sharp 
impedance contrast, smearing it and the refl ec-
tor over a fi nite distance. The m5.2 sequence 
(236.15–225.45 mcd) is in a topset setting at 
Site M27 (Fig. 2); hence we interpret the upsec-
tion facies change from a basal quartz sand to a 
medial clay yielding deeper water foraminifera 
(25–80 m paleodepth) to an upper quartz sand as 
refl ecting a TST, MFS, and thin truncated HST. 
It is dated as 15.0–14.8 Ma, with 0.6 m.y. hiatus 
associated with the basal sequence boundary.

At Site M28, the basal m5.2 sequence bound-
ary is placed at 323.23 mcd (313–28–38R-2, 106 
cm; Fig. 9; Fig. S20 in the Supplemental File [see 
footnote 1]) at the top of glauconitic sandstones 
and gravels and a major downhole gamma-log 
decrease. There is a large impedance contrast at 
this level due to the high densities below (Fig. 9). 
The sequence (323.23–276.81 mcd) was drilled 
immediately landward of the rollover of the 
underlying sequence. The coarsening-upward 
sediments above ~310 mcd indicate shallowing 
upsection from offshore to shoreface-offshore-
transition to a channel fi ll and are clearly the 
HST. We place the MFS at ~320 mcd at a mud 
maximum. We interpret the facies from 323.23 
to 320 mcd as a TST that fi nes and deepens 
upsection. The m5.2 sequence is dated as 15.1–
14.8 Ma at this site, with a 0.6 m.y. hiatus associ-
ated with the basal sequence boundary.

Site M29 sampled sequence m5.2 on a foreset 
just seaward of its maximum thickness (Figs. 2 
and 16). The basal sequence boundary is placed 
at 602.25 mcd (313–29–161R-2, 39 cm; Fig. 
16; Fig. S21 in the Supplemental File [see foot-
note 1]) at a contact between clayey silt above 
and a quartzose glauconite sand below. There 
is a large impedance contrast at this level and 
synthetic seismograms place seismic sequence 
boundary m5.2 precisely at this level. The 
sequence (602.25–502.01 mcd) was deposited 
in middle neritic (75–100 m) depths along the 
foreset of the clinoform and the facies are dif-
ferent than noted in the bottomsets, consisting 
primarily of fi ne sandy silts (Fig. 16; Mountain 
et al., 2010). Subtle grain-size variations may be 
used in concert with the seismic profi les to inter-
pret surfaces and systems tracts (see summary in 
Miller et al., 2013b). A coarsening-upward pack-
age (602–593 mcd) is interpreted as the LST 
with TS at its top. The MFS is placed at ~581 
mcd at a mud peak, the generally coarsening-
upward section above this is interpreted as an 
HST with 4 parasequences bounded by FS. The 
m5.2 sequence is dated at Site M29 as 15.6–14.6 
Ma with a short (0.2 m.y.) hiatus (15.8–15.6 Ma) 
associated with the basal sequence boundary.

Sequence m5
At Site M27, the m5 basal sequence bound-

ary is placed at 225.45 mcd (313–27–80R-1, 
9 cm; Fig. 5; Fig. S22 in the Supplemental File 
[see footnote 1]) at a sharp contact at the base 
of a pebbly, very coarse sand lag and gamma-
log minimum. There is a 2.06 m coring gap that 
limits the interpretation of core impedance data. 
Interpolation through this gap yields a synthetic 
seismogram placement of sequence m5 near 
this level (purple arrow, Fig. 5). This thin, trun-
cated sequence fi nes upsection, deepening from 
shoreface to offshore (Fig. 5) and is interpreted 
to represent a TST. Benthic foraminifera indicate 
paleodepths were ~25–50 m. It is dated as 13.7–
13.6 Ma, with a 1.1 m.y. hiatus across the basal 
sequence boundary.

