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ABSTRACT

In this study, a novel application of a sta-
tistical approach is utilized for analysis of
downhole logging data from Miocene-aged
siliciclastic shelf sediments on the New Jersey
Margin (eastern USA). A multivariate itera-
tive nonhierarchical cluster analysis INCA)
of spectral gamma-ray logs from Integrated
Ocean Drilling Program (I0DP) Expedition
313 enables lithology within this siliciclas-
tic succession to be inferred and, through
comparison with the 1311 m of recovered
core, a continuous assessment of deposi-
tional sequences is constructed. Significant
changes in INCA clusters corroborate most
key stratigraphic surfaces interpreted from
the core, and this result has particular value
for surface recognition in intervals of poor
core recovery. This analysis contributes to
the evaluation of sequence stratigraphic
models of large-scale clinoform complexes
that predict depositional environments, sedi-
ment composition, and stratal geometries
in response to sea-level changes. The novel
approach of combining statistical analysis
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with detailed lithostratigraphic and seis-
mic reflection data sets will be of interest to
any scientists working with downhole logs,
especially spectral gamma-ray data, and
also provides a reference for the strengths
and weaknesses of multicomponent analysis
applied to continental margin lithofacies.
The method presented here is appropriate
for evaluating successions elsewhere and
also has value for hydrocarbon exploration
where sequence stratigraphy is a fundamen-
tal tool.

INTRODUCTION

Sequence stratigraphy based on seismic data,
downhole logs, and sediment facies forms a
fundamental discipline in studies of sea-level
change as well as for hydrocarbon explora-
tion. However, statistical comparisons of how
the lithologies of large-scale clinoforms cor-
relate with sequence stratigraphic boundaries,
as identified from seismic data, are scant in the
literature and remain a topic of case-by-case
analysis of limited cores (e.g., Catuneanu, 2006;
Coe, 2003). The ability to evaluate critically the
degree to which lithofacies can be distinguished
by applying an objective classification scheme
is only possible where detailed sedimento-
logical descriptions can be compared with the
physical data sets used in the analysis. Compre-
hensive seismic reflection data available for the
New Jersey shelf (eastern USA) aids evaluation

of the application of such statistical analysis to
continental margin sequence stratigraphy.
Several generations of seismic surveys have
been acquired from the New Jersey shelf,
and 15 Early to early-Middle Miocene (ca.
23-13 Ma) seismic sequence boundaries were
previously recognized (Monteverde et al., 2008;
Monteverde, 2008). Combined with 5800 m
of downhole geophysical logs and 1310 m of
core recovered from 3 sites (M0027-M0029,
Fig. 1A) during Integrated Ocean Drilling Pro-
gram (IODP) Expedition 313, a considerable
data set is available (Fig. 1B). These data have
enabled the recognition of 18 distinct sequences
within the drilled Miocene-aged successions
(Miller et al., 2013b). The downhole logging
data include spectral gamma-ray data acquired
through pipe from almost the complete succes-
sion, representing the only continuous data set
across sites. Sediments were recovered from the
topsets, foresets, and toesets of a series of Early to
Middle Miocene clinoforms from 750 to 180 m
depth below seafloor with excellent (>80%)
core recovery (Fig. 1B). In this context statisti-
cal analyses of the downhole spectral gamma-
ray logs can be interpreted and compared with
confidence to the lithology of the successions.
Gamma-ray logs are a fundamental data set
and are acquired as standard for both scientific
and commercial studies. The gamma-ray logs
provide an indication of the composition of the
sediments; this aids the recognition of major
depositional units (e.g., Serra, 1984; Ellis and

Geosphere; August 2013; v. 9; no. 4; p. 1025-1043; doi: 10.1130/GES00913.1; 7 figures; 5 tables; 2 supplemental files.
Received 16 February 2013 4 Revision received 21 May 2013 4 Accepted 28 June 2013 ¢ Published online 16 July 2013

For permission to copy, contact editing @ geosociety.org
© 2013 Geological Society of America

1025



Inwood et al.

1 1 1 1
A ey %

Drill sites oy ' =

@ Expedition 313 73 LongjlSiandise .=

e Offshore ODP / ]

@ Onshore ODP 7 O

o DSDP

o AMCOR

o Oil exploration
Figure 1 (on this and follow-
ing page). (A) Locations of the 4(:\:'
three Integrated Ocean Drilling
Program (I0ODP) Expedition
313 sites, seismic profile Oc270
529, and previous drill sites £
(modified from Mountain et al., A
2010) (ODP—Ocean Drilling gL
Program; DSDP—Deep Sea ’
Drilling Project; AMCOR— i \* d
U.S. Geological Survey Atlantic % S (g A

. . . ok elmarva
Margin Coring Project). . Peninsula May
) g A
: qj} o
© " /,"
o, 3 A
S 7
77°W 76° 75° 740

