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Operations
Mobilization of the L/B Kayd

Mobilization of the L/B Kayd began with shipping the European
Consortium for Ocean Research Drilling (ECORD) Science Opera-
tor (ESO) laboratory, database, and office containers from ESO
partner institutes in Europe. Once all the equipment and contain-
ers had cleared customs, they were delivered to the U.S. Coast
Guard Station in Atlantic City, New Jersey (USA).

On 24 April 2009, the L/B Kayd arrived ahead of schedule at the
Coast Guard Station in Atlantic City. Mobilization was started im-
mediately by the drilling contractor, Drilling, Observation and
Sampling of the Earth’s Continental Crust (DOSECC), who loaded
the drilling and ESO containers onto the platform. ESO staff from
the British Geological Survey (BGS) arrived at the L/B Kayd on 28
April to prepare the containers for operations, including installing
a shipboard computer network. Because of the nature of transit-
ing in a lift boat, with water spilling over the deck, power could
not be fully installed in the containers until the first hole was
reached.

Mobilization continued for 6 days. The wireline logging equip-
ment was transferred to the L/B Kayd out of Miller’s Launch,
Staten Island, New York (USA), on 1 May, with the first supply
boat and crew change.

Transit to Hole M0027A
At 1030 h Universal Time Coordinated (UTC) on 30 April 2009,
the L/B Kayd set sail from Atlantic City and headed for the first
coring site (Integrated Ocean Drilling Program [IODP] Hole
M0027A). A brief stop was made on the way to Hole M0027A to
modify the flooring of the cantilevered drilling platform, which
was being forced up by waves breaking on the L/B Kayd’s bow. At
2345 h, the L/B Kayd arrived on site and prepared to position
above Hole M0027A.

Hole M0027A
At 0003 h on 1 May 2009, the L/B Kayd was positioned above
Hole M0027A and the legs were lowered to tag the seabed. Once
the seabed was tagged, the preload procedure began by gradually
increasing the load on the seabed. The preload procedure was in-
terrupted to reposition the L/B Kayd so that the communication
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satellites were not eclipsed by the legs. The preload
and settlement procedure continued until 1053 h,
when the L/B Kayd was jacked-up to ~30 ft above the
water. Normal access to the working deck was
granted, and all teams prepared to begin coring. At
1215 h, the supply vessel Rana Miller arrived at the
platform and delivered equipment and personnel,
which included the wireline logging tools and the re-
maining scientific staff. At 1640 h, the drill rig was
started, the mast was raised, and the conductor pipe
was run to the seabed, tagging it at 2134 h. The core
barrel was lowered to just above the seabed, and the
first hydraulic piston corer (HPC) core was fired at
2350 h (Table T1).

The first core arrived on deck at 0010 h on 2 May.
Coring continued using the HPC, and the hole was
advanced by recovery. Sixteen HPC attempts resulted
in two nonfires and a penetration of 28 m in just un-
der 20 h. Three core runs showed signs of caving,
with the amount of caving fill between 0.33 and
0.72 m. Once the base of the sand layer had been es-
tablished, coring was stopped. At 2035 h, the drill
string was tripped, and the conductor pipe was ex-
tended into the seabed to act as casing.

At 0130 h on 3 May, the conductor pipe was set at
17.6 m drilling depth below seafloor (DSF). The hole
was conditioned, and the PQ drill string was run to
the base of the hole, where HPC coring commenced.
After two HPC attempts, the coring tool was
switched to the extended nose corer (EXN) because
of a hard lithology preventing HPC recovery. How-
ever, recovery was still poor. The coring method was
switched back to the HPC, after which 6 m of cav-
ings was encountered. In an attempt to stabilize the
hole, the mud was changed and the hole was reamed
with a full-face bit in a standard rotary corer (ALN)
barrel. Hole stability problems continued, and the
full-face bit was found to have no cutting surface left
when retrieved at 1830 h. The string was tripped
back to the surface to inspect the outer bit; however,
no damage was observed. The string was rerun to the
base of the hole, and coring continued with the
HPC, which, when retrieved, contained a few peb-
bles and had a dented nose. The ALN was run to
clear the hole shortly before midnight.

During the rerun of the ALN corer, the bit blocked
again. A second ALN corer was run at 0100 h on 4
May, which on the second attempt advanced the full
3 m but recovered no core. At 0353 h, HPC coring
advanced the hole but ended when the drill string
became stuck in the hole. After the drill string was
freed, it was recovered to the deck and checked for
damage. The string was lowered back into the hole
to within 9 m of the base, where it was stopped by
infill material. It was also suspected that pieces of the
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previously broken full-face bit had been encoun-
tered, and the hole was reamed out with the ALN
corer to save the PQ string bit. Coring recommenced
using the EXN tool. At 1620 h, it was decided that
the depth of casing in the hole should be increased.
After pulling the PQ string, the casing could not be
moved in the hole, so the hole was reentered using
the PQ string and the hole was advanced using the
EXN tool. The EXN was used in favor of the HPC, as
the HPC seemed to increase hole collapse.

By 0400 h on 5 May, Hole M0027A was good, clean,
and free-running with circulation at the base. EXN
coring continued throughout the day with mixed re-
covery, although infill was encountered with most
new core runs. The core barrel handling procedure
was modified so that two EXN core barrels were al-
ways operational, which reduced the time the hole
was left vulnerable to cave-ins. This, coupled with
using the EXN, dramatically improved the coring.
From 2000 h, an increasingly hard lithology caused
core runs to become blocked, and a liner was crushed
at the shoe.

At 2355 h on 5 May, operations were halted because
of a thunderstorm.

Coring restarted at 0255 h on 6 May using the ALN,
but problems with crushed liners blocking the bit
persisted throughout the first half of the day. At
1500 h, the mud mix was altered slightly, and the
ALN corer was switched to the HPC tool, which im-
proved recovery slightly. At 1830 h, a meeting was
convened to discuss how to best advance the hole, as
progress to date had been slow. All agreed to HPC
spot core in maximum 60 ft increments (6 × 10 ft
pipe lengths, ~18 m), or sooner if a variation in drill-
ing parameters was encountered that suggested a
change in lithology. This was done to ~180 m DSF,
where continuous coring resumed. The first open-
hole interval commenced at 2140 h and continued
past midnight.

Rapid progress was made at the beginning of 7 May
using the strategy of HPC spot coring every 60 ft or
less. Seven HPC attempts over 64 m were made in 20
h, with a slight setback occurring when the HPC tool
became stuck in the bottom-hole assembly (BHA)
and the wireline wire broke during an attempt to
pull the tool free. The result of this was that the PQ
string had to be pulled out of the hole, which was a
wet pipe trip because of the HPC sealing the BHA.
The wireline was not fished, as there was no way to
circulate the mud during fishing, which would have
increased the risk of hole collapse.

The wireline wire, which had broken ~80 ft above
the BHA, was replaced early in the morning of 8
May, as was a worn bit on the BHA. The drill string
2
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was tripped back in the hole with the noncoring bit
inserted. The string reached the base of the hole 20
m higher than expected because of infill, which was
subsequently drilled out. The noncoring barrel got
stuck 3 m above the base of the hole when it was un-
latched from the BHA. This necessitated another drill
string trip. After 14 h, HPC coring resumed at 1325
h. The liner collapsed in several runs because of very
stiff clay, which limited core recovery and caused
several core barrels to become stuck in the BHA.

Problems with the HPC tool getting stuck in the BHA
continued for the first 3 h of 9 May. After partly trip-
ping the drill string, the HPC became free and was
returned to the deck. From 0330 h, EXN and HPC
coring were alternately conducted, with the EXN
tool eventually chosen in favor of the HPC tool.
Seven runs with the EXN tool collected very good
core before chattering on the drill string, and a lack
of penetration indicated a change back to sand.

To tackle this lithology, the ALN corer was prepared,
and early on 10 May coring resumed with the ALN
in what appeared to be a gravel layer. There was no
recovery in this layer. A mud backflow occurred, and
large bubbles were observed rising up the drill string.
No H2S or abnormal smell was recorded by the
DOSECC or ESO instruments, and it was assumed
that the gravel layer was hosting a freshwater flow.
The next core did have an abnormal smell, and tests
using the ESO gas analyzer measured 7.7 ppm H2S
and no flammables. A later core tested positive (1%)
for flammables near a thin very dark layer. Excellent
coring conditions prevailed into 11 May through al-
ternating hard clays and hard fine sands.

Progress slowed slightly when the lithology became
more sandy until the hole collapsed and the drill
string became stuck at 1150 h on 12 May. Upon free-
ing the string, 9 m of infill blocked the hole and an
increase in rotational torque was observed. To reduce
this pressure on the string, thought to be from the
clay formation above, the string was pulled back a
total of 26 m to ream the hole. Progress continued
through very loose, clean sand for the rest of the day,
with surprisingly excellent core recovery. On 13 May,
very good progress continued using the ALN corer,
reaching 451.06 m DSF at midnight.

By 0430 h on 14 May, it became apparent that the
BHA stabilizer rings were worn and needed replace-
ment. The string was tripped in order to replace both
rings. The trip was completed by 0800 h, the rings
replaced, and the pipe run back into the hole. The
bottom of the hole was tagged at 335 m DSF because
of a bridge that had formed, at which depth open
holing commenced to clear it. A zone of high-pres-
sure water was encountered, which continued until
345 m DSF. Below this, the backpressure decreased to
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normal, and the string broke through the blockage.
Infill was encountered after another 8–10 m air gap
beneath the bridge. Approximately 100 m of fill was
drilled out to reach the bottom of the hole. Coring
recommenced using the ALN corer at 1910 h.

Progress slowed on 15 May, although core recovery
was generally good with near 100% for many of the
runs. However, some sections of some cores were un-
dersized. The ALN corer was replaced by the EXN
corer for one run to see if it gave better results. The
lithology proved to be unsuitable for EXN coring
with little penetration, high backpressure, and
torque, so the ALN corer was used for the rest of the
day. In the evening, the core barrel got stuck in the
BHA at 509 m DSF. It was eventually freed, but after
this event, core recovery was poor and there were
ongoing problems with core barrel latching and re-
trieval. By the end of the day, the depth of the hole
was 515 m DSF.

Steady progress was made on 16 May with the ALN
corer. Core slippage occurred on some core runs, but
the core was usually retrieved on the next run. Good
progress was made on 17 May, with most cores hav-
ing 100% recovery. Repairs to the wireline and bit re-
furbishment caused some delays in the afternoon
and early evening.

On 18 May, 11 core runs were made with >30 m pen-
etration using the ALN corer. Recovery was more
variable than in recent days (85%). In some cases
this was due to core slippage, although slipped mate-
rial was often recovered in the next run. The rate of
penetration slowed because of a combination of the
formation becoming harder and the round trip of
the core barrel taking longer with increasing depth
in the hole. There were reports of a “petroleum
smell” from the drillers in the early morning. How-
ever, there was no reading on the gas monitors. A
slight increase in torque was noticed in the evening.

Shortly before midnight on 18 May, the core barrel
was recovered to deck with no core. It was suspected
that the core barrel had not latched into the BHA.
Another barrel was deployed and became jammed in
the upper section of the drill string. This was discov-
ered when the overshot latched onto the barrel at
approximately the waterline. After removing 11 dou-
ble stands of pipe, the overshot with the latch head
was unable to pass through, although the overshot
alone could. The core barrel was deployed with the
latching indicator ball installed and successfully
latched into the BHA. After adding pipe (0410 h, 19
May) to return the string to the base of the hole, in-
creased torque, backlash during rotation, and back-
pressure on the mud gauge was noted. When the
string was broken to add further lengths, frothing
and an overflow of mud occurred. On lowering the
3
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overshot, slack on the wireline indicated it was being
temporarily stopped in the drill string. The overshot
latched on as normal, but on recovery, the assembly
became jammed at ~25 m below deck level. After two
attempts to release the core barrel, it was recovered
to deck. Scratches and spiral polishing were noted on
the outside of the barrel.

At 0600 h on 19 May, the coring operation in Hole
M0027A was stopped (base of last core; 631 m DSF)
and preparations made to start the logging program.
Because of the instability in the upper part of the
hole, the decision was made to log the open hole in
three sections. Through-pipe total gamma ray (TGR)
was acquired along almost the full length of the
hole. Open-hole resistivity, magnetic susceptibility,
sonic velocity, and spectral gamma ray were acquired
for the bottom section from 421 to 631 m DSF.
Acoustic images were acquired in the top half of this
lowermost interval. The pipe was then pulled to 195
m DSF, beginning at 1455 h on 20 May, and resistiv-
ity, magnetic susceptibility, spectral gamma ray,
sonic velocity, and acoustic image logs were acquired
between 195 and 342 m DSF. A bridge that had
formed at 342 m DSF prevented logging of the sec-
tion between 342 and 421 m DSF.

At dawn on 21 May, preparations were made to be-
gin a vertical seismic profile (VSP), beginning with a
marine mammal watch at 0513 h. Air gun firing be-
gan at 0548 h, and the VSP tool was inserted into the
pipe at 0600 h. VSP work continued throughout the
day until ~1900 h. Open-hole VSP data were ac-
quired from 323 to 195 m DSF with through-pipe
VSP data from 195 m DSF to seafloor. Marine mam-
mal observations ceased at 1930 h.

Preparations were made to pull the pipe up to the
top of the next open-hole logging section. However,
a fault developed with the drilling rig motor before
pipe pulling commenced. Repairs required a spare
part that was not on the platform. Efforts to make a
temporary repair on board to keep the system opera-
tional for the remainder of the logging program were
attempted but were unsuccessful. Late in the eve-
ning, operations ceased while waiting for the part
(and additional spare) to be delivered by supply boat
on 22 May.

The rig was operational by 0830 h on 22 May. Two
double stands were tripped with the aim of opening
the hole to 97 m DSF. However, the pipe became
stuck, and despite applying five times the usual
torque, the pipe would not rotate in the hole and
could not be pulled further. The decision was made
to abandon the hole and move to Hole M0028A to
begin coring operations. The pipe was cut just above
the core barrel and tripped. The casing was retrieved,
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and the deck, drilling rig, and containers were se-
cured for the rig move.

Lithostratigraphy
Figure F1 provides a key to colors and symbols used
for figures in this section.

Hole M0027A was drilled in the shallow shelf to
sample a thick early Miocene succession. The hole
also sampled relatively thin and incomplete Pleisto-
cene, late to middle Miocene, early Oligocene, and
late Eocene sediments. No Pliocene sediments were
found.

The succession is divided into eight lithostrati-
graphic units (Table T2; Fig. F2). Basal Unit VIII
(631.15–625.60 meters below seafloor [mbsf]; Eo-
cene) comprises clay deposited in a deep offshore en-
vironment. The overlying Unit VII (625.60–488.75
mbsf; late early Oligocene to early Miocene [early
Aquitanian]) shows large-scale uphole coarsening
from silt through very fine sand to poorly sorted
glauconite-rich coarse sand deposited as debrites and
turbidites. Cyclic changes in average grain size and
glauconite content occur upcore on the scale of 5–10
m, but sedimentary structures are rare, possibly be-
cause of bioturbation. The succession is interpreted
as the progradation of a clinoform slope succession
over deep (>200 m?) apron deposits located seaward
of the toe-of-clinoform slope. Unit VI (488.75–
355.72 mbsf; late Aquitanian–early Burdigalian)
marks the progradation of a thick storm-dominated
river-influenced delta (offshore through shoreface–
offshore transition to shoreface) over a toe-of-slope
apron. A thick shoreface succession (Subunit VIA;
~57 m thick) comprises clean quartz sand. The over-
lying Unit V (355.72–335.93 mbsf; early–middle Bur-
digalian) marks an abrupt change in sedimentary fa-
cies and mineralogy to poorly sorted glauconite-rich
sand with quartz and lithic granules and a poorly
constrained environment of deposition in a clino-
form rollover position. Unit IV (335.93–295.01 mbsf;
middle Burdigalian) comprises an overall deepening-
upward succession of shoreface–offshore transition
to offshore facies. Units III and IV are separated by
an erosion surface that is overlain by 1.5 m of very
coarse glauconitic sand interpreted as a transgressive
lag deposit. Unit III (295.01–236.16 mbsf; late Bur-
gidalian–early Langhian) comprises deepening- and
shallowing-upward packages of silty offshore and
shoreface–offshore transition environments with a
major storm influence. Unit II (236.16–167.74;
Langhian) is a series of deepening-upward sedimen-
tary cycles deposited in environments evolving from
shoreface through shoreface–offshore transition to
4
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offshore. These cycles are interpreted as incomplete
depositional sequences lacking regressive facies suc-
cessions because of subsequent erosion. The upper
part of Unit II is a clay-rich offshore succession. Unit
I (167.74–0 mbsf; late Miocene[?]–late Pleistocene,
with no evident Pliocene) comprises sand and gravel
deposited in a range of fluvial, coastal plain, estua-
rine, and shoreface environments, with incised val-
ley fills identified. See “Chronology” for refined
ages, “Paleontology” for paleodepth estimates, and
“Stratigraphic correlation” for comparison of key
stratigraphic surfaces identified in cores, well logs,
and seismic reflection profiles.

Lithologic descriptions are given according to the or-
der of core numbering, from the top to the base of
each lithostratigraphic unit or subunit, whereas in-
terpretations are given in chronologic order, from
the base of each unit or subunit uphole. Figure F3
summarizes Units I–III and their constituent sub-
units, described in detail below. Figure F4 summa-
rizes Units IV–VII. Table T3 describes thin sections
that aided in core descriptions.

Unit I
Interval: 313-M0027A-1H-1, 0 cm, to 57H-2, 48 cm
Depth: 0–167.74 mbsf
Age: late Pleistocene to late Miocene (?)

Unit I is predominantly sand. Core recovery was
good only for the uppermost 32 m, and units below
this level are poorly characterized.

Subunit IA
Interval: 313-M0027A-1H, 0 cm, to 14H-1, 71 cm
Depth: 0–26.29 mbsf

This subunit comprises mainly gray-brown, quartz-
rich coarse and very coarse sand (Fig. F5) with thick
interbeds of gray clay. Shell fragments are abundant
in the sand. The subunit is coarse to very coarse at
the top, grading down to clay at ~18 m and gravel at
the base.

Interpretation

The succession is interpreted as a transgressive–re-
gressive facies cycle composed mostly of shallow ma-
rine (shoreface to shoreface–offshore transition
zone) and estuarine sediments.

Subunit IB
Interval: 313-M0027A-14H-1, 71 cm, to 34X-1, 0 

cm
Depth: 26.29–70.92 mbsf

This subunit is poorly recovered medium to coarse
sand with granules. Three further divisions are possi-
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ble. Subdivision A (Cores 313-M0027A-15H through
19H; 26.29–32.77 mbsf) comprises clean, well-sorted
sand with rare gravel beds and no shells (Fig. F6).
This upper succession may represent a beach or fore-
shore environment. Subdivision B (Cores 313-
M0027A-20H through 26X; 32.77–46.52 mbsf) was
very poorly recovered and is composed of poorly
sorted sand with abundant subangular granules.
Poor recovery makes environmental interpretation
impossible. Subdivision C (Cores 313-M0027A-27X
through 34X; 46.52–77.92 mbsf) is stratified and
poorly sorted with subangular sand and granules
(Fig. F7), with some burrows filled with dark organic
material (organic matter is otherwise rare). Locally,
well-developed cross-bedding occurs, indicating uni-
directional currents.

Interpretation

The lowest succession (Subdivision C) is interpreted
as fluvial. Seismic lines and well logs support the in-
terpretation that Core 313-M0027A-27X may have
been drilled into an incised valley and the sediments
captured here reflect the transgressive fill of the val-
ley.

Subunit IC
Interval: 313-M0027A-34X-1, 0 cm, to 49H-1, 66 

cm
Depth: 70.92–92.93 mbsf

This lithologically variable unit comprises thin inter-
beds and interlaminae of sand and clay. Sediments
in this poorly recovered interval show abrupt down-
core facies changes. Plant debris and large fragments
of wood are common (e.g., interval 313-M0027A-
38X-1, 59–97 cm; 77.61–77.99 mbsf).

Interpretation

This interval may represent estuarine environments.

Subunit ID
Interval: 313-M0027A-49H-1, 66 cm, to 57H-2, 48 

cm
Depth: 92.93–167.74 mbsf

This subunit is very poorly recovered. Two cores near
the top (Cores 313-M0027A-50H and 51H; 95.32–
110.83 mbsf) are nonmarine and exhibit paleosol
fabrics (Fig. F8). Below the paleosol fabrics, sand
(Cores 313-M0027A-53H through 56H; 134.97–
162.49 mbsf) is generally poorly sorted coarse to very
coarse quartz with small-pebble conglomerate. Large
gaps in recovery separate cores (e.g., between Cores
313-M0027A-50H and 51H, 51H and 53H, and 54H
and 56H; 96.12–110.57, 110.83–134.97, and 139.24–
162.37 mbsf, respectively).
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Interpretation

These sediments likely represent fluvial environ-
ments, with possibly some shoreface deposits at the
base of Core 313-M0027A-57H.

Unit II
Interval: 313-M0027A-57H-2, 48 cm, to 83R-2, 126 

cm
Depth: 167.74–236.16 mbsf
Age: middle Miocene (Langhian)

Recovery of this unit was good overall (70%), except
for the top 23 m, where it was poor (16%). Broadly,
the unit comprises clay and silt, with beds of sand
and granules occurring prominently in the lowest 20
m. Well-sorted fine and very fine sand also occur at
the top of the unit (e.g., interval 313-M0027A-58H-
2, 0–118 cm; 175.19–176.35 mbsf). The underlying
clay is interbedded with 1–2 cm thick silt beds and
laminae of alternating dark and pale gray (e.g., Core
313-M0027A-65X; 192.11–193.61 mbsf). Sporadic
very fine sand laminae occur (Fig. F9). Below this
level (Core 313-M0027A-65X; 193.61 mbsf), the sedi-
ment is relatively homogeneous clay with only weak
and rare color banding. Pale and medium gray-
brown color-banded clay recurs in the underlying
thickly interbedded clay and bioturbated silty clay
(Cores 313-M0027A-67X through 69X; 197.91–
207.06 mbsf). Burrows are present throughout the
clay-dominated section; these are millimeter scale
and dominantly horizontal where color banding is
preserved and centimeter scale where color banding
is disrupted. Bedding is contorted at a range of scales
through the interval (Cores 313-M0027A-65X
through 69X; 192.11–207.06 mbsf) (e.g., small-scale
soft-sediment folding at 201.49 mbsf; Section 313-
M0027A-68X-1, 53 cm) (Fig. F10). Homogeneous
silty clay with common shell layers (bivalve and gas-
tropods), foraminifers, and diatoms occurs below
(Cores 313-M0027A-70X through 75X; 207.06–
219.26 mbsf).

The lowest part of this lithologic unit comprises a se-
ries of at least four ~5–10 m thick sedimentary cycles
bounded sharply at their bases by beds of very coarse
sand and/or granules. Examples are Sections 313-
M0027A-75X-2, 50 cm (218.21 mbsf); 80R-1, 10 cm
(225.46 mbsf) (Fig. F11); 82R-1, 1 cm (231.47 mbsf);
and, at the base of the unit, 83R-2, 26 cm (236.16
mbsf). Burrows commonly pipe coarse sediments
down into underlying fine sediments (Fig. F12). Each
cycle coarsens downhole, and the lower two cycles
are glauconitic at the base. Successive cycles become
notably thinner downhole.
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Interpretation
At the base of the unit, fining-upward sedimentary
cycles are interpreted as having been deposited in
transgressive shoreface evolving through shoreface–
offshore transition to offshore environments. These
cycles are interpreted as incomplete depositional se-
quences in which regressive facies successions are
missing and, presumably, subsequently eroded. The
highest part of the unit represents shoreface–off-
shore transition and offshore environments subject
proximally to episodic influx of sand due to storm
events and distally to episodic input of mud, also
possibly a result of storm-related processes. The thick
clay-prone succession is interpreted as an offshore
environment in a topset position. Soft-sediment
folding indicates postdepositional disruption of the
succession. This could be caused by downslope sedi-
ment transport, although an alternative interpreta-
tion is deformation while in a cohesive state, per-
haps related to overpressure in the underlying sands
(see “Unit II” in “Lithostratigraphy” in the “Site
M0028” chapter). Fine sand at the top of the unit
(Cores 313-M0027A-58H and 59H) is interpreted as
shoreface–offshore transition and shoreface and sig-
nifies shallowing.

Unit III
Interval: 313-M0027A-83R-2, 126 cm, to 102R-2, 

105 cm
Depth: 236.16–295.01 mbsf
Age: early middle to late early Miocene (early 

Langhian to late Burdigalian)

Recovery of this interval was excellent (~99%). The
top of the unit (Sections 313-M0027A-83R-2, 126
cm, to 87R-2, 156 cm; 236.16–249.76 mbsf) com-
prises medium gray to dark gray-brown clay with
faint laminations defined by weak concentrations of
plant debris. A thin sharp-based horizon comprising
calcilutite occurs in interval 313-M0027A-84R-3,
76.5–80 cm (244.375–244.41 mbsf) (Fig. F13). The
clay passes down into a lithologically more varied
succession of sandy mud and silty sand and gravel in
Cores 313-M0027A-88R through 96R (249.76–274.21
mbsf). Sandy mud gradually coarsens downhole to a
sharp basal contact separating granule-rich sandy silt
above from silt (containing complete turritellid gas-
tropods) below (Section 313-M0027A-89R-1, 40 cm;
253.21 mbsf) (Fig. F14). The silt succession sharply
overlies glauconitic shelly and silty sand across a sur-
face marked by fragmented shells (Section 313-
M0027A-89R-2, 85 cm; 255.16 mbsf) (Fig. F15). A
further abrupt and weakly bioturbated surface sepa-
rates coarse glauconite-rich sand with granules and
6
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sandy silt above from silt below (Section 313-
M0027A-90R-1, 33 cm; 256.09 mbsf). The underly-
ing silt has discrete beds of clayey silt and sandy silt
with parallel to subparallel lamination and little evi-
dence of bioturbation (Sections 313-M0027A-90R-1,
33 cm, to 95R-1, 14 cm; 256.09–271.25 mbsf). This
part of the succession is initially dominantly silt,
with shell-lined burrows and rare shell-hash layers
(Cores 313-M0027A-91R and 92R; 258.91–265.01
mbsf), but coarsens downhole with an increasing
number and thickness of silty very fine to fine sand
beds with shell fragments. Beneath a marked surface,
the succession changes to coarse sand with granules,
pebbles, and woody debris (Section 313-M0027A-
95R-1, 14 cm; 271.25 mbsf).

Below a 1 m coring gap, the succession is sandy silt
and silty sand containing normally graded sand beds
with concave-downward lamination and low-angle
truncation surfaces (e.g., Sections 313-M0027A-96R-
1, 22 cm, to 96R-1, 39 cm; 274.38–274.55 mbsf) (Fig.
F16). Overall, the succession continues to fine down-
hole and is principally dark brown clay with thin in-
terbeds of very fine sand, silt, or shells. Sand and
shell beds thin downhole from thin beds to thick
laminae. Where undisturbed by drilling, they are
sharp based and graded normally. Core 313-
M0027A-100R (286.36–289.41 mbsf) represents over-
all the finest grain size in this sediment package. The
base of the unit occurs in Section 313-M0027A-102R-
2, 105 cm (295.01 mbsf), where ~1.5 m of coarse to
very coarse poorly sorted glauconitic (2%) sand with
plant debris and angular quartz sits sharply on a
prominent burrow-galleried erosion surface cut into
the silt of Unit IV (Fig. F17).

Interpretation
The major erosion surface at the base of the subunit
in Section 313-M0027A-102R-2, 105 cm (295.01
mbsf) is overlain by ~1.5 m of very coarse glauconitic
sand interpreted as a transgressive lag deposited in a
shoreface environment. This sand grades abruptly
uphole into the weakly laminated brown clays with
thin beds of silt and shells that represent a
shoreface–offshore transition environment charac-
terized by deposition of thin storm beds under low-
oxygen conditions, reaching a maximum water
depth and a maximum flooding at ~288 mbsf (Core
313-M0027A-100R). Above this level, the succession
contains more frequent interbeds of very fine sand
and is interpreted as a regressive shoreface–offshore
transition zone. Further coarsening-upward into sed-
iments with discrete very fine sand beds containing
hummocky cross stratification indicates a storm-
dominated shoreface–offshore transition setting. The
storm beds become increasingly amalgamated, and
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the coarse sand in interval 313-M0027A-95R-1, 14–
68 cm (271.25–271.79 m), suggests a shoreface envi-
ronment. The coarse sand is overlain by a prominent
surface. The surface is interpreted as a flooding sur-
face, without a transgressive lag (Section 313-
M0027A-95R-1, 14 cm; 271.25 mbsf).

The overlying well-stratified silt-rich succession (~15
m thick) with discrete shell-rich layers, commonly in
life position, indicates a generally low-energy off-
shore environment, with individual beds interpreted
as deposits of distal storm events. An interval with
less sand or silt may be the deepest environment in
this setting (Section 313-M0027A-92R-2; ~263 mbsf)
and may represent the maximum flooding surface
(MFS). Above this level, the uphole trend is shallow-
ing with greater influence of storm activity to an
abrupt contact with glauconitic coarse sand with
thick-shelled bivalves (Section 313-M0027A-90R-1,
33 cm; 256.19 mbsf), indicating a high-energy
shoreface environment. This contact is interpreted as
a sequence boundary between shoreface–offshore
transition deposits below and shoreface deposits
above (see “Stratigraphic correlation”). This thin
unit fines slightly uphole and then coarsens uphole
to an abrupt flooding surface 0.93 m higher, which
may indicate preservation of sea level lowstand de-
posits. A 2 m thick silt succession, rich in gastropod
shells, is abruptly overlain by a dark brown sandy
mud that has a fining, deepening-upward trend to
another abrupt contact (Section 313-M0027A-88R-1,
68 cm; 250.44 mbsf), above which a clayey silt to
silty clay also shows a weak deepening-upward trend
in an offshore setting. The overall significance of
these contacts at the top of meter-scale fining-up-
ward silt-prone units (shoreface–offshore transition
zone to offshore) is not clear (i.e., parasequence or
sequence versus autogenic). Clays and silts at the top
of the unit (236.16–249.76 mbsf) are interpreted as
offshore with very minor reworking of silt and very
fine sand from updip.

The following Units IV–VIII are summarized in Fig-
ure F4 and described hereafter.

Unit IV
Interval: 313-M0027A-102R-2, 105 cm, to 116R-1, 

77 cm
Depth: 295.01–335.93 mbsf
Age: middle early Miocene (mid-Burdigalian)

Core recovery for this unit was excellent (98%). The
unit comprises mostly medium gray to gray-brown
silt, more or less rich in very fine sand, with abun-
dant macroscopic dispersed plant debris and mica
grains and scattered gastropod and bivalve shells.
The succession is strongly bioturbated. Rare thin
7
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beds of parallel-laminated fine sand represent dis-
crete depositional events (e.g., in intervals 313-
M0027A-107R-2, 24–29 cm [Fig. F18], and 110R-2,
80–83 cm; 309.45–309.50 and 319.16–319.19 mbsf).
A normally graded interval of sandy silt to shelly
very fine to fine sand has an abrupt basal contact
modified by burrows (Thalassinoides) that penetrate
the underlying silt to 39 cm (Section 313-M0027A-
114R-2, 133 cm) (Fig. F19). Very fine sandy silt con-
tinues down to an abrupt contact with the underly-
ing unit (Section 313-M0027A-116R-1, 91 cm;
336.07 mbsf).

Interpretation
The succession is interpreted as having been depos-
ited mostly in deepening-upward packages of river-
influenced shoreface–offshore transition to offshore
setting (prodelta), with graded shell beds (storms)
and high silt and plant debris content (rivers). The
thick graded sandy interval overlying an abrupt sur-
face at 331.85 mbsf (Section 313-M0027A-114R-2,
133 cm) (Fig. F19) is interpreted to represent abrupt
shallowing from an offshore silt below to shoreface
sand above and may be a sequence boundary.

Unit V
Interval: 313-M0027A-116R-1, 77 cm, to 125R-CC, 

12 cm
Depth: 335.93–355.72 mbsf
Age: middle early Miocene (early–middle Burdi-

galian)

This unit is poorly recovered (64%). The lithology is
typically very poorly sorted glauconite-rich (typically
3%–10%) coarse to very coarse sand. The maximum
observed glauconite concentration in this unit oc-
curs in Core 313-M0027A-120R (~342 m), where it is
estimated at ~20% (Fig. F20). K/Th ratios in the spec-
tral gamma ray log indicate a significant change to
lower glauconite concentration at about the middle
of the unit; this likely corresponds to Section 313-
M0027A-121R-1, 110 cm (345.40 mbsf), where glau-
conite sand content decreases downhole from ~20%
above to ~5% below Section 313-M0027A-122R-1, 28
cm (347.64 mbsf). Downhole, carbonate-cemented
laminae and rare burrows are present, and soft mud
is less prevalent. An abrupt contact with a ~15 cm
thick carbonate-cemented bed lies at the base of the
unit (interval 313-M0027A-125R-1, 132–147 cm;
~355.45–355.49 mbsf) (Fig. F21).

Interpretation
The environment of deposition of the coarse to very
coarse glauconitic sand succession with carbonate
cement concentrated at the base is poorly con-
strained. One interpretation is that sand is reworked
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by physical and biological processes in a transgres-
sive shoreface to offshore setting. Seismic reflection
data indicate a clinoform rollover position, and alter-
native environment of deposition interpretations in-
clude gulley fills or small deltas. Maximum conden-
sation may correspond to the most glauconite rich
interval (~342 mbsf).

Unit VI
Interval: 313-M0027A-125R-CC, 12 cm, to 170R-1, 

109 cm
Depth: 355.72–488.75 mbsf
Age: middle early Miocene (late Aquitanian to 

early Burdigalian)

Subunit VIA
Interval: 313-M0027A-125R-CC, 12 cm, to 145R-2, 

120 cm
Depth: 355.72–414.11 mbsf

Overall, 66% of this subunit was recovered. The unit
was recovered least effectively where the lithology,
as determined from downhole log signatures, is most
variable: in the uppermost 10 m and the lowermost
20 m. The subunit comprises mostly gray quartz-rich
coarse–medium sand with ~3% black nonorganic de-
trital grains (Fig. F22), wood debris, and shell debris.
There is a general downhole decrease in grain size
from coarse to medium sand and an increase in bio-
turbation. Cylindricnus (distinctive concentrically
backfilled burrows) occurs near the top of the sub-
unit (e.g., interval 313-M0027A-127R-1, 60–95 cm;
360.16–360.51 mbsf). Sorting is moderately good, al-
though granules occur throughout some intervals
(e.g., interval 313-M0027A-129R-1, 60–100 cm;
366.26–366.66 mbsf). Thick beds exhibiting sets of
low-angle inclined stratification alternate with more
homogeneous bioturbated intervals (Fig. F22). Near
the base of the subunit, silt laminae are present (e.g.,
interval 313-M0027A-144R-1, 119–121 cm; 409.55–
409.57 mbsf) (Fig. F23).

Interpretation

The lower, slightly muddy sands are interpreted as
(lower) shoreface deposits at the base of cleaner (up-
per) shoreface deposits. Low-angle cross-lamination,
burrows, and shell fragments support an upper
shoreface to foreshore environment sustained over
>30 m, which may indicate that sediment supply
kept pace with relative sea level rise.

Subunit VIB
Interval: 313-M0027A-145R-2, 120 cm, to 170R-1, 

109 cm
Depth: 414.11–488.75 mbsf
8
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About 95% of this unit was recovered. The upper-
most 40 cm comprises brown very fine sand and
sandy silt (Sections 313-M0027A-145R-2, 120 cm, to
145R-CC, 10 cm; 414.11–414.51 mbsf). The bulk of
the subunit is composed mostly of dark brown silt
and clayey silt with common mica flakes and abun-
dant dispersed plant debris (Fig. F24). Thin-shelled
bivalves, commonly intact, occur throughout. Well-
defined thin beds of very fine sand occur sporadi-
cally in the top 25 m and show strong parallel lami-
nation or climbing-ripple cross-lamination (e.g., Sec-
tions 313-M0027A-148R-1, 421 mbsf [Fig. F25], and
149R-2, 425 mbsf). The succession is well biotur-
bated at the top but is more weakly bioturbated in
the middle, with weak parallel fine lamination and
streaky fabric predominant in Sections 313-M0027A-
152R-1 (434 mbsf) through 164R-2 (472 mbsf). A
trace of glauconite grains occurs in Core 313-
M0027A-161R. Diatoms are present in smear slides.

Below ~468 mbsf (Core 313-M0027A-163R), corre-
sponding to a prominent seismic reflector (see
“Stratigraphic correlation”) and a downhole de-
crease in density, the succession gradually becomes
more coarse grained, with sediment grading from
dark brown silt into brown fine sandy silt and even-
tually to greenish gray fine glauconitic sand with
rare burrows (Core 313-M0027A-167R; 478 mbsf).
Below this level, glauconite sand becomes progres-
sively more abundant, and bioturbation and shell
content increases to an abrupt change across a bio-
turbated surface to coarse, poorly sorted glauconitic
sand in Section 313-M0027A-168R-2, 55 cm (483.64
mbsf) (Fig. F26), that continues to the base of the
subunit.