At Site M28, the m5 basal sequence bound-
ary is placed at 276.81 mcd (313–28–21R-2, 
79 cm; Fig. 9; Fig. S23 in the Supplemental 
File [see footnote 1]) at top of an indurated zone 
with gravel-rich sands above and at a major 
im pedance contrast associated with a density 
maximum. The sequence, deposited on a top-
set, was not well recovered but the gamma log 
clearly shows it coarsens upsection; we inter-
pret this as an HST, with both the MFS and TS 
merged with the sequence boundary. Forami-
nifera were found only near the base of the 
sequence, indicating ~10–25 m paleodepth. The 
m5 sequence is dated as 13.7–13.5 Ma at Site 
M28, with a 1.1 m.y. hiatus associated with the 
basal sequence boundary.

At Site M29, the m5 basal sequence bound-
ary is placed at 502.01 mcd (313–29–126R-2, 
80 cm; Fig. 15; Fig. S24 in the Supplemental 
File [see footnote 1]) at a contact of debrite 
sands above with shoreface sands below. There 
is only a minor impedance contrast associated 
with the contact and the synthetic seismograms 
place the m5 seismic sequence boundary higher 
(488 mcd) at the base of a clay and a slightly 
higher impedance contrast (Fig. 15). We cannot 
resolve this discrepancy, but the major sedimen-
tary facies shift (from shoreface sand to debrite) 
and associated deepening across the contact is 
likely the sequence boundary. The m5 sequence 
(502.01–478.61 mcd) at Site M29 consists of 
two coarsening-upward successions depos-
ited on a truncated lower foreset to bottomset. 
The m5 sequence is dated at this site as 13.7–
13.6 Ma, with a 0.9 m.y. hiatus associated with 
the basal sequence boundary (14.6–13.7 Ma).

Sequence m4.5
At Site M27, the m4.5 basal sequence bound-

ary is placed at 218.39 mcd (313–27–75X-2, 
68 cm; Fig. 5;. S25 in the Supplemental File 
[see footnote 1]) at the base of a granuliferous 
sand abruptly overlying a silty clay, with gravel 

burrowed down into the silt. At this level there is 
also a strong impedance contrast and synthetic 
seismograms place the m4.5 seismic sequence 
boundary precisely at this level (Fig. 5, Table 1). 
The sequence (218.39–209 mcd) is located in a 
topset location at Site M27 and coarsens upward 
above ~217 mcd indicating an HST (Fig. 5). It 
is dated as 13.5–13.2 Ma at this site, with a pos-
sible short hiatus (~13.6–13.5 Ma) at the basal 
sequence boundary.

At Site M28, the m4.5 basal sequence bound-
ary is placed at 254.23 mcd (313–28–12R-1, 
40 cm; Fig. 9; Fig. S26 in the Supplemental File 
[see footnote 1]) at a lithologic contact of clayey 
silts above and medium- to coarse-grained sands 
below. This level is an impedance contrast. The 
sequence (254.23–244.16 mcd) is deposited on 
the topset and consists of a lower silt that deep-
ens upsection (TST), a possible MFS in offshore 
clays at ~248 and an upper sand indicating a thin 
HST truncated by the concatenated m4.4-m4.1 
sequence boundary (Fig. 9). Sequence m4.5 is 
dated as 13.3–13.2 Ma at Site M28; there is a 
short hiatus (0.2 m.y.) associated with the basal 
sequence boundary.

At Site M29, the m4.5 basal sequence bound-
ary is placed at 478.61 mcd (313–29–118R-1, 
25 cm; Fig. 15; Fig. S27 in the Supplemen-
tal File [see footnote 1]) at a contact of fi ne 
sand above and sandy silt below associated 
with a 57-cm thick burrowed zone and a large 
gamma-log increase downsection. This surface 
was originally correlated to seismic sequence 
boundary m5 (Mountain et al., 2010), but the 
revised velocity-depth function indicates cor-
relation to seismic sequence boundary m4.5 
(Table 1). There is a very large impedance 
contrast at this contact and synthetic seismo-
grams place seismic sequence boundary m4.5 
precisely at this level (Fig. 15). The sequence 
(478.61–408.65 mcd) consists of a lower 
coarsening-upward regressive LST succession 
to 469 mcd (TS), a fi ning-upward TST to an 
MFS at ~448 mcd, and a thick silty HST (Fig. 
15). The LST is characterized by transported 
shallow-water benthic forami nif era (10–25 m; 
Katz et al., 2013). Within the TST (469–448 
mcd), benthic foraminifera indicate a deepening 
upward from ~40–50 m to ~75–100 m. Much of 
the HST yields few or no benthic foraminifera 
below 413.50 mcd; abundant foraminifera from 
413.50 to 410.80 indicate 50–80 m paleodepth, 
with a shallowing at the top of the sequence 
(25–50 m, 408.90 mcd). The m4.5 sequence is 
dated as 13.6–13.3 Ma and was deposited at 
very high sedimentation rates (>200 m/m.y.) 
with no discernable hiatus at its base. Sequences 
m4.4, m4.3, m4.2, and m4.1 merge landward 
of Site M29, and only sequence m4.1 occurs at 
Sites M27 and M28 (Fig. 2).
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Sequence m4.4
The basal m4.4 sequence boundary occurs at 