Singer, 2007; Table 1). The dominant sediment
in the Expedition 313 topsets is nonconsolidated
silt or clay (Mountain et al., 2010). Nonconsoli-
dated coarse sand dominates in the foresets, and
the toesets are characterized by glauconite-rich
clay, silt, and fine sand (Mountain et al., 2010).
The majority of the successions are dominantly
siliciclastic, and X-ray diffraction results indi-
cate an average quartz content of ~60% (Moun-
tain et al., 2010). Carbonate is rarely significant,
with the exception of the uppermost ~20 m of
succession (Mountain et al., 2010). In these
predominantly siliciclastic sediments, the
relative proportions of sand, silt, and clay can
theoretically be inferred from gamma-ray logs.
However, this is complicated if the proportion
of K-bearing micas and feldspars is high or if
accessory minerals such as glauconite are pres-
ent, as is common throughout the Expedition
313 sediments (Mountain et al., 2010). To rec-
ognize and resolve these various influences, the
acquisition of spectral gamma ray logs, where
the contents of the individual elements that emit
gamma rays (U, Th, and K) are also differenti-
ated, is invaluable, and this data set was relied
on heavily during Expedition 313 for sequence
stratigraphic interpretations (Table 1).
Advanced statistical analysis of the spectral
gamma-ray data enables its significance and
characteristic response to specific sedimentary
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heterogeneities within the Expedition 313 suc-
cessions to be identified. This analysis subse-
quently benefits interpretations where surfaces
are within minor coring gaps (generally <0.3 m)
and in the poorly recovered upper 200 m, where
coring was selectively undertaken (Fig. 1B). In
summary, multivariate statistical analyses are
performed with the intention of enabling the
following: (1) a quantitative assessment of K,
U, and Th concentrations and their comparative
proportions as well as their relationship with
lithology (see following discussions); (2) the
provision of a method to objectively identify
the major changes in spectral gamma ray in the
three boreholes and to compare changes across
sites; (3) an assessment of the relationship of
the iterative nonhierarchical cluster analysis
(INCA) results with sedimentary facies within
the successions, as defined by Expedition
313 Scientists (Mountain et al., 2010); (4) the
identification of significant changes in the suc-
cessions from the statistical results and their
relationship with the sequence stratigraphic
surfaces identified from the recovered core
and sequence boundaries inferred from seis-
mic reflectors; (5) a continuous lithological
interpretation from the statistical results; (6) an
assessment of the extent to which the spectral
gamma-ray log can be relied on to objectively
predict sedimentary facies and identify key sur-
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faces (see Discussion); and (7) a contribution
to the IODP Expedition 313 goal of evaluating
sequence stratigraphic facies models that pre-
dict depositional environments, sediment com-
positions, and strata geometries in response to
sea-level change.

STATISTICAL ANALYSIS
METHODOLOGY

INCA is a multivariate statistical approach
used to analyze data, suited to large data sets
where a defined number of clusters can be
hypothesized. This technique has been success-
fully used elsewhere to characterize geological
formations based on log properties (Pelling
et al., 1991; Tudge et al., 2009). INCA is a form
of cluster analysis based on the k-means algo-
rithm (Steinhaus, 1957; Lloyd, 1982; Forgy,
1965; Jancey, 1966; MacQueen, 1967; see
Davis, 2002, for a review), which groups a set
of data such that values within a group (clus-
ter) are more similar to each other than to
those in the other clusters, i.e., to minimize
variability within a cluster and maximize vari-
ability between clusters. An initial seed point is
selected for each cluster and moved iteratively
while each data point is successively reallocated
to the most appropriate cluster. Once no further
reallocation takes place, the process is complete
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TABLE 1. SPECTRAL GAMMA-RAY LOG DESCRIPTION, VALUE TO SEQUENCE STRATIGRAPHIC INTERPRETATION,
INFLUENCING FACTORS AND CHARACTERISTIC RESPONSES IN THE IODP EXPEDITION 313 SEDIMENTS

Parameter
abbreviation Full Description Influencing factors, value to sequence stratigraphic interpretation and characteristic responses in Expedition 313 sediments
TGR Total gamma ray Clays generally have a higher radiogenic mineral abundance than in sands. As such, the gamma-ray signal is typically used
(cps) as an indicator of grain size in siliciclastic sequences (e.g. Van Wagoner et al., 1990; Rider, 1999) and has been commonly
used to recognize different lithofacies in sequence stratigraphic studies (e.g., Davies and Elliott, 1996; Lanci, 2001;
Hampson et al., 2005). In the New Jersey shelf, quartz is the dominant constituent of most sands and/or sandstones and in
intervals of clean sand or sandstone, the gamma-ray signal is low, as expected.
K Potassium concentration K (or K/Th) is often used as a proxy for glauconite (K rich). Glauconite composes to 90% of the IODP Expedition 313 sediment
(Ba/kg) in places, and toe-of-clinoform slope deposits are typically either glauconitic or glauconite dominated (Mountain et al.,
2010). On the New Jersey outer shelf glauconite has been observed to be concentrated in transgressive marine deposits
above sequence boundaries (McCracken et al., 1996; Harris and Whiting, 2000; Delius et al., 2001). Condensed sections
associated with a maximum flooding surface may also contain glauconite (H Ibo, 1996; H Ibo and Hugget, 2001;
Posamentier and Allen, 1999). K content also increases with increasing concentrations of some micas (e.g., muscovite and
illite) and K feldspars and so can indicate increasing river influence.
U Uranium concentration U is often used as an indicator of organic material. U is thought to be absorbed from solution by organic matter under reducing
(Ba/kg) conditions, meaning there is a general correlation between uranium content and total organic carbon in sediments (e.g.,
Bjorlykke et al., 1975).
Th Thorium concentration Th is higher in clays than sands. Presence of heavy minerals such as monazite would cause Th to increase (e.g., Myers and
(Ba/kg) Bristow, 1989). In the Expedition 313 sediments, higher Th is found in more clay-rich sediments, as expected.

Note: The Integrated Ocean Drilling Program (IODP) Expedition 313 gamma-ray logs were measured through the steel drill pipe prior to open hole logging and have a
vertical resolution of ~15 cm. Intervals of repeated measurements in open hole indicate only slight attenuation of the through-pipe data (see text discussion of limitations and

potential variations in future analyses).

and the minimum variance for each cluster is
achieved; k clusters of greatest possible distinc-
tion are produced. The k-means analysis pre-
sented in this paper uses the Euclidian distance
between clusters and a minimum distance is
set between seed points (Ball and Hall, 1965).
INCA requires a set of variables to be chosen
and either a hypothesis of the number of distinc-
tive clusters within a data set and/or a search for
the most likely number of clusters. The analy-
sis is performed once each variable has been
standardized to a group mean of zero and unit
standard deviation. The general idea is that the
more unique each individual output cluster, the
better the analysis has performed and the more
appropriate the hypothesis. Each output cluster
is independent of depth, but can be subsequently
analyzed against depth to investigate the varia-
tion downhole.

The variables run through INCA are deter-
mined by the intended interpretation. In this
paper the focus is on the interpretation of lithol-
ogy and an analysis of lithological variation
from the downhole logs, for which spectral
gamma-ray logs are ideal. An additional advan-
tage of analyzing the K, U, and Th logs is that
the acquisition of data through pipe enables
evaluation of the complete drilled successions
and results can be compared across sites.