Interpretation

The lower part of the subunit is interpreted as having
been deposited in relatively deep water by the re-
working and transport of materials derived from the
top and slope of the previously deposited clinothem
via sediment gravity flows into a toe-of-clinoform-
slope apron setting. The upper part of the succession,
characterized by high amounts of plant debris and
mica, low intensity of bioturbation, and common
thin-shelled bivalves, is interpreted as having been
deposited in a poorly oxygenated, silt-dominated,
river-influenced offshore (prodelta) setting. Thin
beds of very fine sand with planar and climbing-rip-
ple cross-lamination are interpreted as deposits of
river flood events.

Unit VII
Interval: 313-M0027A-170R-1, 109 cm, to 223R-1, 

69 cm
Depth: 488.75–625.60 mbsf
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Age: early Miocene (early Aquitanian) to late early 
Oligocene

Subunit VIIA
Interval: 313-M0027A-170R-1, 109 cm, to 175R-3, 

10 cm
Depth: 488.75–499.91 mbsf

This thin subunit is characterized by coarse grain
sizes and strong glauconite enrichment. Lithology
ranges from glauconitic quartz sand with coarse
quartz granules and clay beds to quartz-rich glauco-
nite sand. Sorting is moderate to poor, and sedi-
ments are locally carbonate cemented (intervals 313-
M0027A-171R-1, 31–63 cm, and 171R-2, 40–130 cm;
489.70–490.01 and 491.39–492.19 mbsf). Bioturba-
tion is variable, and, where weakly developed, sedi-
ment is well bedded and occasionally normally
graded (e.g., interval 313-M0027A-174R-1, 110–121
cm; 494.86–494.97 mbsf) (Fig. F27). The maximum
glauconite concentration is estimated as ~80%–90%
in interval 313-M0027A-172R-1, 31–63 cm (489.70–
490.01 mbsf). At several levels, pale brown clay with
nannofossils occurs in thin beds and as burrow fills,
including Chondrites. Bedding is predominantly hori-
zontal, but locally the clay and sand interbeds are in-
clined to ~15° (apparent dip) (interval 313-M0027A-
171R-2, 66–105 cm; 491.55–494.91 mbsf) (Fig. F28),
possibly representing migration of a dune-scale bed-
form. The transition to the underlying subunit at
Section 313-M0027A-175R-3, 10 cm, is subtle.

Interpretation

The coarse, poorly sorted glauconite sand at the base
of the unit is interpreted as a relatively deep shelf
(~100 m water depth) sediment-starved deposit with
abundant in situ deepwater glauconite. This be-
comes mixed with increasingly coarse quartz sand
and granules uphole to the abrupt facies change in
Section 313-M0027A-170R-1, 109 cm (488.75 m),
which marks the top of the unit. Graded beds with
angular quartz and rounded glauconite in inclined
beds and the well-stratified succession with nanno-
fossils in clay laminae suggest a sediment supply via
sediment gravity flows (turbidity currents and debris
flows) in a deepwater apron environment (i.e., sea-
ward of the toe-of-clinoform break in slope). Sedi-
ment was likely sourced from a clinoform rollover lo-
cation that may either have been exposed or
flooded. These deposits may have a channelized con-
text.

Subunit VIIB
Interval: 313-M0027A-175R-3, 10 cm, to 223R-1, 

69 cm
Depth: 499.91–625.60 mbsf
9
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This thick subunit (125.69 m thick) is characterized
by strong glauconite sand enrichment in fine sand or
a matrix of silt. Gradual cyclic changes in average
grain size and glauconite content occur downcore on
the scale of 5–10 m, but there is also a large-scale
downhole trend from very fine sand at the top to silt
near the base. Glauconite sand content locally
reaches as high as 60% (e.g., Core 313-M0027A-
188R) but is generally in the range of 5%–20%.
Quartz granules occur rarely (e.g., at a sharp contact
between very fine sand and clayey silt in Core 313-
M0027A-201R). Trace mica occurs throughout. The
sediment fabric is structureless overall and presumed
to be intensely bioturbated; locally, muddy laminae
are observed (e.g., Core 313-M0027A-200R). An in-
terval of glauconite-rich well-sorted fine sand with
ripple-scale cross-lamination occurs in Cores 313-
M0027A-191R and 192R. Ripple cross-lamination
also occurs in other sand-rich intervals (e.g., Cores
313-M0027A-202R and 205R). Further downsection,
primary parallel lamination is developed (Cores 313-
M0027A-215R through 217R). Thin-shelled bivalves
(e.g., Core 313-M0027A-207R) and benthic foramini-
fers are common (e.g., 3% in Core 313-M0027A-
192R) throughout Cores 313-M0027A-188R through
198R and 210R through 217R. Woody debris (e.g.,
Core 313-M0027A-191R) is common at several lev-
els, and distinct burrow forms are also recorded (e.g.,
Diplocraterion in Cores 313-M0027A-186R and 198R,
?Teichichnus in Cores 190R and 198R, Chondrites in
Core 221R, and possible Zoophycos in Core 223R). Py-
rite is common as a diagenetic mineral, observed to
have replaced shell material, in Cores 313-M0027A-
218R through 222R. The base of the unit is marked
by a highly bioturbated contact between silty sand
above and silty clay below.

Interpretation

The basal strata of the unit comprise sandy silt coars-
ening down to silty sand on an abrupt and highly
bioturbated (Thalassinoides) contact with pale green
silty clay from the underlying unit. Bottom water ox-
ygen content is interpreted as reduced in the lower
~20 m of the succession based on burrow type and
sulfide mineral precipitation. Glauconite sand is in-
terpreted as a mixture of in situ grains and grains re-
worked from shallower water. The environment of
deposition of the overlying strata is interpreted as
coalesced fans beyond the toe-of-clinoform slope
with sediment deposited from density flows.

Unit VIII
Interval: 313-M0027A-223R-1, 69 cm, to 224R-3, 

19 cm
Depth: 625.60–631.15 mbsf
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Age: late Eocene?

This unit represents only the top part of a likely
much thicker unit that was not drilled. Gray-brown
bioturbated silty clay with trace mica and scattered
glauconite sand is moderately well bioturbated with
identifiable Chrondrites and Planolites (Fig. F29). Rare
thin-shelled bivalves and foraminifers are present.
Disseminated pyrite is present, locally replacing bur-
rows. The top of the section has burrows piping
down glauconitic sand ~30 cm from the overlying
unit (Fig. F30).

Interpretation
The environment of deposition is interpreted as deep
offshore with dysoxic bottom waters.

Computed tomography scans
Computed tomography (CT) was used on 38 whole-
core samples from Hole M0027A to acquire two-di-
mensional (2-D) and three-dimensional (3-D) im-
ages. An example scan from Section 313-M0027A-
69X-1 (204.01–205.51 mbsf) is illustrated in Figure
F31, together with the line-scan image of the split
core, magnetic susceptibility and density data from
the multisensor core logger (MSCL), and an acoustic
image from the borehole. This comparison enables
better definition of sediment characteristics, struc-
tures, and lithologic boundaries. CT images shown
were acquired in two perpendicular planes (see
“Lithostratigraphy” in the “Methods” chapter).

Hole M0027A lithostratigraphic summary
Late Eocene deep offshore silty clay (Unit VIII) is
abruptly overlain by late early Oligocene to early
Miocene glauconitic clastics (Unit VII) that overall
coarsen from silts to sands but comprise smaller scale
cyclicity in grain size and glauconite content (Fig.
F32). These are interpreted to be deepwater apron
deposits seaward of the lower clinoform break in
slope that are overstepped by less glauconitic toe-of-
slope and clinoform slope deposits (Subunit VIIA).
Unit VI marks the progradation of a storm-domi-
nated river-influenced delta, which is abruptly
capped by poorly sorted coarse-grained deposits in a
clinoform rollover position. The overlying succes-
sion (Units IV and III) comprises a series of deepen-
ing-upward packages, with less common shallowing-
upward packages in storm-dominated shoreface,
shoreface–offshore transition, and offshore settings
in clinothem topset position. Unit II, which com-
prises a series of top-truncated deepening-upward se-
quences from shoreface through shoreface–offshore
transition to offshore settings, overall fines uphole to
a thick clay-prone succession. Unit I comprises a
10
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range of fluvial, coastal plain, estuarine, and
shoreface environments.

Paleontology
Biostratigraphic age assignments in Hole M0027A
were determined from integrated calcareous nanno-
fossil, planktonic foraminifer, and dinocyst zona-
tions (Fig. F33). Paleobathymetry and paleoenviron-
ments were determined from benthic foraminifers,
dinocysts, and terrigenous palynomorphs. Palyno-
morph studies allowed for interpretation of both ma-
rine and terrestrial paleoenvironments. Calcareous
microfossil occurrences ranged from absent to abun-
dant, and preservation ranged from poor to excel-
lent, with the best preserved, most abundant speci-
mens and most diverse assemblages often occurring
in the finer grained sediments. In general, organic
microfossils were abundant and well preserved in
fine-grained sediments. Reworking of all microfossil
groups was found in some samples and was distin-
guished from in situ assemblages.

Pleistocene, Miocene, Oligocene, and possible upper-
most Eocene sections were identified and integrated
with Sr isotope stratigraphy to establish a chrono-
stratigraphic framework for Hole M0027A (Fig. F34).
The use of multiple planktonic microfossil zonations
allowed ages to be refined, as the boundaries be-
tween nannofossil, planktonic foraminifer, and di-
nocyst zones tend to be offset. For example, plank-
tonic foraminifer Zone M1/N4 overlaps with
calcareous nannofossil Zone NN1 and dinocyst Zone
DN1 only between 23.2 and 23.8 Ma, confirming
that lowermost Aquitanian sediments were recov-
ered in Hole M0027A. Similarly, the boundary be-
tween the early and middle Miocene, which falls
within calcareous nannofossil Zone NN4 and dino-
cyst Zone DN4, was identified using the boundary
between planktonic foraminifer Zones N7 and N8
(or M4 and M5).

Paleodepths varied throughout Hole M0027A, rang-
ing from inner neritic (0–50 m) to outer neritic (100–
200 m). In several sequences, paleobathymetric fluc-
tuations indicated shallowing-upward successions
that occurred within a sequence stratigraphic frame-
work. In general, good correlation was found be-
tween sedimentary facies and benthic foraminifer
biofacies. Similarly, benthic foraminifer water depth
estimates and palynological estimates of proximity
to shoreline were consistent. Palynological data sup-
port previous reconstructions of a warm, humid
early Neogene climate.
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Biostratigraphy
Calcareous nannofossils
A total of 86 samples from Hole M0027A were exam-
ined for calcareous nannofossil biostratigraphy. Sam-
ple spacing was generally one sample every three
cores (approximately every 10 m), although fewer
samples were taken within sandy units. Additional
samples were also examined near sequence boundar-
ies and when initial analysis indicated an unconfor-
mity. The total abundance of calcareous nannofossils
within samples ranged from barren to very abun-
dant. Preservation also varied significantly through-
out the hole, ranging from poor to good, with the
best preservation in the uppermost part of the hole.
Members of the Noelaerhabdaceae family dominate
assemblages throughout the hole. Reworked Paleo-
gene material is also prevalent throughout.

Horizons recovered in Hole M0027A contain Pleisto-
cene, Miocene, and Oligocene assemblages (Table
T4; Fig. F35). Sediments from Cores 313-M0027A-1H
through 13H (0–23.79 mbsf) are assigned to Mar-
tini’s (1971) Zone NN21 based on the presence of
Emiliania huxleyi, which first occurred at 0.25 Ma.
This section can be further divided based on the zo-
nation of Hine and Weaver (1998). Sediments from
the top of the hole through Sample 313-M0027A-
5H-CC (0–11.14 mbsf) contain common E. huxleyi
and are tentatively assigned to the Emiliania huxleyi
Acme Zone (<90 ka). Samples 313-M0027A-8H-1, 79
cm, to 13H-1, 111 cm (16.05–23.79 mbsf), contain
assemblages with fewer E. huxleyi but common small
Gephyrocapsa spp. and are therefore assigned to ei-
ther the Transitional Zone or the Gephyrocapsa aperta
Acme Zone, which together span 90–250 ka. A single
sample from Core 313-M0027A-15H (27.42 mbsf) is
tentatively assigned to Zone NN19 (0.41–1.97 Ma)
based on the presence of a single Pseudoemiliania
ovata. Samples from Cores 313-M0027A-17H
through 51H (28.21–110.66 mbsf) are barren of nan-
nofossils and are unzoned. Below the barren inter-
val, samples from Cores 313-M0027A-59H through
69X (176.81–207.44 mbsf) contain poorly preserved
calcareous nannofossils with no definitive age-diag-
nostic taxa, so that interval is also unzoned.

Two samples from Cores 313-M0027A-72H and 73X
(210.67–212.13 mbsf) are assigned to undifferenti-
ated Zone NN6/NN7 based on the last occurrence
(LO) of Coccolithus miopelagicus (11.0 Ma). No other
biostratigraphic events are found in the cores above
the LO of Sphenolithus heteromorphus, making it im-
possible to further refine the zonal assignment at
this time. This interval is characterized by the occur-
rence of a Catinaster-like species (possibly a broken
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Discoaster) that makes zoning difficult without the
presence of other index taxa.

The LO of S. heteromorphus is found in Sample 313-
M0027A-75X-1, 100 cm (217.21 mbsf), although this
may not be the actual extinction (13.6 Ma) of this
species. The interval from this sample to Sample 313-
M0027A-83R-3, 12 cm (236.52 mbsf), is assigned to
Zone NN5 (13.6–15.6 Ma) based on the presence of
S. heteromorphus and the absence of Helicosphaera am-
pliaperta. The LO of the latter species occurs in Sam-
ple 313-M0027A-86R-2, 130 cm (246.46 mbsf). There
is no evidence of a hiatus above this sample, so this
likely represents the extinction of H. ampliaperta,
which occurred at 15.6 Ma. The section from Core
313-M0027A-86R to Sample 313-M0027A-116R-1, 40
cm (335.56 mbsf), is assigned to Zone NN4 (15.6–
18.3 Ma) based on the co-occurrence of H. ampliap-
erta and S. heteromorphus and the absence of Sphenoli-
thus belemnos. The next core (313-M0027A-117R;
339.21 mbsf) contains a sparse assemblage of nanno-
fossils that are not age diagnostic. The interval in-
cluding Cores 313-M0027A-122R through 127R
(347.46–360.94 mbsf) is barren of nannofossils.
Cores 313-M0027A-139R and 142R (393.90–402.41
mbsf) also contain a sparse nannofossil assemblage
that is not age diagnostic; therefore, the interval in-
cluding Cores 313-M0027A-117R through 142R
(339.21–402.41 mbsf) is unzoned.

A diverse nannofossil assemblage is present again be-
ginning in Sample 313-M0027A-144R-1, 120 cm
(409.56 mbsf). Characteristic lower Miocene marker
taxa are rare or absent in sediments from Hole
M0027A; therefore, the age assignment of this inter-
val is based primarily on the absence of species, as
well as the general assemblage. The assemblage in
this sample is older than the first occurrences (FOs)
of S. heteromorphus (18.2 Ma) and H. ampliaperta
(~21.0 Ma), although the age of the latter datum is
not well constrained. Triquetrorhabdulus carinatus,
the LO of which marks the base of Zone NN3 (19.6
Ma), is sporadically present below this horizon, indi-
cating Zone NN2 or older. Furthermore, the interval
from Sample 313-M0027A-144R-1, 120 cm, to 174R-
1, 123 cm (409.56–494.99 mbsf), is above two sec-
ondary events: the last common occurrence of T. car-
inatus (22.9 Ma), which is near the base of Zone
NN2, and the crossover in abundance of Helicospha-
era euphratis with Helicosphaera carteri, which is ten-
tatively dated to 21.5 Ma. This interval also contains
consistently present Cyclicargolithus floridanus, as
well as more frequent occurrences of Discoaster de-
flandrei. Thus, samples from Cores 313-M0027A-
144R through 174R (409.56–494.99 mbsf) are as-
signed to Zone NN2 and most likely the middle part
of the zone, ~21–21.5 Ma. A single sample from Core
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313-M0027A-177R (504.78 mbsf) contains few cal-
careous nannofossils that are not age diagnostic.

A significant change in assemblage occurs in Sample
313-M0027A-179R-2, 10 cm (508.24 mbsf). This
sample contains common C. floridanus, as well as fre-
quent H. euphratis and T. carinatus. This sample also
contains Helicosphaera recta, which was once used as
a marker for the boundary between Zones NP25 and
NN1, which approximates the Oligocene/Miocene
boundary. This species is now known to occur
within the lower Miocene (Perch-Nielsen, 1985), but
the combination of assemblage change and occur-
rence of H. recta suggests that samples from Cores
313-M0027A-179R through 183R (508.24–515.14
mbsf) can be assigned to the lowermost portion of
Zone NN1, very near the Oligocene/Miocene bound-
ary. The LO of Sphenolithus ciperoensis (24.75 Ma),
which marks the top of Zone NP25 and approxi-
mates the top of the Oligocene, occurs in Sample
313-M0027A-186R-1, 34 cm (521.55 mbsf). There is
no evidence of a hiatus between the samples as-
signed to lowermost Zone NN1 and Zone NP25.

The LO of Sphenolithus distentus (27.5 Ma), which
marks the base of Zone NP25, is somewhat problem-
atic in this hole. Sphenoliths are not very abundant
in these sediments, and moderate preservation
makes it difficult to distinguish between S. distentus
and S. ciperoensis. A questionable specimen of S. dis-
tentus occurs in Sample 313-M0027A-192R-1, 37 cm
(539.88 mbsf), whereas S. distentus is definitely pres-
ent in Sample 313-M0027A-199R-1, 18 cm (554.94
mbsf). Thus, the interval including Cores 313-
M0027A-192R through 196R (539.88–549.03 mbsf) is
assigned to undifferentiated Zone NP24/NP25. Sedi-
ments from Samples 313-M0027A-199R-1, 18 cm,
through 218R-2, 103–106 cm (554.94–615.24 mbsf),
are assigned to Zone NP24 based on the sporadic co-
occurrence of S. distentus and S. ciperoensis. The FO of
the latter species marks the base of Zone NP24 at
29.9 Ma.

Below Core 313-M0027A-218R (615.24 mbsf), there
appear to be several hiatuses separated by sediments
of different ages. These sediments could represent
stacked condensed sections formed during periods of
low sedimentation rate. Samples from Cores 313-
M0027A-220R and 221R (620.80–624.77 mbsf) con-
tain a lower Zone NP23 assemblage based on the ab-
sences of S. distentus (FO 30.4 Ma) and Reticulofenes-
tra umbilicus (LO 32.3 Ma). The LO of the latter
occurs in Sample 313-M0027A-222R-CC (624.97
mbsf). The presence of a few specimens of R. umbili-
cus, together with frequent Isthmolithus recurvus (LO
32.46 Ma), suggests that the upper portion of Zone
NP22 is missing in this hole. Thus, sediments from
Samples 313-M0027A-222R-CC to 223R-1, 26 cm
12
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(624.97–625.17 mbsf), are assigned to lower Zone
NP22.

The LO of Ericsonia formosa (32.8 Ma), which marks
the base of Zone NP22, is found in Sample 313-
M0027A-223R-1, 146 cm (626.37 mbsf). Because this
species is found in frequent numbers in this sample,
the upper portion of Zone NP21 is likely missing in
Hole M0027A. A sample from the base of the hole,
within Core 313-M0027A-224R (631.09 mbsf), con-
tains a very abundant assemblage characteristic of
the Eocene–Oligocene transition (EOT). E. formosa,
R. umbilicus, and I. recurvus are much more abundant
in this assemblage. The base of Zone NP21 is marked
by the LO of Discoaster saipanensis, the last of the ro-
sette Paleogene discoasters. This species does not oc-
cur in the sediments of Hole M0027A, although the
LO of D. saipanensis (34.2 Ma) occurs a few hundred
thousand years prior to the Eocene/Oligocene
boundary (33.7 Ma) (Coccioni et al., 2008). Thus, the
oldest sediments from this hole are assigned to lower
Zone NP21, which spans the Eocene/Oligocene
boundary. These sediments could be uppermost Eo-
cene or lowermost Oligocene; further biostrati-
graphic analyses of calcareous nannofossils and
planktonic foraminifers are necessary to further re-
fine this age estimate.

Planktonic foraminifers
A total of 79 samples from Cores 313-M0027A-6H
through 224R (13.75–631.15 mbsf) were examined
in this study; only samples containing planktonic
foraminifers are shown in Figure F36 and Table T5.
Primarily core catcher samples obtained during drill-
ing and processed prior to the Onshore Sampling
Party (OSP) were picked for planktonic foraminifers,
although some additional samples from split cores
were washed and picked during the OSP. Planktonic
foraminifers indicate that the Miocene section in
Hole M0027A extends from at least 213.14 to
~509.19 mbsf between Samples 313-M0027A-73X-
CC, 0–3 cm, and 179R-CC, 2–4 cm. The Oligocene
occurs between Samples 313-M0027A-179R-CC, 13–
15 cm, and 214R-CC, 12–14 cm (509.30–602.01
mbsf). Eocene sediments may occur in the deepest
Sample 313-M0027A-224R-CC (631.15 mbsf). Key
marker species for identifying the Oligocene/Eocene
boundary (e.g., Hantkenina and the Turborotalia cer-
roazulensis lineage) are absent, so further work is
needed to confirm the presence of uppermost Eo-
cene strata.

Planktonic foraminifers are present in low abun-
dances but are well preserved in Hole M0027A. Typi-
cal middle Miocene assemblages are present between
Samples 313-M0027A-80R-CC and 98R-1, 141–145
cm. The LO of Paragloborotalia mayeri occurs in Sam-
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ple 313-M0027A-80R-CC, 0–15 cm (227.65 mbsf).
This event marks the base of Zone M12/N15 at 11.4
Ma, indicating this sample is at least that old. Sample
313-M0027A-89R-CC, 0–2 cm (255.90 mbsf), con-
tains well-preserved species of Praeorbulina sicana.
The LO of this species is at 14.8 Ma and approxi-
mates the base of Zone M7/N10. This species contin-
ues downcore through Sample 313-M0027A-98R-1,
141–145 cm (281.67 mbsf). The FO of P. sicana marks
the base of Zone M5/N8 (16.4 Ma). Another key spe-
cies is Praeorbulina curva, which is present in Sample
313-M0027A- 89R-CC, 0–2 cm (255.90 mbsf).

The lower Miocene extends from Sample 313-
M0027A-101R-3, 34–38 cm (292.76 mbsf), through
179R-CC, 2–4 cm (509.19 mbsf). This interval is
characterized by Catapsydrax dissimilis, Fohsella pe-
ripheroronda, Globoquadrina baroemoenensis, Catapsy-
drax unicavus, Globorotalia praescitula, Globigerina an-
gulisuturalis, and Globigerinoides primordius. The LO
of C. dissimilis (17.3 Ma) marks the base of Zone
M4a/N7 and occurs in Sample 313-M0027A-101R-3,
34–38 cm (292.76 mbsf). A single G. praescitula is
found in Sample 313-M0027A-151R-1, 155–160 cm
(431.26 mbsf). The FO of this species falls within
Zone M3/N6 at 18.5 Ma. G. angulisuturalis is found
within Sample 313-M0027A-154R-2, 72–77 cm
(441.08 mbsf). The LO of this species occurs at 21.6
Ma, within Zone M1/N4. Paragloborotalia kugleri, a
species confined to Zone M1/N4, occurs in Sample
313-M0027A-179R-CC, 2–4 cm (509.19 mbsf). The
FO of this species is at 23.8 Ma, indicating that the
interval from 441.08 to 509.19 mbsf is dated to 21.6–
23.8 Ma.

The FO of G. primordius (26.7 Ma) is found in Sample
313-M0027A-179R-CC, 13–15 cm (509.30 mbsf).
This event falls within Zone O6/P22. This sample is
also characterized by Paragloborotalia opima nana, a
species with a range that extends into the basal Mio-
cene; thus, these sediments are tentatively assigned
to the uppermost Oligocene but could range into the
lowermost Miocene. Definite Oligocene sediments
are found below this sample based on the absence of
G. primordius. Paragloborotalia cf. opima opima occurs
in Sample 313-M0027A-195R-2, 9–11 cm (549.60
mbsf). No definite specimens of Paragloborotalia
opima opima, the LO of which marks the base of
Zone O6/P22 at 27.1 Ma, were observed at Site
M0027; however, the presence of similar forms sug-
gests this sample may be older than 27.1 Ma. The
next biostratigraphically useful taxon found is Globi-
gerina ampliapertura (LO 30.3 Ma), which marks the
base of Zone O3/P20. The LO of this species occurs
in Sample 313-M0027A-209R-3, 33–36 cm (588.51
mbsf), indicating Zone O2/P19. The interval be-
tween Samples 313-M0027A-217R-3, 10–12 cm, and
13
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223R-CC, 18–20 cm (612.76–627.56 mbsf), is barren
of planktonic foraminifers.

The LO of Pseudohastigerina spp. (32.0 Ma) marks the
base of Zone O2/P19. The last sample examined
(Sample 313-M0027A-224R-CC; 631.15 mbsf) con-
tains Pseudohastigerina micra, indicating that the base
of the hole is at least lowermost Oligocene Zone O1/
P18. The Eocene/Oligocene boundary is correlated
using the LO of the genus Hantkenina (33.8 Ma). A
secondary marker for this event is the FO of Cassiger-
inella chipolensis. These species were not observed in
Hole M0027A, suggesting that the oldest sediment
recovered is lowermost Oligocene. The presence of
large, flattened Eocene subbotinids (Subbotina eo-
caena and Subbotina cryptomphala) could suggest the
section is Eocene, although these species could range
into the Oligocene. A single Sr isotope age of ~34 Ma
suggests an Eocene correlation (see “Chronology”).
Analysis of additional samples from the base of the
hole is necessary to determine if the section is upper-
most Eocene or lowermost Oligocene.

Dinocysts
A total of 47 samples between Samples 313-M0027A-
9H-CC and 223R-CC (19.59–627.58 mbsf) were ex-
amined for dinocysts (Fig. F37; Table T6). Sample
313-M0027A-9H-CC (19.59 mbsf) is assigned to the
Pleistocene on the basis of sparse dinocyst assem-
blages dominated by Bitectatodinium tepikiense to-
gether with Brigantedinium spp., Tectatodinium pelli-
tum, and Selenopemphix nephroides. Sample 313-
M0027A-50H-CC (96.12 mbsf) was barren of paly-
nomorphs. The presence of Habibacysta tectata, Laby-
rinthodinium truncatum modicum, Labyrinthodinium
truncatum truncatum, Paleocystodinium golzowense,
Trinovantedinium papulum, and Hystrichosphaeropsis
obscura constrains the age of Samples 313-M0027A-
65X-CC through 67X-CC (195.53–201.22 mbsf) to
dinocyst Zones DN5–DN8. Sample 313-M0027A-
69X-CC (207.44 mbsf) is assigned an age of late Ser-
ravalian to early Tortonian (Zones DN7–DN8; 12.8–
8.6 Ma) based on the occurrence of Erymnodinium
delectabile together with T. papulum, as well as com-
mon Batiacasphaera sphaerica. The occurrence of Ap-
teodinium tectatum, Unipontedinium aquaeductum, Sys-
tematophora placacantha, L. truncatum truncatum, and
L. truncatum modicum constrains the age of Sample
313-M0027A-91R-CC (262.05 mbsf) to the lower part
of Zone DN5 (~15.2–14.2 Ma), around the Langhian/
Serravalian boundary.

Sample 313-M0027A-101R-CC (292.91 mbsf) is as-
signed to Zone DN3 (late Burdigalian; ~18.6–16.8
Ma) based on the occurrence of Lingulodinium multi-
virgatum, Distatodinium paradoxum, Cousteaudinium
aubryae, and Cerebrocysta poulsenii. A sparse assem-
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blage in a terrigenous-dominated slide allows a mini-
mum age of 15.2 Ma (top of Zone DN4) for Samples
313-M0027A-105R-CC and 146R-CC (304.95 and
417.57 mbsf) based on the presence of A. tectatum, C.
aubryae, and Pentadinium laticinctum. These samples
are thus tentatively assigned to Zone DN3, given the
well-constrained age of overlying Sample 313-
M0027A-101R-CC (292.91 mbsf). Samples 313-
M0027A-149R-CC through 177R-CC (426.71–505.33
mbsf) are assigned to Zone DN2, which spans 22.2–
19.1 Ma (late Aquitanian–early Burdigalian) based on
the common presence of dinocysts typical of the
lower Miocene (e.g., L. multivirgatum, Tityrosphaerid-
ium cantharellum, Cribroperidinium tenuitabulatum,
and Cerebrocysta satchelliae). Following de Verteuil
and Norris (1996), the presence of Exochosphaeridium
insigne suggests an early Burdigalian rather than late
Aquitanian age over most of this interval (Samples
313-M0027A-155R-CC through 167R-CC; 445.17–
481.60 mbsf), although others have found E. insigne
lower in the Burdigalian.

Samples 313-M0027A-185R-CC through 191R-CC
(520.96–539.19 mbsf) are assigned to Zone DN1 (lat-
est Chattian–Aquitanian; ~22.2–25.2 Ma), the lower
boundary age of SNSM1 from Munsterman and
Brinkhuis (2004). Common dinocysts in sediments
assigned to Zone DN1 in Hole M0027A are Chiropte-
ridium galea, Deflandrea phosphoritica, Dinopterygium
cladoides, Homotryblium floripes, Homotryblium val-
lum, Glaphrocysta spp., and C. satchelliae. Samples
313-M0027A-192R-CC through 193R-CC (542.48–
545.61 mbsf) are assigned to the uppermost Oli-
gocene (Chattian) based on the presence of C. galea
and Glaphrocysta spp. together with Distatodinium
biffii, as well as Apteodinium australiense, Polysphaerid-
ium zoharyi, and S. placacantha. The presence of gen-
era that do not extend into the Chattian (e.g.,
Phthanoperidinium, Areosphaeridium, Diphyes, Charles-
downiea, and Rhombodinium) allows Samples 313-
M0027A-204R-CC through 220R-CC (573.01–620.83
mbsf) to be assigned to the Rupelian. Based on the
absence of Oligocene markers and the presence of
Svalbardella cooksonia, Sample 313-M0027A-223R-CC
(627.58 mbsf) is tentatively assigned a middle–late
Eocene age.

Paleoenvironment
Benthic foraminifers
Benthic foraminifers were examined from 77 (pri-
marily core catcher) samples from Hole M0027A:
Samples 313-M0027A-6H-1, 145–150 cm (12.99
mbsf), through 223R-CC (627.96 mbsf). Benthic for-
aminifer abundances ranged from absent to abun-
dant, and preservation ranged from poor to excel-
lent. Poorly preserved specimens are likely to have
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been reworked and were not used in paleodepth esti-
mates. The long-term change in paleodepth from the
Eocene(?)–Oligocene to the modern seafloor is re-
flected in the overall shallowing from the outer ner-
itic zone (100–200 m) to the inner neritic zone (0–50
m), with the present water depth at 33.5 m (Fig. F38;
Table T7). Benthic foraminifer biofacies changes
within this section indicate additional, higher reso-
lution paleodepth variations superimposed on the
long-term trend. Barren intervals occur throughout
the section and may indicate nearshore/nonmarine
environments, substantial downslope transport, or
dissolution. It should be noted that the low-resolu-
tion shipboard sampling interval did not bracket all
lithologic changes and that the sampling interval
varied throughout the hole.

Stratigraphic biofacies distributions may be related
to substrate (finer grained versus sandier sediments),
changes in sediment input, and/or organics/dysoxia,
which often correspond to bathymetry. Compari-
sons in Hole M0027A show good correspondence be-
tween sedimentary facies and biofacies, with shal-
lower water biofacies (<50 m) occurring in the
sandier intervals of the shoreface–offshore transition
(between storm wave base and fair-weather wave
base) and deeper water biofacies (50–80 m) occurring
in the siltier intervals of the offshore sedimentary fa-
cies (deeper than storm wave base). In addition, pre-
liminary results presented here suggest that benthic
foraminifer biofacies changes in Hole M0027A indi-
cate that paleobathymetric fluctuations occur within
a sequence stratigraphic framework, with several se-
quences showing a shallowing-upward succession.
Detailed higher resolution postcruise studies will
elaborate on this.

Samples above Sample 313-M0027A-70X-CC (208.92
mbsf) were barren or contained only one or two
specimens of foraminifers; no paleodepth could be
determined for these samples (Fig. F38). In and be-
low this (Miocene Samples 313-M0027A-70X-CC, 0–
2 cm, to 98R-1, 144–145 cm; 208.92–281.70 mbsf),
paleowater depths varied within the inner neritic
zone from ~15 to 50 m. These samples are domi-
nated by Nonionella pizarrensis/Nonionella miocenica
stella, Hanzawaia concentrica/Hanzawaia hughesi, and
Lenticulina spp. (including Lenticulina americana).
Samples characterized by abundant H. concentrica/H.
hughesi (in the absence of Nonionella) indicate depths
of ~10–25 m, whereas samples dominated by N.
pizarrensis/N. miocenica stella indicate somewhat
greater depths of ~25–50 m. Occasional specimens
(typically rare to few) of Bolivina spp., Bulimina mexi-
cana, Buliminella gracilis, Cancris sagra, Cibicides lo-
batulus, Cibicidoides spp., Fissurina spp., Lagena spp.,
Pararotalia bassleri, Plectofrondicularia morneyae, Rec-
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tuvigerina lamelata, Uvigerina juncea, polymorphinids,
and agglutinated benthic foraminifers are found in
these samples.

Benthic foraminifer faunas indicate that paleowater
depths varied from ~25–50 to ~75–100 m in Miocene
Samples 313-M0027A-101R-3, 34–38 cm (292.76
mbsf), through 165R-CC, 5–7 cm (475.81 mbsf) (Fig.
F38). Key depth-indicator taxa (Hanzawaia and Non-
ionella) for the inner neritic zone are discussed
above. For the middle neritic zone (50–100 m), B.
gracilis and U. juncea are excellent depth indicators
and are found throughout this section (Table T7).
Samples containing more abundant B. gracilis indi-
cate slightly shallower paleodepths (50–80 m) than
samples containing more abundant U. juncea (75–
100 m), based on faunal studies from New Jersey
coastal plain boreholes (Miller et al., 1997). Other
rare to common species found in these Buliminella/
Uvigerina–dominated faunas typically include Boliv-
ina spp., Cibicidoides spp., H. concentrica/H. hughesi,
Lenticulina spp., Plectofrondicularia spp., Stilostomella
spp., and miliolids.

The deepest water benthic foraminifer associations
(outer neritic; 100–200 m) were identified below re-
flector m6 in the Eocene(?)–Oligocene section (Sam-
ples 313-M0027A-179R-CC, 13–15 cm, through
223R-CC; 509.30–627.58 mbsf); however, there was
significant within-sequence shallowing indicated by
faunal changes (Fig. F38). In general, deeper water
assemblages are more diverse with more abundant
specimens and include taxa such as Anomalinoides
spp., Cassidulina spp., Cibicidoides pachyderma, Cibici-
doides primulus, Coryphostoma georgiana, Globobulim-
ina auriculata, Gyroidinoides spp., Hanzawaia man-
taensis, Melonis barleeanum, Melonis pompilioides,
Oridorsalis sp., Plectofrondicularia spp., Pullenia salis-
buryi, R. lamelata, Siphonina danvellensis, Sphaeroidina
bulloides, Trifarina wilcoxensis, polymorphinids, and
agglutinated benthic foraminifers. Outer neritic fau-
nas typically include shallower water benthic fora-
minifer taxa that either range to greater depths or
were transported.

Terrestrial palynomorphs and palynofacies
Thirty-one samples from Hole M0027A were ana-
lyzed for palynomorphs. Sample spacing was fairly
consistent for the lower Miocene and Oligocene sec-
tions (approximately one sample every three cores
beginning at Core 313-M0027A-146R; 417.57 mbsf).
Sample spacing was somewhat greater for the middle
Miocene section, with seven samples examined be-
tween Samples 313-M0027A-65X-CC and 105R-CC
(195.53–304.95 mbsf). Only one sample was exam-
ined for Pleistocene sediments. All samples contain
numerous pollen grains and other palynomorphs
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with generally good preservation, with the exception
of one sandy sample. In some samples, pollen grains
are filled with pyrite, hampering identification and
assignment to herbal or arboreal taxa.

Results are discussed according to the age of the sedi-
ments: Pleistocene, middle Miocene, early Miocene,
Oligocene, and the EOT. Age estimations are based
on the Sr-based age model and biostratigraphic re-
sults. Percentages of palynomorphs are given with
respect to the number of nonsaccate pollen (com-
bined nonsaccate pollen is always 100%).