Site M29 within a monotonous silt and silty clay 
succession. We tentatively place the lithologic 
sequence boundary at a heavily bioturbated sur-
face at 409.27 mcd (313–29R-94–1, 106 cm; 
Fig. 15; Fig. S28 in the Supplemental File [see 
footnote 1]), although it is possible to place it 
at an irregular surface separating clay from silt 
at 409.63 mcd (313–29R-94–1, 142–144 cm). 
There is an impedance contrast at this level and 
synthetic seismograms indicate correlation of 
seismic sequence boundary m4.4 to this level 
(Supplemental Table [see footnote 2]). This site 
sampled the sequence on a truncated foreset 
(paleodepth 50–80 m, with some barren samples) 
where it consists of silt and silty clay capped by 
a few sand beds. The sequence (409.27–371.15 
mcd) is dated as ~13.3–13.2 Ma, indicating that 
it was deposited at very high sedimentation rates 
(>300 m/m.y.).

Sequence m4.3
The basal m4.3 sequence boundary is tenta-

tively placed at 377.15 mcd (313–29–83R-2, 
99 cm; Fig. 15; Fig. S29 in the Supplemental 
File [see footnote 1]) at the base of a shelly sand 
lying on silty clays at an upsection increase 
in gamma-log values. This highly truncated 
sequence is only approximately dated as 13.2–
13.1 Ma, with no discernable hiatus at the basal 
sequence boundary.

Sequence m4.2
The basal m4.2 sequence boundary at Site 

M29 is tentatively placed at 364.86 mcd (313–
29–79R-2, 90 cm; Figs. 14 and 15; Fig. S30 in 
the Supplemental File [see footnote 1]) at the 
base of a graded bed separating sands above 
from silty clays below. There is an impedance 
contrast at this level; no synthetic seismogram 
data are available. The section from 364.86 to 
342.81 mcd consists of two coarsening-upward 
successions that appear to be parasequences; 
benthic foraminifera in the fi rst succession indi-
cate 25–50 m paleodepth, but are absent from 
the second succession. The sequence is sampled 
landward of the clinoform rollover, although 
erosion associated with the lower sequence 
boundary suggests this may be a LST, an inter-
pretation consistent with coarsening-upward 
parasequences. The m4.2 succession is tenta-
tively dated as 13.1–13.0 Ma.

Sequence m4.1
At Site M29, the m4.1 sequence bound-

ary is placed at 343.81 mcd (313–29–72R-1, 
49 cm; Fig. 14) in an indurated interval at an 
irregular surface separating silty clays above 

from fi ne sand below associated with a gamma-
log increase and a sharp impedance contrast 
(no synthetic seismogram data are available). 
This level is a major impedance contrast (Fig. 
14). The sequence boundary is likely merged 
with the TS. The sequence consists of a thin 
TST with an MFS at ~340–335 mcd based on 
maximum water depths indicated by benthic 
foraminifera, and a thick HST that extends 
above 280 mcd where coring began. Benthic 
foraminiferal assemblages support this inter-
pretation, indicating paleodepths of 75–100 m 
above refl ector m4.1 (338.81–335.76 mcd). The 
rest of the sequence sampled (to ~255 mcd) is 
a regressive HST, with shallower assemblages 
(334.23 mcd, 40–60 m; 332.71 mcd, 25–50 m) 
overlain by barren samples. The top sequence 
boundary was not sampled. Seismic interpreta-
tions predict the m4 seismic sequence boundary 
at 242 mcd in an uncored interval. The m4.1 
succession is poorly dated as ~13.0–12.6 Ma by 
extrapolation, although the top of the sequence 
was not cored.