In order to hypothesize the expected number
of distinct clusters in the Expedition 313 suc-
cessions, the number of different sedimentologi-
cal compositions identified from the boreholes
was considered. The lithological classifica-
tion selected by the Expedition 313 Scientists
uses composition and texture only to describe
lithology. Where glauconite composes >50%
of the overall constituents, the lithology prefix
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is glauconite and between 25% and 50% the
prefix is glauconitic. The lithological classifica-
tion separates sediments based on the degree of
lithification (e.g., sand and sandstone are clas-
sified separately), but it is assumed that this
does not significantly affect the gamma-ray
response; therefore slightly raised counts in
more compacted intervals and the role of dia-
genetic cement are not considered important for
this analysis. Of the lithological classifications
recognized across sites by the Expedition 313
Scientists (Mountain et al., 2010), 10 compose
99% of the recovered core. Several of these clas-
sifications are anticipated to have a distinctive
gamma-ray signal, for example, glauconite sand
is expected to have a high K/Th ratio and clay
is generally characterized by a high Th content
(Ellis and Singer, 2007). Certain sediments are
expected to be less clear from the gamma-ray
signal, such as distinguishing between sandy silt
and silt. Thus it was decided to output 10 clus-
ters (labeled C1-C10) intended to approximate
these 10 lithological classifications and provide
an effective characterization of the boreholes.
This hypothesis was also tested by running
analyses with cluster numbers between 2 and
20. However, due to the gradational nature of the
relationship between K, U, and Th in the New
Jersey sediments, an optimal number of clusters
is not straightforward to formally select, but the
changes in within-cluster and between-cluster
distances can be used as a guide (see Supple-
mental File 1'). The clusters that are output from

the analyses are independent of depth and each
has distinctive properties (Table 2; Fig. 2). If
each lithology produces a distinct gamma-ray
signature, each output cluster should be unique,
and the hypothesis is appropriate. The clusters
are plotted against depth in order to evaluate
characteristic variation downhole. The method
provides an objective means of assessment that
is a beneficial tool to aid in the definition of
lithology and key surfaces.

STATISTICAL RESULTS:
INTERPRETATION OF INCA
CLUSTERS

The clusters output from the INCA analysis
can be interpreted in terms of sedimentological
composition based on (1) the proportion of K,
U, and Th (Table 2; Fig. 2) and (2) compari-
son with the recovered core by both numerical
analysis (Table 3) and through visual compari-
son (Fig. 3).

Proportion of K, U, and Th

From the relative proportions of K, U, and Th
in each of the 10 output clusters it is possible to
predict the likely lithology, and from the range
of values within each cluster, the distinguish-
ing characteristics of each cluster are appar-
ent. Cluster C1 has lower K, U, and Th values
than that of any other cluster (Table 2; Fig. 2).
These low total gamma-ray values suggest clean

'Supplemental File 1. Statistical analysis in greater detail and justification of k-value. In order to investigate
the effect of the selected number of clusters, k, on the statistical results and to evaluate the impact on the ability
to distinguish the 10 major lithological classifications of the New Jersey successions, a variety of tables and plots
are presented in Supplemental File 1. If you are viewing the PDF of this paper or reading it offline, please visit
http://dx.doi.org/10.1130/GES00913.S1 or the full-text article on www.gsapubs.org to view Supplemental File 1.

Geosphere, August 2013



TABLE 2. CHARACTERISTIC MEAN VALUES AND RATIOS, 25th AND 75th PERCENTILES FOR EACH STATISTICALLY DEFINED CLUSTER OUTPUT BY THREE-VARIABLE INCA ANALYSIS
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The colors chosen for each cluster are consistent throughout this paper and are loosely based on the Integrated Ocean Drilling Program Expedition 313 lithological key.

quartz-rich sandy sediments that contain little
glauconite. There is no overlap in the interquar-
tile range of cluster C1 for U and only a slight
overlap for Th (with cluster C9) and K (with
clusters C2 and C3) (Table 2). Clusters C2 and
C10 have the highest Th content (Fig. 2), which
is compatible with a clay-rich lithology, and are
the only clusters with a Th concentration greater
than U (Table 2). Values of Th in the interquar-
tile range of cluster C2 do not overlap with those
of any other clusters (Table 2). The clusters with
highest K concentration (and high K/Th ratios)
are C7, C8, and C9 (Fig. 2), and cluster C4 also
has a high K/Th ratio (Table 2); this suggests
that these clusters reflect a significant glauconite
component. Values of K within the interquartile
ranges of these clusters show no overlap with
those of any other clusters (Table 2). Clusters
C7 and C8 have the highest concentration of U
with the 25th percentile value for both above the
interquartile range of all other clusters (Table 2).
Clusters C6, C7, and C8 have high U/Th ratios,
typically indicating an elevated concentration
of organic matter. However, unlike for clusters
C7 and C8, a low absolute value of K and low
K/Th ratio for cluster C6 suggest an absence of
glauconite. There is greater overlap in interquar-
tile ranges for clusters C3—-C6 and C10. From
the generally moderate concentrations of K, U,
and Th in cluster C5 a correlation with silt-rich
lithologies is anticipated, with the relatively
high K content but low K/Th ratio consistent
with the presence of a K-mica. Cluster C3 has
low to moderate concentrations of K, U, and Th
and could correlate with silts or sands (Fig. 2).