Pleistocene
One sample (313-M0027A-9H-CC; ~19.59 mbsf)
from the Pleistocene was palynologically analyzed.
The palynomorph assemblage is characterized by
high bisaccate pollen content compared to nonsac-
cate pollen (Figs. F39, F40). Among the nonsaccate
pollen, pollen of deciduous trees is most abundant.
Grass, sedge, and herb pollen are also abundant
(>15% grass and sedge pollen and >20% herb pollen)
(Fig. F40). The sample is also characterized by high
percentages of trilete spores, probably of the genus
Sphagnum.

Dinocysts are rare in relation to nonsaccate pollen
(~17%). Furthermore, the assemblages are domi-
nated by only one cyst type (probably B. tepikiense,
generally described as a freshwater and/or meltwater
indicator. The amount of foraminifer test linings is
very low (<2%). These findings imply that Hole
M0027A was probably proximate to the coast during
this interval, as higher abundances of foraminifer
test linings would be expected in a more distal set-
ting. This is in accordance with the benthic foramin-
ifer–based water-depth reconstruction.

Pollen data imply that deciduous trees (probably de-
ciduous oaks and birches) dominated the New Jersey
hinterland during the interval represented by Sam-
ple 313-M0027A-9H-CC; however, conifers were
widespread and probably also settled in the lowlands
and on exposed shelf regions (Fig. F39). These find-
ings indicate that the sample represents an interval
of drier and/or cooler conditions compared to sam-
ples from the Miocene (see below). This is suggested
by the comparatively high percentages of grass,
sedge, and herb pollen, indicating vegetation similar
to the modern onshore New Jersey coastal plain,
which is dominated by mixed pine-oak forests and
open vegetation sphagnum bogs/swamps. One sam-
ple between 19.59 and 195.53 mbsf was examined
and found to be barren of pollen.

Middle Miocene (Serravallian and Langhian)
Four core catcher samples (313-M0027A-65X-CC,
67X-CC, 69X-CC, and 91R-CC; 195.53–262.05 mbsf)
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were analyzed for palynology and interpreted as
middle Miocene (Serravallian and Langhian) based
on pollen and dinocysts (Fig. F39). The lowermost
sample is placed just below the lower/middle Mio-
cene boundary based on the age-depth plot (see
“Chronology”). Bisaccate pollen percentages are
very low (~3% for the Serravallian and ~4%–13% for
the Langhian) (Fig. F40). Nonsaccate pollen of arbo-
real taxa—mainly oak pollen—is most frequent and
may indicate more extensive oak forests in the New
Jersey hinterland. Hickory was probably also very
frequent. Grass and herb pollen are rare in middle
Miocene sediments, indicating a predominance of
forests in the source region. Low percentages of the
generally overrepresented bisaccate pollen may indi-
cate that conifers (mainly pines) were only present
in areas distant from the sea, probably in mountain-
ous areas (Fig. F39). Climate conditions during the
middle Miocene were probably warm and humid.
Very low percentages of dinocysts (3%–8%) (Fig.
F40) and foraminifer test linings suggest a shorter
distance between Hole M0027A and the coastline.

Early Miocene (Burdigalian–Aquitanian)
Eighteen core catcher samples analyzed for palynol-
ogy (Samples 313-M0027A-101R-CC through 191R-
CC; 292.91–539.19 mbsf) (Table T8; Fig. F39) are in-
terpreted as early Miocene (Burdigalian–Aquitanian)
based on pollen and dinocysts (Fig. F39). This differs
from the placement of the Oligocene/Miocene
boundary at ~500 mbsf based on the age-depth plot
(Fig. F34) but reflects the fact that the o.5 sequence
from 494.87 to 539.5 mbsf straddles the Oligocene–
Miocene transition. The uppermost samples from
the upper Burdigalian (Fig. F39) are similar to the
samples from the Langhian in terms of paly-
nomorph assemblages; however, they show slightly
higher percentages of dinocysts and bisaccate pollen,
which points to a greater distance between Hole
M0027A and the coastline at this time (Fig. F39).
Furthermore, conifers were probably still constrained
to mountainous areas because, despite the general
overrepresentation of bisaccate pollen in the marine
record, percentages do not exceed 50% (Fig. F40).
The lowlands were probably dominated by hickory-
oak forests, as indicated by comparatively high
amounts of oak and hickory pollen.

The interval from the lower upper Burdigalian to the
lower Aquitanian (~420 to ~540 mbsf) shows strong
variations in organic-walled dinocysts and bisaccate
pollen, but both palynomorph types increase from
younger to older sediments. In light of this, the
Aquitanian was probably an interval of greater dis-
tance between Hole M0027A and the coastline com-
pared to the Burdigalian and especially the Lang-
hian. The late Aquitanian was further characterized
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by the presence of different hemlock species, proba-
bly indicating moister conditions during this inter-
val. During the lowermost Aquitanian, linden pollen
shows high percentages. The vegetation reconstruc-
tions described above imply that the climate during
the early Miocene was probably warm and humid.

Oligocene
Six samples (313-M0027A-193R-CC through 220R-
CC; 545.61–620.83 mbsf) analyzed for pollen were
assigned to Oligocene sediments based on pollen
and dinocysts, with the lowermost sample close to
the EOT (Sample 313-M0027A-220R-CC). Oligocene
sediments show an increasing number of hickory
and linden-like plant pollen. Bisaccate pollen grains
exhibit high percentages (>100%), especially during
the Chattian. This could be caused by an increasing
distance between Hole M0027A and the shoreline
because bisaccate pollen has a very high aeolian
transport potential and thus tends to be more over-
represented under more distal conditions. However,
it is equally probable that during the middle Oli-
gocene, decreasing temperatures and/or humidity
led to a spread of pines and other conifers (Figs. F39,
F40). High percentages of herbal taxa (mainly mem-
bers of Brassicaceae; 5%–22%) suggest decreasing hu-
midity.

Most samples from the Oligocene show relatively
low contents of foraminifer test linings compared to
the lower Miocene and the ?Eocene (see below). The
lowermost two samples show high abundances of di-
nocysts; however, during the upper Rupelian and the
lower Chattian, dinocyst percentages decreased.
These findings may point to relatively shallow water
depths and a shorter distance between Hole M0027A
and the coastline during the middle Oligocene and
slightly greater depths and increased distance at the
onset of the Oligocene.

?Eocene
The ?Eocene is reflected by only one sample (313-
M0027A-223R-CC; 627.58 mbsf) in Hole M0027A.
This sample is close to the EOT based on other fossil
groups and Sr isotopes, although it could be upper-
most Eocene or lowermost Oligocene (see “Chronol-
ogy” and “Planktonic foraminifers”). The sample
is characterized by very high percentages of dino-
cysts and foraminifer test linings, indicating rela-
tively deep water.

Although percentages of bisaccate pollen are almost
equal with percentages of nonsaccate pollen (Figs.
F39, F40), considering the overrepresentation of
bisaccate pollen in marine pollen records, conifers
with bisaccate pollen were probably either rare or
grew in distant, mountainous areas (Fig. F39). They
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were still more abundant than during the Miocene.
The New Jersey hinterland was probably dominated
by deciduous trees and shrubs. Furthermore, the
presence of herb taxa indicates the presence of small
open areas or, alternatively, the presence of herb
populations (mainly members of Brassicaceae) close
to the shoreline. Oaks were probably the most fre-
quent trees/shrubs; however, compared to the Mio-
cene, the percentages of oak pollen are lower. Hick-
ory pollen—although very frequent in samples from
the Oligocene—was not found in the ?Eocene sam-
ple. Cypress-like taxa, on the other hand, seem to
have been more frequent than during the following
intervals. Pollen assemblages point to a generally
warm and humid climate at that time.

Geochemistry
Interstitial water

The salient characteristics of interstitial water from
Hole M0027A are how fresh it is and how frequently
and abruptly it alternates from fresh to salty down-
hole. Chloride concentrations vary from 41 to 530
mM, compared to 524 mM in the shallowest pore
water sample (from 0.5 mbsf) that likely reflects am-
bient bottom water (Table T9; Fig. F41). The average
chloride concentration over the 631 m sampled for
pore water, weighted by depth interval, is 273 mM,
and only 52% of that is in the shallowest sample; in
other words, nearly half of the water in the drilled
interval is fresh. We sampled at least five distinct lay-
ers of freshwater, some thin and some thick, at ~29,
79, 87, 183–341, and 419 mbsf. Backflow was ob-
served in the drill pipe at 225 mbsf, within the thick-
est layer of freshwater, suggesting that an aquifer had
been penetrated. These fresh layers alternate with
salty layers at ~0–15, 47–71, 80–83, 96–167, and
351–410 mbsf that reach chloride concentrations of
at least 434–529 mM chloride, 83%–101% of that in
bottom seawater. Even with our average sampling in-
terval of 7.3 m (87 pore water samples over 631 m
sampled), it is clear that downhole gradients in the
salinity of pore water are frequent and sharp. A cen-
tral task in interpreting the pore water chemistry is
to explain how these sharp chemical gradients are
maintained in the face of chemical diffusion, which
tends to soften such gradients and then, in time, to
erase them altogether.

Beneath the lowest freshwater layer at 419 mbsf, the
chloride concentration increases linearly with depth
to 488 mM, 93% of that in bottom seawater, at 621
mbsf, near the bottom of the hole. Comparison of
this profile with those from Holes M0028A and
M0029A suggests that this increase continues with
depth below the drilled interval and probably
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achieves concentrations well in excess of that in sea-
water. This linear increase below 419 mbsf is much
more gradual than every other fresh to salty transi-
tion in Hole M0027A and suggests there are no more
freshwater layers in this hole below that depth. This
suggestion is reinforced by other aspects of the pore
water chemistry discussed below. Three small peaks
in this otherwise linear gradient, at 493, 507, and
549 mbsf, correlate with other chemical species and
need to be investigated further.

Most of the major and minor ions in the seawater
mimic the depth profile for chloride quite closely
(Fig. F41), indicating that the interlayering of fresh-
water and seawater dominates the chemical profiles
rather than reaction with sediment. These ions in-
clude Br, Na, K, Mg, Ca, and Sr. In discerning the ef-
fects of chemical reaction and differences in the
chemistry of the various freshwater layers, therefore,
ratios of these elements to chloride (Fig. F41) are
more useful than concentrations. Sulfate (Fig. F42)
mimics chloride except for the deepest interval, be-
low 419 mbsf; over this interval, chloride increases
linearly whereas sulfate stays at low concentrations,
mostly <1 mM. Over the same deep interval, pH de-
creases and alkalinity increases tenfold, from the 2.3
mM typical of seawater (but in the freshwater layer)
to a maximum of 26 mM at 549 mbsf (Fig. F42). Am-
monium also increases greatly over this depth inter-
val, mimicking alkalinity. These chemical changes
are the characteristic signature of microbial oxida-
tion of organic matter in anoxic sediments, utilizing
sulfur in sulfate as an electron acceptor:

SO4
2– + 2CH2O = H2S + 2HCO3

–,

where CH2O represents generic organic matter. In
this reaction, N in organic matter is liberated as am-
monium and sulfate is reduced to H2S, which then
typically precipitates as Fe sulfides, which eventually
recrystallize to become pyrite. We detected an H2S
odor in the cores only rarely during Expedition 313
(the only depth at which we detected it in Hole
M0027A was at 236 mbsf), so this process is not
likely to be very active at present over this depth in-
terval. We did, however, observe frothing and bub-
bling of the cored mud at 565 and 577 mbsf, suggest-
ing that microbes may be generating methane
within this sulfate-depleted interval. Note also that
the sulfur content of the sediments is relatively high
below ~420 mbsf, reaching 2.7 wt% at 440 mbsf (Fig.
F43).

Carbonate alkalinity generated by the above reaction
causes the measured rise in the pore water but also
drives precipitation of CaCO3 as follows:

Ca2+ + 2HCO3
– = CaCO3 + H2O + CO2.
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CaCO3 precipitation dominates near the alkalinity
peak at 549 mbsf, as the ratio of Ca to chloride
reaches a minimum over this same depth interval, at
538–555 mbsf. The highest concentration of carbon-
ate C in the sediment was also measured near this in-
terval, at 534 mbsf (although measurements over
this depth range are sparse) (Fig. F43). Alkalinity
then generally falls off with increasing depth be-
cause of less organic matter oxidation and/or contin-
ued precipitation of CaCO3 as Ca rises along with
overall salinity. Although Ca concentration increases
with depth over this interval, Ca/Cl does not, as a re-
sult of carbonate precipitation.

Over this same interval from 419 to 631 mbsf, rela-
tive to the steep increase in chloride, Na, K, and B
decrease; Mg increases by 60%; Li and Sr nearly dou-
ble; and Br, like Ca, shows no large net change, as il-
lustrated by the ratios of each of these species to
chloride (Fig. F41; Li/Cl, B/Cl, and Sr/Cl are not
shown). Also increasing greatly over this interval is
Ba (although Ba/Cl is more complicated), because of
dissolution of barite from the sediment in response
to microbial sulfate reduction and the resulting de-
crease in dissolved sulfate.

Freshwater and saltwater layers above 419 mbsf have
distinct chemistries. These differ not only between
fresh and salty but also between individual fresh or
salty layers. The three freshwater layers within the
upper 100 mbsf, for example, have Na/Cl ratios that
are lower and Mg/Cl ratios that are higher than
those in the adjacent salty layers and seawater,
whereas in the 158 m thick layer of freshwater at
183–341 mbsf and the deepest layer at 419 mbsf,
these ratios vary in the opposite sense. These differ-
ences presumably reflect the different origins and
histories of the various freshwater layers. By contrast,
the five salty layers above 419 mbsf, as well as the
water with seawater chloride concentration from
near the bottom of the hole, all have Na/Cl ratios
near that of seawater (with the exception of a single
sample from 394 mbsf, which is discussed in detail
below). The five freshwater layers generally have
higher K/Cl, Ca/Cl, and Br/Cl ratios than in the adja-
cent salty layers and in seawater and also higher al-
kalinity, especially in the thick layer of freshwater at
183–341 mbsf. This thick fresh layer also has excep-
tionally high Si and B/Cl and low sulfate, ≤1 mM,
which is much lower than would be expected from
its chloride content, suggesting that microbial sul-
fate reduction has occurred within this interval as
well, consistent with its higher alkalinity. Ba is high,
too, in response to the low sulfate and resulting bar-
ite dissolution from the sediment.

Underlying the thick freshwater layer at 183–341
mbsf is a thick salty layer at 351–410 mbsf that is
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bounded on its upper side by a thin layer of highly
cemented sand and on its lower by the deepest fresh-
water layer at 419 mbsf. This salty layer contains sea-
water that is more altered than any shallower in the
hole but not as altered as that found below 419
mbsf. Its chloride concentration reaches 491 mM,
94% of the seawater value, its Na/Cl and sulfate are
similar to values in seawater, but it has lost some K
and Mg and gained Ca, Sr, and P. These are typical
changes for a low-temperature reaction with igneous
material, from which Ca is leached in exchange for
Mg and K is taken up into secondary clay minerals
and/or zeolites. The highest peak in ammonium in
Hole M0027A occurs at the lower boundary of this
salty layer, with a second large peak at its upper
boundary. Between these two peaks, ammonium
falls to a low concentration. This pattern is likely mi-
crobial in origin. One microbial community appears
to be producing ammonium by exploiting the chem-
ical gradients between fresh and salty water at the
upper and lower boundaries of the salty layer,
whereas a second process that may also be microbial
is consuming ammonium in between. It may not be
coincidental that dissolved phosphorus is high at
these intervening depths. Note, however, that sedi-
ment within this interval at 351–410 mbsf contains
almost no organic carbon, carbonate, or sulfur (Fig.
F43).

Mn and Fe are both sensitive to redox conditions
within the sediment, as both elements form ex-
tremely insoluble oxide and hydroxide minerals. Fe,
in fact, is often lost from pore water prior to its re-
covery by squeezing; it is also easy to contaminate
with at low concentrations. Mn data from pore water
are generally much more reliable. The multiple peaks
in these elements (Fig. F42) suggest discrete zones of
reduction. Five of these zones show peaks in both
Mn and Fe and are the most likely to reflect real pro-
cesses in the sediment. The upper four, at 15–18, 75,
96, and 175 mbsf, all occur within the narrow and
sharp transitions from fresh to salty water. Their
presence within these transitions suggests they may
be microbial in origin, as microbes are masters at ex-
ploiting chemical gradients. Further investigation of
these zones is certainly warranted. Note that organic
carbon is generally quite low in the sediment above
~170 mbsf except near the three layers of freshwater
(Fig. F43).

The fifth and deepest peak, which lies at 394 mbsf
within the salty layer discussed above, represents the
single largest and most problematic chemical anom-
aly in the pore waters from Hole M0027A. It is de-
fined by a single sample from the core catcher from
Core 313-M0027A-139R. This sample has exception-
ally high Mn, Fe, Li, B, K, Si, Ca, and Sr and low Na/
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Cl. For Si, Ca, and Sr, these are the highest concen-
trations and for Na/Cl the lowest value measured in
Hole M0027A, and they are nearly so for Fe, B, and
K. Whether this anomaly represents contamination
of some sort we are still debating, but an identical
anomaly occurs in Holes M0028A and M0029A from
multiple samples that are less obviously disturbed.
Its cause does not appear to be simple contamina-
tion by drilling mud. Drilling fluid is enriched rela-
tive to seawater in Si, Ca, and Sr (Table T9) but to no-
where near the concentrations measured in the pore
water sample from 394 mbsf. Drilling fluid is also en-
riched in ammonium, Ba, Al, P, and, for the fluids
used in Holes M0028A and M0029A (but not Hole
M0027A), in Mn and Fe. It does not appear to be en-
riched in Li, B, and K, nor does it have low Na/Cl.
The composition of drilling fluid is therefore a poor
match for that of the pore water from 394 mbsf and
for the similarly anomalous samples from Holes
M0028A and M0029A.

Sediment
Sediment samples were analyzed for total carbon
(TC), total organic carbon (TOC), and total sulfur
(TS) concentrations. Total inorganic carbon (TIC)
was calculated as the difference between TC and
TOC (Table T10). Bulk sample X-ray diffraction
(XRD) data were produced for the same samples (Ta-
ble T11).

Total carbon, total organic carbon, and total sulfur

TOC and TS are relatively abundant in all five layers
occupied by freshwater in Hole M0027A and are
nearly absent in the salty layers, except for the deep-
est salty layer below 420 mbsf to the bottom of the
hole (Fig. F43). This is because the five salty layers
above 420 mbsf are all extremely quartz rich, based
on XRD analyses, whereas the freshwater layers all
reside in quartz-poor sediment that is rich in detrital
and authigenic minerals, including pyroxene, epi-
dote, chlorite, magnetite, goethite, and the clay min-
erals kaolinite, glauconite, and mica + illite, along
with mixed-layered clays (Figs. F44, F45). Pyrite is
also abundant in three of the five freshwater layers;
its relative abundance as determined by XRD corre-
lates extremely well with TS (Fig. F43). These miner-
als are all present at low abundance or not at all in
the salty layers, based on XRD. All but the upper-
most salty layer at 0–15 mbsf also lack calcite, plagio-
clase, and K-feldspar. TOC and TS are especially
abundant in the two deepest freshwater layers;
within the thickest of these, at 183–341 mbsf, con-
centrations reach 7.4 wt% TOC and 4.0 wt% S.

These observations are consistent with the lack of ev-
idence for sulfate reduction within the salty layers,
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except below 420 mbsf; as noted above, pore water
sulfate profiles mimic chloride above 420 mbsf, and
the sulfate/chloride ratio is constant at the seawater
value within these salty layers (Fig. F43). Within the
freshwater layers, by contrast, the presence of or-
ganic carbon allows for microbial sulfate reduction,
so at least some of the sulfur, present as pyrite in the
sediment, is likely authigenic in origin. Within the
salty layer below 420 mbsf, where pore water sulfate
has clearly been reduced, some or all of the pyrite is
certainly authigenic.

TIC, or carbonate carbon, is highest at 0–22 mbsf
within the uppermost salty layer and its transition to
freshwater, where it is present mainly as calcite and
high-Mg calcite, based on XRD analyses (Fig. F44);
near the transition from freshwater to saltwater at
~90–110 mbsf, where it is present mainly as high-Mg
calcite and dolomite; within the thick freshwater
layer from 183 to 341 mbsf, where it is present as
both calcite and dolomite; and within the transition
to saltwater as the bottom of the hole is approached,
at ~420–600 mbsf, where it is present as calcite, high-
Mg calcite, and dolomite. Large intervals in Hole
M0027A, particularly within layers occupied by salt-
water, are essentially carbonate free. As noted in the
discussion of pore water chemistry above, the high-
est concentration of TIC measured in Hole M0027A
was 3.2 wt% at 534 mbsf, within the deep salty layer
where sulfate reduction has occurred, producing car-
bonate alkalinity and inducing CaCO3 precipitation.
This highest TIC concentration correlates with a sim-
ilarly large XRD peak in high-Mg calcite.

As noted in the above discussion of pore water, the
thick salty layer at 351–410 mbsf has exceptionally
high concentrations of ammonium at its upper and
lower boundaries, where it adjoins freshwater.
Within the salty layer, ammonium concentrations
are much lower, whereas dissolved phorphorus is
much higher. Apatite content as determined by XRD
is likewise low within this salty layer but higher
along its boundaries; in fact, apatite concentrations
are higher along several of the freshwater/saltwater
boundaries in Hole M0027A than elsewhere, suggest-
ing that it may be authigenic (Fig. F43).

Mineralogy by X-ray diffraction

The semiquantitative abundance of a number of
minerals has been determined by XRD from the ratio
of the intensity of a peak for a single mineral divided
by the sum of the integrated intensities for all peaks
in a scan (Table T11). The mineralogy of Hole
M0027A is heavily dominated by quartz, which ac-
counts for 6%–86% of the signal for a given sample
(mean = 62%). Other minerals with maximum sig-
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nals above 6% are, in order from highest concentra-
tion to lowest, kaolinite, plagioclase, chlorite, K-feld-
spar, Mg calcite, calcite, clays, siderite, micas and
illite, mixed-layer clays, pyroxene, pyrite, and glau-
conite. As noted above, the depth profile for pyrite
abundance correlates extremely well with that for TS
measured chemically on the same sample (Fig. F43).
The abundance of carbonate minerals also correlates
well with the chemical measurement of carbonate
carbon (TIC), but only when all carbonate minerals
are considered; XRD data can thus be used to esti-
mate the relative proportions of calcite, high-Mg cal-
cite, dolomite + ankerite, and possibly rhodochrosite
(Fig. F44) and siderite (Fig. F45).

Many of these minerals show similar abundance pat-
terns with depth in Hole M0027A and thus correlate
with one another. The strongest correlations are
found between dolomite + ankerite and rhodo-
chrosite; pyroxene, epidote, and amphibole; siderite
and apatite (Fig. F44); kaolinite, chlorite, magnetite,
goethite, glauconite, and, to a lesser extent, pyrite
and gibbsite, all of which are anticorrelated with
quartz; and clays, mica + illite, mixed-layered clays,
and, to a lesser extent, smectite (Fig. F45).

The distribution of these minerals with depth in
Hole M0027A correlates well with the distribution of
freshwater and saltwater layers, which thus appears
to be determined largely by lithology. The five salty
layers above 420 mbsf contain abundant quartz and
not much else, whereas the five freshwater layers
contain abundant detrital and authigenic minerals,
including pyroxene, epidote, chlorite, magnetite,
goethite, and the clay minerals kaolinite, glauconite,
and mica/illite, along with mixed-layered clays (Figs.
F44, F45). Pyrite is also abundant in three of the five
freshwater layers, whereas it is present at very low
concentration or not at all in the salty layers. Plagio-
clase and K-feldspar are especially abundant within
the uppermost 22 mbsf.

Physical properties
The primary aim of this section is to provide a de-
scription of the petrophysical data sets collected on
cores from Hole M0027A, including their significant
characteristics and variations. The secondary aim is
to discuss in more detail a number of interesting as-
pects. Some measurements display variation primar-
ily associated with depositional sedimentological
changes, whereas other measurements are controlled
by more postdepositional factors, such as the degree
of cementation and the type of interstitial water. In
addition, combined integration of core and logging
petrophysical data sets allows calibration of core data
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with in situ borehole properties and provides an as-
sessment of the precise depth from which core was
collected in the borehole.

Whole-core measurements were acquired on a
MSCL: gamma ray density, P-wave velocity, noncon-
tact electrical resistivity, and magnetic susceptibility
(see “Physical properties” in the “Methods” chap-
ter). Thermal conductivity and natural gamma radia-
tion (NGR) measurements were taken on whole cores
prior to the commencement of the OSP. Density, po-
rosity, and P-wave velocity were measured and calcu-
lated from, on average, one discrete sample in every
core section. Figure F46 provides an overview of the
data acquired.

Density and porosity
Gamma density and wet bulk density
Gamma density varies from 1.55 to 2.4 g/cm3 in
cores from Hole M0027A (Fig. F47). Wet bulk density
calculated from wet and dry weight and dry volume
of samples from cores varies between 1.55 and 2.5
g/cm3. In general, there is good correspondence
between gamma density and wet bulk density, with
a slight tendency for higher estimates of density
from gamma density (Fig. F48). Based on repeat mea-
surements, it is estimated that wet bulk density of
sands is overestimated by 5%.

Density varies downhole with intervals of lower den-
sities (~1.85 g/cm3) and higher densities (~2.05
g/cm3) (Fig. F47). These variations broadly corre-
spond to different lithologies: respectively, clay- to
silt-rich intervals and sand, glauconite, or cemented
intervals. This correspondence to lithologies is par-
ticularly clear when investigated in combination
with porosity (see “Combined density and porosity
as a stratigraphic tool”).

Calculated porosity
Calculated porosity, here referred to as porosity, is
derived from the difference between the wet and dry
weights and the dry volume of selected sediment
samples (see “Physical properties” in the “Meth-
ods” chapter). Some core liners had little drill fluid
in them. As a result, sediments with high permeabil-
ity may have been drained of water during storage
and handling. Porosity, particularly that of sands,
may therefore be underestimated. Based on repeat
measurements, we estimate that porosity of sands
was probably underestimated by up to 19%. Clays
and silt sediments have relatively little permeability
and are not expected to have drained as much. Cal-
culated porosity values vary from 20% to 65%.

Stratigraphically, porosity varies, with intervals of
low porosity (~35%) and intervals of high porosity
Proc. IODP | Volume 313
(~50%–60%) corresponding to lithology variations
(Fig. F47). Clay- to silt-rich sediments in general
have high porosities, and sand, glauconitic, or ce-
mented sediments have low porosities. Such differ-
ences are in contrast to deeply buried sediments in
general (Bahr et al., 2001).

The top 200 m of Hole M0027A is characterized by
reduced sediment porosities. Coring techniques in
these less consolidated intervals included hydraulic
piston coring and extended nose coring (see “Opera-
tions”). This may have resulted in dewatering and
thus reduced calculated porosity. Also, loose sands
may have drained more during storage and han-
dling, resulting in artificially low porosities.

Below ~200 mbsf the porosity of the clay and silt in-
tervals decreases with depth. The same tendency is
observed for sand-rich intervals. This porosity reduc-
tion is a result of compaction caused by the litho-
static load. Porosity reductions broadly follow the
exponential decrease in porosity of sands, silts, and
clays that have been observed from a number of pas-
sive margins and derived analytically (Sclater and
Christi, 1980; Bahr et al., 2001). At depths shallower
than ~700 mbsf, the exponential porosity reduction
is nearly linear (Bahr et al., 2001).

Combined density and porosity as a 
stratigraphic tool
When viewed in conjunction, wireline logs of den-
sity and porosity are very useful for detecting differ-
ent lithologies in deeply buried sedimentary succes-
sions (Rider, 2006). Even at shallow depths in Hole
M0027A there is a significant inverse variation be-
tween porosity and density of the samples (Fig. F49).
The different lithologies of Hole M0027A fall close to
a mixing line between rock and saltwater. Rock has
zero porosity and a density of 2.7 g/cm3. Saltwater
has 100% porosity and a density of 1.024 g/cm3.
Sand, glauconite sediments, and the majority of clay
and silt samples plot above or close to the line. A sig-
nificant portion of the silt and clay samples plot be-
low the line with reduced densities. This could result
from the presence of organic matter that causes the
density to be reduced comparatively more than if the
decrease was only caused by a porosity increase
(Rider, 2006).

Downhole, the separation between density and po-
rosity curves varies from intervals with lower density
and higher porosity to zones with higher density
and lower porosity (Fig. F50A, F50B, F50C, F50D).
These variations correspond to the main lithology
variation in the hole, as shown in the crossplot (Fig.
F49). In this context, it is worth noting that at these
shallow depths the porosity of clay and silt is still rel-
atively higher than that of sands. As a result, the
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“separation” of porosity and density curves are not
fully expressed, as in deeply buried shale and sand
successions (cf. Rider, 2006).

In a sequence stratigraphic context, as determined
by sedimentology, transgressive and maximum
flooding intervals seem to be characterized by a
rapid reduction in density and an increase in poros-
ity (Fig. F50C). Intervals with abundant organic phy-
toclasts seem to have densities reduced relative to
porosity. Overall, density increases and porosity de-
creases in coarsening-upward prograding successions
(Fig. F50).

P-wave velocity
Velocity measurements on whole cores can be corre-
lated well with density measurements for the major-
ity of Hole M0027A, although in places there is con-
siderable scatter in the velocity data due to the
variable liner fill and saturation of cores (see “Physi-
cal properties” in the “Methods” chapter). Major
trends in P-wave velocity also correlate with major
trends in the sonic log. There are some offsets ob-
served in the MSCL data that are absent in the down-
hole log, often between successive sections or cores.
Some of these offsets may relate to the degree of liner
fill and the suitability of some of the whole cores for
measurement (see “Physical properties” in the
“Methods” chapter). Velocity trends are described
more extensively in “Downhole measurements.”

It was not possible to measure any discrete samples
for velocity in the upper part of the hole above 195
mbsf or between 325 and 415 mbsf because of the
unconsolidated nature of the core. In the clays be-
tween 195 and 208 mbsf, velocities are consistent
and low. More variable values are present in the
more variable grain-sized sands and silts in Units II–
V. In Unit IV, there are fewer velocities attained on
the MSCL because of more variable liner fill. In the
sandstone around 315 mbsf, velocity measured on
discrete samples is higher than that of the downhole
sonic log. Higher values in both MSCL velocities and
discrete velocities are apparent at the cemented lev-
els at the Unit V/VI boundary. On average, velocity
increases slightly with depth for both discrete sam-
ples and whole-core measurements. MSCL velocities
increase at the Unit II/III boundary (236 mbsf), con-
sistent with the increase observed in the downhole
sonic log. Velocities on discrete samples were mea-
surable again from 415 mbsf in the silts and display
some variation with grain size.

Downhole from ~468 mbsf, velocities increase in
both discrete samples and MSCL measurements as
the succession becomes a glauconitic sand in Units V
and VI. Velocities remain high and vary with cemen-
tation from here to the base of the hole.
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Magnetic susceptibility
Magnetic susceptibility was measured at 1 cm inter-
vals and illustrates high-resolution changes in lithol-
ogy related to variations in the magnetic minerals
and/or their sizes. Core measurements and log mea-
surements correlate extremely well, although abso-
lute values are different. Hole M0027A trends associ-
ated with lithological units are more extensively
described in “Downhole measurements.”

Electrical resistivity
Resistivity is affected by lithology and cementation
but also pore fluid and pore water salinity, as well as
core liner saturation. In general, there appeared to be
a decrease in the amount of drill fluid in core liners
down a recovered core. As a result, the last section of
every core, generally a short section, artificially has
very high resistivity and was removed from analysis.
Most very short sections have low core liner satura-
tion. Removal of this effect has been attempted by
high-pass filtering (Fig. F47). Resistivity values are
low in some poorly recovered sands. Despite the un-
certainties, resistivity measurements downhole have
interesting variations related to changes in salinity
of formation water and lithology, minerals, and or-
ganic matter.

Resistivity is highly variable from low values of 0.2
Ωm to high values of 16 Ωm. Notable high resistivity
occurs at 21–29, 176–189, 265–267, 413–425, and,
less certainly, 354–355 mbsf. The lowest resistivity is
registered at 32–49 mbsf, sporadically between 94
and 164 mbsf, and between 600 and 623 mbsf. Val-
ues are low (0.8 Ωm) between 344 and 410 mbsf with
a short interval of intermediate values at 353–361.5
mbsf.

The high resistivity of silts at 413–425 mbsf overlain
by low-resistivity sands is an interesting feature, with
the upper limit of silts corresponding to the transi-
tion from low to high chlorinity (see further descrip-
tion for the rest of the hole in “Conductivity logs”).

At centimeter-scale resolution, the correlation be-
tween lithology and the high-pass filtered resistivity
is variable and is related to variable amounts of low-
resistivity minerals, high-resistivity lignite, and the
degree of cementation (Fig. F50A, F50B).

Digital linescans and color reflectance
All cores from Hole M0027A were imaged using an
X-ray fluorescence (XRF) digital linescan system
equipped with a charge-coupled device (CCD) cam-
era using 3 × 2048 pixels with a beam-splitter and a
manually controlled Pentax 50 mm lens. Data were
recorded at a resolution of 0.068 mm as both images
and red-green-blue (RGB) values. All suitable cores
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were also scanned for color reflectance. These data
may reflect changes in glauconite content (green
wavelengths) or iron content (seen in a*/b* ratios).
The varying suitability of the core section for color
reflectance measurements was observed to have a
significant effect on the scatter present within the
data set (see “Physical properties” in the “Methods”
chapter). Some effort was made to correlate color re-
flectance changes as measured by the Minolta with
other measurements and observations, but detailed
filtering and comparisons were deemed to fall within
the domain of postexpedition research.

Thermal conductivity
Thermal conductivity data vary downhole and can
be divided loosely into four intervals. In the upper
~150 m of the hole, there is considerable variation in
thermal conductivity in the unconsolidated sands,
although values are generally high, with a departure
to a lower value around 80 mbsf. Between ~175 and
~375 mbsf, thermal conductivity decreases quite
sharply to a low around 275 mbsf before increasing
again. From 375 to 425 mbsf is another decrease. At
~425 mbsf, conductivity varies but generally stays
low to the base of the hole. There is a correlation be-
tween thermal conductivity and chlorinity. How-
ever, the transition from low to high values tends to
be sharper in the geochemical data than in the ther-
mal conductivity data, possibly because of some dif-
fusion processes occurring in the core between drill-
ing and measurement subsequent to transportation
and storage. This may have resulted in some mixing
of fluid from upper and lower levels prior to thermal
conductivity measurement, whereas geochemical
data were derived from pore water extracted immedi-
ately after coring. For most of Hole M0027A, thermal
conductivity and pore water chlorinity trends are
parallel (see “Downhole measurements”). The
highest values are between 353 and 412 mbsf in a sa-
line interval. Values here may be linked to higher
values in the quartz-rich sands.

Natural gamma radiation and 
core-log correlation

All cores were measured for NGR with the primary
purpose of core-log correlation (see below). Data col-
lected are equivalent to the TGR downhole log. Al-
though absolute values are different, trends are the
same. Gamma ray trends and characteristics are ex-
tensively described in “Downhole measurements.”
In general, correlation between core and log data sets
is excellent, with only minor (<1 m and usually <0.6
m) vertical offsets in any interval (e.g., Fig. F51). The
correlation data set is a most straightforward match
Proc. IODP | Volume 313
where there is both good core recovery and distinc-
tive peaks in both data sets.

Correlation between core and logging data is evalu-
ated primarily using NGR, but several petrophysical
data sets can be used. Toward the top of the hole, the
correlation process enabled a systematic error in top
core depth to be identified and corrected in Cores
313-M0027A-25R through 58R (see “Stratigraphic
correlation”).

Paleomagnetism
Sediments from Hole M0027A generally possess a
weak or unstable natural remanent magnetization
(NRM). Alternating-field (AF) demagnetization up to
15–30 mT, depending on lithology, typically re-
moves a low-coercivity overprint with normal polar-
ity, sometimes revealing a higher coercivity stable
component. During AF demagnetization, a few sam-
ples acquired what was identified as gyroremanent
magnetization (GRM). The effect of GRM was re-
moved by applying an antigyroremanent demagneti-
zation procedure. Two reversal boundaries were suc-
cessfully identified in the clay sequence in upper
lithologic Unit II that could be assigned to either
Chron C5ACn or C5ADn according to the time con-
straints of Sr analyses and biohorizons.

Discrete sample measurements
A total of 744 samples from Hole M0027A were mea-
sured in the pass-through magnetometer. In addition
to the standard one sample per section, Cores 313-
M0027A-65R through 70R, 110R through 116R,
155R through 166R, 175R through 193R, and 209R
through 224R were sampled at a denser resolution,
ranging from one sample every 50 cm to one sample
every 10 cm. NRM and remanence after sequential
AF demagnetization up to 60 or 100 mT was mea-
sured for all samples.