The m4.1–4.4 concatenated sequence bound-
ary occurs at 209 mcd at Site M27 (Fig. 4) and 
244.16 mcd (313–28–8-2, 103 cm) at Site M28 
(Fig. 9; Fig. S31 in the Supplemental File [see 
footnote 1]). At Site M27 the m4.1–4.4 sequence 
consists of a thick clay to 183 mcd that coarsens 
upsection to a medium-coarse sand (Fig. 4); the 
overlying sequence boundary was spot cored at 
~135 mcd. At Site M28, the m4.1–4.4 concat-
enated sequence boundary is a sharp (±1–2 cm) 
contact of laminated clay on a medium, shelly 
sand. The top was not sampled. It is poorly 
dated as younger than 13.2 Ma.

Sequences Younger Than m4.1
Three upper middle Miocene sequence 

boundaries (m4, m3, and m1; Miller et al., 
1998) were traced to their far updip topset posi-
tion and spot cored at M27 and M29. Limited 
facies information was gained, although the 
m4 sequence appears to be a fl uvial delta plain 
deposit and sequence boundary m3 appears to 
be associated with a paleosol (Fig. 13) at Site 
M29. The m1 sequence appears to be fl uvial 
estuarine at Site M27 (Fig. 3). The placement 
of the m3 and m1 sequence boundaries at Site 
M29 from the velocity-depth function (Fig. 
13) are within 2 and 6 m, respectively of major 
gamma-log upsection increases, and these are 
the likely the placement of the sequence bound-
aries. No age information is available for these 
sequences except they appear to be younger 
than ~13.0 Ma. This slightly confl icts with ages 
of m4 (older than 13.6 Ma) and m3 (13.6 Ma) 
dated on the slope (Miller et al., 1998), but this 
time correlation requires updating. For a dis-
cussion of the revised age relations of the age 

relations of upper middle Miocene sequence 
boundaries m4, m3, and m1, see Browning 
et al. (2013).

DISCUSSION

Placement of Sequence Boundaries

The fundamental first step in applying 
sequence stratigraphy is to recognize sequence-
bounding unconformities. Although maximum 
fl ooding surfaces are also important (Galloway, 
1989) and stacking patterns informative (Van 
Wagoner et al., 1990), unequivocal recognition 
of sequence boundaries provides the building 
blocks of the sequence stratigraphic record. 
Many sequence boundaries are subtle and their 
criteria are lacking. Expedition 313 (Mountain 
et al., 2010) fi rst examined the split cores in 
Bremen  in 2009 and used an iterative approach to 
identify of sequence boundaries, following these 
steps in initial seismic-core-log correlations:

1. Sequence boundaries were recognized on 
seismic profi les using classic criteria, traced, 
and loop correlated through the seismic grid 
(Monteverde et al., 2008; Monteverde, 2008; 
Mountain et al., 2010).

2. Candidate sequence boundaries, MFS, 
and TS were recognized by sedimentologists 
in cores and by the loggers in downhole and 
MSCL core logs (Mountain et al., 2010).

3. The depths of seismic sequence bound aries 
were predicted with the initial velocity-depth 
function.

4. The stratigraphic correlators took the pre-
dicted placement from seismic profi les and the 
initial placement of the sequence boundaries in 
the cores and integrated with teams that evalu-
ated the lithostratigraphy (grain size, mineral-
ogy, facies, and paleoenvironments), facies 
successions, benthic foraminiferal water depths, 
downhole and core gamma logs (especially 
gamma and impedance), and chronostrati-
graphic ages (Mountain et al., 2010). The best 
estimate was indicated on a series of fi gures that 
formed the basis of the progenitors of Figures 
3–17 shown here (e.g., fi gs. F65–69 of Site M27 
in Mountain et al., 2010).