Comparison with Recovered Core

To establish the links between the INCA
results and lithology, clusters are compared
with sedimentological observations (where core
recovery allows). The recovered core is depth-
registered to the logging data through compari-
son of total gamma-ray logs with natural gamma
measurements on the recovered core (aided by
other physical property data sets as required).
Therefore, core lithology can be precisely related
to the spectral gamma-ray logs. From numerical
analysis of the 10 clusters against the frequency
with which they correspond to each identified
lithology, the hypothesis that each cluster rep-
resents a distinct lithology can be evaluated
(Table 3). The results indicate that this is true
to a certain extent; for example, cluster C1 cor-
responds with quartz dominated sand in 85% of
occurrences, as predicted (Fig. 3A). However, it
is clear from Table 3 that not all clusters reflect a
single lithology. For example, cluster C3 ranges
in grain size from sand to clayey silt for 80%
of occurrences (bottom row, Table 3; Fig. 3B).
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Figure 2. Three-dimensional plots illustrate the characteristics of each statis-
tically defined cluster (C1-C10) output by the three-variable (K, U, and Th)
iterative nonhierarchical cluster analysis (INCA) analysis. (A) Larger plot
includes all 10 clusters. (B-D) Clusters separated into those that have some
similarity in their properties (see Table 2 for more detail). Cluster colors are

consistent throughout other figures.

Within sand intervals, as the silt component
increases, cluster C3 is observed to replace
cluster C1 in dominance. Clusters C3, C5, and
C6 correlate with sediments classified as silt,
and >20% of occurrences with cluster C5 cor-
relate predominantly with silt-dominated sedi-
ments (Table 3; Figs. 3B-3D). The comparative
rarity of cluster C5 in relation to most clusters
(top row, Table 2) can be diagnostic of a distinc-
tive lithology or a key surface. Clusters C2 and
C10 correspond predominantly with clay-rich
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sediments, as discussed herein, with silty clay
most common for cluster C2 and clayey silt for
cluster C10 (Table 3; Figs. 3E, 3F). Clusters C4,
C7, C8, and C9 are observed to correlate with
glauconite-containing sediments (Figs. 3G-3J).
Clusters C4 and C7 commonly correspond
with sediments that are classified as sand, but
comparison with the recovered core indicates a
glauconite component (Table 3; Figs. 3G, 3H).
The numerical and visual comparisons with
the recovered core indicate that although a spe-

Geosphere, August 2013

low to moderate K, U and Th
sand a_nd silt

high Th
clay-rich sediments

high K (and K/Th ratios)

glauconite-containing sediments

cific gamma-ray signature is not always con-
fined to a single lithology, a prediction can be
made with a reasonable degree of confidence.
For example, cluster C8 corresponds with either
glauconite sand or glauconite mud in 82% of the
analyzed interval. The combination of clusters
is important in predicting a lithology; increased
variability observed in silt-rich intervals reflects
amore variable mineralogical composition (Figs.
3B-3D). This sensitivity to cluster combination
is expected, considering that each cluster reflects



TABLE 3. CORRELATION BETWEEN RECOVERED CORE LITHOLOGY AND INCA (ITERATIVE NONHIERARCHICAL CLUSTER ANALYSIS) CLUSTERS

C3 C4 C5 C6 C7 C8 C9 C10
2313 1226 1470 1587

C2

C1
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10
10

13
17
20

12
16

clayey silt

silt

clay

sandy silt

silty clay
sandy silt to
clay (78%)
c10

541

23

48

glauconite
sand

sand*

136

71

13
glauconite

sand

glauconite
mud$

sand (72%)
Cc9

sand* or
glauconite

glauconite
sand or mud
(82%)
cs

646
30

14

13

26

sand*

glauconite
sand

muddy sand

silt

sand (56%)
Cc7

sand* or
glauconite

27
12

14
22

sand

silt

sandy silt

silty sand

sand to silt
(78%)
C6

712

10
10

12
35

silt

sandy silt

36

10
10

sand*

sandy to
clayey silt
(55%)
C5

sand* or
glauconite
sand (46%)
Cc4

20
12

15
20

12

12

sand

silt

sandy silt

clayey silt

silty sand

silty clay

silt (80%)
C3

1045

11

18

28

17

silty clay

clayey silt

clay

silt

1224
85

sand

siltto clay [sand to clayey|
(82%)
c2

sand (85%)
C1

not
2838

882
229
1013

1455
1142

117
994
771
510

172

O/ o

10

15

10

10

Main lithology

Subsidiary lithologies

Prediction of lithology
for each cluster (and %
likelihood)

Ten major lithologies
sand and/or sandstone
silty sand and/or sandstone
muddy sand and/or sandstone

sandy silt and/or siltstone

silt and/or siltstone
clayey silt and/or siltstone

sandy mud and/or mudstone

silty clay and/or claystone

clay and/or claystone
glauconite sand and/or sandstone

Other Lithologies*

Note: For each cluster, the percent that each lithology composes is calculated. Dark gray shading indicates the lithology composing the highest percentage for each cluster (main lithology) and light gray shading

shows any lithology that composes >10% of a cluster (subsidiary lithology). Note that this analysis can only be performed in intervals where core was recovered.
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*Lithologies generally contain glauconite (but <50% so not classed as glauconite sand).

tThe number of gamma-ray measurement points in each category.

SGlauconite mud (“Other Lithologies”) composes 11% of occurrences of cluster C8.

#Lithologies that compose <1% of the borehole are included in this catogory.

a range of spectral gamma-ray values with the
interquartile ranges for clusters C3—C6, and C10
in particular showing some overlaps (Table 2).

To summarize, sands, silts, clays, and sedi-
ment containing glauconite can be predicted
with a reasonable degree of confidence from
INCA clusters (Fig. 3), either as a discrete
lithology (e.g., cluster C1 or C8) or as sediments
encompassing a particular grain size range
(Table 3, lowermost row).

DOWNHOLE VARIATIONS IN
INCA CLUSTERS AND THEIR
RELATIONSHIP TO CLINOFORM
GEOMETRY

The INCA analysis can be used to divide each
site into a number of INCA divisions, guided by
visual inspection of the most significant changes
in cluster trends downhole in order to identify
major changes between the relative dominance
of the 10 clusters (Table 4). For example, the
boundary between the two uppermost INCA
divisions is located where cluster C1 increases
dramatically uphole from less than 13% to greater
than 68% dominant. On this basis the bore-
holes are divided into seven INCA divisions,
labeled D7 at the base to D1 at the top of the
hole, although M0027 is only divided into five
(Fig. 4). From the cluster combinations and
their relative percentages, the sedimentological
characteristics of the seven INCA divisions (see
summary of Table 4) are interpreted to reflect
glauconite-rich sequences (divisions D7 and D5
and, in M0029, D3), finer grained sediments
(divisions D6, D4, and D2), and coarser grained
successions (divisions D3 and D1).