Remanent magnetization
The primary magnetization in Hole M0027A is
mostly carried by a low-coercivity component, but
demagnetization also indicates the presence of a
high-coercivity magnetic mineral. The initial NRM
moment of the sediments is typically weak, on the
order of 10–10 to 10–8 Am2 (Fig. F52). Clay sediments
in Cores 313-M0027A-61R through 70R (~183–209
mbsf) exhibit stronger magnetic moments on the or-
der of 10–7 to 10–6 Am2, coinciding with a peak in
magnetic susceptibility (Fig. F52). Finer grained se-
quences further downcore exhibit significantly lower
NRM magnetic moments, perhaps indicating re-
gional dissolution of the primary magnetic mineral.
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Inclination data show prevailing normal polarity,
suggesting a viscous overprint. In general, data are
too noisy to distinguish any polarity zones except
for Cores 313-M0027A-61R through 70R (183–209
mbsf), which exhibit stronger NRM magnetic mo-
ments. These cores are located in the high–magnetic
susceptibility clays of Unit II.

The cores were recovered using the HPC, EXN, and
ALN. Weak and unstable NRM magnetization was
generally observed in unconsolidated layers recov-
ered by the ALN, indicating magnetic grain rotation
and/or structural deformation.

Demagnetization behavior varies considerably de-
pending on lithology. Typically, the NRM of sedi-
ments exhibits a normal polarity overprint, which in
some cases makes it hard to distinguish the primary
component (Fig. F53A). AF demagnetization of some
samples typically shows a double-bulge shape fea-
ture, which is interpreted as the successive removal
of two overlapping low- and high-coercivity compo-
nents (Fig. F53B). The characteristic remanent mag-
netization (ChRM) of samples exhibiting GRM be-
havior during demagnetization was successfully
isolated using the anti-GRM technique (Fig. F53C,
F53D). We could only isolate a stable ChRM within
intervals with high magnetic susceptibility, implying
to some degree dissolution of the primary magnetic
carriers within intervals with low magnetic suscepti-
bility. In thin sections, iron sulfide and iron carbon-
ate are commonly observed as diagenetic phases in
the sediment matrix (see Fig. F46 in the “Site
M0028” chapter). These minerals are most likely sec-
ondary features, as the minerals form framboids or
aggregates along preexisting fabrics, grains, or fossils.
Nevertheless, hematite and some other opaque
grains are observed as detrital grains, which may
carry a primary magnetization.

Magnetostratigraphy
Because of the generally weak and unstable NRM of
the sediments, we were only able to establish a polar-
ity magnetostratigraphy for Cores 313-M0027A-61R
through 70R (183–209 mbsf) (Fig. F54). Preliminary
magnetostratigraphic age-depth tie points are given
in Table T12. Polarity interpretations are based on
principal component analysis (PCA) for samples
from 208.39 to 201.31 mbsf, which were demagne-
tized using the antigyroremanence procedure. Based
on these results, the 30 mT demagnetization step
was identified as the most representative of the
ChRM and was therefore used, together with studies
of individual orthogonal Zijderveld plots, to estab-
lish the polarity for samples from 201.21 to 182.52
mbsf.
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Magnetostratigraphic interpretation of inclination
data from Cores 313-M0027A-61R through 70R is de-
pendent on the placement of the m4.1 surface (cur-
rently placed at ~195 mbsf), which, according to the
seismic study, could represent an unconformity in
Hole M0027A. In this section, we present two alter-
native interpretations (Table T12) for each reversal
boundary based on the constraints given by Sr iso-
tope ages from the core catcher of Core 313-
M0027A-70R (13.7 ± 1.17 Ma) and the identification
of upper dinocyst Zone DN5 (14.2–13.6 Ma) in the
sediments from the core catcher of Core 313-
M0027A-65R.

The reversal boundary (from reversed to normal po-
larity [R/N]) between 206.94 and 206.74 mbsf is
identified as the onset of either Chron C5ACn or
C5ADn. The next reversal boundary (from normal to
reversed polarity [N/R]) between 196.09 and 195.79
mbsf is identified as the onset of either Chron C5ABr
or C5ACr. Cores 313-M0027A-61R through 63R
(183–189 mbsf) (arrows in Fig. F54 show the in-
tended core length) suffered from poor sediment re-
covery. The actual position of the recovered sedi-
ments within the cores is unknown, and we are
therefore only able to narrow down the reversal
boundary (R/N) to a relatively large depth range,
191.96–189.03 mbsf. The reversal boundary is tenta-
tively identified as the onset of either Chron C5AAn
or C5ABn, taking into account the possible hiatus
below the reflector m4.1 surface.

Magnetic susceptibility
MSCL magnetic susceptibility data from the mid-
part of the Oligocene section in Hole M0027A dis-
play high values and large (~60 × 10–5 SI units) varia-
tions (Fig. F55). There appear to be ~20–25 magnetic
susceptibility cycles in this 45 m section (1.8–2.25
m/cycle = 0.44–0.55 cycles/m). Magnetic susceptibil-
ity cyclicity is likely due to variations in abundance
of glauconite and associated minerals (Miller et al.,
1996; Metzger et al., 1997) and should be evaluated
through compositional and gray-scale studies. In
general, magnetic susceptibility of sediments
strongly depends on the amount of mainly ferrimag-
netic and partly paramagnetic minerals. Based on
microscopic observation and rock magnetic work,
ferrimagnetism mainly resides in greigite grains and
paramagnetism resides in glauconite and pyrite
grains in the section. Most greigite is authigenic and
may be linked to astronomical-pace-forcing with cli-
mate proxies. High susceptibility values in sequence
o1 (539.5–596.3 mbsf) appear to be derived from
greigite (ferrimagnetic minerals), as well as glauco-
nite pellets and pyrite framboids (paramagnetic min-
erals).
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One possible cause for cyclicity in glauconite abun-
dance is variations in downslope transport on the
off-apron toe-of-slope setting (see “Lithostratigra-
phy”). Such variations may reflect astronomical-
scale eustatic changes.

Shipboard age constraints hint at astronomical con-
trol by precession and eccentricity. The sequence be-
tween 494.97 and 539.5 mbsf is dubbed sequence o1.
It can be dated as ~28.5–29.0 Ma based on Sr isotopic
stratigraphy and biostratigraphy (Fig. F34). Thus,
these roughly 0.5 m thick cycles appear to be preces-
sional in scale. The general increasing trend from
530 to 565 mbsf and the decreasing trend from 565
to 595 mbsf may reflect modulation by the long ec-
centricity cycles. Further work should test these spec-
ulative correlations to astronomical forcing and eval-
uate the cause. Further discussion of magnetic
susceptibility variations can be found in “Downhole
measurements.”

Downhole measurements
The focus in this section is to provide a description
of the wireline data sets collected in Hole M0027A
and their downhole characteristics and variations. A
few detailed examples are given, interpreting inter-
esting aspects of the log trends. Trends in MSCL core
measurements and equivalent borehole measure-
ments are also discussed in this section. Some mea-
surements display variation primarily with deposi-
tional sedimentary composition, whereas others are
controlled more by postdepositional factors such as
the degree of cementation and the type of interstitial
formation water. Integration of core and logging
data sets allows calibration of core data with in situ
borehole properties and provides an assessment of
the precise depth from which cores were collected.
These correlations are described briefly in “Physical
properties.” At the end of the section, a synthesis of
petrophysical data and downhole logs and derived
quantities is presented for each stratigraphic unit.

Downhole measurements in Hole M0027A
In Hole M0027A, 2297 m of wireline logs was ac-
quired, along with VSP measurements. Spectral
gamma ray logs were acquired through steel drill
pipe down to 603 m wireline log depth below sea-
floor (WSF), thus providing coverage in all except
the bottommost section of the hole (see Table T7 in
the “Methods” chapter). An open-hole run of the
same probe from 410 to 621 m WSF provided an ad-
ditional 18 m of coverage at the base of the hole.

Two sections of open hole were logged with other
tools in Hole M0027A, from 192 to 342 m WSF (mid-
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dle section) and from 418 to 623 m WSF (lower sec-
tion). The base of the middle interval became shal-
lower with each successive run because of the
formation of a bridge and infilling from 342 m WSF.
This prevented the section between 342 and 418 m
WSF from being logged. In the lower section, the
acoustic log was completed at 575 m WSF because of
the timing of further wireline operations planned for
this site.

Open-hole measurements were acquired for mag-
netic susceptibility, spectral gamma ray, acoustic im-
aging, conductivity, and sonic velocity. VSP measure-
ments were acquired in the middle section in open
hole and through pipe in the upper section (see Ta-
ble T8 in the “Methods” chapter). Figure F56 pro-
vides an overview of all slimline downhole measure-
ments taken in Hole M0027A.

In all figures, downhole geophysical data and images
are plotted in meters below present-day seafloor
based on the wireline scale (WSF) (see “Downhole
measurements” in the “Methods” chapter). Where
appropriate, boundaries between lithologic units
(Units I–VII) are indicated to facilitate comparison
with other data analyses in this hole and with
analyses in other Expedition 313 holes.

Spectral gamma ray logs
Spectral gamma ray logs allow continuous character-
ization of the entire borehole. Comparison of
through-pipe data and the open-hole logs indicates
slight attenuation of the through-pipe signal but ex-
cellent matching of trends (Fig. F56). The TGR signal
from the downhole probe and NGR measurements
made on whole cores correlate very well, in some
cases allowing accurate repositioning of core depth
below seafloor (see “Physical properties”).

In general, trends in TGR are dominated by the K
component of the signal (Fig. F56). High amounts of
K appear to be related to two main factors: silt/clay
with high mica content and the occurrence of glau-
conitic sands.

Total counts in the upper 168 m (Unit I) are gener-
ally low. Through-pipe TGR values of ~20 counts per
second (cps) and K amounts of <100 Bq/kg corre-
spond to sandy intervals (3–8, 30–71, and 119–168
m WSF). A few excursions to higher values (>100
cps) correspond to clays, which were the intervals
generally recovered. In Units II–IV, values are rela-
tively constant (~150 cps) with small lows. In Unit V,
with the exception of a small peak near the top re-
lated to high U (probably linked to organic matter
described in cores) and high K, gamma counts are
very low (<20 cps) to 400 m WSF, where they begin
to rise. This interval of low counts is characterized by
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low core recovery and nonconsolidated sands. Cave
formation around the pipe at these depths may have
contributed to an underestimation of NGR emis-
sions. Total counts in the lower part of Unit VI are
relatively constant at slightly increased values com-
pared to those observed in Units III and IV. In Unit
VII, counts increase significantly to very high values
(>500 cps) between 500 and 510 m WSF in an inter-
val rich in U (top of Subunit IIB). Total counts, still
high, then decrease progressively to 600 m WSF be-
fore gradually rising to the end of the log at 620 m
WSF.

Along the hole, Th/K and U/K ratios are quite vari-
able (Fig. F57). Around 355 and 430 m WSF, U/K is
slightly lower at a cemented level. Transitions be-
tween low gamma ray in sandy intervals and high
gamma ray in clay intervals can either be sharp (e.g.,
77 and 96 m WSF) or progressive (e.g., 12–15 and
405–415 m WSF). In the latter case, Th/K and U/K ra-
tios remain quite stable (Fig. F57), suggesting a pro-
gressive change in sand/clay ratio with no change in
mineralogy.

Below 480 m WSF, high K values are not related to
mica-rich clay and silt but to the occurrence of K-
rich glauconite in the sediment. The presence of
glauconite is also indicated by low Th/K values and
correlates with high magnetic susceptibility (Figs.
F56, F57). The low Th/K value in the middle part of
the hole also corresponds with the occurrence of
glauconite (between 337 and 355 m WSF). Between
50 and 75 m WSF, the Th/K ratio is also low but the
cores appear to be glauconite free; however, core re-
covery is low.

The highest TGR values are located at 500 m WSF
and are related to the combination of high U and
high K (Fig. F56). The U spike is associated with in-
teresting features just above: from 480 to 490 m WSF,
K content increases with glauconitic content,
whereas U and Th are depleted. Minimum U and Th
contents occur between 490 and 495 m WSF in ce-
mented glauconitic sandstones. Below these ce-
mented rocks, Th values increase to an average of 25
Bq/kg, similar to values found in other parts of the
hole, whereas U increases significantly to a maxi-
mum of 180 Bq/kg at 504.5 m WSF and then de-
creases gradually to an average of 50 Bq/kg below
560 m WSF.

The association of low U and Th also occurs when
glauconite appears in the sediment from 340 to 355
m WSF. A spike of U at 361 m WSF underlies a ce-
mented sandstone at 355 m WSF, which is accompa-
nied by a progressive decrease in U to 380 m WSF.
The pattern at 340–380 m WSF is located between a
freshwater aquifer above and a saltier aquifer below
(see “Geochemistry”). Observed patterns of K and U
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are interpreted as diffusion processes during diagene-
sis at the boundary between two aquifers with dis-
tinctly different chemical properties (e.g., especially
Eh controlling the solubility of U).

Magnetic susceptibility logs
Magnetic susceptibility is often a clear indicator of
lithological variations because of its high sensitivity
to iron-bearing minerals. Susceptibility is generally
anticipated to be higher in clays than in sands and
higher where terrestrial input to the sediment is
greater. In Unit I and the upper part of Unit II, mag-
netic susceptibility is high in clay intervals. In all
holes, magnetic susceptibility signals from the EM51
downhole probe and MSCL correlate very well, al-
lowing, in some cases, very accurate repositioning of
core depth below seafloor.

In Hole M0027A, the highest magnetic susceptibility
values are found around 390 m WSF in a clay inter-
val in Unit II, as seen in the MSCL-measured mag-
netic susceptibility (Figs. F56, F58). Although glauco-
nite, which is a mineral with high magnetic
susceptibility, was not observed in these clays by the
sedimentologists, XRD analyses show a ?glauconite?
spike in these upper clay intervals. This suggests that
fine-grained glauconite may be the influence on
magnetic susceptibility. XRD analyses indicate that a
peak in magnetite accompanies the glauconite
peaks. This magnetite may be forming around the
glauconite grains (see “Paleomagnetism;” see Fig.
F46 in the “Site M0028” chapter). For the remainder
of the hole below the base of the clay at ~209 m WSF,
glauconite is the dominant control on magnetic sus-
ceptibility, which correlates with sedimentological
observations of this mineral. In some cores, a clear
correlation is observed between magnetic suscepti-
bility peaks (both from the MSCL and the EM51) and
darker layers containing sulfides, closely related to
the formation of magnetic minerals such as greigite
(Figs. F31, F58). Below this level, the magnetic sus-
ceptibility signal is much lower to the top of Unit
VII. High values are then observed between 490 and
495 m WSF, followed by a progressive decrease in
magnetic susceptibility to 600 m WSF. In Unit VII,
the magnetic susceptibility signal correlates with K,
and both closely reflect the glauconite content esti-
mated by the sedimentologists (Fig. F59). A discus-
sion of the cycles observed within this interval (540–
585 mbsf) and their potential relationship to varia-
tions of glauconite transport on the off-apron toe-of-
slope setting (see “Lithostratigraphy”) can be found
in “Paleomagnetism” (Fig. F55). Susceptibility vari-
ations commonly correlate with density variations
because both parameters are high where glauconite
is present.
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Acoustic image logs
The ABI40 acoustic image log was run at a resolution
of 72 parts per thousand in Hole M0027A. Acoustic
amplitude and traveltime images provide an esti-
mate of the borehole diameter and the induration
and rugosity of the borehole walls. Softer intervals
are characterized by shorter traveltimes and a lower
amplitude signal, which can be used to pick out non-
consolidated intervals often related to sandier levels
in the cores. The hardest zones are generally charac-
terized by higher traveltimes and higher amplitudes
(Figs. F51, F59). Centralization of the tool during ac-
quisition affects the accuracy of the acoustic caliper
calculated from the traveltime image. A generally
large and variable diameter borehole is indicated in
softer intervals and a more consistent smaller diame-
ter in more indurated zones (Fig. F51). Thus, litho-
logical changes as well as potential impedance con-
trasts can be identified. In Hole M0027A, sharp
changes in the ABI40 signal between 310 and 326 m
WSF mark a bridge formation at this depth during
logging operations, leading to a sharp decrease in
hole diameter and lower quality images because of
the presence of particles in the hole.

Sonic velocity logs
On average, sonic velocity in Hole M0027A increases
with depth, as would be expected (Fig. F56). It
changes across most major lithology changes, vary-
ing from slight increases or decreases to more signifi-
cant jumps (Fig. F56). Velocity is also affected by the
induration of the sediment, and increases are ob-
served in levels where sediment becomes harder or is
cemented. As such, these changes tend to correlate
with variations in conductivity (Fig. F56). Around
205 m there is an increase in velocity that corre-
sponds with a change in lithology from sands to
clays. A slight decrease is observed at the interface
between Units II and III, when passing from sands
(above) to clays (below). The velocity peak just above
marks a cemented level. Two distinctive transition
increases are apparent, one just above the interface
between Units III and IV (295 m WSF) and the other
between Units VI and VII (488 m WSF), with a step
increase at the latter boundary. Velocity increases
over a short interval at the first transition because of
the presence of a 40 cm thick cemented horizon
passing downhole to clay. This transition is also ob-
served in the conductivity log. The second transition
is similarly picked out by a magnetic susceptibility
increase and a conductivity decrease. Within Unit
VI, at 470 m WSF, a gradual increase in velocity cor-
responds with an increase in density identified in
whole-core logging as the lithology grades from silt
to fine sand. Velocities remain high with variation
throughout Unit VII.
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Conductivity logs
Conductivity in the borehole is influenced by a vari-
ety of aspects, including lithology, pore water con-
tent, and salinity. In Hole M0027A, conductivity
clearly correlates with changes in water chlorinity
(Fig. F60; see “Geochemistry”), emphasizing that
conductivity measurements are at a first order driven
here by pore water salinity. Note that higher conduc-
tivities (and associated chlorinities) mainly correlate
with coarse-grained intervals. Conductivity in the
middle logged section (195–330 mbsf) indicates, on
average, a decrease through the section with few no-
table peaks to higher values, often associated with a
decrease in Th content. An example of this is a peak
in conductivity at 224 mbsf (Table T13), which likely
correlates with the m5.2 surface (see “Stratigraphic
correlation”). In the lower section, there is an over-
all increase in conductivity downhole. The lowest
measured values are observed at the top of Unit V
and within Unit VI, bounding both above and below
the sands with high-chlorinity pore water observed
between 350 and 405 m WSF (Fig. F60; see “Geo-
chemistry”). A change in conductivity is also com-
monly observed at the boundaries of sedimentary
units or just above or below a stratigraphic bound-
ary, often associated with cemented intervals and lo-
cated where conductivity anticorrelates with
changes in sonic velocity.

Vertical seismic profiling
VSP data were acquired in open hole from 329 to 204
m WSF and through pipe from 204 m WSF to the
seafloor (Fig. F61) (see “Downhole measurements”
in the “Methods” chapter for more detail). Downgo-
ing waves were picked and time-depth relationships
calculated. The resultant time-depth curve can be
used to calibrate the time to depth of the seismic re-
flection profile. The time-depth relationship from
the VSP survey can be compared with the relation-
ship estimated by processing the seismic survey data
(see Fig. F18A in the “Methods” chapter). All depths
converted from traveltime in seismic profiles at this
site were estimated using stacking velocities (see
“Downhole measurements” and “Stratigraphic
correlation,” both in the “Methods” chapter).

Example of multilog interpretation
Petrophysical and downhole measurements can pro-
vide evidence for sequence boundaries. Figure F51 is
a compilation of several parameters around the m5.3
boundary as defined in “Stratigraphic correlation.”
The boundary is located at the interface between
lithologic Units II and III, at an abrupt transition at
236.16 mbsf from clay below to medium, moderately
glauconitic sand above. In Figure F51, the core and
27

313_102.PDF#page=27
313_102.PDF#page=34
313_102.PDF#page=34
313_102.PDF#page=63


Expedition 313 Scientists Site M0027
data measured on the whole core have been shifted
0.50 m downhole to match the wireline signal. The
m5.3 boundary is therefore located at 236.66 m WSF.
The boundary is marked on the petrophysical data
by a slight decrease in P-wave velocity and a slight
increase in density when passing from clay to sands.
These sands are characterized by a decrease in TGR
counts and an increase in magnetic susceptibility
(both on the EM51 log and the MSCL data), reflect-
ing the presence of glauconite in the sand. On the
ABI40 amplitude image, the m5.3 boundary is also
characterized by a change in color and texture from
light uniform colors in clay below to patchy dark red
colors in the sand above. The caliper extracted from
the acoustic image shows the hole diameter is larger
in the sandy interval. Above this boundary, a ce-
mented interval (235.22–235.63 m WSF) is clearly in-
dicated by an increase in density and P-wave veloc-
ity. This interval is also visible on the ABI40 images.

Most lithological units and stratigraphic surfaces are
often picked out by utilizing several of the wireline
logs or petrophysical core data. This is clear on Fig-
ures F56 and F62 and in the last column of Table
T13, which lists these surfaces against the petrophys-
ical surfaces, where appropriate.

Downhole log and physical properties 
integration

This section combines results of logging and physical
property measurements with the main characteris-
tics of the lithostratigraphic units. It ends with a
brief summary of the links between petrophysical in-
tervals (Table T13) and stratigraphic surfaces (Fig.
F62). All depths in Figure F62 are given in meters be-
low seafloor and ignore small differences that may
exist between core (mbsf) and log (m WSF) depths.
Various points shown in Figure F62 can generally be
seen in greater detail in various figures in “Physical
properties” or “Downhole measurements.” Nu-
merical data are accessible online; see “Publisher’s
notes” for links to the database.

Lithostratigraphic Unit VIII
The upper part of this thin unit was logged with only
some of the tools. Results are of poor quality.

Lithostratigraphic Unit VII
Lithostratigraphic Unit VII shows high K content
and high magnetic susceptibility, density, and sonic
velocity compared to the units above, reflecting
glauconite (Fig. F62B). However, there is a high de-
gree of variability in these parameters. Gamma ray
from the base of the unit increases to an overall high
rich in U at the Subunit VIIA–VIIB transition at
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499.5 mbsf. U and Th contents decrease above to the
boundary with Unit VI. The density log has a blocky
appearance in the lower half of the unit (below 570
mbsf) but more stable density values at the top of the
unit. A low at 499.50 mbsf is close to the U rich/poor
transition. In this coarse-grained unit, chlorinity is
high, reflecting salty pore water (Fig. F60; see also
“Geochemistry”) and conductivity, which slightly
decreases uphole, clearly following the chlorinity
trend. Lows in conductivity usually tie with sonic
peaks and porosity lows, reflecting cemented or
more indurated intervals rather than pore water
chlorinity changes.

The transition to Unit VI is clearly marked by a de-
crease in K content, magnetic susceptibility, sonic
velocity, electrical conductivity, and impedance.
Density has a small peak just below the unit bound-
ary, mirrored by porosity. The Th/K ratio clearly in-
creases when entering into Unit VI.

Lithostratigraphic Unit VI
The data sets in Unit VI clearly evidence the two sub-
units identified in “Lithostratigraphy,” which show
very distinct lithologies (Fig. F62B, F62C). TGR in
Subunit VIB is characterized by a relatively high sig-
nal indicative of clayey sediment and becomes more
variable at the bottom of the unit below 465 mbsf
(silt/sand interbedding with clay layers). Subunit VIB
is also characterized by low conductivity compared
to the sands above in Subunit VIA. From ~488 mbsf,
there is a stepped density decrease (porosity increase)
to 465 mbsf, where an MFS has been interpreted.
This is also matched by the sonic curve. At the MFS,
there is a small peak in the Th/K ratio. From the low
at the MFS, density increases stepwise, paralleling
small “coarsening”-upward motifs, to just above the
Subunit VIA/VIB boundary. Entering the sands of
Subunit VIA, TGR decreases gradually to very low
values. Toward the top of the unit, a peak in Th a few
meters below the Unit V/VI boundary probably char-
acterizes the unconformity correlated with seismic
sequence boundary m5.7. Density does not change
significantly upsection in Subunit VIA except at the
top. In the lower, fine-grained part of Unit VI, chlo-
rinity is lower than in Unit VII but decreases to 418
mbsf. The electrical conductivity curve parallels the
chlorinity trend as well as the porosity and density
curves, reflecting either changes in water content
volume or mineralogy, such as the presence of clay.
In the upper coarse-grained sandy part of Unit VI,
chlorinity increases drastically to salty pore water in
parallel with MSCL conductivity between 412 and
343 mbsf (see further description in “Physical prop-
erties”).
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At the boundary with Unit V, gamma ray increases
from very weakly serrated low values in two bell-
shaped trends with sharp tops associated with seis-
mic sequence boundaries m5.7 and m5.6. The latter
peak in gamma ray is associated with a sharp in-
crease in K and density, mirroring the density that
characterizes the Unit V lower boundary.

Lithostratigraphic Unit V
Unit V is glauconite rich, as evidenced by a low Th/K
ratio and high magnetic susceptibility. Density in
this unit is high, paralleling the K curve and domi-
nated by glauconite, although those correlations do
not always fit with the glauconite estimates made by
sedimentologists. The TGR curve displays the super-
position of bell- and funnel-shaped curves. Highs in
TGR correspond to high magnetic susceptibility, K,
and density and are interpreted as an increase in
glauconite content rather than clays. A density high
at the base of the unit correlates with a carbonate ce-
mented bed (see “Lithostratigraphy”). At ~350
mbsf, there is a low in density followed by a gradual
increase upsection, mirrored in porosity. Conductiv-
ity is high in the unit, roughly paralleling the
gamma ray trend, which is in adequation with the
overall coarse-grained lithology, relatively low poros-
ity, and high chlorinity measured on the cores. The
decrease in conductivity at ~340 mbsf matches the
decrease in chlorinity and the increase in porosity.

TGR changes at the boundary with Unit IV from a
decreasing funnel shape below to a higher but con-
stant and serrated curve above. This change corre-
lates to a sharp increase in conductivity and de-
creases in density and porosity. In detail, the rate of
density decrease is greater just at the boundary with
a subsequent brief local high at seismic sequence
boundary m5.45.

Lithostratigraphic Unit IV
Unit IV is characterized by a flat, serrated TGR curve
typical of largely clayey material with high Th con-
tent at the bottom. Approximately the lower half of
the unit is marked by a decrease in density mirroring
a porosity increase, suggesting a weak fining-upward
succession in an overall clayey sediment. Two sharp-
topped bell-shaped sonic increases (324–309 and
309–296 mbsf) are anticorrelated but parallel to the
conductivity curve. Increases in density with no de-
crease in porosity possibly indicate increases in
heavy mineral content despite the lack of evidence
along the magnetic susceptibility curve. In this fine-
grained unit, chlorinity is low, slightly increasing up-
hole, according to the global trend of the conductiv-
ity logs.
Proc. IODP | Volume 313
At the boundary with Unit III, TGR changes from
weak serrated intermediate values to boxcar-shaped
lower values just above a sharp confined peak in
TGR. Sonic velocity increases significantly at the
small bed immediately above the boundary with a
small low in conductivity and a small peak in U.
Density decreases sharply above this bed, and poros-
ity increases because of sharp grain size diminution.

Lithostratigraphic Unit III
Unit III shows TGR values serrated intermediate with
boxcar to weak bell shapes characteristic of clays and
silts, with a distinct low at 272 mbsf. This latter sand
bed correlates to seismic sequence boundary m5.4,
characterized by a decrease in density and a peak in
the Th/K ratio, sonic velocity, and magnetic suscepti-
bility. Density rapidly decreases and then slowly in-
creases uphole to 272 mbsf (m5.4), mirrored by the
porosity curve. Density rapidly decreases to a low at
265 mbsf and then stepwise increases to the top of
the unit. At 240 mbsf, clay volume peaks and density
increases, possibly related to a high content of heavy
minerals (pyrite). Chlorinity is low in Unit III, in-
creasing uphole and correlated with the conductivity
curve.

The boundary with Unit II is characterized by a clear
increase in sonic velocity, an increase and then de-
crease in conductivity, an abrupt change from high
serrated gamma values to a weak funnel trend, a
sharp increase in density, and decreases in porosity.

Lithostratigraphic Unit II
Unit II shows a composite TGR curve with a succes-
sion of boxcar trends in the lower part overlain by a
tight serrated shape in the upper part. This shape
corresponds to the superposition of an alternation of
sand and clay motifs at the base with homogeneous
clayey sediment at the top. These TGR trends are
paralleled by Th, K, and density curves but are anti-
correlated with porosity, which confirms the fining-
upward clayey trends.

Several peaks in magnetic susceptibility correlate
with peaks in conductivity and density, which are
possibly correlated with glauconite occurrences at
the base of the unit. At the m4.5 unconformity, den-
sity decreases sharply and sonic velocity peaks. The
sharp change in the overall shape of the TGR trend
at 205 mbsf is clearly evidenced on the acoustic im-
ages and conductivity curves. The trend shows a
drastic increase in magnetic susceptibility due to a
high content of ferromagnesian minerals. Chlorinity
increases progressively from 188 mbsf uphole to
salty water (see Fig. F60), in parallel with conductiv-
ity (see “Geochemistry”). In the units below, high
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chlorinities were usually correlated to coarse-grained
intervals. In this unit, high chlorinity appears in
much clayey sediment. However, peaks in conduc-
tivity between 235 and 232 mbsf fit with TGR
gamma lows and may reflect the presence of saltier
pore water in coarse sediments that have not been
sampled for geochemical measurements.

The boundary with Unit I is characterized by a rapid
funnel-shaped TGR trend at the transition between
weakly serrated high values below and smooth box-
car low values above, indicating a rapid grain size in-
crease from silty muds below to clean sands above.
The boundary is underlined by an increase in Th/K
ratio.

Lithostratigraphic Unit I
The TGR signature of Unit I is composed of two 50 m
thick low-value boxcar-shaped trends interbedded
with 20–40 m thick stacks of 10 m thick bell- and
funnel-shaped trends with intermediate values.
These evolutions are typical of alternation of clean
shoreface sands with coastal plain sands, silts, and
clays. Trends in TGR are paralleled by Th, K, and U
curves. Porosity and density trends are highly vari-
able but very well anticorrelated. The Subunit IC/ID
boundary (seismic sequence boundary m1) occurs at
the top of a stepped boxcar-shaped interval with in-
creasing gamma values. The Pleistocene surfaces cor-
responding to marine isotope Chrons (MICs) 4,
MIC3c, and MIC3a are characterized by abrupt de-
creases in TGR values at the top of a thick boxcar
trend and at the base of bell and funnel trends, re-
spectively.

Stratigraphic surfaces and correlation 
with petrophysical intervals

Table T13 summarizes the key petrophysical surfaces
and intervals. Most of them correspond to strati-
graphic surfaces recognized on the core and on seis-
mic profiles (see penultimate column in Table T13).
Small differences in depth are due to the lack of pre-
cision in the location of an event (i.e., at the start of
an increase in a parameter value or at the peak of the
change). Petrophysical surfaces and intervals are de-
fined by combining the full suite of logs and petro-
physical parameters at places where more than one
property displays a significant change. The m4 sur-
face is imprecisely located because of a lack of data in
this interval (see “Stratigraphic correlation”). The
m3 surface is picked at the largest observed increase
in gamma ray, but it falls a few meters above the seis-
mic pick because of low core recovery. Flooding sur-
faces and transgressive surfaces are, in places, charac-
terized by series of fluctuations in petrophysical
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parameters like density, magnetic susceptibility, and
gamma ray (e.g., between 253 and 256 mbsf). Seven
additional surfaces/intervals were picked from petro-
physical data that are not obviously related to any
seismic pick or major lithological unit/subunit tran-
sition. Some of these correspond to cemented hori-
zons (see notes in last column of Table T13), whereas
others reflect minor sedimentological changes.

Stratigraphic correlation
Seismic sequence identification

Site Survey Oceanus 270 (Oc270) and Cape Hatteras
0698 (CH0698) seismic data formed the framework
for predicting seismic sequence boundaries in Hole
M0027A (see Fig. F7 in the “Expedition 313 sum-
mary” chapter). Reflectors interpreted as lower and
middle Miocene sequence boundaries (Miller and
Mountain, 1994) were traced through the lower reso-
lution Ewing 9009 (Ew9009) (~15 m vertical resolu-
tion) seismic grid from the outer shelf/slope region
across the New Jersey shelf. These surfaces were sub-
sequently correlated to the higher resolution Oc270
and CH0698 grids (Monteverde et al., 2008). Hole
M0027A lies within a CH0698 hazard grid at the
crossing of dip profile 107 common depth point
(CDP) 11165 and strike profile 102 CDP 5704.
CH0698 line 107 resampled part of Oc270 line 529.
Time-depth correlations are based on semblance ve-
locity data from Oc270 (see “Stratigraphic correla-
tion” in the “Methods” chapter).

Targeted horizons in Hole M0027A range from the
Pleistocene through the Eocene. The uppermost seis-
mic reflectors intersected in Hole M0027A were Pleis-
tocene surfaces identified on Geopulse data as
MIC3a, MIC3c, and MIC4, with predicted depths on
Oc270 line 529 at 6, 31, and 46 ms two-way travel-
time (TWT) (Sheridan et al., 2000) corresponding to
12, 24, and 36 mbsf, respectively (see “Chronology”
for age control on Pleistocene surfaces). Correspond-
ing surfaces in the hole were identified as described
below.

For Miocene and older sequences, seismic sequence
boundaries were identified (see “Stratigraphic cor-
relation” in the “Methods” chapter), and TWTs were
picked by G.S. Mountain (unpubl. data) on OC270
line 529 and used during drilling operations. Monte-
verde et al. (2008) and this study (see “Stratigraphic
correlation” in the “Methods” chapter) reevaluated
loop correlations through the Oc270 seismic grid
and provide slightly different TWT picks on some
surfaces, as discussed below (Table T14). The veloc-
ity-depth function thus yielded two slightly different
predictions of seismic sequence boundary correla-
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tions in Hole M0027A, and a third one was provided
based on a post-OSP revised velocity analysis (see
“Stratigraphic correlation” in the “Methods” chap-
ter). The three estimates provided close agreement,
except for differences noted below. Corresponding
surfaces in the hole were identified as described be-
low.

Tracking Miocene seismic sequence boundaries m1,
m3, and m4 to the Expedition 313 sites is tenuous
because of the distance to ODP Leg 150 drill sites
and the nature of chaotic seismic facies in the vicin-
ity of Hole M0027A. Depth predictions of these seis-
mic surfaces are similar between seismic interpreta-
tions. Five new surfaces have been identified
between m4 and m5 seaward of Hole M0027A, but
only two, m4.1 and m4.5, track into the drill site.
Here, surface m4.1 is a merged reflector of surfaces
m4.1, m4.2, m4.3, and m4.4, from youngest to old-
est. Surface m4.5 merges with middle Miocene seis-
mic sequence boundary m5 <1 km seaward (east) of
Hole M0027A at CDP 6995 (Fig. F63) on line 529.
Surface m4.2 is defined as a seismic sequence bound-
ary, whereas surfaces m4.3 and m4.4 are reflector ter-
minations that are suggestive of MFSs. Surface m4.5
has some weak indications as a possible sequence
boundary on the limited number of dip lines within
the Oc270 and CH0698 seismic grids. Lower and
middle Miocene seismic surfaces m5.4, m5.3, and
m5.2 are more clearly defined as moderate- to high-
amplitude continuous reflectors and are imaged
clearly. Hole M0027A intersects these surfaces land-
ward of their corresponding rollover (clinoform in-
flection) positions. A new surface was defined at the
base of well-defined downlapping reflectors between
CDPs 5411 and 4934 on line 529 across Hole
M0028A (Figs. F63, F64). This surface, lying between
m5.4 and m5.3 and named m5.32, was traced fol-
lowing a moderate- to high-amplitude, discontinu-
ous, slightly undulating reflector into Hole M0027A.
No rollover/inflection point is associated with seis-
mic surface m5.45 along line 529. However, surface
m5.45 correlates to a seismic sequence boundary
within the CH0698 grid to the south (Monteverde et
al., 2008; Monteverde, 2008).

The nature of the next deepest seismic sequence
boundary, m5.47, is more complex. Boundary m5.47
correlates to a highly bisected surface between Holes
M0027A and M0028A (CDPs 7033–5386 on Oc270
line 529). This surface truncates seismic surface m5.6
at CDP 7133 on line 529 immediately east of Hole
M0027A. The eastern continuation of surface m5.6
emerges from the erosional truncation immediately
west of Hole M0028A at CDP 5516 on line 529. Sur-
face m5.7 was sampled in Hole M0027A ~100–200 m
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landward of its rollover/inflection point. This surface
is a high-amplitude continuous reflector along the
seaward-dipping clinoform front. Near its rollover/
inflection point, however, it becomes a low- to mod-
erate-amplitude discontinuous reflector. Immedi-
ately above and below the m5.7 rollover/inflection
point are low- to moderate-amplitude hummocky re-
flectors. This seismic facies continues from 449 to
525 ms TWT below seafloor at the drill site, and be-
low that, the facies changes to low- to moderate-am-
plitude, parallel to subparallel seismic facies to 566
ms TWT. A sharp high-amplitude continuous reflec-
tor separates the previous seismic facies above from a
thin zone (20 ms) of well-imaged high-amplitude re-
flectors that show both downlap and onlap seismic
terminations. Seismic surface m5.8 forms the base of
this seismic unit. Hole M0027A is downdip (seaward)
of the m5.8 rollover/inflection point. Reflector m5.8
is placed in the core at 489.4 mbsf, slightly below its
predicted depth (470–480 mbsf). Post-OSP revision
of the time-depth correlation has reduced this dis-
agreement between depths calculated from TWT and
presumed surface in the core (see “Stratigraphic
correlation” in the “Methods” chapter).