This study includes several new data sets 
not available in Bremen including: quantita-
tive lithology, much more detailed age and 
benthic foraminiferal data, and a new velocity-
depth function (Figs. 3–17) that improve our 
recognition of sequence boundaries in cores. 
The revised velocity-depth function shifted the 
depths of a few sequence boundaries relative to 
the core and log surfaces; although it improved 
the fi t, the revised correlation raises the ques-
tions, how reliable are the correlations of the 
seismic sequence boundaries to the core and log 
expression of sequence boundaries? How many 



Expedition 313 sequence boundaries

 Geosphere, October 2013 1283

(if any) of the correlations presented here are 
spurious?

The generation of synthetic seismograms 
(Mountain and Monteverde, 2012) provides 
a high degree of confi dence that we can suc-
cessfully match most core and log surfaces 
unequivocally with seismic sequence bound-
aries. Synthetic seismograms successfully link 
seismic sequence boundaries to their equivalent 
core sequence boundary in 7 of 12 cases at Site 
M27 and 9 of 14 cases at Site M29 (Table 1), 
most within 1 m of the prediction and all within 
5 m. However, in spite of the availability of a 
nearly optimum set of constraints, comprising 
high-quality seismic profi les, continuous cores 
and downhole logs from a transect of three core-
holes spanning clinothems in topset, foreset, 
and bottomset locations, uncertainties remain 
as outlined in the Results discussion section. 
Future improvement of seismic imaging by 3-D 
profi ling would resolve many of these ambigui-
ties. Nevertheless, our efforts provide a sequence 
stratigraphic framework for other Expedition 
313 studies, allowing site to site physical cor-
relation and evaluation of facies changes within 
sequences (e.g., systems tracts, faunal succes-
sions, log expressions; see Miller et al., 2013b). 
Our sequence stratigraphic framework is also a 
vital prerequisite to one-dimensional and two-
dimensional backstripping to reconstruct mar-
gin evolution and provide eustatic estimates.

This study shows that seismic refl ections 
below m6 are Oligocene (o.1 and o.5), but do 
not correlate with sequence boundaries. This is 
for several reasons: 1) the degraded quality of 
pre-Miocene seismic resolution due to either 
increasing burial depth or less stratal organiza-
tion; and 2) the lack of refl ector terminations 
visible on our profi les. Previous studies have 
interpreted Oligocene refl ector terminations and 
sequence boundaries (e.g., Greenlee and Moore, 
1988). These may in fact be real on adjacent 
seismic profi les where the Oligocene is thicker, 
but cannot be verifi ed on Line 529 (Fig. 2).

Signifi cance of Sequence Boundaries

Excellent recovery of Miocene sequences 
allows core-seismic integration that confi rms the 
hypothesis that sequence-bounding unconformi-
ties are a primary source of major impedance 
contrasts in refl ection seismic data. Miocene  
sequence boundaries correspond well with 
impedance contrasts (Table 1). Data quality are 
suffi cient to link sequence boundaries to imped-
ance contrasts in 9 of 12 instances at Sites M27, 
6 of 11 instances at M28, and 8 of 14 instances 
at M29 (Table 1). In all cases but one, the lack of 
an impedance contrast is due to a data gap. The 
exception is m5.45 at Site M27 (Fig. 6), which 

should be a major impedance contrast associ-
ated with a change from clays above to granu-
liferous sands below (Fig. S8); we attribute this 
to poor MSCL velocity logs from the sand (no 
downhole velocity log is available for this sec-
tion) and data gaps.

Other stratal surfaces also yield impedance 
contrasts. For example, impedance contrast are 
associated with:

1) FS at ~323 and ~308 mcd in sequence 
m5.45 at Site M27 (Fig. 6);

2) an MFS at 442 mcd in sequence m5.8 at 
Site M27 (Fig. 7);

3) a possible MFS at 505 mcd on a bottomset 
in sequence m6 at Site M27 (Fig. 8);

4) an MFS at 494 mcd within sequence m5.4 
at Site M28 (Fig. 10);