Sediments that accumulated in the same
depositional environment in different sequences
or systems tracts are expected to display simi-
larities and so have similar cluster patterns.
Accordingly, similar clusters are observed
across sites in the clinoform topsets, rollovers,
and foresets, although the toesets display greater
variability (Fig. 4; see Supplemental File 2* for
greater detail).

At all three sites, the upper few hundred
meters of the boreholes pass through some clino-
form topsets that are sand dominated, as evi-
denced by the occurrence of cluster C1 (Fig. 4).

“Supplemental File 2. Statistical analysis at the
scale of the borehole. The iterative nonhierarchi-
cal cluster analysis (INCA) clusters (C1-C10) for
MO0027, M0028, and M0029 are plotted against depth
in meters below seafloor, and shown both as a column
and as individual clusters. Each cluster is colored to
loosely correspond to lithology (see Table 2). If you
are viewing the PDF of this paper or reading it offline,
please visit http://dx.doi.org/10.1130/GES00913.S2
or the full-text article on www.gsapubs.org to view
Supplemental File 2.
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On the seismic profiles, they display a seismic
facies consisting of relatively discontinuous
internal seismic reflections (Mountain et al.,
2010). This characteristic facies correlates with
INCA division D1. Below reflector m4, and
above m4.1, the seismic facies of the topsets
changes to more organized continuous internal
reflections (Fig. 4). This change fits with the
change to silt at all sites, as evidenced by the
appearance of cluster C3 (and subsidiary clus-
ters) within INCA division D2 (Table 4). In
MO0027 and M0028 the boundary between divi-
sions D1 and D2 is more abrupt than in M0029,
where the sediments grade from sand to silt over
a few meters.

Boreholes M0027 and M0028 show similar
features at the clinoform scale (Fig. 4). Below
reflector m4.1, the topsets are predominantly
silt, with a dominance of cluster C3 and sub-
sidiary C2, C4, C6, and C10 in very similar
proportions (Table 4). Below the clinoform
rollover, the upper parts of the clinoform fore-
sets are clean sand deposits (cluster C1) that
are enriched in glauconite (cluster C4) at their
upper limit and correlate with INCA division
D3 (Fig. 4). The lower part of the clinoform
foresets is dominated by silts (clusters C3/C6
dominant with subsidiary C3-C6, C10) correlat-
ing with INCA division D4 (Fig. 4).

These silts in M0027 and the lower part of
the clinoform foresets in M0O028 are also charac-
terized by significant occurrences of cluster C5,
reflecting a higher K content that may reflect
a higher abundance of K-rich mica, consistent
with sedimentological observations (Fig. 4;
Mountain et al., 2010). From an INCA statisti-
cal point of view, the difference between the silts
from the topsets (division D2) and the foresets
(division D4) is slight, essentially marked by the
absence of sands (cluster C1) and a lower per-
centage of the high-Th cluster C2 in the foresets.
The clinoform toesets sampled immediately
below the foresets (division D5) are enriched at
both sites in glauconitic sands (cluster C9).

The clinoform crossed in site M0029 shows a
different geometry compared to the other sites,
and the foresets have been sampled in a dis-
tal position, seaward of the clinoform rollover
(Fig. 4). Accordingly, the vertical cluster suc-
cession is slightly different. Below the sandy
topsets of division D1, the clinoform foresets
are silt dominated (clusters C3, C6, and C10)
with the absence of clean sand deposits (cluster
C1) in the upper part. As in boreholes M0027
and M0028, the uppermost toesets sampled
at this site (INCA division D3; Fig. 4) con-
tain glauconitic sands (cluster C9). There is
an absence of cluster C1 within the toesets at
this site (INCA divisions D3 to D7) and within
INCA division D2, with the exception of a small

interval encompassing reflector m4.5, which
reflects the lowest stratigraphic appearance of
cluster C1 (Fig. 4). This absence of cluster C1
below this point indicates that intervals of clean
sands are lacking and any sands here are related
to condensed intervals with correspondingly
higher gamma ray. A rarity of cluster C2 and the
decreased dominance of cluster C10 within the
toesets (except in division D6) correlates with
the sands and silts being more depleted in Th
with respect to U and K.

DISTINCTIVE INCA CLUSTER
PATTERNS

In addition to the broad-scale trends described
in the preceding, the statistical results allow dis-
tinctive INCA cluster combinations to be rec-
ognized in detail across sites and facilitate the
identification of lithofacies. Six distinct cluster
patterns have been identified from detailed visual
inspection of the cluster trends downhole (Sup-
plemental File 2 [see footnote 2]) and are pre-
sented in Figure 5. For example, a dominance of
cluster C2 with subsidiary C3 (Fig. 5A) charac-
terizes INCA division D6 in M0028 and M0029
(clinoform toesets, Fig. 4). From comparison
with the recovered core, this cluster combina-
tion reflects the compositionally similar tan clays
(MO0028) and clayey silts (M0029) of lithologic
unit VI (Mountain et al., 2010). For clays else-
where cluster C10 is commonly secondary to
C2. Cluster pattern C2-C5-C10 with a significant
absence of C3 and C6 characterizes an interval
of clays within INCA division D2 in M0027 and
MO0028 (Fig. 5B). Notably high magnetic sus-
ceptibility reinforces this as a distinct interval
(Mountain et al., 2010; Nilsson et al., 2013).