Surface m6 underlies m5.8 as a moderate-amplitude,
discontinuous, undulating reflector. It traces to a sig-
moidal structure with a rollover at CDP 9395 on line
529. A new surface identified as o.5 (G.S. Mountain,
unpubl. data) is a moderate- to high-amplitude dis-
continuous reflector that traces westward to a major
downlap surface near CDP 7500 on line 529; this was
originally identified as reflector m6 (see Table T10 in
the “Methods” chapter), but loop correlations now
indicate that it is older than reflector m6. Surface o.5
approximates the Miocene/Oligocene boundary (see
“Chronology” for age control). The deepest pre-
dicted seismic surface encountered in Hole M0027A
is surface o1, imaged as a moderate- to high-ampli-
tude continuous reflector. Mountain et al. (1994)
dated surface o1 as the Oligocene/Eocene boundary;
however, in Hole M0027A it is clearly middle Oligo-
cene (see “Chronology” for age control). The lack of
Oligocene reflections between o.5 and o1 is due to
the relative thinness. Numerous Oligocene sequence
boundaries cored onshore (e.g., Pekar et al., 2000)
are below seismic resolution.

Core-seismic sequence boundary 
integration

Core-seismic sequence boundary correlations are
shown in Figures F65, F66, F67, F68, and F69. They
are based on the integration of seismic and lithostra-
tigraphy, log analysis, and age datings.
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Pleistocene
A surface at Section 313-M0027A-5R-1, 11 cm (10.41
mbsf), marks the base of a coarsening-upward sec-
tion, assigned an age of <90 ka based on nannofossils
(Fig. F70). We interpret this surface as sequence
boundary MIC3a (Sheridan et al., 2000). Gravel at
the bottom of Core 313-M0027A-14R (26.38 mbsf) is
dated at 125–250 ka based on nannofossils (Fig. F71).
We interpret this as a sequence boundary predicted
to be MIC3c (Sheridan et al., 2000). The section be-
low this is older Pleistocene (NN19 with Sr isotope
age estimates averaging 1.35 Ma in Section 313-
M0027A-15R-CC). The base of this sequence is pre-
dicted at ~36 mbsf (Sheridan et al., 2000); it is poorly
defined in cores because of poor recovery. It is tenta-
tively placed at the gravel at Section 313-M0027A-
19R-1, 39 cm (31.9 mbsf), though the position of
this core is uncertain (Fig. F65).

Miocene
Reflectors m1–m4 are not well located relative to
cores. Seismic reflector m1 is predicted (87–91 mbsf)
in a poorly recovered zone, though we place it at 96
m log depth at a distinct decrease downsection in
gamma ray values. Section 313-M0027A-50R-1
(97.12 mbsf) recovered a paleosol (Fig. F72) associ-
ated with moderate gamma values that decrease far-
ther downsection and may mark the top of the un-
derlying sequence m3. Reflector m3 was not cored
but is placed near its predicted depth (105–109 mbsf)
at the base of a downhole shift in gamma log values
at 115 mbsf. Reflector m4 is predicted at 138–142
mbsf in an uncored interval, with little log expres-
sion (Fig. F73).

Reflector m4.1 marks a concatenated surface (at seis-
mic resolution of ~5 m) of reflectors m4.1, m4.2,
m4.3, and m4.4. Despite this probable condensed
section or actual erosion, there is no apparent litho-
stratigraphic surface or change in log character at its
predicted depth of 196 mbsf.

Reflector m5 is merged with reflector m4.5 at the
site. This composite reflector m4.5/m5 (predicted
depth of 210–215 mbsf) is tentatively placed at Sec-
tion 313-M0027A-75R-2, 68 cm (218.39 mbsf), at the
base of a granuliferous sandy silt over silty clay (Fig.
F74). It is marked by a distinct impedance contrast
caused by an increase in velocity and density mea-
sured by the MSCL (Fig. F66). It is interpreted as a
candidate sequence boundary based on core observa-
tion (see “Lithostratigraphy”). The seismic place-
ment is slightly above this depth, and this interval
requires further study.

Reflector m5.2 (predicted depth of 225–230 m) was
placed at Section 313-M0027A-80R-1, 10 cm, at the
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base of granuliferous very coarse sand over silty clay
and corresponds to the base of a gamma log mini-
mum (Fig. F66). There appear to be high MSCL den-
sity values at this level as well, although the recovery
and data quality are too poor to be certain that this
is an impedance contrast. It is interpreted as a candi-
date sequence boundary based on core observation
(see “Lithostratigraphy”).

A surface noted at the top of Section 313-M0027A-
82R-1 (231.46 mbsf) has no obvious seismic expres-
sion. It consists of coarse sand in burrows at the top
of the section and very fine sand below. The section
above this (Section 313-M0027A-81R-2) changes
downsection from clay to glauconite sand, consis-
tent with its status as a candidate sequence boundary
(see “Lithostratigraphy”). A downsection increase
in MSCL density values is consistent with this sec-
tion being a minor impedance contrast (Fig. F66).

Reflector m5.3 (235–240 mbsf predicted depth) is
placed at Section 313-M0027A-83R-2, 127 cm
(236.17 mbsf), at a contact between sand above and
tight clay below (Fig. F75). There is a relatively large
downhole decrease in MSCL density values across
this surface that yields an impedance contrast (Fig.
F66). It is interpreted as a candidate sequence
boundary based on core observation (see “Lith-
ostratigraphy”).

A newly identified surface, m5.32 (predicted depth
of 258–260 mbsf), appears to be a sequence bound-
ary expressed as a surface at Section 313-M0027A-
90R-1, 33 cm (256.19 mbsf). The surface juxtaposes
granuliferous shelly silty sand over sandy silt (Fig.
F76) and is interpreted as a candidate sequence
boundary based on core observation (see “Lith-
ostratigraphy”).

Seismic sequence boundary m5.4 (predicted depth of
278–284 mbsf) appears to have an expression at Sec-
tion 313-M0027A-95R-1, 10 cm (271.21 mbsf), at a
sharp sedimentary facies change from laminated
clayey silt above to sand below (Fig. F77). Core ob-
servation suggests this may be a transgressive sur-
face, with the candidate sequence boundary immedi-
ately below (Fig. F66; see “Lithostratigraphy”).

A surface noted at Section 313-M0027A-102R-2, 105
cm (295.01 mbsf), has no obvious seismic expression
but is interpreted as a candidate sequence boundary
based on core observations (see “Lithostratigra-
phy”) (Fig. F78). It consists of very poorly sorted
slightly glauconitic shelly sand deposited in
shoreface–offshore transition environments overly-
ing clayey silt deposited in offshore environments.

Seismic sequence boundary m5.45 (predicted depth
of 325–330 mbsf) correlates with a surface at Section
313-M0027A-114R-2, 135.5 cm (331.9 mbsf), with a
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shelly, silty very fine sand overlying a sharp, irregu-
lar surface with heavy bioturbation that overlies
sandy silt deposited in offshore environments (Fig.
F79). There is a slight increase in MSCL density and
velocity at this level. This level corresponds to a bio-
turbated surface and is interpreted as a candidate se-
quence boundary based on core observation (see
“Lithostratigraphy”).

Seismic sequence boundary m5.47 (predicted depth
of 335–340 mbsf) correlates with a surface at Section
313-M0027A-116R-1, 90 cm (336.06 mbsf). This is a
sharp, heavily bioturbated erosion surface separating
clayey very fine sandy silt deposited in offshore envi-
ronments from underlying silty, poorly sorted fine–
very fine glauconitic sand with granules and pebbles
deposited as a transgressive lag deposit (Fig. F63).
The bioturbation extends from 72 to 101 cm. This
surface is interpreted as a candidate sequence bound-
ary based on core observation (see “Lithostratigra-
phy”).

Seismic sequence m5.5 is truncated at this site, but
seismic sequence m5.6 (predicted depth of 345–350
mbsf) appears to correlate with Section 313-M0027A-
125R-1, 140 cm (355.53 mbsf). This zone is indu-
rated, with shelly glauconite sand from a poorly re-
covered zone of indurated quartz sands below (Fig.
F80). This zone shows a major downhole increase in
core density and NGR (Fig. F67) and is interpreted as
a candidate sequence boundary based on core obser-
vation (see “Lithostratigraphy”). Seismic sequence
m5.7 is predicted close to this level (350–360 mbsf),
and we tentatively place it in a coring gap below Sec-
tion 313-M0027A-127R-2, 22 cm (361.28 mbsf), at a
major downhole change in gamma log values.

Sequence m5.8 is very thick (~127 m) and contains a
strong intrasequence reflection predicted at 450–460
mbsf. This intrasequence surface appears to be the
MFS identified in Core 313-M0027A-162R (465
mbsf) based on benthic foraminifer paleobathymetry
(see “Paleontology”), though the downhole gamma
log may indicate its placement at a peak in Core 313-
M0027A-163R (Fig. F68). Core observations place the
MFS slightly higher (~458 mbsf; see “Lithostratigra-
phy”). A gradual increase in MSCL density between
465 and 475 mbsf appears to be the cause of this re-
flection. Seismic sequence boundary m5.8 is pre-
dicted at 470–480 mbsf. It is best placed deeper than
predicted; we tentatively place it at the top of ce-
mented glauconite sands in Section 313-M0027A-
170R-CC (489.39 mbsf) or the top of Core 171R
(489.39 cm), with cemented glauconite sands con-
tinuing below.

Seismic sequence boundary m6 was initially pre-
dicted at 540–545 mbsf, but this surface was retraced
during the OSP as a sequence in the Oligocene (o.5).
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Based on this revision, the m6 reflection is thus pre-
dicted at 475–503 mbsf, which we correlate with Sec-
tion 313-M0027A-174R-1, 111 cm (494.87), at the
base of indurated glauconitic sandstones and the top
of silty glauconite sands. This level is a candidate se-
quence boundary based on core observation (Fig.
F69) (see “Lithostratigraphy”). However, at this
stage of analysis, this reflector could be placed as low
as a large downhole gamma log increase at ~499
mbsf.

Reflector o.5 was predicted at 540–545 mbsf and is
tentatively correlated with the top of Core 313-
M0027A-192R (539.51 mbsf). The o.5 sequence is up-
permost Oligocene to ?lowermost Miocene (see
“Chronology”). There is no obvious lithologic ex-
pression of this reflection, and it may be in a core
gap between Cores 313-M0027A-193R and 195R
(545.5–548.66 mbsf) or possibly at the base of a
shelly zone in Section 313-M0027A-193R-1, 134 cm
(543.90 mbsf) (Fig. F69). However, Section 313-
M0027A-192R-CC is dated as older than 28 Ma and
has Sr isotope and paleontological ages in congru-
ence with the section below (see “Chronology”),
though it is possible that the shells are reworked in
the base of the sequence. Post-OSP studies are
needed to resolve placement of the reflector and hia-
tus with respect to the cores.

Reflector o1 was predicted at 585–590 mbsf and is
correlated with a surface at Section 313-M0027A-
209R-1, 22 cm (585.48 mbsf). At this depth, a heavily
bioturbated surface separates muddy glauconitic
very fine sand from underlying clayey silts; it is asso-
ciated with a significant downhole increase in MSCL
density values (Fig. F81), suggesting that this is the
source of an impedance contrast (Fig. F82). Reflector
o1 was dated on the continental slope by Leg 150
and Alvin cores as the EOT (Miller et al., 1998); how-
ever, o1 here is clearly a younger sequence boundary
because it is well dated as middle Oligocene (see
“Chronology”).

Two Oligocene surfaces identified in cores appeared
to be possible sequence boundaries based on litho-
stratigraphic characteristics but were too subtle and
closely spaced to be imaged well with available seis-
mic data at this burial depth. A tentative surface at
Section 313-M0027A-212R-2, 30 cm (596.30 mbsf), is
a thin bed of shells and foraminifers sandwiched be-
tween glauconitic silty clay in an interval of heavy
biscuiting, but it is associated with a major gamma
kick in logs and cores (Fig. F69).

Calcareous nannofossils indicate a major hiatus be-
tween upper Oligocene Zone NP24 in Sample 313-
M0027A-218R-2, 103–106 cm, and lower mid-Oligo-
cene Zone NP23 in Sample 313-M0027A-220R-2, 49–
52 cm. A faint surface at Section 313-M0027A-219R-
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1, 24 cm (617 mbsf), is a candidate for a sequence
boundary associated with this hiatus, but we do not
recognize a potentially correlative seismic surface.

The EOT is associated with a major erosional surface
at Section 313-M0027A-223R-1, 90 cm (628.86
mbsf). Nannofossils in Sample 313-M0027A-223R-1,
26 cm, indicate lower Oligocene Zone NP22, whereas
Sample 223R-1, 146 cm, indicates lower Zone NP21
and probable uppermost Eocene. Seismic and core
expressions of Oligocene sequences are muted in
Hole M0027A, and dating of hiatuses by biostratigra-
phy and Sr isotopes should provide a means of re-
solving sequence boundaries.

An acoustic impedance log was computed for Hole
M0027A following the OSP to aid in core-seismic in-
tegration. The impedance log was constructed in two
ways using MSCL bulk densities; velocities were
taken from both MSCL velocity logs and downhole
sonic logs. The resultant acoustic impedance logs
shown on the synthesis figures (Figs. F65, F66, F67,
F68, F69, F73, F82) allow evaluation of seismic-core
correlation made by other means (e.g., the velocity-
depth function, matching to core surfaces, down-
hole log, and MSCL changes). The impedance log in
the top 200 m (Figs. F65, F73) uses only MSCL data,
and core-log seismic integration is hampered by poor
recovery. Comparison with the positions of reflec-
tions m4.5, m5.2, flooding surface m5.3, m5.32, and
m5.4 with the impedance log is compelling: reflec-
tions are placed in the core by other criteria precisely
at acoustic impedance contrasts except for m5.3,
which is <2 m offset (Fig. F66). Acoustic log quality is
not as high for sections encompassing seismic se-
quence boundaries m5.45, m5.47, m5.6, and m5.7
(Fig. F67) but are generally consistent with the core
placement. Acoustic impedance data support place-
ment of sequence boundaries m5.8 and m6 and are
generally consistent with o1 but suggest that seismic
sequence boundary o.5 may be too deep by ~5 m
(Fig. F67).

Core-seismic-log synthesis
Figures F65, F66, F67, F68, F69, F73, and F82 sum-
marize the ties between sequence boundaries, sedi-
mentary facies, and chronostratigraphy developed in
Hole M0027A and are discussed below, emphasizing
the relationships between core sequences, logs, and
seismic facies within a lithostratigraphic framework.
(These figures are combined in Fig. F83.) Correla-
tions include a synthesis of the lithology accompa-
nied by an indication of depositional environments
and paleodepth estimated by benthic foraminifer as-
semblages (see “Paleontology”). TGR (downhole
logging data), NGR (MSCL measurements), and the
relative concentration of isotope decay products (K,
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U, and Th) are also shown. Chronostratigraphy is es-
tablished on the basis of biostratigraphic analyses
(see “Paleontology”), whereas indication of age is
given by the Sr dates (see “Chronology”). The data
set is completed with a preliminary characterization
of the seismic facies and with the correlation be-
tween the sequence boundaries detected in the cores
and the predicted depth range of seismic reflections.
Moreover, predicted depths from post-OSP revision
to the time-depth function are shown in the figures,
but they are not discussed because they were not
available during the OSP (Figs. F65, F66, F67, F68,
F69, F73, F82).

Lithostratigraphic Unit I (0–167.74 mbsf)
Seismic reflector MIC3c (Sheridan et al., 2000), with
a predicted depth of 24 mbsf, is associated with a
core sequence boundary at 26.29 mbsf (base of Core
313-M0027A-14R) and marks the boundary between
lithostratigraphic Subunits IA and IB and the upper
versus lower Pleistocene (Fig. F65). Seismic reflector
MIC4, with a predicted depth of 36 mbsf, is associ-
ated with a major gap between the Pleistocene and
the Miocene. The predicted depth from Geopulse
seismic profiles (Sheridan et al., 2000) and the veloc-
ity function used during the OSP (see “Stratigraphic
correlation” in the “Methods” chapter) is 36 mbsf,
slightly deeper than the depth interpreted in the
core lithology (Section 313-M0027A-19R-1, 56 cm;
31.9 mbsf). The succession passes downhole to a
poorly recovered and barren interval (possibly fluvial
deposit infilling a valley incision) of supposed Mio-
cene age that includes lithostratigraphic Subunits IC
and IB. The position of reflector m1 is based on well
log data (decreasing gamma ray values at ~96 mbsf)
and corresponds to the transition between litho-
stratigraphic Subunits IC and ID. The predicted
depth range (89–94 mbsf) for reflector m1 is slightly
shallower than the position inferred from gamma
ray log values. The transition to possibly coarse-
grained sediment is also marked on the seismic pro-
file by the abrupt transition from parallel reflectors
to channel-fill seismic facies.

Recovery is very poor down to Core 313-M0027A-
58R (176 mbsf; lithostratigraphic Subunit ID). The
section mainly corresponds to very low gamma ray
values with granules and pebbles at the base, as evi-
denced in Cores 313-M0027A-55R and 56R. Reflector
m3 has been positioned at 115 mbsf by relying on
the well-log data, whereas the predicted depth range
lies between 89 and 94 mbsf (Fig. F73). The log data
signature was also used to locate reflector m4, where
the predicted depth range based on velocity is 138–
143 mbsf. The transition between lithostratigraphic
Units I and II is not cored but is evidenced by down-
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hole increasing gamma ray values and falls into an
interval characterized by chaotic seismic facies.

Lithostratigraphic Unit II
(167.74–236.16 mbsf)

The lack of a surface in the core or a change in either
log or MSCL character at the predicted depth of re-
flector m4.1 (196 mbsf) requires further examina-
tion. Similarly, more work is needed to understand
why the predicted depth for reflector m4.5 (208–211
mbsf) is shallower than the position interpreted in
the core (Section 313-M0027A-75R-2, 68 cm; 218.39
mbsf). In contrast, reflectors m5.2 (Section 313-
M0027A-80R-1, 10 cm; 225 mbsf) and m5.3 (Section
83R-2, 127 cm; 237.3 mbsf) match fairly well with
the predicted depths (225–230 mbsf for m5.2 and
235–242 mbsf for m5.3) as shown in Figure F66. Re-
flector m5.3 coincides with the transition between
lithostratigraphic Units II and III.

Several fining- and deepening-upward intervals (cor-
responding to transgressive shoreface evolving to
shoreface–offshore transition; see “Lithostratigra-
phy”) are identified between the predicted depths of
reflectors m4.5, m5, and m5.3 (lithostratigraphic
Unit II of middle Miocene age, as indicated by nan-
nofossils). Each succession is truncated at the top,
and the basal lag is marked by low values in gamma
ray, K, U, and Th. The sequence overlying reflector
m4.5 becomes homogeneous toward the top and
bears a MFS (195 mbsf) that has no log expression.
Nonetheless, it has been estimated on lithological fa-
cies (Section 313-M0027A-66R-2) in association with
a downhole log gamma peak.

Lithostratigraphic Unit III
(236.16–295.01 mbsf)

Lithostratigraphic Unit III (early middle Miocene) is
composed of two distinct fining-upward sequences
resting on reflectors m5.32 (256.2 mbsf) and m5.4
(271.21 mbsf) (Fig. F66). The predicted depths of the
seismic reflectors lie slightly below the surfaces inter-
preted in the cores (258–260 mbsf for m5.32 and
278–284 mbsf for m5.4). Reflector m5.4 marks a sig-
nificant change in seismic facies from parallel (above
reflector m5.4) to subparallel reflectors.

The base of lithostratigraphic Unit III was positioned
at 295 mbsf, corresponding to a major erosion sur-
face (Section 313-M0027A-102R-2; see “Lithostratig-
raphy”). It corresponds to a peak in NGR-TGR values
and a locally sharp increase in impedance derived
from the sonic log (Fig. F67), but no seismic expres-
sion has yet been identified.
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Lithostratigraphic Unit IV
(295.01–335.93 mbsf)

Lithostratigraphic Unit IV contains reflectors m5.45
and m5.47 (Fig. F67). Reflector m5.45 is correlated at
331.9 mbsf at the base of the predicted depth inter-
val (328–331 mbsf). It is marked by a peak in NGR
values and a bioturbated surface. Reflector m5.47 is
positioned at 336 mbsf (base of Unit IV), within the
predicted depth range (335–343 mbsf), where a ma-
jor lithological change is observed (coarse sand–silt
transition) at the base of Unit IV (Fig. F84). In gen-
eral, lithostratigraphic Unit IV is characterized by
shallowing-upward successions from silt-prone off-
shore to shoreface–offshore transition with interca-
lated storm beds. Changes in the K-gamma log sup-
port these observations. Abrupt changes in
impedance values (Fig. F67) suggest there ought to
be strong seismic reflections in this unit as well. In-
deed, there are corresponding reflections between re-
flectors m5.47 and m5.3, but they have very short
lateral continuity (<1 km) on line 529, consistent
with a series of retrograde parasequences.

Lithostratigraphic Unit V
(335.93–355.72 mbsf)

The predicted depth of reflector m5.6 (346–350
mbsf) is 6–10 m above the preferred location at the
base of lithostratigraphic Unit V (355.53 mbsf);
hence, this unit is bracketed by reflectors (m5.47 at
the top and m5.6 at the base) with no other seismic
feature noted in between. Recovery in this unit was
comparatively poor, and in general, the cores
showed poorly sorted glauconite-rich sand with
quartz and lithic granules interpreted as a transgres-
sive shoreface environment. Perhaps this high-en-
ergy environment did not preserve the lateral conti-
nuity of stratal features that need to be resolved by
seismic profiling. A Fresnel radius of ~100 m would
be expected with the Oc270 air gun array at this
depth, meaning that features on the order of a few
tens of meters in lateral extent may not be detect-
able.

Lithostratigraphic Unit VI
(355.72–488.75 mbsf)

Lithostratigraphic Unit VI is bracketed by reflectors
m5.6 at its top and m5.8 at its base. It is a thick
(~127 m) coarsening-upward succession of prodelta
silt becoming clean shoreface quartz sand at top. The
gamma log character shows this pattern of values
smoothly decreasing uphole, with the exception of a
local increase near 363 mbsf (Fig. F65) that corre-
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sponds to locally finer sediment in Core 313-
M0027A-127R. This depth is close to the range of
predicted depths for reflector m5.7 (350–360 mbsf)
and is the position chosen for its most likely correla-
tion. However, there is little other supporting evi-
dence to justify this core-seismic correlation. In gen-
eral, lithostratigraphic Unit VI corresponds to a large
clinoform buildup comprising sequence m5.8 plus
the poorly recovered ~8 m between reflector m5.7
and the top of Unit VI at reflector m5.6. The seismic
facies show a subtle change from crudely parallel but
discontinuous in the basal finer grained portion to
faintly hummocky, irregular, and even more discon-
tinuous in the coarser sands near the top of Unit VI.

Reflector m5.8 (Fig. F68) is placed in the core at
489.4 mbsf, slightly below its predicted depth (470–
480 mbsf); as noted above, we attribute this to a pos-
sible overestimate of velocity. Within this sequence,
a significant lithological change from medium-
coarse grained sand (top) to silt (bottom) is associ-
ated with a gradual transition from very low to rela-
tively high gamma ray values (transition between
lower Miocene lithostratigraphic Subunits VIA and
VIB and corresponding to river-influenced offshore
to river-influenced shoreface–offshore transition).
There is no seismic reflection associated with this
coarsening upsection from silt to sand, but a change
of seismic facies can be observed: slightly hum-
mocky reflectors characterize Subunit VIA, and par-
allel reflectors match Subunit VIB (Fig. F68).

Lithostratigraphic Unit VII
(488.75–625.60 mbsf)

A 5 m interval of coarse-grained, carbonate-ce-
mented sand occurs at the top of lithostratigraphic
Unit VII and creates large impedance contrasts (Fig.
F69). The top of this interval is marked by a sharp
downhole increase in impedance and provides a
placement for reflector m5.8 within a few meters of
its predicted depth. The bottom of this indurated in-
terval creates a sharp downhole decrease in imped-
ance and corresponds to reflector m6, also within a
few meters of its predicted depth.

Downhole (between Cores 313-M0027A-176R and
180R), fluctuations of U concentration may indicate
variable amounts of organic matter (and/or phos-
phorite?) in the sediments. These fluctuations are
visible through the succession to Reflector o.5
(539.51 mbsf). This surface is predicted to lie be-
tween 540 and 545 mbsf, which matches reasonably
well with the sedimentological interpretation (1–5 m
deeper than the core pick). Surface o.5 spans the
Miocene/Oligocene boundary, based mainly on di-
noflagellate biostratigraphy at the top of Core 313-
M0027A-192R. Below this surface, highly variable K
Proc. IODP | Volume 313
concentrations could be related to glauconite con-
tent in the sand, but no evident surface has been
identified in the sediment core.

At 585.48 mbsf, Reflector o1 was tied to Section 313-
M0027A-209-1R, 22 cm, where it correlates perfectly
with its predicted depth (585–590 mbsf).

Lithostratigraphic Unit VIII
(625.60–631.15 mbsf)

The very bottom of Hole M0027A consists of deep-
water (>100 m) sediments (see “Lithostratigraphy”)
moderately rich in glauconite. Downhole log data
stop at ~600 mbsf, but the high amplitude of NGR
measurements are possibly related to the presence of
glauconite.

The Oligocene–Eocene transition is detected in Sec-
tion 313-M0027A-223-1R, 90 cm (628.86 mbsf), with
no associated seismic reflection.

The core-seismic-log synthesis (Fig. F70) in Hole
M0027A shows fairly good correlation between the
seismic surfaces and the log data in lithostratigraphic
Unit I. However, the correlation with surfaces in the
core is hardly possible in the Miocene succession be-
cause of poor recovery. Thus, the correlation is
mainly based on downhole logging data. Lithostrati-
graphic Units II, III, IV, and V are almost totally re-
covered. An excellent correlation between the sur-
face picked in the cores and reflectors is possible
here. Reflectors m4.5, m5.2, m5.3, and m5.4 also
match TGR-NGR values.

Lithostratigraphic Unit VI is poorly characterized in
terms of sequence boundaries; the position of reflec-
tor m5.8 was problematic because of possible overes-
timation of velocity. The lowermost Miocene reflec-
tor (m6 in lithostratigraphic Unit VII) is well
evidenced both in lithology and TGR values and cor-
relates well with reflector m6. For positioning Oligo-
cene reflectors o.5 and o1, further studies are neces-
sary because no evident surfaces have been identified
in the cores.

Chronology
Chronology is provided for the uppermost Eocene?
to Pleistocene section in Hole M0027A by integrat-
ing the following on an age-depth diagram (Figs.
F34, F85):

1. Biostratigraphy provided by calcareous nanno-
fossil, planktonic foraminifer, and dinocyst
data. Zonal durations are plotted using tables
provided in “Paleontology.”

2. Sr isotopic ages and associated age errors.
3. Placement of sequence boundaries and other

stratal surfaces (Table T14).
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4. The timescale of Berggren et al. (1995; BKSA95).
(Although this timescale is demonstrably incor-
rect in the earliest Miocene [e.g., correlation of
the base of the Miocene as 22.9 ± 0.1 Ma versus
23.8 Ma in Shackleton et al., 2000], Sr isotope re-
gressions and dinocyst zonations have not been
calibrated to the GTS2008 [Ogg and Gradstein,
2008.])

Surfaces were picked as seismic sequence boundaries
in TWT (Table T14), converted to depth, and tied to
cores (Table T14) using a velocity function (see
“Stratigraphic correlation” in the “Methods” chap-
ter for discussion of criteria used to define seismic se-
quence boundaries and the derivation of the time to
depth conversion of seismic data). In figures, fea-
tures are presented as follows:

• If unsampled by cores, the reflector is indicated
with a gray shaded zone (e.g., m4 at ~140 m; Fig.
F34).

• If identified in a core, the surface was plotted as a
solid red line for candidate sequence boundaries.

• A few prominent (but not all) features interpreted
as MFSs identified in the cores (see figures in
“Stratigraphic correlation”) are indicated with a
green line.

• A visual best fit sedimentation rate line was esti-
mated for each sequence and an age error assigned
to each (shaded zones; Fig. F34).

• All estimated sedimentation rates do not include
estimates of postdepositional compaction, so they
are minimum values.

Pleistocene sequences in Hole M0027A were identi-
fied on Geopulse seismic profiles and interpreted as
representing MIC3a, MIC3c, and MIC4 (Sheridan et
al., 2000). Calcareous nannofossils suggest that the
top sequence (above 10.41 mbsf) is upper Pleistocene
(<90 ka) because it is within the acme zone of Emili-
ania huxleyi (Hine and Weaver, 1998). One or more
sequences between 10.41 and 26.38 mbsf are esti-
mated as 90–250 ka between the acme and FO of E.
huxleyi. A thin Pleistocene (Zone NN19) sequence
from 26.4 to 31.9 mbsf appears to be lower Pleisto-
cene based on an Sr isotope age estimate of 1.35 Ma
± 0.35 m.y. We speculate that this may represent
MIC30 (~1 Ma). Sedimentation rates are difficult to
establish with the age model at this preliminary
stage. Pleistocene sedimentation rates appear to be
high (>100 m/m.y).

The fluvial–estuarine section above seismic sequence
boundary m1 (~96 mbsf) and the poorly sampled
section from that depth to 140 mbsf containing seis-
mic sequence boundaries m3 (~115 m) and m4
(~140 mbsf) provide no age constraints at this loca-
tion. Seismic sequence boundary m2 and all of the
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sediments that make up the m2 sequence have been
removed by erosion. The m1, m3, and m4 seismic se-
quence boundaries have been dated on the slope as
~11.5, 13.6, and 14.1 Ma, respectively (Miller et al.,
1997), which yields minimum sedimentation rates
of 50, 25, and 50 m/m.y., respectively, for the se-
quences in Hole M0027A.

Reflector m4.1 is interpreted as a MFS at this site
based on its correlation into the middle of a succes-
sion of clay. Seismic reflector m4.1 seismically
merges with several older surfaces (m4.2, m4.3, and
m4.4 [dated in Hole M0029A]) and must represent a
significant hiatus that is not discernable with the
available age control. Magnetic susceptibility mea-
surements suggest a break at 195 mbsf in the middle
of the clay that may mark this coalesced surface.
Seismic sequence boundary m5 apparently merges
with the m4.5 surface (218.4 mbsf), and sediments
from the overlying sequence(s) are poorly dated. Sr
isotope ages of 13.6–13.7 Ma ± 1.2 m.y. in the lower
part of the section are consistent with dinocyst as-
signment to upper Zone DN5 and calcareous nanno-
fossils to Zones NN6–NN7 (~11.2–13.6 Ma).

A series of relatively thin (<25 m) sequences (m5.2,
unnamed, m5.3, m5.32, m5.4, and unnamed) span
the lower/middle Miocene boundary (16.2 Ma
BKSA95 and the 2004 geologic timescale. There are
no constraints on the age of seismic sequence
boundary m5.2 and the overlying sequence other
than superposition. The underlying sequence m5.3
is assigned to Zone NN5 (>15.6 Ma) and Sr isotope
age estimates of 15.8 and 16.0 Ma ± 0.6 m.y. (below).
The sequence overlying seismic sequence boundary
m5.32 records the change from Zone NN5 to NN4
(15.6 Ma) with a basal Sr isotope age of 16.3 Ma ± 0.6
m.y. However, correlations to Holes M0028A and
M0029A suggest that the base of Zone NN4 may be
depressed in Hole M0027A, as the marker for the
base of this zone is predicted to range higher in the
sandy sediments in Hole M0027A. Sequence m5.4,
an unnamed sequence with a base at 295.0 mbsf,
and sequences m5.45 and m5.47 all lie within Zone
NN4 (15.6–18.4 Ma), with planktonic foraminifer
Zone N6/M3 (17.3–18.8 Ma) in the basal 5.47 se-
quence. Sr isotopes provide some age constraints on
the sequences overlying the following seismic se-
quence boundaries: 17.0 Ma ± 0.6 m.y. (m5.4), 17.2
and 17.8 Ma ± 0.6 m.y. (unnamed; 295 mbsf), and
18.4 Ma ± 0.6 m.y. (m5.45). Age estimates of basal se-
quence boundary ages (ranging from ~17.3 to 18.4
Ma; Table T14) have fairly large errors because of
limited data, and future work should tighten the age
estimates. Mean apparent sedimentation rates dur-
ing deposition of the thin sequence spanning the
lower/middle Miocene boundary (sequence m5.2–
m5.47) were at least 30–40 m/m.y. Shorebased stud-
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ies should improve the age resolution for this inter-
val.

A 36.9 m thick sequence m5.45 (295.01–331.90
mbsf) and a thin (4.2 m) sequence m5.47 (331.90–
336.06 mbsf) are estimated as ~18.0 and ~18.3 Ma,
respectively, and are reasonably well constrained by
Praeorbulina sicana and Zone NN4 with ±0.5 m.y. age
resolution.

Thin sequences m5.6 and m5.7 (336.1–355.5 and
355.5–361.3 mbsf, respectively; ~18.7–19.6 Ma) have
no current age information (barren/non–age diag-
nostic nannofossils), although they contain shells.
Shore-based analyses are expected to produce ages
based on dinocysts and Sr isotopes.

A thick (128.1 m) sequence m5.8 (361.3–489.4 mbsf)
has a lower seismic sequence boundary dated as 21.1
Ma. Ages in the lower part of the sequence are well
constrained by Sr isotopes and foraminifer and dino-
cyst zones and are assigned to the middle portion of
nannofossil Zone NN2. The upper sands of this se-
quence are poorly dated (20 Ma? by extrapolation of
sedimentation rates), although sedimentation rates
for this sequence must be high (~120 m/m.y.).

A thin lowermost Miocene sequence m6 (489.4–
499.9 mbsf) is dated only by assignment to mid-
Zone NN2. Nevertheless, the short duration (<0.5
m.y.) required by the short zone and a thick section
assigned to mid-Zone NN2 above suggest a moderate
sedimentation rate (>20 m/m.y.).

At least four Oligocene sequences and part of an up-
permost Eocene to lowermost Oligocene sequence
occur in the bottom of the hole. The Oligocene suc-
cession is unusually thick (>129 m) compared to on-
shore successions (Pekar et al., 1997). A previously
unnamed sequence (o.5; 499.8–539.5 mbsf) appar-
ently straddles the Oligocene/Miocene boundary
with nannofossil Zone NN1 and a tentative assign-
ment to planktonic foraminifer Zone N4 in the up-
per part of the sequence and dinocyst Zone DN1 (up-
permost Oligocene–lowermost Miocene)
throughout. Further work on this boundary interval
is needed. A slightly discordant Sr isotope age (25.3
Ma) requires verification. Sedimentation rates can
only be roughly estimated as ~40 m/m.y.