5) an MFS at 448 mcd in sequence m4.5 at 
Site M29 (Fig. 15); and

6) FSs within m5.2 at Site M29 (Fig. 16).
Several sediment facies boundaries also 

appear to be associated with impedance con-
trasts, almost exclusively those on bottomsets 
going from sands below to clays above. These 
include the following at Site M29: 490 mcd 
(Fig. 15), ~625 mcd (Fig. 16), and 681 mcd 
(Fig. 17). These may be FS on the bottomsets, 
although the facies model for deposits on the 
bottomsets is complex (Mountain et al., 2010). 
Intrasequence O3 refl ectors o.1 and o.5 at Site 
M27 (Fig. 8) are associated with facies changes 
on bottomsets. One change in impedance con-
trast not on a bottomset that may be associated 
with a facies change occurs in sequence m5.8 
at Site M27 at ~470 m where a gradual upsec-
tion decrease in impedance is associated with a 
gradual fi ning upsection in the TST (Fig. 7).

Synthetic seismograms confi rm that sequence 
boundaries are major refl ections, although 
other stratal surfaces (e.g., MFS, TS, and FS) 
also produce prominent refl ections. The only 
confl icts between correlations by the synthetic 
seismogram and core placement are on the 
bottomsets at Site M29 (sequence boundaries 
m5.45 and 5.47, where the synthetic seismo-
grams place the major refl ections at what we 
interpreted as abrupt facies changes from sands 
below to clays above [Fig. 17]). The key conclu-
sion is that bottomset facies changes are sharp 
and yield impedance contrasts, and further stud-
ies of these bottomsets and their stratal surfaces 
are needed. There are other possible impedance 
contrasts, but the data collected by Expedition 
313 was limited by poor log quality in some 
sandy sections that precludes further testing 
(= NR on Table 1). Nevertheless, it is clear 
that sequence-bounding unconformities are the 
primary source of impedance contrasts at our 
sites (Table 1), with MFS and FS also yielding 
impedance contrasts.

The causes of the impedance contrasts vary. 
Of the 23 confi rmed links between sequence 
boundaries and impedance contrasts (Table 1), 
8 have muds over sands, 10 have sands over 
muds, 2 have sands over sands, and 3 are indu-
rated zones. Lithologic contacts (e.g., muds 
over sands or vice versa) do not necessarily 
always generate signifi cant impedance con-
trasts, especially those contacts that are grada-
tional (e.g., coarsening upward in HST like 
sequence m5.2 at Site M28 where the change 
occurs over a 5-m interval; Fig. 9). Although 
seismic refl ectors often result from convolution 
of the wavelet over several meters (e.g., New 
Jersey slope Site 904, where seismic sequence 
boundary m6 is associated with a ~5 m thick 
impedance contrast; Miller et al., 2005), the 
impedance contrasts associated with major 
seismic sequence boundaries at Sites M27–
M29 are relatively sharp (~1–2 m). These sharp 
contrasts can result from abrupt lithofacies shifts 
associated with sequence boundaries; however, 
most sequence boundaries show extensive bio-
turbation suggesting short time gaps (diastems) 
with differential compaction below and above, 
suggesting that lithology is not the primary 
cause of the contrast.

Expression of Sequence Boundaries and 
Facies Changes in Different Settings

The primary purpose of this paper is to rec-
ognize and discuss the seismic signifi cance 
sequence boundaries. Other papers on Expe-
dition 313 will discuss facies changes within 
sequences. To consider fully the placement of 
sequence boundaries, some attention is needed 
to fi ning- and/or coarsening-upward trends and 
stacking patterns, with their implications to 
systems tracts. We have not fully interpreted 
systems tracts here, particularly on bottomsets, 
but provide some comments on the nature of 
sequence boundaries in different clinothem set-
tings and with respect to systems tracts.