Cluster combination C1 and C4 is another
distinctive pattern, reflecting sands containing
glauconite (Fig. 5C). This combination occurs
at the INCA division D2-D3 transition, at the
upper limit of the clean sands found below the
clinoform rollovers crossed in sites M0027 and
MO0028 (Fig. 4). This pattern is also locally evi-
dent within INCA division D1 in sites M0028
and M0029 (see discussion of Upper Uncon-
solidated Sediments). Variation in glauconite
concentration is often coincident with major
lithological changes and commonly character-
izes key sequence stratigraphic surfaces recog-
nized in the core. In INCA clusters variation
in glauconite concentration is apparent from
changes in the relative proportion of clusters C4
and C9, with cluster C9 correlating with higher
concentrations. Such a pattern is observed, for
example, in INCA division D3 in M0029, which
is characterized by a high concentration of glau-
conite at the base, clearly contrasting from the
underlying sediments (Fig. SD).
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The distinctive cluster combination of C7
and C8 (high U) is only observed in the deeper
part of sites and is only dominant within INCA
division D5 (lithologic unit VII) of M0027 (Fig.
SE). Both of these clusters are relatively rare
(Table 4), particularly in M0028 and MO0029.
There are only three appearances of cluster C8
in M0028 and M0029, each time in close con-
junction with cluster C7 within strongly biotur-
bated sediments and in the vicinity of an INCA
(and sedimentological) boundary. Diagenetic
processes in the vicinity of cemented sediments
can also contribute to high U relative to K and
Th. The most significant interval of cluster C7
in either M0028 or M0029 occurs in M0029, in
conjunction with cluster C9 between 666 and
708 m in depth (INCA divisions D4, D5; Fig. 4).
This is interpreted to be a deep offshore environ-
ment (Mountain et al., 2010) with the C7 and C9
combination reflecting the highest glauconite
concentrations within this interval.

Cluster CS is rare in comparison with the
other clusters observed in silt-rich or sandy
lithologies and the precise pattern of clusters
with which it occurs with can be diagnostic
of particular mineralogies. In certain intervals
in the lower parts of the boreholes, cluster C5
occurs in conjunction with clusters C4 or C7—
C9 in significant concentrations, suggesting that
glauconite is present. Where glauconite-indicat-
ing clusters are absent, cluster combinations that
include cluster C5 appear to be diagnostic of K
mica-rich intervals, as confirmed by comparison
with sedimentological descriptions of the recov-
ered core (Mountain et al., 2010). Intervals char-
acterized by subtle mineralogical changes can
be clearer from these cluster patterns than from
core observations; for example, cluster pattern
C5-C6 in M0029 forms an INCA subdivision in
D2 where no equivalent sedimentological sub-
division is identified (Fig. 5F). As described in
the preceding, cluster C5 is common in the silts
that compose the lower part of the clinoform
foresets in M0027 and M0028 (division D4),
where it occurs in conjunction with C3-C6-C10
and/or C4-C2.

RECOGNIZING SEQUENCE
STRATIGRAPHIC SURFACES AND
TRENDS WITHIN SYSTEMS TRACTS
USING INCA CLUSTERS

The sequence stratigraphic interpretation
of key surfaces within the successions recog-
nized from sedimentological observations of
the recovered core or from the downhole log-
ging data has been achieved through integration
with the seismic profiles within the limits of
their lower (~5 m vertical) resolution (Moun-
tain et al., 2010; Miller et al., 2013b). The
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gamma-ray logs aid with recognizing signifi-
cant lithological changes and can help identify
sequence boundaries and transgressive or flood-
ing surfaces. The character of an individual
sequence stratigraphic surface, and the associ-
ated gamma-ray response, will vary depending
on its location along the clinoform profile due
to the facies present. The presence or absence
of glauconite may vary along a sequence strati-
graphic surface. Sharp lithological changes
are generally reflected by a distinct change in
INCA clusters, whereas gradational transitions
are expressed by a more subtle variation from
one cluster combination to another. Examples of
changes in clusters across the geometry of the
clinoform structure are given in Figure 6, focus-
ing on variation in the vicinity of the m5.8 and
m5.4 sequence boundaries, as these sequences
are well understood in terms of their sequence
stratigraphic significance (Miller et al., 2013b;
Proust, his own data).

Sequence Boundaries

Sequence boundaries are commonly char-
acterized by a sharp change in the gamma ray
log, typically to lower values uphole (e.g.,
Coe, 2003), but the change across the surface
will vary if the systems tracts either side of the
boundary are incomplete due to erosion, as is
the case for several Expedition 313 sequences
(Miller et al., 2013b).

Unconformities are generally clear on the
topsets (landward of the clinoform rollover)
where they are commonly a merged sequence
boundary and transgressive surface (Mountain
et al., 2010; Proust, his own data). An example
of a sequence boundary in a topset position
is m5.4 in M0027, which is interpreted from
sedimentological observations to be an erosion
surface separating the underlying silts from
a very coarse sand lag (Fig. 6A; Miller et al.,
2013b). A brief appearance of cluster C5 marks
the surface.

The m5.2 sequence in M0029, the mS.4
sequence in M0027 (Fig. 6B), and the m5.8
sequence in M0028 (Fig. 6C) are the only thick
foreset deposits recovered during Expedition
313 (Fig. 4). Unconformities are usually clear
in these foreset deposits and display coarsening-
upward lowstand deposits above the sequence
boundary (Miller et al., 2013b). For example,
sequence boundary m5.4 in M0028 (Fig. 6B) is
marked by a distinct lithological change accom-
panied by a sharp decrease in gamma rays, as
reflected by the disappearance of cluster C10
uphole (Fig. 6B). Within lowstand toe-of-slope
apron glauconite sands, sequence boundary
m5.8 in M0027 is positioned from sedimento-
logical observations within an interval where

INCA clusters signal a clear but gradual compo-
sitional change from U-rich clusters C7 and C8
to K-rich clusters C4 and C9 uphole (Fig. 6C).
Stacked gravity flow deposits within the toesets
can obscure sequence stratigraphic surfaces
(Mountain et al., 2010). A localized increase or
an upward change in glauconite may aid identi-
fication of a sequence boundary. For example,
in the toesets of M0028 and M0029 cluster C9
appears immediately above sequence boundary
m5.8 (Figs. 6D, 6E). Cluster C7 also underlies
sequence boundary m5.8 in both sites (disap-
pearing uphole at the top of INCA division D7,
Figs. 6D, 6E), aiding cross-site correlation.