The o1 sequence (539.5–585.5 mbsf) is well dated by
all fossil groups and Sr isotopes as mid-Oligocene
(28.5–29.0 Ma). This sequence has a high sedimenta-
tion rate (~92 m/m.y.). The underlying unnamed se-
quence (585.5–596.3 mbsf) is poorly dated as ~30
Ma. One or more sequences between 596.3 and
628.9 mbsf have conflicting ages, and further study
is needed. The base of this interval is assigned to
lower Oligocene nannofossil Zone NP22 (Chron
C12r). The base of the hole is in lower Zone NP21,
Proc. IODP | Volume 313
suggesting that Chron 13n and some of upper Chron
C13r (the Eocene/Oligocene boundary) is repre-
sented by a hiatus across a sequence boundary at
628.9 mbsf. This basal Oligocene sequence boundary
is most likely equivalent to the global sea level fall
associated with isotopic increase Oi1, and further
magnetostratigraphic, biostratigraphic, and stable
isotopic studies will test the continuity of this sec-
tion.
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Figure F1. Symbols and colors used in “Lithostratigraphy” and “Stratigraphic correlation” figures for Hole
M0027A.
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Figure F2. Location of Hole M0027A on seismic line 529, showing lithostratigraphic units in color on a back-
ground with seismic reflectors. See Table T2 for depths of seismic units. CDP = common depth point.
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43

Figure F4. Summary sedimentary logs for Units IV–VIII from Hole M0027A. See Figure F1 for lithology legend. vf = very fine, f = fine, m = medium, c = coarse.
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Figure F5. Core photograph of coarse sand with shell and echinoid fragments interpreted as a shoreface deposit
(Unit I; interval 313-M0027A-4H-2, 80–90 cm).
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Figure F6. Core photograph of well-sorted medium sand passing down abruptly into gravel with rounded to
well-rounded granules of quartz, black minerals, and subangular lithic granules (at 89 cm) (Unit I; interval 313-
M0027A-18H-1, 80–100 cm).
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Figure F7. Core photograph of medium sand with grain-size variations highlighting cross-beds that steepen
uphole (Unit I; interval 313-M0027A-27X-2, 110–122 cm). These cross-beds are interpreted as indications of
the migration of subaqueous dunes or bars in a fluvial environment, possibly within an incised valley setting.
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Figure F8. Core photograph of mottled silty clay with a microcalcrete (caliche), interpreted as a paleosol (Unit
1; interval 313-M0027A-50H-1, 1–20 cm).
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Figure F9. Core photograph of clay with very fine sand laminae at 12 cm with moderate bioturbation (Unit II;
313-M0027A-63H-1, 9–18 cm).
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Figure F10. Core photograph of clay with contorted color banding (53 cm) (Unit II; 313-M0027A-68X-1, 45–
60 cm). Surrounding parallel color banding indicates clay has been remobilized as a slump and/or slide.
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Figure F11. Core photograph of well-sorted very coarse sand abruptly overlying dark silty clay with shell frag-
ments at 10 cm (Unit II; 313-M0027A-80X-1, 0–20 cm).
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Figure F12. Core photograph of sandy silt with gravels abruptly overlying silty clay with articulated thin-walled
shells (76 cm) (Unit II; 313-M0027A-75X-2, 60–80 cm). Contact is bioturbated, with gravel-filled burrows (e.g.,
77 cm).
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Figure F13. Core photograph of laminated and burrowed clay with dark lignitic laminae gradationally over-
lying pale calcareous clay (80–76.5 cm) (Unit III; 313-M0027A-84R-3, 62–81 cm). Offshore environment.
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Figure F14. Core photograph of sandy silt with oyster shell fragments and granules concentrated at contact (41
cm) with underlying silt containing large intact macrofauna (e.g., turritellid gastropod) and shell-filled burrows
(58 cm) (Unit III; 313-M0027A-89R-1, 31–65 cm).

cm

40

45

55

50

35

65

60
Proc. IODP | Volume 313 53



Expedition 313 Scientists Site M0027
Figure F15. Core photograph of silt with organic matter and thin shells abruptly overlying silty medium sand
with common glauconite grains and gastropod shells (85 cm), which in turn overlies chaotically arranged thick
shells (Unit III; 313-M0027A-89R-2, 80–102 cm). Contact is interpreted to be a flooding surface, with an off-
shore setting abruptly overlying a shoreface to shoreface–offshore transition setting.
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Figure F16. Core photograph of sharp-based normally graded fine sand beds with low-angle to convex-up lam-
ination interbedded with silty sand (34–38 cm) (Unit III; 313-M0027A-96R-1, 22–39 cm). Facies association is
interpreted as storm deposits in a wave/storm–dominated shoreface–offshore transition setting.

cm

28

34

32

22

24

26

30

36

38
Proc. IODP | Volume 313 55



Expedition 313 Scientists Site M0027
Figure F17. Core photograph of abrupt boundary between poorly sorted coarse sand with thick shells above
and clayey silt with dispersed terrestrial organic matter below (at 105 cm) (Unit III; 313-M0027A-102R-2, 95–
115 cm). Surface is bioturbated with burrows filled by coarse sand and marks an abrupt shallowing from an
offshore/prodelta setting to shoreface. Surface separates lithostratigraphic Units III and IV.
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Figure F18. Core photograph of ripple cross-laminated fine sand above a scour surface that cuts into brown
sandy silt in an interpreted river-influenced shoreface–offshore transition setting (Unit IV; 313-M0027A-107R-
2, 22–30 cm).
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Figure F19. Core photograph of fine sand that coarsens downhole to medium sand with granules, along with
shell fragments abruptly overlying sandy silt (at 133 cm) into which Thalassinoides are deeply burrowed and
sand filled (Unit IV; 313-M0027A-114R-2, 118–150 cm).
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Figure F20. Core photograph of coarse glauconitic sand (Unit V; 313-M0027A-120R-1, 27–38 cm). Glauconite
comprises 20%–25% of sediment mineralogy.
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Figure F21. Core photograph of abrupt contact between poorly sorted coarse sand with glauconite and pale
brown sandstone with a glauconite-filled burrow (Unit V; 313-M0027A-125R-1, 125–142 cm). Surface at 132
cm separates Units V and VI.
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Figure F22. Core photograph of well-sorted medium sand, with cross-stratification highlighted by finer dark
grains (Unit VI; 313-M0027A-135R-1, 33–53 cm). Facies is representative of a shoreface to foreshore setting.
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Figure F23. Core photograph of medium sand with articulated shells in a shoreface–offshore transition setting
(Unit VI; 313-M0027A-142R-2, 15–44 cm).
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Figure F24. Core photograph of very fine sandy silt with common black organic fragments and thin bivalve
and gastropod shells (Unit VI; 313-M0027A-146R-1, 65–75 cm).
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Figure F25. Core photograph of a sharp-based fine sand bed that is reverse then normally graded, which may
indicate a river flood event in a prodelta environment (Unit VI; 313-M0027A-148R-1, 130–137 cm).
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Figure F26. Core photograph of very poorly sorted medium sand with grain size ranging from silt to granules
and 10%–15% glauconite (Unit VI; 313-M0027A-168R-2, 40–85 cm).
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Figure F27. Core photograph of glauconitic sandstone graded normally from coarse to fine sand (Unit VII; 313-
M0027A-174R-1, 111–121 cm).
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Figure F28. Core photograph of cross-stratified glauconite (80%) sandstone beds interbedded with silty clay
laminae (e.g., 98 cm) interpreted as sediment gravity flow deposits (turbidites), with silty clayey beds indicating
quiet background environment (Unit VII; 313-M0027A-171R-2, 70–106 cm).
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Figure F29. Photomicrograph of glauconitic, silty very fine sand with dark brown organic grains or muddy ma-
terials, scattered framboidal pyrite grains, and some opaque minerals (Unit VIIB; Sample 313-M0027A-177R-1,
41 cm). Black small spherule grains of framboidal pyrite are scattered. Different colored glauconite grains may
reflect maturity differences. Photo under crossed polars is 0.7 mm (700 µm) wide.
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Figure F30. Core photograph of silty very fine sand with glauconitic sand-filled burrows and Chondrites (Unit
VIII; 313-M0027A-223R-1, 65–105 cm). The transition between Units VII and VIII is placed at the heavily bio-
turbated surface at 93 cm.
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Figure F31. Two-dimensional computed tomography (CT) scan of Section 313-M0027A-69X-1 from Unit II
shown with a line-scan image, magnetic susceptibility (red) and density (blue) from multisensor core logger
(MSCL) measurements, and an acoustic image from the borehole. H = horizontal scan, V = vertical scan (see
“Lithostratigraphy” in the “Methods” chapter). The lithology is predominantly clay, and laminae and thin
beds are clearly expressed as a color contrast likely related to organic matter content. 0–50 cm: alternation of
faint light and dark laminae, intensely bioturbated, expressed as relatively constant values in all data sets. 50–
100 cm: millimeter-scale laminae are well expressed through density contrast in the CT image and also in os-
cillating values of bulk density from MSCL. Maxima of density occur in the dark beds found at 70.5 and 89 cm,
which are very bright on the CT images and correspond to a high coefficient of attenuation. These layers may
be defined by accumulation of heavy minerals. 100–150 cm: an abrupt contact is evident from the acoustic
image around 100 cm in the core, with much paler color indicating a different sediment texture. vf = very fine,
f = fine, m = medium, c = coarse. See Figure F1 for lithology legend. (Figure shown on next page.)
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Figure F31 (continued). (Caption shown on previous page.)
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Figure F32. Percentages of sand, silt, and clay based on smear slides from Hole M0027A. See “Lithostratig-
raphy” in the “Methods” chapter for more information.
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Figure F33. Biostratigraphic summary interpreted from calcareous nannofossils, planktonic foraminifers, and
dinocysts, showing Miocene stages in Hole M0027A. See Figure F12 in the “Methods” chapter for an expla-
nation of the datums used. Zone boundaries are drawn diagonally to indicate uncertainty in zonation between
samples because of either the absence of sampling between points or of age-diagnostic taxa. Zonal boundaries
are correlated to the geologic timescale. Dashed lines indicate some uncertainty in age assignment. The geo-
logic timescale is that of Berggren et al. (1995), based on the geomagnetic polarity timescale of Cande and Kent
(1995). See Figure F4 in the “Methods” chapter for lithology legend.
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Figure F34. Age-depth plot showing cores (every fifth core shaded) in Hole M0027A, the timescale of Berggren
et al. (1995), calcareous nannoplankton zones (light blue bars), planktonic foraminifer zones (dark blue bars),
and dinocyst zones (green bars). Sr isotopic ages are shown as circles with errors of ±0.6 m.y. (15.2–34.4 Ma)
and ±1.17 m.y. (younger than 15.2 Ma). Horizontal lines for sequence boundaries (red) and tentative sequence
boundaries (dashed red) lines are labeled with their corresponding depths. Green lines = flooding surfaces. MFS
= maximum flooding surface. TD = total depth. Planktonic foraminifer E and O zones are from Berggren and
Pearson (2005); planktonic foraminifer M, PL, and Pt zones are from Berggren et al. (1995); nannofossil zones
are from Martini (1971); and dinocyst zones are from de Verteuil and Norris (1996). Geomagnetic polarity time-
scale is from Cande and Kent (1995). See Figure F85 for detail.
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Figure F35. Distribution of biostratigraphically important calcareous nannofossil taxa in Hole M0027A.
Thickness of distribution line indicates relative abundance of species. Zonal assignments (Martini, 1971) are
given, with approximate age indicated. A > or < in front of the age indicates that part of a zone is presumed to
be missing because of an unconformity or nonrecovery of nannofossil-rich facies. Red lines = sequence bound-
aries, green lines = major flooding surfaces. EOT = Eocene–Oligocene transition. MIC = marine isotope chron.
See Figure F4 in the “Methods” chapter for lithology legend.
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Figure F36. Planktonic foraminifer stratigraphic distributions in Hole M0027A. Red lines = sequence bound-
aries, green lines = major flooding surfaces. EOT = Eocene–Oligocene transition. MIC = marine isotope chron.
See Figure F4 in the “Methods” chapter for lithology legend.
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Figure F37. Stratigraphic distribution of age-diagnostic dinocyst taxa in Hole M0027A, with the Miocene zoned
following de Verteuil and Norris (1996). Zone boundaries are drawn diagonally to indicate uncertainty in zo-
nation between samples, because of either the absence of sampling between points or of age-diagnostic taxa.
Red lines = sequence boundaries, green lines = major flooding surfaces. EOT = Eocene–Oligocene transition.
MIC = marine isotope chron. See Figure F4 in the “Methods” chapter for lithology legend.
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Figure F38. Benthic foraminifer paleobathymetric estimates for Hole M0027A. ? = barren samples or samples
with too few specimens to determine a paleodepth. Arrows = depths deeper than 100 m (mostly likely shallower
than ~200 m). Red lines = sequence boundaries, green lines = major flooding surfaces. EOT = Eocene–Oligocene
transition. MIC = marine isotope chron. See Figure F4 in the “Methods” chapter for lithology legend.
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Figure F39. Palynomorph distribution, Hole M0027A. Reference sum for percentages is total amount of non-
saccate pollen (nonsaccate herb, arboreal, sedge, and grass pollen, as well as unidentified nonsaccate pollen).
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Figure F40. Simplified sketches showing hinterland and coastal ecology based on Hole M0027A sample
analysis for the (?)Eocene, Oligocene, lower Miocene, middle Miocene, and Pleistocene. Gray trees = trees pro-
ducing bisaccate pollen, green trees = trees producing nonsaccate pollen (mainly oaks and hickory during most
intervals). Gray triangles = bisaccate pollen transport potential, green triangles = nonsaccate pollen transport
potential. Red flowers = herbs producing nonsaccate pollen, excluding monoporate pollen; yellow tussocks =
grasses. Spirals = foraminifer test linings, cyan symbols = dinocysts. Size of yellow sun is proportional to esti-
mated temperatures. Percentages of palynomorphs are displayed on the right. Reference sum is the total
amount of nonsaccate pollen. Green bars = pollen probably related to broad-leaf trees (mainly oaks in most
samples), yellow bars = pollen of grasses (Poacea), red bars = herbal pollen. Gaps between green, red, and yellow
bars = nonsaccate pollen that could not be assigned to the three main groups (pollen grains of aquatic plants,
pollen filled with pyrite, and pollen of families containing both herbal and arboreal taxa). (Figure shown on
next page.)
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Figure F40 (continued). (Caption shown on previous page.)
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Figure F41. Composition-depth profiles of interstitial water, Hole M0027A. Vertical lines designate value cal-
culated for present-day bottom seawater, which has a chloride concentration of ~524 mM. Horizontal color
bands denote discrete freshwater (blue) and salty (pink) layers of interstitial water.
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Figure F42. Composition-depth profiles of interstitial water, Hole M0027A. Vertical lines designate value cal-
culated for present-day bottom seawater, which has a chloride concentration of ~524 mM. Horizontal color
bands denote discrete freshwater (blue) and salty (pink) layers of interstitial water.
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Figure F43. Composition-depth profiles of sediment compared with interstitial water and mineralogy, Hole
M0027A. Upper row: total carbon (TC), total organic carbon (TOC), total inorganic (carbonate) carbon (TIC),
and total sulphur (TS) concentrations in sediment. Lower row: sulfate/chloride and total phosphorus in inter-
stitial water and concentrations of apatite and pyrite from XRD. Horizontal color bands denote discrete fresh-
water (blue) and salty (pink) layers of interstitial water.
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Figure F44. Composition-depth profiles of mineral content in sediment, Hole M0027A, as the ratio of intensity
of the specified XRD peak(s) to total intensity of all peaks. Horizontal color bands denote discrete freshwater
(blue) and salty (pink) layers of interstitial water.
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Figure F45. Composition-depth profiles of mineral content in sediment, Hole M0027A, as the ratio of intensity
of the specified XRD peak(s) to total intensity of all peaks. Horizontal color bands denote discrete freshwater
(blue) and salty (pink) layers of interstitial water.
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Figure F46. Overview of data acquired from multisensor core logger (MSCL) and sample measurements, Hole
M0027A. From MSCL: natural gamma radiation (NGR), P-wave velocity, discrete P-wave, gamma density, mag-
netic susceptibility, noncontact electrical resistivity. From sample measurements: water content, wet bulk
density, grain density, porosity, void ratio, and thermal conductivity.
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Figure F47. Gamma density and wet bulk density, porosity, and resistivity compared with lithology in Hole
M0027A. A. Gamma density from the MSCL (black line) and wet bulk density from section samples (red
crosses). B. Porosity from section samples (red crosses) and high-pass filtered porosity (black line). Mean po-
rosity reduction of sands (blue line) and clay (green line) from global averages. Note how sands and muds in
the top ~200 mbsf fall outside the trends, possibly because of dewatering during coring and handling. Eight
density-porosity units correspond to variation in major lithology. C. Electrical resistivity. Back line = original
data with section 3s removed (see text), red line = high-pass filtered record, vertical black line at 1.3 Ωm = av-
erage clay–silt resistivity with low-chlorinity pore water. Note lower resistivity in the top of the hole and be-
tween 344 m and 410 mbsf, bracketed by higher resistivity. Low resistivity corresponds to zones of high chlo-
rinity (see “Geochemistry”). See Figure F4 in the “Methods” chapter for lithology legend.
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Figure F48. Cross-plot of gamma ray attenuation (GRA) density and wet bulk density, Hole M0027A. At low
densities, GRA density is slightly higher than wet bulk density from section samples. MSCL = multisensor core
logger.
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Figure F49. Cross-plot of wet bulk density and porosity from section samples, Hole M0027A. Diagonal line =
mixing line between rock (zero porosity and density of 2.7 g/cm3) and saltwater (100% porosity and density of
1.024 g/cm3). Clays and silts that plot below the mixing line have lower densities, possibly because of high or-
ganic matter content.
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Figure F50. High-pass filtered porosity, density, and resistivity vs. depth compared with lithology in Hole
M0027A. Horizontal red lines = lithologic boundaries. Porosity and density: wet bulk density from samples
(thick black line) overlain on gamma density (thin black line) and original gamma density (gray). Porosity (red
line) increases to left. Resistivity: black line = original data with section 3s removed (see text), red line = high-
pass filtered record. Overall packages with increasing density and decreasing porosity (diagonal arrows) have a
tendency to culminate with a sharp decrease in density and increase in porosity (horizontal arrows). These
sharp shifts to the left correspond to grain size decreases as determined from lithology and may represent
flooding surfaces and/or sequence boundaries. High resistivity brackets the sands between 344 and 410 mbsf.
See Figure F4 in the “Methods” chapter for lithology legend. A. 160 to 290 mbsf. (Continued on next three
pages.)
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Figure F50 (continued). B. 250 to 380 mbsf. (Continued on next page.)
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Figure F50 (continued). C. 360 to 510 mbsf. (Continued on next page.)
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Figure F50 (continued). D. 480 to 630 mbsf.
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Figure F51. Petrophysical and downhole log data across the m5.3 boundary in Hole M0027A, together with
MSCL gamma ray density and P-wave velocity. Normalized amplitude and traveltime acoustic images (ABI40
Ampl and ABI40 TT), hole diameter (AcCal), total gamma ray through pipe (ASGRcgs), downhole magnetic sus-
ceptibility (EM51), whole-core natural gamma radiation (NGR), and magnetic susceptibility from the multi-
sensor core logger (MagSus MSCL). A composite of line scan images of Sections 313-M0027A-83R-1, 83R-2, and
83R-3 is shown alongside core depth, and whole-core measurements have been shifted down by 0.40 m to
match the wireline depth.
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Figure F52. Inclination and magnetic moment data for Hole M0027A for initial natural remanent magneti-
zation (NRM; black) and after 15 (blue) and 30 (red) mT AF demagnetization. MSCL magnetic susceptibility
(MS) is also shown for reference.
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Figure F53. Orthogonal Zijderveld plots obtained from AF demagnetization of the NRM. A. Core 313-M0027A-
69R, obtained using the antigyroremanent magnetization technique. B. Core 313-M0027A-177R, obtained
using the antigyroremanent magnetization technique. C. Core 313-M0027-68R, obtained without the antigy-
roremanent magnetization technique. D. Core 313-M0027A-68R, obtained using the antigyroremanent mag-
netization technique. Black = NRM, blue = AF demagnetization at 15 mT, red = AF demagnetization at 30 mT,
green = AF demagnetization at 60 mT.
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Figure F54. Preliminary magnetostratigraphic interpretation, Hole M0027A. Inclination data of initial NRM
(black) and at 30 mT (blue) and of ChRM (red) derived by PCA analyses where applicable. X = depths with no
core recovery. Magnetic polarity timescale from Cande and Kent (1995). Preliminary tie points: solid line = in-
terpretation A, dashed line = interpretation B.
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Figure F55. Magnetic susceptibility (MagSus) data for Oligocene sequence o1 (~28.5–29.0 Ma) in Hole M0027A
taken on the multisensor core logger (MSCL). Tick marks = magnetic susceptibility peaks that may be astro-
nomically controlled.
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Figure F56. Composite of downhole log data, Hole M0027A. Normalized amplitude and traveltime acoustic
images (ABI40 Ampl and ABI40 TT), hole diameter (AcCal), total and spectral gamma ray through pipe (AS-
GRcgs) and in open hole (ASGR), conductivity (DIL45), P-wave sonic (2PSA), and magnetic susceptibility
(EM51). See Figure F4 in the “Methods” chapter for lithology legend.
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Expedition 313 Scientists Site M0027
Figure F57. U/K and Th/K ratios on logarithmic scale vs. depth, Hole M0027A. Cemented levels, organic
matter, and glauconite-rich levels observed by sedimentologists are indicated.
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Figure F58. Line scan image of Sections 313-M0027A-69R-1 and 69R-2, along with magnetic susceptibility data
from whole-core multisensor core logger (MSCL) measurements and the magnetic susceptibility downhole
probe (EM51). Core depth has been shifted up by 0.55 m to match wireline depth.
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Figure F59. Composite of downhole log data for Hole M0027A illustrating parallel trends of normalized am-
plitude image (ABI40 Ampl), potassium content (ASGRcgs K), and magnetic susceptibility (EM51). See Figure
F4 in the “Methods” chapter for lithology legend.
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Expedition 313 Scientists Site M0027
Figure F60. Chlorinity in pore water and thermal conductivity, sonic velocity, total gamma ray, and electrical
conductivity measured on cores shown with downhole logging data for Hole M0027A. Conductivity (CILM
and CILD), P-wave sonic (2PSA), and spectral gamma ray through pipe (ASGRcgs). Cemented levels observed
by sedimentologists are plotted as pink lines/bars across the sonic and conductivity logs, which are anticipated
to show an increase and decrease, respectively, at most of these horizons. Yellow and blue bars represent in-
tervals of high salinity and freshwater, respectively (see “Geochemistry”). White shading shows transitional
areas between “freshwater” and “saltwater” zones. See Figure F1 for lithology legend.
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Figure F61. VSP two-way traveltime vs. depth, Hole M0027A.
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 and derived calculations, Hole M0027A. Normalized
pipe (ASGRcgs) and on cores (NGR core); potassium,
lume estimate; magnetic susceptibility from cores on
elocities on core (VP MSCL) and from log (VP 2PSA);
ments (porosity) and filtered signal; and impedance
SA). Stratigraphic surfaces are added to the left: SB =
ssive surface. Petrophysical boundaries are shown in
ion, Table T13 for boundary descriptions, and Figure
four pages.)
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Figure F62. Detailed composite of selected downhole log data, petrophysical measurements,
amplitude acoustic image (ABI40 Ampl); acoustic caliper (AcCal); total gamma ray through 
uranium, and thorium contents (ASGRcgs K, U, and Th, respectively); U-Th/3 ratios; clay vo
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pink. EOT = Eocene–Oligocene transition. MIC = marine isotope chron. See text for discuss
F4 in the “Methods” chapter for lithology legend. A. 558–626 m WSF. (Continued on next 
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Figure F62 (continued). B. 420–548 m WSF. (Continued on next page.)
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Figure F62 (continued). C. 280–408 m WSF. (Continued on next page.)
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Figure F62 (continued). D. 140–268 m WSF. (Continued on next page.)
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Figure F62 (continued). E. 0–128 m WSF.
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Expedition 313 Scientists Site M0027
Figure F63. Interpretation of seismic surfaces on dip line Oc270 profile 529, Hole M0027A. Note phase shift in
seismic between Oc270 and CH0698 data (Fig. F64). CDP = common depth point.
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Figure F64. Interpretation of seismic surfaces on strike line CH0698 profile 102, Hole M0027A. Note phase shift
in seismic between Oc270 (Fig. F63) and CH0698 data. CDP = common depth point.
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d Th) and multisensor core logger (MSCL) data (natural
itional environments and correlating core surfaces; and
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Figure F65. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, an
gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depos
predicted depth ranges based on Hole M0027A velocity between the seafloor and 100 m
OFF = offshore. OSP = Onshore Science Party. See Figure F1 for lithology legend.
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 and Th) and multisensor core logger (MSCL) data (natural
ositional environments and correlating core surfaces; and
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Figure F66. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U,
gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; dep
predicted depth ranges based on Hole M0027A velocity between 200 and 290 mbsf. 
shoreface. OSP = Onshore Science Party. See Figure F1 for lithology legend.
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d Th) and multisensor core logger (MSCL) data (natural
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Figure F67. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, an
gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depos
predicted depth ranges based on Hole M0027A velocity between 290 and 380 mbsf. SO
shoreface. OSP = Onshore Science Party. See Figure F1 for lithology legend.

98R

99R

100R

101R

102R

103R

104R

105R

106R

107R

108R

109R

110R

111R

112R

113R

114R

115R

116R
117R118R
119R

120R

121R

122R

123R
124R
125R

126R

127R

128R

129R

130R
131R
132R

133R

134R

gg

* * *

XXXXXX

XXXXXX

XXXXXX

25-50 m

50-80 m

50-80 m

SOT

OFF

g g

g g
g g

g

g g

g g

g

g

g g
g g

Lag

OFF

ch

SF

SF

Core
recovery Lithology

D
ep

th
 (

m
bs

f)

TGR (cps)

NGR (cps)

0 200 400 600

0 5 10 15 20 25 30
280

290

300

310

320

330

340

350

360

370

380

280

290

300

310

320

330

340

350

360

370

380

E
nv

iro
nm

en
t

P
al

eo
de

pt
h

0 200 400 600 800
K (Bq/kg)

0 10 20 30 40

Th (Bq/kg)
50 60

U (Bq/kg)
0 20 10060 140

290

300

310

320

330

340

350

Im

150



Exp
ed

itio
n

 313 Scien
tists

Site M
0027

Proc. IO
D

P | Volum
e 313

116

ensor core logger (MSCL) data (natural
ents and correlating core surfaces; and
= shoreface–offshore transition, OFF =

lo
w

er
 N

N
2 

(A
qu

ita
ni

an
/B

ur
di

ga
lia

n)

*

*

*

*

*

*

*

D
N

2 
(e

ar
ly

 B
ur

di
ga

lia
n)

395 mbsf

489 mbsfm5.8

m5.8

20.4 Ma

20.9 Ma

21.1 Ma

21.2? Ma

N
an

no
pl

an
kt

on

D
in

of
la

ge
lla

te
s

S
r 

da
te

s

S
ei

sm
ic

 fa
ci

es

P
et

ro
ph

ys
ic

s 
bo

un
da

rie
s

Lith.
unit

VIA

VI

VIB

S
lig

ht
ly

 h
um

m
oc

ky
 r

ef
le

ct
or

s
P

ar
al

le
l r

ef
le

ct
or

s

C
or

e 
ob

se
rv

at
io

ns

P
os

t-
O

S
P

 d
at

a
(p

re
di

ct
ed

 d
ep

th
s 

[m
bs

f])

m5.8
483
Figure F68. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multis
gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environm
predicted depth ranges based on Hole M0027A velocity between 380 and 490 mbsf. SF = shoreface, SOT 
offshore. OSP = Onshore Science Party. See Figure F1 for lithology legend.
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Expedition 313 Scientists Site M0027
Figure F70. Correlation of core image with interpretation of deposition and age, 10.0–10.9 mbsf, Hole M0027A.
USF = upper shoreface, MIC = marine isotope chron, dUSF = distal upper shoreface.

10.8

10.9

10.6

10.7

10.4

10.3

10.5

10.2

10.1

10.0

4H-3

USF

<90 ka

125-250 ka

dUSF

?MIC
3a

5H-1

SectionCore image

D
ep

th
 (

m
bs

f)
4H-2
Proc. IODP | Volume 313 118



Expedition 313 Scientists Site M0027
Figure F71. Correlation of core image with interpretation of deposition and age, 25.9–26.8 mbsf, Hole M0027A.
MIC = marine isotope chron.
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Expedition 313 Scientists Site M0027
Figure F72. Correlation of core image with interpretation of deposition and age, 95.3–96.1 mbsf, Hole M0027A.
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Expedition 313 Scientists Site M0027
Figure F74. Correlation of core image with interpretation of deposition and age, density, P-wave velocity, and
resistivity, 217.9–218.8 mbsf, Hole M0027A.
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Expedition 313 Scientists Site M0027
Figure F75. Correlation of core image with interpretation of deposition and age along with density, 235.7–
236.6 mbsf, Hole M0027A.
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Figure F76. Correlation of core image with interpretation of deposition and age along with density, 255.7–
256.6 mbsf, Hole M0027A.
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Expedition 313 Scientists Site M0027
Figure F77. Correlation of core image with interpretation of deposition and age, 270.8–271.7 mbsf, Hole
M0027A.
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Expedition 313 Scientists Site M0027
Figure F78. Correlation of core image with interpretation of deposition and age, 294.6–295.5 mbsf, Hole
M0027A.
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Expedition 313 Scientists Site M0027
Figure F79. Correlation of core image with interpretation of deposition and age, 331.5–332.4 mbsf, Hole
M0027A.
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Expedition 313 Scientists Site M0027
Figure F80. Correlation of core image with interpretation of deposition and age, 355.1–355.7 mbsf, Hole
M0027A.
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Figure F81. Correlation of core image with interpretation of deposition and age along with density, 585.0–
585.9 mbsf, Hole M0027A.
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 gamma ray [TGR], K, U, and Th), and multisensor core logger (MSCL) data (natural
from VP MSCL data; depositional environments and correlating core surfaces; and
n 600 and 631 mbsf. dOFF = distal offshore. EOT = Eocene–Oligocene transition.
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Figure F82. Summary of lithology, lithostratigraphy, well (total
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OSP = Onshore Science Party. See Figure F1 for lithology legend
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Figure F83. Synthesis of Hole M0027A, including lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multisensor core
logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments and
correlating core surfaces; and predicted depth ranges based on velocity. SF = shoreface, SOT = shoreface–offshore transition, OFF = offshore, dOFF
= distal offshore. EOT = Eocene–Oligocene transition. OSP = Onshore Science Party. See Figure F1 for lithology legend. 
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Expedition 313 Scientists Site M0027
Figure F84. Correlation of core image with interpretation of deposition and age along with density, 335.6–
336.5 mbsf, Hole M0027A.
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Expedition 313 Scientists Site M0027
Figure F85. Age-depth plot showing cores (every fifth core shaded) in Hole M0027A, the timescale of Berggren
et al. (1995), calcareous nannoplankton zones (light blue bars), planktonic foraminifer zones (dark blue bars),
and dinocyst zones (green bars). Sr isotopic ages are shown as circles with errors of ±0.6 m.y. (15.2–34.4 Ma)
and ±1.17 m.y. (younger than 15.2 Ma). Horizontal lines for sequence boundaries (red) and tentative sequence
boundaries (dashed red) lines are labeled with their corresponding depths. Horizontal green lines = flooding
surfaces. MFS = maximum flooding surface. TD = total depth. Planktonic foraminifer E and O zones are from
Berggren and Pearson (2005); planktonic foraminifer M, PL, and Pt zones are from Berggren et al. (1995); nan-
nofossil zones are from Martini (1971); and dinocyst zones are from de Verteuil and Norris (1996). Geomag-
netic polarity timescale is from Cande and Kent (1995). See Figure F34 for additional information.
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Expedition 313 Scientists Site M0027
Table T1. Coring summary, Hole M0027A. (See table notes.) (Continued on next three pages.) 

Hole M0027A
Latitude: 39°38.046067’N
Longitude: 73°37.301460’W
Seafloor (drill pipe measurement from rig floor, mbrf): 50.55
Distance between rig floor and sea level (m): 17.02
Water depth (drill pipe measurement from sea level, m): 33.53
Total penetration (mbsf): 631.01
Total drilled interval (m): 547.01

Core
Date

(May 2009)
Time
(UTC)

Depth (mbsf) Length (m) Recovery
(%) CommentsTop Bottom Cored Recovered

313-M0027A-
1H 2 0010 0.00 2.42 2.42 2.42 100.0
2H 2 0120 2.42 4.76 2.34 2.34 100.0
3H 2 0230 4.76 7.49 2.73 2.73 100.0
4H 2 0350 7.49 10.30 2.81 2.81 100.0
5H 2 0500 10.30 13.26 2.96 0.86 29.1
6H 2 0735 11.54 13.74 2.20 2.23 101.4
7H 2 0915 13.41 15.26 1.85 1.85 100.0
8H 2 1030 15.26 17.64 2.38 2.38 100.0
9H 2 1230 17.64 19.13 1.49 1.95 130.9
10H 2 1400 19.13 20.11 0.98 0.98 100.0
11H 2 1505 20.11 21.27 1.16 1.16 100.0
12H 2 1620 21.27 22.25 0.98 0.95 96.9 Liner split sample
13H 2 1815 22.68 25.58 2.90 2.85 98.3
14H 2 1950 25.58 26.38 0.80 0.76 95.0 Gravel in shoes—shoe distorted, casing run to new depth of 

17.6 mbsf
15H 3 0350 26.38 27.98 1.60 1.66 103.8
16H 3 0505 27.98 28.08 0.10 0.10 100.0
17H 3 0610 28.08 29.93 1.85 1.75 94.6
18H 3 0944 29.83 31.35 1.52 1.52 100.0
19H 3 1415 31.35 32.96 1.61 1.61 100.0 Hole caving, bit damaged
20H 3 2245 32.77 32.78 0.01 0.01 100.0
21R 4 0100 32.77 35.82 3.05 0.00 0.0
22R 4 0325 35.82 38.87 3.05 0.00 0.0
23H 4 0415 38.87 41.92 3.05 1.06 34.8
24H 4 0530 41.92 44.97 3.05 0.01 0.3
25X 5 0445 40.42 43.47 3.05 2.85 93.4
26X 5 0540 43.47 46.52 3.05 3.02 99.0
27X 5 0630 46.52 49.57 3.05 2.61 85.6
28X 5 0920 49.57 52.62 3.05 0.20 6.6
29X 5 1020 52.62 55.67 3.05 1.18 38.7
30X 5 1145 55.67 58.72 3.05 1.07 35.1
31X 5 1310 58.72 61.77 3.05 0.00 0.0
32X 5 1415 61.77 64.82 3.05 0.57 18.7 Fluorescent microspheres
33X 5 1600 64.82 70.92 6.10 0.02 0.3 Fluorescent microspheres
34X 5 1710 70.92 73.97 3.05 0.80 26.2
35X 5 1755 73.97 75.55 1.58 1.00 63.3 Fluorescent microspheres
36X 5 1900 75.55 77.02 1.47 0.22 15.0
37X 5 1945 77.02 77.03 0.01 0.01 100.0
38X 5 2020 77.02 78.47 1.45 1.62 111.7
39X 5 2125 78.47 78.77 0.30 0.40 133.3
40X 5 2220 78.77 79.51 0.74 0.82 110.8
41X 5 2310 79.51 80.07 0.56 0.75 133.9
42X 6 0135 80.07 80.90 0.83 0.83 100.0 Liner jammed in base of core catcher
43X 6 0530 80.90 83.12 2.22 0.00 0.0
44X 6 1050 83.12 84.34 1.22 0.27 22.1
45R 6 1200 84.34 85.17 0.83 0.00 0.0
46X 6 1400 85.17 86.52 1.35 0.40 29.6
47H 6 1510 86.52 88.49 1.97 1.97 100.0

*****Drilled from 88.49 to 89.22 mbsf*****
48H 6 1750 89.22 89.72 0.50 0.50 100.0

*****Drilled from 89.72 to 92.27 mbsf*****
49H 6 1940 92.27 93.20 0.93 0.66 71.0

*****Drilled from 93.2 to 95.32 mbsf*****
50H 6 2110 95.32 96.12 0.80 0.80 100.0 Fluorescent microspheres

*****Drilled from 96.12 to 110.57 mbsf*****
51H 7 0040 110.57 110.83 0.26 0.26 100.0 Fluorescent microspheres

*****Drilled from 110.83 to 131.92 mbsf*****
52H 7 0515 131.92 131.92 0.00 0.00 0.0 Fluorescent microspheres

*****Drilled from 131.92 to 134.97 mbsf*****
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53H 7 0620 134.97 136.07 1.10 1.10 100.0 Fluorescent microspheres
*****Drilled from 136.07 to 138.02 mbsf*****

54H 7 0800 138.02 139.24 1.22 1.22 100.0 Fluorescent microspheres
*****Drilled from 139.24 to 159.32 mbsf*****

55H 7 1215 159.32 159.67 0.35 0.35 100.0
*****Drilled from 159.67 to 162.37 mbsf*****

56H 7 1415 162.37 162.49 0.12 0.12 100.0
*****Drilled from 162.49 to 165.76 mbsf*****

57H 7 1610 165.76 167.74 1.98 1.98 100.0
*****Drilled from 167.74 to 174.57 mbsf*****

58H 7 2200 174.57 176.37 1.80 1.80 100.0 Fluorescent microspheres, insert bit stuck in BHA
*****Drilled from 176.37 to 176.56 mbsf*****

59H 8 1400 176.56 178.57 2.01 2.29 113.9
*****Drilled from 178.57 to 179.26 mbsf*****

60H 8 1530 179.26 179.35 0.09 0.09 100.0
*****Drilled from 179.35 to 182.66 mbsf*****

61H 8 1715 182.66 183.4 0.74 0.74 100.0
*****Drilled from 183.4 to 185.71 mbsf*****

62H 8 1940 185.71 186.21 0.50 0.50 100.0
*****Drilled from 186.21 to 188.76 mbsf*****