Sequence boundaries were sampled on top-
sets, foresets, and bottomsets (including far 
updip topsets in the onshore coreholes). Oligo-
cene sequences were only sampled at Site M27 
and have minimal sequence and seismic expres-
sion due to basinal locations. Miocene sequence 
boundaries on the topsets have clear lithologic 
expression and often consist of TST clays sitting 
on HST sands of the underlying sequence (e.g., 
m4.1, m4.5, m5 at Site M27, m4.5, m5.2 at Site 
M28), although this pattern is more complicated 
and less predictable than far updip at onshore 
sites (e.g., TST sand sit on TST clays at m5.2 
at Site M27). Drilling on the foresets (m5.8 at 
Site M27, M5.4 at Site M28, and m5.2 at Site 
M29; Fig. 2) yields complete sequences with 
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LST, TST, and HST; the basal sequence bound-
aries on foresets are recognizable, even though 
they stack coarsening-upward HST on coars-
ening-upward LST (Figs. 7, 10, and 16). We 
also drilled on the foresets of the 4.5 and m4.4 
sequences, though seismically it appears that 
these are truncated and thus are not as thick and 
stratigraphically complete (Fig. 2). Recognition 
of sequence boundaries on bottomsets is more 
diffi cult as discussed above.

The correlative conformity has not been iden-
tifi ed in the Expedition 313 coreholes, though 
seismic criteria suggest we sampled across seis-
mically recognized conformities. Two positions 
on a clinothem have been inferred to have pos-
sible correlative conformities on the Miocene 
of the New Jersey shelf: the foresets and the 
bottom sets (fi g. 2 in Greenlee and Moore, 1988). 
We show that in foresets, where sequences are 
thickest and presumably most complete, there is 
evidence of erosion and hiatuses associated with 
sequence boundaries. For example, sequence 
boundary m5.2 at Site M29 sampled a foreset 
where the boundary appears seismically con-
formable (Fig. 2) (see Fig. 10 in Miller et al., 
2013b), yet a physical break is observed (Fig. 
S21) and short hiatus inferred (15.8–15.6 Ma). 
Similarly, the contact of sequence m5.8 and m6 
is seismically conformable in the foreset at Site 
M27 (Fig. 2) (see Fig. 10 in Miller et al., 2013b), 
but there is a distinct break (Fig. S4) and hiatus 
from 20.7 to 20.1 Ma. We also show that con-
tinuity does not occur on the bottomsets (e.g., 
sequence boundary m5.8 at Site M29 has a 0.3 
m.y. hiatus). Though there are several sequence 
boundaries with no discernible time gaps 
(Table 1, Browning et al., 2013), there is still 
evidence of erosion associated with sequence 
boundaries, even in bottomsets. In general, in 
the shallow (<100 m paleodepth) shelf, we see 
little evidence for a correlative conformity. Cer-
tainly tracing seismic refl ectors into deep water 
(>200–2000 m), sections can approach conti-
nuity, though even here downslope processes 
can erode sequences boundaries. An excel-
lent example of this is provided at New Jersey 
slope Site 904 (1123 m present depth, ~1000 m 
paleodepth), where six lower Miocene sequence 
boundaries are associated with only 4 confi rmed 
hiatuses (Miller et al., 1998, 2005). Future work 
is needed to correlate fi rmly these lower Mio-
cene sequence boundaries from the slope to the 
Expedition 313 area.

CONCLUSIONS

In this study, we have integrated a diverse 
and comprehensive number of seismic (profi les, 
velocity-depth, and synthetic seismograms), 
core (surfaces, lithology including grain size, 

mineralogy, facies, and paleoenvironments, 
facies successions, benthic foraminiferal water 
depths, and chronostratigraphic ages), and log 
(downhole and core gamma logs and velocity 
and core density) data sets to provide a clear 
(if not unequivocal in many cases) sequence 
stratigraphic framework for the uppermost 
Eocene to lower middle Miocene of the New 
Jersey shallow shelf. Several generations of 
multichannel seismic profi les allow seismic rec-
ognition of 15 early to early-middle Miocene 
seismic sequence boundaries that here are tied 
to impedance contrasts in the cores. Synthetic 
seismograms confi rm  the placement of seismic 
sequence boundaries with core and log data and 
the hypothesis that seismic disconformities are a 
primary cause of seismic refl ections on shallow 
shelves. The causes of impedance contrasts are 
varied and depend on their location on the top-
set, foreset, or bottomsets of clinothems. This 
study affi rms the fundamental unit and principle 
of sequence stratigraphy, that sequence bound-
ing unconformities are recognizable in seismic 
profi les, cores, and well logs, and that any study 
employing sequence stratigraphy should begin 
with identifi cation of sequence boundaries.
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