Flooding and Maximum Flooding Surfaces

These surfaces are located in the finest
grained sediments (highest gamma ray values)
but may also be characterized by high local-
ized glauconite concentrations (Coe, 2003;
Catuneanu, 2006). This peak in glauconite is
apparent from INCA clusters by an isolated
occurrence of cluster C4 or C7-C9 (refer to
examples in Supplemental File 2 [see foot-
note 2]). Three maximum flooding surfaces are
shown in Figures 6A—6C and are characterized
in each case by a reappearance of cluster C4 at
the surface, with an underlying gap in cluster
C4 ranging from <2 m (e.g., in the M0027 top-
sets of the m5.4 sequence; Fig. 6A), to a more
considerable absence (comprising INCA sub-
division B in the M0027 foresets of the m5.8
sequence; Fig. 6C). Miller et al. (2013b) place
this latter flooding surface at ~458 m, coincid-
ing with the reappearance of cluster C2 uphole
(Fig. 6C). Within sequence m5.4 in M0028, the
intrasequence reflector m5.35 is inferred from
sedimentological observations to correspond
with a maximum flooding surface (Miller et al.,

2013b), and is located where INCA cluster C5
disappears uphole (Fig. 6B). This is another
example of cluster C5 defining a distinct com-
positional change (within the alternating silt,
sand, and silty sands) that is clearer from INCA
clusters than from the recovered core.

Transgressive Surfaces

Transgressive surfaces can be characterized
by overlying lag deposits (e.g., Coe, 2003),
which are usually reflected in INCA clusters by
an interval of low gamma ray values (cluster C1
or C3). In M0027, an interval of cluster C1 at
272 m corresponds with a coarse sand lag (Fig.
6A). The coarse sand lag overlying sequence
boundary m5.4 is not entirely clear from INCA
clusters, although it corresponds with a domi-
nance of cluster C3 and a gap in cluster C10
(reflecting lower gamma radiation) (Fig. 6A).
Transgressive surfaces within the thick foreset
sequences shown in Figures 6B and 6C are not
clearly defined by INCA clusters, although they
do correspond with a change in composition
(clusters C2 and C5 become significant uphole).

Fining and Coarsening Sequences

Gamma-ray profiles reflect coarsening-
upward sediments in the lowstand and highstand
systems tracts and fining upward in the trans-
gressive systems tract. Such graded trends are
visible from the distribution of INCA clusters,
although continuous gradual grain size changes
(as opposed to distinct jumps, e.g., from sand to
silt to clay) are clearer from the gamma-ray log
(Supplemental File 2 [see footnote 2]). Coars-
ening-upward trends can be recognized either
by an increase in the dominance of a statistical
cluster that reflects lower gamma radiation, or

»
'

Figure 6 (on following page). The m5.4 and m5.8 sequences are used to illustrate variation
in iterative nonhierarchical cluster analysis (INCA) clusters within the clinoform topsets,
foresets, and toesets, with all depths in meters below seafloor and surface depths as given
by Miller et al. (2013b). The seismic reflectors from m5.8 upward to m5.3 are drawn on
the center sketch to place A-E in the context of the seismic stratigraphy with gray shaded
rectangles indicating the illustrated intervals. For each example the INCA results are dis-
played as a colored column and as individual clusters in the vicinity of the m5.4 and m5.8
reflectors (colors as in Table 2). In A and B, to illustrate changes across flooding and trans-
gressive surfaces along with the basal sequence boundaries, the m5.4 sequence is shown
up to the first intrasequence reflector for M0027 and M0028. In A, seismic reflector m5.4
has been alternatively interpreted as a merged sequence boundary—transgressive surface
by one of us (Proust, his own data). In C-E clusters around the m5.8 reflector are shown.
Cluster trends are extended uphole in M0027 to show changes across a transgressive and
maximum flooding surface discussed in the text. Gray arrows indicate significant cluster
changes, the upper of which is an INCA division boundary and correlates with the loca-
tion of the m5.8 surface given by Mountain et al. (2010). INCA subdivisions are indicated
(letters A-E in inset) and their cluster characteristics are described.
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Log-based statistical classification of lithology: IODP Exp 313

by a successive change in clusters from those
reflecting higher to lower gamma radiation.
Fining-upward successions show these changes
in reverse. Above sequence boundary m5.4 in
MO0027, the sediments of the highstand systems
tract coarsen upward to the sequence boundary
m5.33 (~289-271 m; Miller et al., 2013b; Fig.
6A). This is reflected in INCA clusters by an
increase in the dominance of cluster C6 uphole
(low gamma ray values) overlain by an interval
of cluster C1 (lowest gamma ray values). The
coarsening-upward successions recognized
from core observations above sequence bound-
ary m5.8 by Miller et al. (2013b) in M0027 (Fig.
6C) are to some extent identified in INCA clus-
ters by a variation in the abundance of cluster
C5 in finer grained sediments (higher gamma
rays) and C6 in slightly coarser sediments
(lower gamma rays).

To summarize, the quantitative assessment of
all major changes in gamma rays provided by
the statistical results is a useful aid for recog-
nizing the significance of variations in spectral
gamma rays in terms of key sequence strati-
graphic surfaces. However, the statistical analy-
sis is most useful for surface identification when
analyzed in conjunction with core observations
and other geophysical data (see Discussion).

VALUE OF STATISTICAL ANALYSES IN
LOW RECOVERY REGIONS

The correspondence of INCA spectral
gamma-ray clusters with the major lithologies
enables a reasonable prediction of sand, silt,
clay, and glauconite content. INCA can be used
to interpret lithological characteristics within
intervals of incomplete core recovery. In these
intervals, the INCA clusters can also be used
to estimate the most likely depth of sequence
stratigraphic surfaces inferred from the seis-
mic data; several examples are discussed herein
(highlighted with asterisks in Fig. 4 and shown
in more detail in Supplemental File 2 [see
footnote 2]).