63H 8 2115 188.76 189.19 0.43 0.43 100.0
*****Drilled from 189.19 to 191.81 mbsf*****

64H 9 0145 191.81 192.11 0.30 0.28 93.3 Fluorescent microspheres, wireline cut at kink and reconnected
65X 9 0420 192.11 194.86 2.75 3.44 125.1 Fluorescent microspheres
66X 9 0600 194.86 197.91 3.05 3.31 108.5
67X 9 0815 197.91 200.96 3.05 3.33 109.2 Fluorescent microspheres
68X 9 0930 200.96 204.01 3.05 3.42 112.1
69X 9 1115 204.01 207.06 3.05 3.44 112.8
70X 9 1230 207.06 208.92 1.86 2.37 127.4
71H 9 1315 208.92 210.48 1.56 1.56 100.0 Fluorescent microspheres
72H 9 1530 210.47 210.88 0.41 0.41 100.0 Fluorescent microspheres
73X 9 1715 210.88 213.16 2.28 2.29 100.4 Fluorescent microspheres
74X 9 1910 213.16 216.21 3.05 3.27 107.2
75X 9 2035 216.21 219.26 3.05 3.48 114.1
76X 9 2135 219.26 222.31 3.05 3.45 113.1
77X 9 2220 222.31 223.45 1.14 1.14 100.0
78X 9 2315 223.45 223.60 0.15 0.15 100.0
79R 10 0110 223.60 225.36 1.76 0.00 0.0 Backflow and bubbles in string—no H2S observed
80R 10 0310 225.36 228.41 3.05 2.44 80.0
81R 10 0440 228.41 231.46 3.05 2.73 89.5 Fluorescent microspheres, H2S measured
82R 10 0535 231.46 234.51 3.05 1.87 61.3
83R 10 0640 234.51 237.56 3.05 3.27 107.2
84R 10 0750 237.56 240.61 3.05 2.95 96.7
85R 10 0910 240.61 243.66 3.05 2.25 73.8
86R 10 1015 243.66 246.71 3.05 3.12 102.3
87R 10 1145 246.71 249.76 3.05 3.12 102.3 Fluorescent microspheres
88R 10 1245 249.76 252.81 3.05 3.19 104.6
89R 10 1400 252.81 255.86 3.05 3.11 102.0
90R 10 1500 255.86 258.91 3.05 3.09 101.3
91R 10 1600 258.91 261.96 3.05 3.15 103.3
92R 10 1710 261.96 265.01 3.05 3.12 102.3
93R 10 1750 265.01 268.06 3.05 3.26 106.9 Fluorescent microspheres—bag did not burst
94R 10 1920 268.06 271.11 3.05 3.45 113.1
95R 10 2005 271.11 274.16 3.05 1.99 65.3 Fluorescent microspheres—bag did not burst
96R 10 2110 274.16 277.21 3.05 3.23 105.9
97R 10 2200 277.21 280.26 3.05 3.29 107.9 Fluorescent microspheres
98R 10 2240 280.26 283.31 3.05 3.07 100.7 Fluorescent microspheres
99R 10 2345 283.31 286.36 3.05 3.47 113.8
100R 11 0030 286.36 289.41 3.05 3.13 102.6
101R 11 0130 289.41 292.46 3.05 3.50 114.8
102R 11 0205 292.46 295.51 3.05 3.18 104.3
103R 11 0320 295.51 298.56 3.05 3.31 108.5
104R 11 0410 298.56 301.61 3.05 3.36 110.2 Fluorescent microspheres
105R 11 0455 301.61 304.66 3.05 3.45 113.1 Fluorescent microspheres
106R 11 0545 304.66 307.71 3.05 3.10 101.6
107R 11 0715 307.71 310.76 3.05 2.25 73.8
108R 11 0800 310.76 313.81 3.05 2.83 92.8
109R 11 0840 313.81 316.86 3.05 3.46 113.4
110R 11 0930 316.86 319.91 3.05 2.33 76.4

Core
Date

(May 2009)
Time
(UTC)

Depth (mbsf) Length (m) Recovery
(%) CommentsTop Bottom Cored Recovered

Table T1 (continued). (Continued on next page.) 
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111R 11 1030 319.91 322.96 3.05 3.45 113.1 Fluorescent microspheres
112R 11 1115 322.96 326.01 3.05 3.22 105.6
113R 11 1210 326.01 329.06 3.05 3.13 102.6
114R 11 1310 329.06 332.11 3.05 3.20 104.9
115R 11 1410 332.11 335.16 3.05 2.90 95.1
116R 11 1450 335.16 338.21 3.05 3.41 111.8
117R 11 1550 338.21 339.05 0.84 1.78 211.9 Fluorescent microspheres
118R 11 1750 339.05 339.43 0.38 0.65 171.1 Fluorescent microspheres
119R 11 1850 339.43 341.26 1.83 1.67 91.3 Fluorescent microspheres
120R 11 2020 341.26 344.31 3.05 0.67 22.0
121R 11 2120 344.31 347.36 3.05 1.63 53.4
122R 11 2215 347.36 350.41 3.05 1.04 34.1
123R 12 0040 350.41 353.46 3.05 0.63 20.7 String torquing, undersize core
124R 12 0145 353.46 354.13 0.67 0.58 86.6
125R 12 0340 354.13 356.51 2.38 1.60 67.2 Fluorescent microspheres
126R 12 0430 356.51 359.56 3.05 0.50 16.4 Fluorescent microspheres
127R 12 0550 359.56 362.61 3.05 1.74 57.1
128R 12 0705 362.61 365.66 3.05 0.00 0.0
129R 12 0830 365.66 368.71 3.05 2.10 68.9
130R 12 0930 368.71 371.76 3.05 1.74 57.1
131R 12 1035 371.76 372.85 1.09 0.63 57.8
132R 12 1200 372.85 374.81 1.96 1.74 88.8
133R 12 1300 374.81 377.86 3.05 2.45 80.3 Main lift wire tangled—cut and fixed
134R 12 2130 377.86 380.91 3.05 1.98 64.9
135R 12 2220 380.91 383.96 3.05 2.61 85.6
136R 12 2220 383.96 387.01 3.05 2.97 97.4
137R 13 0005 387.01 390.06 3.05 2.91 95.4
138R 13 0100 390.06 393.11 3.05 2.91 95.4
139R 13 0150 393.11 396.16 3.05 1.03 33.8 Fluorescent microspheres
140R 13 0240 396.16 399.21 3.05 1.91 62.6
141R 13 0330 399.21 402.26 3.05 1.21 39.7
142R 13 0415 402.26 405.31 3.05 2.08 68.2
143R 13 0525 405.31 408.36 3.05 0.62 20.3
144R 13 0750 408.36 411.41 3.05 2.76 90.5 Fluorescent microspheres
145R 13 0800 411.41 414.46 3.05 3.11 102.0
146R 13 0920 414.46 417.51 3.05 3.11 102.0
147R 13 1030 417.51 420.56 3.05 3.07 100.7
148R 13 1150 420.56 423.61 3.05 3.12 102.3
149R 13 1255 423.61 426.66 3.05 3.12 102.3
150R 13 1410 426.66 429.71 3.05 3.08 101.0
151R 13 1550 429.71 432.76 3.05 3.07 100.7 Fluorescent microspheres
152R 13 1710 432.76 435.81 3.05 3.00 98.4
153R 13 2000 435.81 438.86 3.05 3.26 106.9
154R 13 2105 438.86 441.91 3.05 2.28 74.8
155R 13 2205 441.91 444.96 3.05 3.27 107.2
156R 13 2305 444.96 448.01 3.05 3.14 103.0
157R 13 2355 448.01 451.06 3.05 3.32 108.9 Fluorescent microspheres
158R 14 0050 451.06 454.11 3.05 2.55 83.6 Wireline being spliced
159R 14 0155 454.11 457.16 3.05 3.45 113.1
160R 14 0235 457.16 460.21 3.05 2.65 86.9
161R 14 0325 460.21 463.26 3.05 3.42 112.1
162R 14 0420 463.26 466.31 3.05 1.45 47.5
163R 14 2030 466.31 469.36 3.05 3.50 114.8 Fluorescent microspheres
164R 14 2120 469.36 472.41 3.05 2.41 79.0
165R 14 2205 472.41 475.46 3.05 3.42 112.1
166R 14 2310 475.46 478.51 3.05 3.06 100.3
167R 15 0010 478.51 481.56 3.05 3.11 102.0
168R 15 0100 481.56 484.61 3.05 3.04 99.7 Fluorescent microspheres
169R 15 0155 484.61 487.66 3.05 3.09 101.3
170R 15 0300 487.66 489.39 1.73 1.21 69.9
171R 15 0530 489.39 492.44 3.05 3.09 101.3
172R 15 0700 492.44 493.09 0.65 0.68 104.6
173R 15 0810 493.09 493.76 0.67 0.78 116.4
174R 15 1010 493.76 496.81 3.05 3.12 102.3
175R 15 1130 496.81 499.86 3.05 3.45 113.1
176R 15 1300 499.86 502.91 3.05 2.97 97.4 Fluorescent microspheres
177R 15 1500 502.91 505.96 3.05 3.47 113.8
178X 15 1700 505.96 506.64 0.68 0.76 111.8
179R 15 1800 506.64 509.01 2.37 2.68 113.1

Core
Date

(May 2009)
Time
(UTC)

Depth (mbsf) Length (m) Recovery
(%) CommentsTop Bottom Cored Recovered

Table T1 (continued). (Continued on next page.) 
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Notes: UTC = universal time coordinated. BHA = bottom-hole assembly.

180R 15 2035 509.01 512.06 3.05 0.07 2.3
181R 15 2145 512.06 512.61 0.55 1.98 360.0
182R 15 2300 512.61 515.11 2.50 0.00 0.0
183R 16 0035 515.11 516.80 1.69 3.41 201.8 Last 1 cm of liner crumpled
184R 16 0145 516.8 519.52 2.72 2.28 83.8 Fluorescent microspheres, last 10 cm liner intruded and twisted
185R 16 0300 519.52 521.21 1.69 1.46 86.4
186R 16 0420 521.21 524.26 3.05 3.35 109.8
187R 16 0540 524.26 527.11 2.85 3.44 120.7
188R 16 0750 527.11 530.36 3.25 3.07 94.5
189R 16 0940 530.36 533.41 3.05 3.24 106.2
190R 16 1145 533.41 536.46 3.05 3.15 103.3
191R 16 1345 536.46 539.51 3.05 2.75 90.2 Fluorescent microspheres
192R 16 1445 539.51 542.56 3.05 2.98 97.7
193R 16 1630 542.56 545.61 3.05 3.07 100.7
194R 16 1800 545.61 548.66 3.05 0.00 0.0
195R 16 1910 548.66 548.76 0.10 0.94 940.0
196R 16 2015 548.76 549.84 1.08 0.83 76.9
197R 16 2120 549.84 551.71 1.87 2.20 117.7
198R 16 2250 551.71 554.76 3.05 3.50 114.8 Fluorescent microspheres
199R 17 0010 554.76 557.81 3.05 3.21 105.3
200R 17 0110 557.81 560.86 3.05 3.15 103.3
201R 17 0215 560.86 563.91 3.05 3.37 110.5
202R 17 0330 563.91 566.96 3.05 3.49 114.4
203R 17 0505 566.96 570.01 3.05 3.29 107.9
204R 17 0650 570.01 573.06 3.05 3.03 99.3 Fluorescent microspheres
205R 17 0820 573.06 576.11 3.05 3.12 102.3 Fluorescent microspheres
206R 17 1000 576.11 579.16 3.05 3.10 101.6
207R 17 1140 579.16 582.21 3.05 3.12 102.3
208R 17 1315 582.21 585.26 3.05 2.91 95.4
209R 17 1515 585.26 588.31 3.05 3.28 107.5
210R 17 1730 588.31 591.36 3.05 3.03 99.3 Repair made to wireline
211R 17 2015 591.36 594.41 3.05 2.62 85.9 Fluorescent microspheres
212R 17 2215 594.41 597.46 3.05 3.49 114.4
213R 17 2355 597.46 600.51 3.05 3.01 98.7
214R 18 0130 600.51 603.56 3.05 1.52 49.8
215R 18 0310 603.56 606.61 3.05 2.83 92.8 Fluorescent microspheres
216R 18 0510 606.61 609.66 3.05 0.50 16.4 Fluorescent microspheres
217R 18 0810 609.66 612.71 3.05 3.12 102.3
218R 18 1025 612.71 615.76 3.05 2.56 83.9 Liner crushed
219R 18 1245 615.76 618.81 3.05 3.28 107.5
220R 18 1450 618.81 621.86 3.05 2.02 66.2
221R 18 1645 621.86 623.45 1.59 2.93 184.3 Fluorescent microspheres
222R 18 1915 623.45 624.91 1.46 1.53 104.8
223R 18 2045 624.91 627.96 3.05 2.67 87.5
224R 18 2210 627.96 631.01 3.05 3.19 104.6 Fluorescent microspheres

Core
Date

(May 2009)
Time
(UTC)

Depth (mbsf) Length (m) Recovery
(%) CommentsTop Bottom Cored Recovered

Table T1 (continued). 
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(See table note.) 

Depositional environment Age

rine, coastal plain, and marine late Pleistocene–late Miocene 
shoreface–offshore transition
vial and coastal plain?
 coastal plain?
el and floodplain), minor shoreface

, transgressive shoreface, shoreface–offshore 
 and offshore

middle Miocene (Langhian)

ffshore transition to offshore with strong 
ence, minor shoreface

early middle–late early Miocene (early Langhian–late 
Burdigalian)

oreface–offshore transition, and minor middle early Miocene (mid-Burdigalian)

rained, rollover middle early Miocene (early–middle Burdigalian)

andonment and outbuilding middle early Miocene (late Aquitanian–early Burdigalian)
fshore transition to shoreface to foreshore
e-of-slope apron (inferred from seismic context) 

roximal clinoform toe-of-slope aprons early Miocene (early Aquitanian)–late early Oligocene
urbidite toe-of-slope apron/channel-fill
istal clinoform apron

late Eocene?
Table T2. Summary of lithostratigraphic units, Hole M0027A. 

Note: Bold text indicates generalized features of entire lithostratigraphic unit.

Unit
Core, section,
interval (cm)

Depth
DSF (m)

313-M0027A-
Unit I 1H-1, 0, to 57H-2, 43 0.00–167.74 Fluvial, estua

Subunit IA 1H-1, 0, to 14H-1, 71 0.00–26.29 Shoreface to 
Subunit IB 14H-1, 71, to 34X-1, 0 26.29–70.92 Littoral to flu
Subunit IC 34X-1, 0, to 49H-1, 66 70.92–92.93 Estuarine and
Subunit ID 49H-1, 66, to 57H-2, 43 92.93–167.74 Fluvial (chann

Unit II 57H-2, 48, to 83R-2, 126 167.74–236.16 Channel-fills
transition,

Unit III 83R-2, 126, to 102R-2, 105 236.16–295.01 Shoreface–o
storm influ

Unit IV 102R-2, 105, to 116R-1, 77 295.01–335.93 Offshore, sh
shoreface

Unit V 116R-1, 77, to 125R-CC, 12 335.93–355.72 Poorly const

Unit VI 125R-CC, 12, to 170R-1, 109 355.72–488.75 Clinoform ab
Subunit VIA 125R-CC, 12, to 145-2, 120 355.72–414.11 Shoreface–of
Subunit VIB 145R-2, 120, to 170R-1, 109 414.11–488.75 Deepwater to

to offshore

Unit VII 170R-1, 109, to 223R-1, 69 488.75–625.60 Distal and p
Subunit VIIA 170R-1, 109, to 175R-3, 10 488.75–499.91 Debrite and t
Subunit VIIB 175R-3, 10, to 223R-1, 69 499.91–625.60 Deepwater d

Unit VIII 223R-1, 69, to 224R-3, 19 625.60–631.15 Offshore



Exp
ed

itio
n

 313 Scien
tists

Site M
0027

Proc. IO
D

P | Volum
e 313

139

 select lithified intervals to support macroscopic core descriptions, Hole M0027A.

Comments
Section

ID Photo

Medium to coarse glauconite-bearing sandstone. Grains of quartz, feldspar, and rock 
lar to rounded shape. Apatite and zircon are also found as accessory minerals. 

t mineral formed by authigenic diagenesis. Flocks of magnetic grains are associated 
antly altered calcite cement is common.

3131614 250034, 250035, 
250036, 250037

Medium grained sandstone. Grains with subangular to subrounded shapes mostly 
par (perthite, microcline, and plagioclase), rock fragments (granitoids, gneiss, and 
 chlorite. Matrix is filled with clay and organic materials and is partly recrystallized by 

3131615 250038, 250039, 
250040, 250041

Medium sandstone. Grains are composed mainly of monocrystalline quartz and 
, plagioclase, and perthite), rock fragments (granitoids, schist/gneiss, quartzite, and 
ic glauconite, and fossils (radiolarians, shell, etc.). Some grains are coated by 
 with argillaceous mud and clay, organic materials, and opaque minerals. Calcite in 

3131616 250030, 250031, 
250032, 250033

Fine sandstone. Matrix consists of mud and silt material, unidentified clay mineral 
rials. Flakes of chlorite and sericite in matrix are commonly layered. Brown pellets 
onsidered to be oxidized glauconite formed by diagenesis. Detrital grains are quartz, 
 zircon, and fossil carbonate fragments. 

3131620 250042, 250043, 
250044, 250045

 Quartzose glauconite-bearing medium sandstone. Detrital grains consist mainly of 
 is grain supported to matrix supported and rich in authigenic glauconite pellets 

ggregated by fine pellets that are pale green in grain margin and green to dark green 
ns are coated by oxidized iron layers. Recrystallized calcite aggregates occupy matrix 

3131750 270058, 270059, 
270060, 270061
Table T3. Petrographic descriptions of thin sections from

Core, section, 
interval (cm)

Thin 
section

Top
depth
(mbsf)

313-M0027A-
124R-1, 46–52 1 353.92 Slide to aid core description for Unit I. 

fragments (granitoids) show subangu
Glauconite pellet (green) is dominan
along glauconite boundaries. Signific

125R-1, 139–143 1 355.52 Slide to aid core description for Unit I. 
consist of quartz and associated felds
marble), magnetic grains, zircon, and
calcite cement.

125R-1, 0–4 1 355.6 Slide to aid core description for Unit I. 
subordinantly of feldspar (microcline
marble), zircon, muscovite, authigen
microcrystalline calcite. Matrix is filled
matrix is partly recrystallized.

127R-2, 3–7 1 361.09 Slide to aid core description for Unit I. 
flakes, and organic/nonorganic mate
occasionally observed in matrix are c
feldspar, opaque mineral, muscovite,

171R-1, 38–42 1 489.77 Slide to aid core description for Unit II.
quartz and feldspar. Sediment texture
formed within matrix. Glauconite is a
in grain center. Some glauconite grai
as relict minerals. 
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Table T4. Distribution of calcareous nannofossils, Hole M0027A. This table is available in an oversized format.

Table T5. Planktonic foraminifer occurrences and zonations, Hole M0027A. This table is available in an over-
sized format.

Table T6. Dinocyst occurrences and zonations, Hole M0027A. This table is available in an oversized format.
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.) (Continued on next two pages.)

 Paleodepth estimate
(m)

?
?

? 50??
?
?
?
?
? 

15–50
25–50

; small 25–50

50–80

25–50

25–50
25–50

25–50

25–50

25–50
25–50

50–80

50–80

?
50–80

50–80; probably deeper than 104–1

75–100 with downslope transport

?
?

50–80 (deep end)

50–80
?
?
?

50–80
50–80

??50–80
Table T7. Benthic foraminifer occurrences and paleobathymetric interpretations, Hole M0027A. (See table notes

Core, section,
interval (cm)

Depth
(mbsf) Benthic foraminifer taxa Preservation Comments

313-M0027A-
6H-1, 145–150 16.73 Barren NA
9H-CC 19.59 Barren NA
13H-CC 25.51 Cibicidoides
15H-CC 27.89 None noted
50H-CC, 55–60 96.12 Barren NA Paleosol, Sphaerosiderite
64H-CC 192.09 Barren
65X-CC, 11–13 195.53 1 Plectofrondicularia amorneyae G
66X-3, 30–32 198.15 Barren
70X-CC, 0–2 208.92 Lenticulina–Hanzawaia concentrica–Nonionella pizarrensis; R: Buliminella gracilis M–G
73X-CC, 0–3 213.14 A: Lenticulina–Hanzawaia concentrica–Nonionella pizarrensis; C: Buliminella 

gracilis; R: Lagena, Cibicides lobatulus, Fissurina, Pararotalia, Cancris sagra
All stained

80R-CC, 0–15 227.65 A: Lenticulina–small Nonionella pizarrensis; R: Hanzawaia concentrica, Bulimina 
mexicana, polymorhinid, agglutinants, Rectuvigerina lamelata; C: Uvigerina 
juncea; F: Buliminella gracilis

M–G Large Lenticulina—beat up
ones are nice 

81R-1, 103–108 229.44 A: Lenticulina (and lenticulinids); C–A: Nonionella pizarrensis, Bulimina mexicana, 
Buliminella gracilis, Uvigerina juncea (and others); R: polymorphinid, 
Rectuvigerina cf. senni, Lagena, Fissurina, Cibicidoides

VG

89R-CC, 0–2 255.90 A: Nonionella pizarrensis, Lenticulina; C: Hanzawaia; F: Cibicidoides, Bolivina spp., 
R: agglutinants, Bulimina macilenta

VG

91R-CC, 9–10 262.05 A: Nonionella pizarrensis; R–F: Buliminella gracilis; R: Uvigerina juncea VG
93R-1, 145–150 266.46 A: Lenticulina–Nonionella pizarrensis; C: Hanzawaia concentrica; F: Uvigerina 

juncea, Buliminella gracilis; R: agglutinants
VG

95R-1, 139–143 272.50 A: Nonionella pizarrensis; C: Hanzawaia concentrica, R: agglutinants, Bolivina, 
Pararotalia bassleri

VG

95R-1, 143–148 272.54 A: Nonionella pizarrensis; C: Hanzawaia concentrica, R: agglutinants, Bolivina, 
Pararotalia bassleri

VG

97R-CC, 0–10 280.40 A: Nonionella pizarrensis, Hanzawaia; C: Buliminella gracilis; R: Uvigerina juncea VG
98R-1, 144–145 281.70 A: Nonionella pizarrensis; C: Buliminella gracilis, Hanzawaia concentrica; R: 

agglutinants, Cibicidoides
VG

101R-3, 34–38 292.76 A: Nonionella pizarrensis (24); R: miliolid (1), Hanzawaia concentrica (2); F: 
Buliminella gracilis (12); C–A: Uvigerina juncea (6)

VG

104R-1, 62–64 299.18 Lenticulina (4); Nonionella pizarrensis (33); Bolivina marginata var. multicostata 
(4); Hanzawaia concentrica (4); Uvigerina juncea (7); Buliminella gracilis (2);?? 
(2)

E

105R-CC, 0–11 304.95 Barren
112R-CC 326.11 Nonionella pizarrensis, Lenticulina, Buliminella gracilis, Bolivina
115R-2, 76–78 334.37 Buliminella gracilis (17); Uvigerina juncea (3); Nonionella pizarrensis (4); Bolivina 

marginata var. multicostata (4)
G–VG

119R-1, 66–68 340.09 Lenticulina (5); Cibicidoides pachyderma (3); Buliminella gracilis (3); Hanzawaia 
concentrica (12); Nonionella pizarrensis (1); Bulimina mexicana (1); Uvigerina 
auberiana (1); Uvigerina juncea (3)

P–VG

146R-1, 73–74 415.19 Barren
147R-1, 145–150 418.96 Barren
148R-CC 423.68 A: Buliminella gracilis (dozens); F: Nonionella pizarrensis (6); R: Lenticulina (1); 

Uvigerina juncea (1); Hanzawaia (3); Plectofrondicularia morneyae (1)
VG

149R-CC, 11–13 426.71 Dentalina (1); Stilostomella (1); Nonionella pizarrensis (2); Buliminella gracilis (6) VG Rare foraminifers
150R-CC, 6–8 429.72 Barren
151R-1, 155–160 431.26 Barren
151R-2, 145–147 432.76 Barren
151R-CC 432.78 Foraminifers in pan fraction: Buliminella, Trifarina, Cibicides, Discorbis
154R-1, 141 440.27 Buliminella, Lenticulina, Sphaeroidina bulloides
154R-2, 72–77 441.08 Buliminella gracilis (1); R: Buliminella gracilis in pan fraction
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??50–80
?

50–80 or deeper
25–50

25–50

?
?
?
?
?

raminifers >100

iverse >100

100–200

?
?

50–80

?
>100

?
oraminifers 80–100

?80

 shallower 15–50

?75–100

?
50–100

50–100

>100 

s
 Paleodepth estimate

(m)
159R-CC 457.54 Barren (maybe 1 Buliminella gracilis)
161R-CC, 8–10 463.61 Barren
161R-CC(?) (?)463.63 C: Buliminella gracilis, Nonionella pizarrensis; Uvigerina juncea
163R-CC, 13–15 469.79 A: Nonionella pizarrensis; C: Lenticulina; R: Buliminella gracilis (1); Uvigerina 

juncea (1)
165R-CC, 5–7 475.81 A: Nonionella pizarrensis; F: Cibicidoides (6); R: Lenticulina (1); Uvigerina juncea 

(1); Fissurina (1); Plectofrondicularia (2); Stilostomella (1); Dentalina (1); 
Buliminella gracilis (3); Gyroidinoides (1); Hanzawaia (3)

167R-CC, 11–13 481.60 Barren
169R-CC, 11–13 487.68 Barren
171R-CC, 11–13 492.46 Barren
175R-CC, 11–13 500.21 Barren
177R-CC, 11–13 506.33 Barren
179R-CC, 13–15 509.30 A: Buliminella gracilis, Rectuvigerina lamelata, Rectuvigerina multicostata, 

Nonionella pizarrensis; F: Lenticulina, Uvigerina juncea, Hanzawaia concentrica; 
R: Cibicidoides, Gyroidinoides, Pletofrondicularia

P–G Abundant, diverse fo

183R-CC, 6–8 518.50 A: Uvigerina juncea, Rectuvigerina lamelata, Rectuvigerina multicostata, Buliminella 
gracilis, Pullenia salisburyi, Nonion, Cibicidoides, Melonis barleeanus, 
Gyroidinoides, Lenticulina, polymorph, Stilostomella, Hanzawaia mantaensis, 
Cibicidoides pachyerma, Anomalinoides spissiformis

VG Abundant (>250), d
foraminifers

185R-CC, 15–17 520.96 Siphonina danvellensis, Sphaeroidina bulloides, Pletofrondicularia, Trifarina 
wilcoxensis, Cibicidoides, Globocassidulina subglobosa, Melonis barleeanus, 
Gyroidinoides, Alabamina mississippiensis, Hanzawaia mantaensis, Oridorsalis, 
Cibicidoides pachyderma, Uvigerina auberiana and several costate Uvigerina 
(continuous across chambers), Fursenkoina fusiformis, Coryphostoma 
georgiana, Cibicidoides primulus

VG

187R-CC, 8–10 527.68 Barren
188R-CC, 8–9 530.17 Barren
189R-CC, 6–8 533.58 A: Globobulimina, Lenticulina, Buliminella gracilis (A 150–250); C: Nonionella 

pizarrensis; F: costate Uvigerina; C: Pletofrondicularia, Gyroidinoides
P–G

191R-CC, 4–6 539.19 Broken Lenticulinids
192R-2, 147–148 542.48 >250: A: Lenticulina, Nonionella pizarrensis, costate Uvigerina; C: polymorph, 

Gyroidinoides, Hanzawaia concentrica, Pletofrondicularia 150–250: Lenticulina, 
Nonionella pizarrensis, Buliminella curta, Hanzawaia mantaensis, Cibicidoides 
pachyderma, Fissurina, Trifarina wilcoxensis, Anomalinoides spissiformis, 
Marginulina

P–VG

193R-CC, 10–12 545.61 Barren
195R-2, 9–11 549.60 A: Lenticulina, polymorph, large costate Uvigerina; F-C: Lenticulina, Nonionella 

pizarrensis, Gyroidinoides
P–VG Abundant, diverse f

198R-CC 555.19 Melonis barleeanus, Nonionella pizarrensis, Cibicidoides, Anomalinoides, Pullenia, 
Cassidulina, Lenticulina, Buliminella gracilis, Bolivina

199R-3, 19–21 557.95 Lenticulina (1); Pletofrondicularia (1); shallow Hanzawaia (1); Nonionella 
pizarrensis (1)

Rare benthics, much
than above

201R-CC 564.21 A: Lenticulina, polymorph; C: Cibicidoides, Anomalinoides spissiformis; R: Fissurina, 
Buliminella curta, Globobulimina, Coryphostoma georgiana

P–G

205R-CC 576.15 Fragments
206R-CC 579.19 Lenticulina, costate Uvigerina, Nonionella pizarrensis, polymorph,

Anomalinoides spissiformis
Rare foraminifers 

207R-3, 10–12 582.26 C: Lenticulina, Nonionella pizarrensis; costate Uvigerina; Nodosaria, 
Plectofrondicularia morneyae, polymorph, Melonis barleeanus

P–G Rare foraminifers

208R-2, 139–141 585.10 A: costate Uvigerina, Plectofrondicularia morneyae, Anomalinoides spissiformis; 
R: Lenticulina

M–G Foraminifers 

Core, section,
interval (cm)

Depth
(mbsf) Benthic foraminifer taxa Preservation Comment

Table T7 (continued). (Continued on next page.) 



Exp
ed

itio
n

 313 Scien
tists

Site M
0027

Proc. IO
D

P | Volum
e 313

143

VG = very good, G = good, M = moderate, P = poor. N/A = not available. Nonio-
ides includes possible Gyroidinoides nipponica. Polymorph = Guttulina austriaca,

M–G Abundant, diverse foraminifers >100 

>100

P–M Foraminifers >80, perhaps >100 

P–M Abundant foraminifers >80, perhaps >100 

>100 

P–G Abundant benthics >100 

>100 

P–G Abundant benthics >100 

P–G >100 

?
P–G >100 

>100 

>75 
M Abundant, diverse >100 

reservation Comments
 Paleodepth estimate

(m)
Notes: Sample depths to be added. A = abundant, C = common, F = few, R = rare. Preservation: E = excellent, 
nella pizarrensis includes possible Nonionella grateloupi. Buliminella gracilis = Caucasina elongata? Gyroidino
Guttulina candata, undifferentiated polymorphinids. Siphonina danvellensis = ?Pulsiphonina prima.

209R-3, 33–36 588.51 Lenticulina, Sphaeroidina bulloides, Nonionella pizarrensis, Gyroidinoides, Melonis 
barleeanus, agglutinants, Oridorsalis, Cibicidoides primulus, Cibicidoides 
pachyderma, Cibicides spp., R: costate Uvigerina

209R-CC 588.51 Nonionella pizarrensis, Sphaeroidina bulloides, Oridorsalis, Gyroidinoides, Melonis 
barleeanus

210R-CC 591.31 Melonis pompilioides, Sphaeroidina bulloides, Lenticulina, Gyroidinoides, large 
costate Uvigerina, polymorph, Nonionella pizarrensis, Ceratatobulimina, 
Cassidulinoides, striate Plectofrondicularia, costate and hispid Stilostomella

210R-CC, 0–3 591.31 Nonionella pizarrensis, Pullenia quinqueloba, Melonis barleeanus, costate 
Stilostomella, Stilostomella subspinosa, Sphaeroidina bulloides, Lenticulina, 
Siphonina, costate Uvigerina (not continuous), polymorph

211R-1, 144–145 592.80 A: Uvigerina juncea, Melonis barleeanus, Nonionella pizarrensis, Sphaeroidina 
bulloides, others

211R-CC, 0–2 593.96 Dentalina, Lenticulina, Hoeglundina elegans, Melonis pompilioides, Hanzawaia 
mantaensis, polymorph, costate Uvigerina, Plectofrondicularia, Nonionella 
pizarrensis, costate Stilostomella, Stilostomella subspinosa, Lagena, agglutinants 
(~Textularia), Cibicidoides pachyderma, Siphonina danvellensis

212R-CC 597.88 Sphaeroidina bulloides, Melonis barleeanus, Uvigerina juncea, Oridorsalis, 
Anomalinoides

214R-CC, 12–14 602.01 Nodosaria, Nonionella pizarrensis, Gyroidinoides, costate Uvigerina, costate 
Stilostomella, Sphaeroidina bulloides, Oridorsalis, polymorph, Lenticulina, 
Stilostomella subspinosa, Alabamina mississippiensis

217R-2, 103–106 612.19 A: large costate Uvigerina, Lenticulina, Siphonina danvellensis, Nonionella 
pizarrensis, Melonis barleeanus, Cassidulina crassa, Plectofrondicularia, 
~Cibicidoides pachyderma

218R-2, 103–106 615.24 Barren
219R-3, 24–28 619.00 A: costate Uvigerina and Uvigerina spp., Oridorsalis, Siphonina danvellensis, 

Sphaeroidina bulloides, Melonis barleeanus, Hanzawaia spp., ~Cibicidoides 
pachyderma, Stilostomella subspinosa, Stilostomella spp., costate Stilostomella, 
Hoeglundina elegans, Gyroidinoides

220R-CC 620.83 Uvigerina juncea, Siphonina, Osangularia, Lenticulina, Sphaeroidina bulloides, 
Bulimina jacksonensis

222R-CC 624.97 Uvigerina juncea
223R-CC 627.58 A: large costate Uvigerina; costate Stilostomella, Lenticulina, Hoeglundina elegans, 

Cibicidoides, polymorph, Siphonina, Melonis pompilioides, Cibicidoides 
pachyderma, Pullenia bulloides

Core, section,
interval (cm)

Depth
(mbsf) Benthic foraminifer taxa P

Table T7 (continued). 
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 different pollen types (e.g., “elm pollen fre-

arks

azelnut, birch, alder

inarily frequent
narily frequent, from 105R to 9H frequent 

western hemlock

llen present

ence of elm pollen
nonsaccate pollen, but no hickory, no elm, and no 
Table T8. Palynomorph data and remarks on dominant tree taxa, Hole M0027A. (See table note.)

Note: Remarks concerning nonsaccate pollen, like “frequent” or “rare,” are always in relation to the production and transport potential of the
quent” may refer to 5 or 6 grains, whereas 5 or 6 grains of oak pollen would be regarded as “rare”).
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Rem

313-M0027-
9H-CC 19.59 61 25 17 41 1 19 1.7 195 86 20.7 0.2403 Hickory present but rare; frequent occurrences of h
65X-CC 195.53 220 6 10 1 7 2 1.0 7 226 3.0 0.0133 Hickory present but not frequent
67X-CC 201.22 126 9 10 0 7 3 0.0 5.5 135 3.0 0.0222 Hickory present but not frequent
69X-CC 207.44 123 12 7 1 11 13 3.0 13.5 135 16.0 0.1185 Hickory present but not frequent
91R-CC 262.05 108 4 3 0 2 8 15.3 16.5 112 23.3 0.2083 Oak and hickory pollen very frequent
101R-CC 292.91 183 11 9 1 3 9 2.0 38.5 194 11.0 0.0567 Hickory present but not frequent
104R-CC 301.86 135 12 6 1 0 2 1.0 16 147 3.0 0.0204 Oak and hickory pollen very frequent, elm extraord
105R-CC 304.95 107 5 8 0 1 17 4.0 34 112 21.0 0.1875 Oak and hickory pollen very frequent, elm extraordi

occurrences of grasses (Poacea)
146R-CC 417.57 134 15 1 0 2 21 6.3 7.5 149 27.3 0.1834 Hickory present but not frequent
148R-CC 423.68 97 5 8 0 0 93 5.3 44.5 102 98.3 0.9641 Oak and hickory pollen very frequent
149R-CC 426.71 160 7 1 0 2 23 6.3 22.5 167 29.3 0.1756 Oak and hickory pollen very frequent, presence of 
151R-CC 432.78 135 7 4 0 1 12 2.0 29 142 14.0 0.0986 Oak and hickory pollen very frequent
154R-CC 441.13 112 7 4 0 1 26 5.0 43 119 31.0 0.2605 Oak and hickory pollen very frequent
156R-CC 448.09 133 8 3 0 2 18 0.0 24 141 18.0 0.1277 Oak and hickory pollen very frequent
159R-CC 457.54 128 10 4 0 0 55 1.3 27.5 138 56.3 0.4082 Hickory present but not frequent
161R-CC 463.61 126 11 8 1 2 40 8.0 28 137 48.0 0.3504 Oak and hickory pollen very frequent
163R-CC 469.79 126 9 3 1 0 14 1.3 48.5 135 15.3 0.1136 Oak and hickory pollen very frequent
167R-CC 481.60 129 8 4 1 1 32 0.7 15 137 32.7 0.2384 Oak and hickory pollen very frequent
171R-CC 492.46 104 6 2 2 2 54 20.0 65 110 74.0 0.6727 Oak and hickory pollen very frequent
175R-CC 500.21 102 7 1 0 1 19 5.7 51.5 109 24.7 0.2263 Oak and hickory pollen very frequent
177R-CC 505.33 84 7 3 0 0 23 8.3 110 91 31.3 0.3443 Hickory present but not frequent
185R-CC 520.96 90 8 3 0 0 59 12.7 92 98 71.7 0.7313 Oak and hickory pollen very frequent
189R-CC 533.58 76 5 3 0 0 43 11.0 202 81 54.0 0.6667 Oak, linden, and hickory pollen very frequent
191R-CC 539.19 77 5 1 0 0 19 7.0 31.5 82 26.0 0.3171 Oak, linden, and hickory pollen very frequent
193R-CC 545.61 76 9 1 0 0 72 17.3 48 85 89.3 1.0510 Oak and hickory pollen very frequent
204R-CC 573.01 54 19 5 0 0 31 5.0 182.5 73 36.0 0.4932 Hickory present but not frequent, possibly grass po
206R-CC 579.19 108 3 1 0 0 16 5.3 116.5 111 21.3 0.1922 Oak, linden, and hickory pollen very frequent
208R-CC 585.10 61 17 2 1 0 21 4.0 19.5 78 25.0 0.3205 Hickory present but not frequent
218R-CC 615.24 100 8 2 0 1 35 14.3 39.5 108 49.3 0.4568 Oak, linden, and hickory pollen very frequent
220R-CC 620.83 52 3 1 0 0 157 7.7 80 55 164.7 2.9939 Oak, linden, and hickory pollen very frequent, pres
223R-CC 627.58 37 5 1 0 0 92 44.0 31.5 42 136.0 3.2381 High content of oak and other, probable arboreal, 

linden pollen
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Table T9. Composition of interstitial water, Hole M0027A. This table is available in an oversized format. 

Table T10. Total carbon, total organic carbon, total inorganic carbon, and total sulfur in sediment, Hole
M0027A.  

Core, section,
interval (cm)

Depth
(mbsf)

Carbon (wt%)
Total
sulfur
(wt%)Total Organic Inorganic

313-M0027A-
1R-1, 143.5–144.5 1.44 0.66 0.07 0.59 0.09
2R-1, 145.0–146.0 3.88 1.24 0.08 1.16 0.10
3R-1, 145.0–145.0 6.22 0.31 0.07 0.24 0.08
4R-2, 123.0–124.0 10.24 1.13 0.12 1.01 0.22
4R-1, 145.0–146.0 8.95 1.69 0.08 1.61 0.19
6R-1, 145.0–146.0 13.00 1.20 0.21 0.99 0.17
8H-1, 36.0–37.0 15.63 1.45 0.57 0.89 0.11
9H-1, 49.0–50.0 18.14 1.39 0.61 0.78 0.14
10H-1, 65.0–66.0 19.79 1.67 0.67 1.00 0.36
12H-1, 50.0–51.0 21.78 0.92 0.59 0.33 0.30
17H-1, 10.0–11.0 28.19 1.73 1.71 0.02 0.24
19H-1, 64.0–65.0 32.00 1.53 1.52 0.01 0.24
25R-1, 145.0–146.0 41.88 0.23 0.13 0.10 0.20
27R-1, 117.0–118.0 47.70 0.21 0.15 0.06 0.19
32R-1, 0.0–1.0 61.78 0.20 0.15 0.05 0.39
35X-1, 0.0–1.0 73.98 0.20 0.18 0.02 0.12
35X-1, 49.0–50.0 74.47 0.77 0.13 0.64 0.04
38X-1, 138.0–139.0 78.41 0.23 0.20 0.03 0.14
41X-1, 14.0–16.0 79.66 0.73 0.73 0.01 0.28
50H-1, 7.0–8.0 95.40 2.77 0.18 2.58 0.05
50H-1, 47.0–48.0 95.80 0.78 0.14 0.64 0.05
51H-1, 8.0–9.0 110.66 2.34 0.16 2.19 0.07
51R-1, 17.5–18.5 110.75 0.93 0.23 0.70 0.12
53R-1, 0.5–1.5 134.98 0.13 0.10 0.03 0.21
54R-1, 0.0–1.0 138.03 0.12 0.11 0.02 0.10
55R-1, 0.0–1.0 159.33 0.29 0.19 0.10 0.23
57R-2, 42.0–43.0 167.69 0.09 0.06 0.02 0.11
59H-1, 28.0–29.0 176.85 1.68 1.06 0.62 0.20
61H-1, 8.0–11.0 182.76 1.61 1.01 0.61 0.66
63H-1, 35.0–36.0 189.12 1.43 0.86 0.56 0.15
65X-1, 50.0–51.0 192.62 1.42 1.30 0.12 0.39
66X-1, 71.0–72.0 195.58 1.74 1.08 0.66 0.25
66X-2, 71.0–72.0 197.08 1.67 1.03 0.64 0.27
67X-3, 48.0–49.0 200.07 2.19 1.34 0.85 0.24
67X-2, 60.0–61.0 198.69 1.81 1.04 0.77 0.25
68X-1, 130.0–131.0 202.27 1.60 0.89 0.71 0.34
70X-2, 66.0–67.0 209.23 1.33 0.94 0.39 0.63
72H-1, 22.0–23.0 210.70 2.23 1.83 0.40 3.59
75X-1, 48.0–49.0 216.70 2.58 2.37 0.21 3.00

80R-1, 88.0–89.0 226.25 2.20 1.55 0.65 2.01
82R-2, 90.0–91.0 233.87 0.80 0.74 0.06 1.68
85R-1, 74.0–75.0 241.36 0.83 0.81 0.02 2.87
88R-1, 62.0–63.0 250.39 3.34 2.01 1.33 2.75
91R-1, 13.0–14.0 259.05 8.41 7.45 0.96 3.63
94R-2, 72.0–73.0 270.29 4.06 3.83 0.24 3.39
97R-2, 62.0–64.0 279.34 1.53 1.47 0.07 1.18
98R-1, 60.0–61.0 280.87 2.67 2.42 0.25 4.02
101R-1, 89.0–90.0 290.31 3.02 2.71 0.31 2.52
104R-1, 68.0–69.0 299.25 1.33 1.13 0.19 1.86
107R-1, 52.0–53.0 308.24 2.34 2.03 0.31 2.82
110R-2, 40.0–41.0 318.77 1.90 1.52 0.39 2.50
113R-1, 81.0–82.0 326.83 1.77 1.50 0.27 2.17
115R-2, 75.0–76.0 334.37 1.04 0.93 0.11 1.47
119R-1, 65.0–66.0 340.09 0.65 0.64 0.02 1.72
122R-1, 60.0–61.0 347.97 0.21 0.16 0.06 0.10
123R-1, 54.0–55.0 350.96 0.79 0.21 0.57 0.18
129R-1, 30.0–31.0 365.97 0.17 0.13 0.04 0.10
133R-2, 50.0–51.0 376.82 0.20 0.11 0.09 0.15
136R-1, 0.0–1.0 383.97 0.18 0.17 0.02 0.13
138R-2, 127.0–128.0 392.84 0.20 0.16 0.04 0.15
144R-1, 139.0–140.0 409.76 0.30 0.28 0.02 0.57
146R-1, 72.0–73.0 415.19 1.59 1.46 0.13 1.39
148R-2, 67.0–68.0 422.74 3.43 3.16 0.27 2.20
151R-2, 55.0–56.5 431.87 4.34 4.11 0.23 2.26
153R-2, 75.0–76.0 438.07 4.36 4.25 0.11 2.50
154R-1, 91.0–92.0 439.78 4.58 4.37 0.21 2.68
157R-1, 66.0–67.0 448.68 1.35 1.19 0.16 1.12
160R-1, 56.0–57.0 457.73 4.41 3.80 0.61 2.43
165R-1, 69.0–70.0 473.11 2.04 1.91 0.12 2.20
168R-1, 144.0–145.0 483.01 1.74 1.06 0.69 1.97
171R-2, 21.0–22.0 491.11 0.71 0.23 0.47 0.15
175R-1, 139.0–140.0 498.21 1.76 1.51 0.25 1.14
179R-2, 96.0–97.0 509.11 2.27 0.81 1.46 0.77
183R-2, 149.0–150.0 518.11 2.02 1.17 0.85 0.83
190R-1, 22.0–23.5 533.64 3.76 0.52 3.24 0.41
206R-1, 85.0–86.0 576.97 2.02 1.73 0.30 1.99
209R-1, 60.0–61.0 585.87 1.75 1.57 0.18 2.44
213R-2, 82.0–83.0 599.79 3.04 2.31 0.73 1.44
217R-2, 40.0–41.0 611.57 2.18 1.76 0.42 1.69

Core, section,
interval (cm)

Depth
(mbsf)

Carbon (wt%)
Total
sulfur
(wt%)Total Organic Inorganic
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Table T11. Summary of sediment mineralogy from X-ray diffraction, Hole M0027A. (See table notes.) 

Notes: The original sum for the mean of all measured peak intensity ratios was 90.5%. After elimination of all clay minerals (4.55–4.4 Å, 3.4%),
gypsum (0.9%), and halite (0.7%), this sum became 85.5%, which was then renormalized to 100% above.

Table T12. Preliminary magnetostratigraphic age-depth tie points, Hole M0027A. (See table note.)

Note: All ages according to Cande and Kent (1995).

Intensity ratios Mean Max

Clay minerals 12.2 59.2
Kaolinite 5.7 40.3
Micas and Illite 2.7 8.2
Mixed layered clays 2.7 7.9
Smectite 1.0 2.8

Carbonates 6.5 47.6
Mg-rich calcite 1.4 16.6
Calcite 2.2 13.9
Siderite 1.1 9.5
Rhodochrosite 0.5 3.4
Dolomite and ankerite 0.4 2.2
Aragonite 1.0 2.0

Detrital minerals 74.6 170.6
Quartz 61.5 85.6
Plagioclase 4.0 27.4
Chlorite 2.7 22.9
K-Feldspar 2.7 19.7
Pyroxene 1.7 7.7
Zeolites 0.7 2.3
Gibbsite 0.4 2.2
Epidote 0.6 1.9
Amphibole 0.3 0.9

Authigenic minerals 6.7 27.8
Pyrite 1.7 7.3
Glauconite 1.1 6.5
Goethite 1.6 5.6
Apatite 1.1 5.5
Magnetite 0.8 1.7
Barite 0.4 1.1

Total 100.0 305.1

Depth
(mbsf)

Interpretation
A

Age
(Ma)

Interpretation
B

Age
(Ma)

191.96–189.03 C5AAr–C5AAn 13.139 C5ABr–C5ABn 13.510
196.09–195.79 C5ACn–C5ABr 13.703 C5ADn–C5ACr 14.178
206.94–206.74 C5ACr–C5ACn 14.076 C5ADr–C5ADn 14.612
Proc. IODP | Volume 313 146
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rements, Hole M0027A. (See table notes.)

e been made using gamma ray in the top 200 m of the hole with no core recovery; refer to text and Fig. F3 for discussion of this interval. Hole
e chron. MFS = maximum flooding surface, TS = transgressive surface. EOT = Eocene–Oligocene transition.

Density Resistivity
Magnetic 

susceptibility Surface correspondence Comments/Interpretation

MIC3A surface pick 5 m above
MIC3C and subunit boundary 3 m above
m1 surface at base
m3 surface 4 m below
m3 surface 3 m above
Unit I/II boundary

Increase m4.1 surface 1 m below
Decrease No corresponding surface Very clear in acoustic image; massive clays change to banded clays
Decrease No corresponding surface Base of high magnetic susceptibility

m4.5 surface 1 m above
m5.2 surface 1 m below
Unnamed surface 1 m below
m5.3 surface 1 m below Log picks out sand to clay lithology change

Fluctuations MFS/TS/m5.32 surface in this interval
Increase m5.4 surface at top of interval

Unit III/IV boundary and unnamed surface
Increase No corresponding surface
Increase No corresponding surface

m5.45 surface 0.5 m above
Increase Unit IV/V boundary and m5.47 surface

m5.6 Cemented horizon
e sample m5.7 Cemented horizon

No corresponding surface
No corresponding surface
MFS

Increase No corresponding surface
Increase Bottom pick of three for m5.8 Cemented horizon

Hole m6 surface at top of interval
Peak o.5 6 m below Cemented horizon
Hole No corresponding surface
Hole o1 surface
Decrease Surface in core at top of interval

In between two surfaces EOT 3 m below
Table T13. Downhole surfaces and trends from petrophysical and downhole measu

Notes: — = not applicable. All descriptions indicate increase/decrease downhole. No petrophysical picks hav
= sharp confined low in measurement, peak = sharp confined high in measurement. MIC = marine isotop

Depth
(mbsf)

Depth Total
gamma ray Th/K U Th Conductivity Sonic VPTop Bottom

15.0 — — Increase
29.0 — — Increase
— 93 96 Peak
— 110 111 Peak

118.0 — — Decrease
168.0 — — Increase
194.0 — —
205.04 — — Small Low Small Low
208.0 — —
219.0 — — Small Peak Peak
224.0 — — Hole Peak
230.0 — — Increase

— 234.7 236.2 Increase Increase Peak Peak
— 255 256 Fluctuations Fluctuations

271.0 272 274 Hole Peak Peak
295.0 — — Increase Increase
308.0 — — Increase
324.0 — — Increase
332.5 — — Peak
336.0 — — Hole
355.0 — — Increase
361.0 — — Peak High VP discret
420.0 — — Decrease
459.0 — — Peak
465.0 — — Peak
474.0 468 474 Increase Increase Increase
489.6 — — Decrease Increase

— 495 500 Increase
533.0 533 534 Peak
571.0 — — Hole
585.0 — —

— 596 600 Decrease Increase
— 621 622 Peak (core)
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T ble notes.)

N onteverde et al. (2008) and Miller et al. (1998). Seismic sequence boundaries from Monteverde et al. (2008), Miller et al. (1998), and Sheridan et al. (2000). Predicted depths based on seismic
for the pre-Pleistocene and Sheridan et al. (2000) for the Pleistocene. Two predicted depths in two way travel time (TWT) and depth (mbsf) are given, the first from Monteverde et al. (2008) and
n the cores. Preliminary age is derived from “Chronology.” MIC = marine isotope chron, MFS = maximum flooding surface, SB = sequence boundary GTS2008 (Ogg et al., 2008), TS = transgres-
 = shoreface–offshore transition.

epth
sf)

Actual core, section, 
interval (cm) Notes

Age derived from age-depth plot

BKSA95
GTS 2004

(Ma) Error (Ma)

313-M0027A-
.41 5H-1, 11 Base coarsening up <90 ka — —
.38 Base of 14H Gravel 125–250 ka — —
.90 19H-1, 56 Based on core LO Pleistocene?~1 Ma MIC30 — —

Top of ?50H-1 Based on log No data — —
— — —

Not cored Based on log No data — —
Not cored No data — —
66X-2 Based on core ?13.5 Ma ?13.6 Poorly constrained

.39 75X-2, 68 Granulated sand/silty clay ?14.2–14.8 Ma ?14.0–15.0 Poorly constrained
Merged with m4.5 — — —

80R-1, 10 Pebbly lag, gamma core minimum; mcd shift ?15.6–16.0 Ma ?15.6–16.0 14.5–15.5
.46 Top of 82R-1 Pebbly lag ?15.6–16.0 Ma <15.6 14.5–15.5
.17 83R-2, 127 Sand/tight clay ~16.0 Ma 15.7 15.0–15.7
.21 89R-1, 40 — — —
.16 89R-2, 85 — — —
.19 90R-1, 33 Lag, USF over offshore ~16.3 Ma ~16.3 15.8–16.3
.21 95R-1, 10 SOT over offshore ~17.3 Ma ~17.3 16.3–17.8
.01 102R-2, 105 Erosion surface ~17.8 Ma ~17.6 17.2–18.2
.90 114R-2, 133.5 Sharp contact; SOT over offshore ~18.3 Ma ~18.1 17.3–18.5
.06 116R-1, 90 Erosion surface, top glauconite ~18.4 Ma ~18.2 17.5–18.5

— — —

Top of 121R-1 — — —
.53 125R-1, 140 Cemented zone ?20.0–19.0 Ma 19.6–18.7 20.0–18.5
.28 Below 127R-2, 22 Core gap, gamma log kick ?20.0–19.0 Ma 19.6–18.7 20.0–18.5
.00 162R Benthic foraminifers: shallowing — — —
87/489.39 Top of 169R-CC/170R-CC, 2/top of 172R Indurated zone 21.1 Ma 20.5 20.5–21.5
.87 174R-1, 111 Either base indurated or facies changes/gamma peak pull up 22.0 Ma 21.3 21.0–23.0
.51 Top of ?192R No core surface 24.5 Ma 23.8 24.0–27.5
.48 209R-1, 22 Core pick 29.0 Ma 29.0 28.5–30.0
.3 ?212R-2, 39 Core pick 30.2 Ma 30.3 29.0–31.0
.00 ?219R-1, 124 Core pick ? — —
.83 223R-1, 93 Core pick 32.8 Ma 33.0 32.2–32.8
roc. IODP | Volume 313

able T14. Correlations of seismic sequence boundaries to core surfaces, Hole M0027A. (See ta

otes: GTS = geologic timescale. GTS 2008 = Ogg et al. (2008). Predicted age for BKSA95 (Cande and Kent, 1995) from M
velocity function. Predicted depth and ages for seismic sequence boundaries MIC3a to o1 from Monteverde et al. (2008) 
the second from Mountain et al. (2009). Actual depth and actual core are the best fit to surfaces or other contacts noted i
sive surface, FS = flooding surface, EOT = Eocene–Oligocene transition. NR = none recovered. USF = upper shoreface, SOT

 GTS
2008

Predicted age
BKSA95

Seismic 
sequence 

boundaries

Monteverde 
seismic picks

Predicted depth (mbsf)

Predicted 
core

Actual d
(mb

Monteverde 
seismic range Seismicms mbsf

313-M0027A-
— 35 ka MIC3a — — 12 12 5H 10
— 55 ka MIC3c — — — 24 13H 26
— 70 ka MIC4 — — 24 36 22R 31

11.58 11.5 Ma m1 118 95 91–95 89–91 47H–48H 96
12.85 12.8 Ma m2 — — 91–94 NR — —
13.66 13.6 Ma m3 — — NR 105–109 Not cored 115
14.11 ?14.1 Ma m4 178 143 140–143 138–142 53H–54H ~140

— — m4.1 — — — — — —
14.8–15.8 14.8–15.8 Ma m4.5 256 210 208–211 210–215 72H–73X 218

— — m5 — — — — — —
16.0–16.5 16.0–16.5 Ma m5.2 276 227 226–228 225–230 80R–81R 225

— — ?Unnamed — — — — — 231
17.2 17.2 Ma m5.3 291 240  239–242 235–240 83R–84R 237
— — MFS/SB — — — — — 253
— — TS — — — — — 255
— — SB ?m5.32 — 259 258–260 — — 256

17.6–17.7 17.8–18.2 Ma m5.4 338 282 281–284 278–282 97R–98R 271
— — ?Unnamed — — — — — 295

19.2 19.5 Ma m5.45 390 329 328–331 325–330 112R–113R 331
19.3 19.7 Ma m5.47 403 342 340–343 335–340 116R–117R 336
19.7 20.1 Ma m5.5 — — — NR — —

— — ?FS — — — — — —
19.8 20.2 Ma m5.6 403 347  346–349 345–350 121R–122R 355
19.9 20.4 Ma m5.7 423 360 359–362 350–360 123R–126R >361
— — mFS — — — 450–460 158R–160R 465

20.9–21.4 21.5–22.0 Ma m5.8 546 478 476–480 470–480 164R–166R 487.66/488.
— — m6 569 501 499–503 475–80 166R–167R 494
– 23.5–24.0 Ma o.5 608 540 540–545 540–545 191R–192R 539

33.2–34.2 33.0–34.0 Ma o1 654 587 585–590 585–590 207R–208R 585
— — Surface in core — — — — — ?596
— — — — — — — 617
— — Surface EOT — — — — — 625
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	Figure F1. Symbols and colors used in “Lithostratigraphy” and “Stratigraphic correlation” figures for Hole M0027A.
	Figure F2. Location of Hole M0027A on seismic line 529, showing lithostratigraphic units in color on a background with seismic reflectors. See Table T2 for depths of seismic units. CDP = common depth point.
	Figure F3. Summary sedimentary logs of lithostratigraphic units and subunits identified in Hole M0027A, from the top of Unit I to the base of Unit III. See Figure F1 for lithology legend. vf = very fine, f = fine, m = medium, c = coarse.
	Figure F4. Summary sedimentary logs for Units IV–VIII from Hole M0027A. See Figure F1 for lithology legend. vf = very fine, f = fine, m = medium, c = coarse. This figure is available in an oversized format.
	Figure F5. Core photograph of coarse sand with shell and echinoid fragments interpreted as a shoreface deposit (Unit I; interval 313-M0027A-4H-2, 80–90 cm).
	Figure F6. Core photograph of well-sorted medium sand passing down abruptly into gravel with rounded to well-rounded granules of quartz, black minerals, and subangular lithic granules (at 89 cm) (Unit I; interval 313-M0027A-18H-1, 80–100 cm).
	Figure F7. Core photograph of medium sand with grain-size variations highlighting cross-beds that steepen uphole (Unit I; interval 313-M0027A-27X-2, 110–122 cm). These cross-beds are interpreted as indications of the migration of subaqueous dunes o...
	Figure F8. Core photograph of mottled silty clay with a microcalcrete (caliche), interpreted as a paleosol (Unit 1; interval 313-M0027A-50H-1, 1–20 cm).
	Figure F9. Core photograph of clay with very fine sand laminae at 12 cm with moderate bioturbation (Unit II; 313-M0027A-63H-1, 9–18 cm).
	Figure F10. Core photograph of clay with contorted color banding (53 cm) (Unit II; 313-M0027A-68X-1, 45–60 cm). Surrounding parallel color banding indicates clay has been remobilized as a slump and/or slide.
	Figure F11. Core photograph of well-sorted very coarse sand abruptly overlying dark silty clay with shell fragments at 10 cm (Unit II; 313-M0027A-80X-1, 0–20 cm).
	Figure F12. Core photograph of sandy silt with gravels abruptly overlying silty clay with articulated thin-walled shells (76 cm) (Unit II; 313-M0027A-75X-2, 60–80 cm). Contact is bioturbated, with gravel-filled burrows (e.g., 77 cm).
	Figure F13. Core photograph of laminated and burrowed clay with dark lignitic laminae gradationally overlying pale calcareous clay (80–76.5 cm) (Unit III; 313-M0027A-84R-3, 62–81 cm). Offshore environment.
	Figure F14. Core photograph of sandy silt with oyster shell fragments and granules concentrated at contact (41 cm) with underlying silt containing large intact macrofauna (e.g., turritellid gastropod) and shell-filled burrows (58 cm) (Unit III; 313-M...
	Figure F15. Core photograph of silt with organic matter and thin shells abruptly overlying silty medium sand with common glauconite grains and gastropod shells (85 cm), which in turn overlies chaotically arranged thick shells (Unit III; 313-M0027A-89...
	Figure F16. Core photograph of sharp-based normally graded fine sand beds with low-angle to convex-up lamination interbedded with silty sand (34–38 cm) (Unit III; 313-M0027A-96R-1, 22–39 cm). Facies association is interpreted as storm deposits in...
	Figure F17. Core photograph of abrupt boundary between poorly sorted coarse sand with thick shells above and clayey silt with dispersed terrestrial organic matter below (at 105 cm) (Unit III; 313-M0027A-102R-2, 95–115 cm). Surface is bioturbated w...
	Figure F18. Core photograph of ripple cross-laminated fine sand above a scour surface that cuts into brown sandy silt in an interpreted river-influenced shoreface–offshore transition setting (Unit IV; 313-M0027A-107R-2, 22–30 cm).
	Figure F19. Core photograph of fine sand that coarsens downhole to medium sand with granules, along with shell fragments abruptly overlying sandy silt (at 133 cm) into which Thalassinoides are deeply burrowed and sand filled (Unit IV; 313-M0027A-114R...
	Figure F20. Core photograph of coarse glauconitic sand (Unit V; 313-M0027A-120R-1, 27–38 cm). Glauconite comprises 20%–25% of sediment mineralogy.
	Figure F21. Core photograph of abrupt contact between poorly sorted coarse sand with glauconite and pale brown sandstone with a glauconite-filled burrow (Unit V; 313-M0027A-125R-1, 125–142 cm). Surface at 132 cm separates Units V and VI.
	Figure F22. Core photograph of well-sorted medium sand, with cross-stratification highlighted by finer dark grains (Unit VI; 313-M0027A-135R-1, 33–53 cm). Facies is representative of a shoreface to foreshore setting.
	Figure F23. Core photograph of medium sand with articulated shells in a shoreface–offshore transition setting (Unit VI; 313-M0027A-142R-2, 15–44 cm).
	Figure F24. Core photograph of very fine sandy silt with common black organic fragments and thin bivalve and gastropod shells (Unit VI; 313-M0027A-146R-1, 65–75 cm).
	Figure F25. Core photograph of a sharp-based fine sand bed that is reverse then normally graded, which may indicate a river flood event in a prodelta environment (Unit VI; 313-M0027A-148R-1, 130–137 cm).
	Figure F26. Core photograph of very poorly sorted medium sand with grain size ranging from silt to granules and 10%–15% glauconite (Unit VI; 313-M0027A-168R-2, 40–85 cm).
	Figure F27. Core photograph of glauconitic sandstone graded normally from coarse to fine sand (Unit VII; 313-M0027A-174R-1, 111–121 cm).
	Figure F28. Core photograph of cross-stratified glauconite (80%) sandstone beds interbedded with silty clay laminae (e.g., 98 cm) interpreted as sediment gravity flow deposits (turbidites), with silty clayey beds indicating quiet background environme...
	Figure F29. Photomicrograph of glauconitic, silty very fine sand with dark brown organic grains or muddy materials, scattered framboidal pyrite grains, and some opaque minerals (Unit VIIB; Sample 313-M0027A-177R-1, 41 cm). Black small spherule grains...
	Figure F30. Core photograph of silty very fine sand with glauconitic sand-filled burrows and Chondrites (Unit VIII; 313-M0027A-223R-1, 65–105 cm). The transition between Units VII and VIII is placed at the heavily bioturbated surface at 93 cm.
	Figure F31. Two-dimensional computed tomography (CT) scan of Section 313-M0027A-69X-1 from Unit II shown with a line-scan image, magnetic susceptibility (red) and density (blue) from multisensor core logger (MSCL) measurements, and an acoustic image ...
	Figure F32. Percentages of sand, silt, and clay based on smear slides from Hole M0027A. See “Lithostratigraphy” in the “Methods” chapter for more information.
	Figure F33. Biostratigraphic summary interpreted from calcareous nannofossils, planktonic foraminifers, and dinocysts, showing Miocene stages in Hole M0027A. See Figure F12 in the “Methods” chapter for an explanation of the datums used. Zone boun...
	Figure F34. Age-depth plot showing cores (every fifth core shaded) in Hole M0027A, the timescale of Berggren et al. (1995), calcareous nannoplankton zones (light blue bars), planktonic foraminifer zones (dark blue bars), and dinocyst zones (green bar...
	Figure F35. Distribution of biostratigraphically important calcareous nannofossil taxa in Hole M0027A. Thickness of distribution line indicates relative abundance of species. Zonal assignments (Martini, 1971) are given, with approximate age indicated...
	Figure F36. Planktonic foraminifer stratigraphic distributions in Hole M0027A. Red lines = sequence boundaries, green lines = major flooding surfaces. EOT = Eocene–Oligocene transition. MIC = marine isotope chron. See Figure F4 in the “Methods”...
	Figure F37. Stratigraphic distribution of age-diagnostic dinocyst taxa in Hole M0027A, with the Miocene zoned following de Verteuil and Norris (1996). Zone boundaries are drawn diagonally to indicate uncertainty in zonation between samples, because o...
	Figure F38. Benthic foraminifer paleobathymetric estimates for Hole M0027A. ? = barren samples or samples with too few specimens to determine a paleodepth. Arrows = depths deeper than 100 m (mostly likely shallower than ~200 m). Red lines = sequence ...
	Figure F39. Palynomorph distribution, Hole M0027A. Reference sum for percentages is total amount of nonsaccate pollen (nonsaccate herb, arboreal, sedge, and grass pollen, as well as unidentified nonsaccate pollen).
	Figure F40. Simplified sketches showing hinterland and coastal ecology based on Hole M0027A sample analysis for the (?)Eocene, Oligocene, lower Miocene, middle Miocene, and Pleistocene. Gray trees = trees producing bisaccate pollen, green trees = tre...
	Figure F41. Composition-depth profiles of interstitial water, Hole M0027A. Vertical lines designate value calculated for present-day bottom seawater, which has a chloride concentration of ~524 mM. Horizontal color bands denote discrete freshwater (bl...
	Figure F42. Composition-depth profiles of interstitial water, Hole M0027A. Vertical lines designate value calculated for present-day bottom seawater, which has a chloride concentration of ~524 mM. Horizontal color bands denote discrete freshwater (bl...
	Figure F43. Composition-depth profiles of sediment compared with interstitial water and mineralogy, Hole M0027A. Upper row: total carbon (TC), total organic carbon (TOC), total inorganic (carbonate) carbon (TIC), and total sulphur (TS) concentrations...
	Figure F44. Composition-depth profiles of mineral content in sediment, Hole M0027A, as the ratio of intensity of the specified XRD peak(s) to total intensity of all peaks. Horizontal color bands denote discrete freshwater (blue) and salty (pink) laye...
	Figure F45. Composition-depth profiles of mineral content in sediment, Hole M0027A, as the ratio of intensity of the specified XRD peak(s) to total intensity of all peaks. Horizontal color bands denote discrete freshwater (blue) and salty (pink) laye...
	Figure F46. Overview of data acquired from multisensor core logger (MSCL) and sample measurements, Hole M0027A. From MSCL: natural gamma radiation (NGR), P-wave velocity, discrete P-wave, gamma density, magnetic susceptibility, noncontact electrical ...
	Figure F47. Gamma density and wet bulk density, porosity, and resistivity compared with lithology in Hole M0027A. A. Gamma density from the MSCL (black line) and wet bulk density from section samples (red crosses). B. Porosity from section samples (r...
	Figure F48. Cross-plot of gamma ray attenuation (GRA) density and wet bulk density, Hole M0027A. At low densities, GRA density is slightly higher than wet bulk density from section samples. MSCL = multisensory core logger.
	Figure F49. Cross-plot of wet bulk density and porosity from section samples, Hole M0027A. Diagonal line = mixing line between rock (zero porosity and density of 2.7 g/cm3) and saltwater (100% porosity and density of 1.024 g/cm3). Clays and silts tha...
	Figure F50. High-pass filtered porosity, density, and resistivity vs. depth compared with lithology in Hole M0027A. Horizontal red lines = lithologic boundaries. Porosity and density: wet bulk density from samples (thick black line) overlain on gamma...
	Figure F50 (continued). B. 250 to 380 mbsf.
	Figure F50 (continued). C. 360 to 510 mbsf.
	Figure F50 (continued). D. 480 to 630 mbsf.

	Figure F51. Petrophysical and downhole log data across the m5.3 boundary in Hole M0027A, together with MSCL gamma ray density and P-wave velocity. Normalized amplitude and traveltime acoustic images (ABI40 Ampl and ABI40 TT), hole diameter (AcCal), t...
	Figure F52. Inclination and magnetic moment data for Hole M0027A for initial natural remanent magnetization (NRM; black) and after 15 (blue) and 30 (red) mT AF demagnetization. MSCL magnetic susceptibility (MS) is also shown for reference.
	Figure F53. Orthogonal Zijderveld plots obtained from AF demagnetization of the NRM. A. Core 313-M0027A-69R, obtained using the antigyroremanent magnetization technique. B. Core 313-M0027A-177R, obtained using the antigyroremanent magnetization tech...
	Figure F54. Preliminary magnetostratigraphic interpretation, Hole M0027A. Inclination data of initial NRM (black) and at 30 mT (blue) and of ChRM (red) derived by PCA analyses where applicable. X = depths with no core recovery. Magnetic polarity time...
	Figure F55. Magnetic susceptibility (MagSus) data for Oligocene sequence o1 (~28.5–29.0 Ma) in Hole M0027A taken on the multisensor core logger (MSCL). Tick marks = magnetic susceptibility peaks that may be astronomically controlled.
	Figure F56. Composite of downhole log data, Hole M0027A. Normalized amplitude and traveltime acoustic images (ABI40 Ampl and ABI40 TT), hole diameter (AcCal), total and spectral gamma ray through pipe (ASGRcgs) and in open hole (ASGR), conductivity (...
	Figure F57. U/K and Th/K ratios on logarithmic scale vs. depth, Hole M0027A. Cemented levels, organic matter, and glauconite-rich levels observed by sedimentologists are indicated.
	Figure F58. Line scan image of Sections 313-M0027A-69R-1 and 69R-2, along with magnetic susceptibility data from whole-core multisensor core logger (MSCL) measurements and the magnetic susceptibility downhole probe (EM51). Core depth has been shifted...
	Figure F59. Composite of downhole log data for Hole M0027A illustrating parallel trends of normalized amplitude image (ABI40 Ampl), potassium content (ASGRcgs K), and magnetic susceptibility (EM51). See Figure F4 in the “Methods” chapter for lith...
	Figure F60. Chlorinity in pore water and thermal conductivity, sonic velocity, total gamma ray, and electrical conductivity measured on cores shown with downhole logging data for Hole M0027A. Conductivity (CILM and CILD), P-wave sonic (2PSA), and spe...
	Figure F61. VSP two-way traveltime vs. depth, Hole M0027A.
	Figure F62. Detailed composite of selected downhole log data, petrophysical measurements, and derived calculations, Hole M0027A. Normalized amplitude acoustic image (ABI40 Ampl); acoustic caliper (AcCal); total gamma ray through pipe (ASGRcgs) and on...
	Figure F62 (continued). B. 420–548 m WSF.
	Figure F62 (continued). C. 280–408 m WSF.
	Figure F62 (continued). D. 140–268 m WSF.
	Figure F62 (continued). E. 0–128 m WSF.

	Figure F63. Interpretation of seismic surfaces on dip line Oc270 profile 529, Hole M0027A. Note phase shift in seismic between Oc270 and CH0698 data (Fig. F64). CDP = common depth point.
	Figure F64. Interpretation of seismic surfaces on strike line CH0698 profile 102, Hole M0027A. Note phase shift in seismic between Oc270 (Fig. F63) and CH0698 data. CDP = common depth point.
	Figure F65. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th) and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments and...
	Figure F66. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th) and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments and...
	Figure F67. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th) and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments and...
	Figure F68. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments an...
	Figure F69. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments an...
	Figure F70. Correlation of core image with interpretation of deposition and age, 10.0–10.9 mbsf, Hole M0027A. USF = upper shoreface, MIC = marine isotope chron, dUSF = distal upper shoreface.
	Figure F71. Correlation of core image with interpretation of deposition and age, 25.9–26.8 mbsf, Hole M0027A. MIC = marine isotope chron.
	Figure F72. Correlation of core image with interpretation of deposition and age, 95.3–96.1 mbsf, Hole M0027A.
	Figure F73. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments an...
	Figure F74. Correlation of core image with interpretation of deposition and age, density, P-wave velocity, and resistivity, 217.9–218.8 mbsf, Hole M0027A.
	Figure F75. Correlation of core image with interpretation of deposition and age along with density, 235.7–236.6 mbsf, Hole M0027A.
	Figure F76. Correlation of core image with interpretation of deposition and age along with density, 255.7–256.6 mbsf, Hole M0027A.
	Figure F77. Correlation of core image with interpretation of deposition and age, 270.8–271.7 mbsf, Hole M0027A.
	Figure F78. Correlation of core image with interpretation of deposition and age, 294.6–295.5 mbsf, Hole M0027A.
	Figure F79. Correlation of core image with interpretation of deposition and age, 331.5–332.4 mbsf, Hole M0027A.
	Figure F80. Correlation of core image with interpretation of deposition and age, 355.1–355.7 mbsf, Hole M0027A.
	Figure F81. Correlation of core image with interpretation of deposition and age along with density, 585.0–585.9 mbsf, Hole M0027A.
	Figure F82. Summary of lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; depositional environments an...
	Figure F83. Synthesis of Hole M0027A, including lithology, lithostratigraphy, well (total gamma ray [TGR], K, U, and Th), and multisensor core logger (MSCL) data (natural gamma radiation [NGR]) and sonic impedance and impedance from VP MSCL data; dep...
	Figure F84. Correlation of core image with interpretation of deposition and age along with density, 335.6–336.5 mbsf, Hole M0027A.
	Figure F85. Age-depth plot showing cores (every fifth core shaded) in Hole M0027A, the timescale of Berggren et al. (1995), calcareous nannoplankton zones (light blue bars), planktonic foraminifer zones (dark blue bars), and dinocyst zones (green bar...
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