Sand-Dominated Sediments Within the
Miocene Sequences

Although core recovery was excellent within
the Miocene successions, sandier intervals, such
as below clinoform rollovers, are generally
characterized by lower core recovery, with the
sequence stratigraphic surfaces inferred from
the seismic profiles often coinciding with an
uphole increase in gamma-ray values (Miller
et al., 2013b). The statistical analysis is valuable
for precisely locating the change from clean
sands (cluster C1) to siltier sediments (clusters
C3, C4, and C6) and thus confirms the depth in

the borehole that corresponds to several seis-
mic reflectors (e.g., m5.7, m5.47, and m5.45
in M0027, Fig. 4; m5.2 and m5.3 in M0028
in Supplemental File 2 [see footnote 2]; Figs.
4 and 5C).

In places within the clinoform toes, lower
core recovery complicates definitive placement
of a surface, and several alternative depths are
proposed (Miller et al., 2013b). Here the INCA
analysis can be a useful tool. For example, in
MO0029 INCA clusters support the placement at
746 m for sequence boundary m5.8 (in a coring
gap) due to the consistency with cluster patterns
in M0028 (a 2 m interval of cluster C9 immedi-
ately above the surface is succeeded uphole by
an abrupt change to a dominance of cluster C2;
Figs. 6D, 6E). In M0027 an isolated occurrence
of cluster C9 within a small interval of poorly
recovered glauconite sand likely correlates with
the m6 surface (Fig. SE). The statistical analy-
sis confirms the absence of a major lithologi-
cal change within a small gap in core recovery
above sequence boundary m5.7 in MO0028;
clusters C3, C4, and C6 (Th-depleted sands) are
present throughout. Similarly, within a larger
gap in core recovery below sequence boundary
m5.3 in M0029 (~5 m, Fig. 1B), INCA clusters
indicate no change in composition from the C3,
C4, and C6 dominated silts locally recovered in
this interval.

Upper Unconsolidated Sediments

Within INCA division D1 (upper ~200 m),
where unconsolidated material posed consid-
erable drilling challenges and not all intervals
were cored, through-pipe spectral gamma-ray
measurements are the only continuous data
set available (Fig. 1B). The sedimentology is
inferred from the INCA analysis and best depth
estimates for the Pleistocene and Miocene seis-
mic reflectors within this interval are presented
in a cross-site interpretation (Fig. 7; Table 5).
Overall, the interval is characterized by clean
sands (INCA cluster C1) interspersed with com-
binations of clusters C2, C3, C5, C6, and C10
(finer grained silt and/or clay layers), some of
which contain cluster C4 (high K/Th ratio) and
thus may contain glauconite. The uppermost
fine-grained layer (F1, Fig. 7) is characterized
by an absence of cluster C2 in comparison to the
lower silts and clays of division D1, although
C2 is less dominant throughout division D1
than within the Miocene clinoform sequences.
Cluster CS is rare within the fine-grained inter-
vals of INCA division D1 in comparison to
the sequences below (and absent from DI in
M0027), and in places this aids cross-site com-
parison between M0028 and M0029 (Fig. 7;
Table 5). In M0028 and M0029 the distinctive

Geosphere, August 2013

cluster pattern C1-C4 is observed, with other
clusters rare, in the Pleistocene sediments (layer
Gl1, Fig. 7).

Miocene reflectors m4-ml coincide in
MO0029 with three intervals of finer grained
sediment (layers F4-F6), which can be corre-
lated across sites from the recognition of similar
cluster combinations, although the confidence
of the correlation varies (Table 5). From the
limited sedimentological observations possible
in M0027 and M0029, the best estimate of
the depth in the core that corresponds to these
reflectors is within the depths suggested from
the INCA clusters for layers F4-F6 (Fig. 7).
Above reflector m1 is another finer grained
layer F3 where the INCA cluster combina-
tion allows a tentative correlation across sites
(Fig. 7). Rare isolated occurrences of cluster C9
within the finer grained intervals of division D1
suggest a significant glauconite component in
places (Fig. 7).

The location suggested by INCA clusters
for the shallow MIC3a and MIC3c Pleistocene
reflectors is bracketing layer F1, although clus-
ters are more disperse in M0029 (Fig. 7). The
increased variability in clusters complicates
INCA placement of reflector MIC4 in M0029
and in M0027 thick intervals characterized by
cluster C1 alone make depth estimates corre-
sponding to the seismic reflectors more chal-
lenging (Fig. 7). The interpretation provided
here can be compared with that given for the
Pleistocene sequences by Miller et al. (2013a,
2013b), where channel deposits above reflector
MIC4 identified from seismic interpretation are
inferred to be present in M0028 and M0029 but
not M0027. These likely correspond to the clus-
ter C1-C4 characterized interval (layer G1) in
the statistical analysis (Fig. 7).

DISCUSSION AND LIMITATIONS
OF INCA

Extent to which Statistical Analysis Could
Be Used for Lithological Interpretation

One of the key questions posed here is the
extent to which spectral gamma-ray data can
be relied on for lithological interpretation in
the absence of any other data. The preceding
described the relationship between INCA clus-
ters and the main sediments observed in the
New Jersey shelf successions and demonstrated
that certain clusters or cluster combinations
enable both a reasonable prediction of lithology
and the key sedimentological changes within
successions to be recognized.

To be effective at identifying lithological
variation, the statistical clusters should be able
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TABLE 5. KEY LAYERS ILLUSTRATED IN FIGURE 7 AND THEIR DEPTHS IN EACH BOREHOLE
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Description of interval and INCA (iterative nonhierarchical cluster analysis) characteristics

Intervals are described from the top of the hole downward.

Fine-grained layer (clusters C10, C3, C4, C6). Small sandier (C1 dominated) interval within layer.
Uppermost Pleistocene reflectors likely to be upper and lower limits of this layer.

Sandy layer characterized by a dominance of clusters C1 and C4 but with C10

notably absent suggesting the sediments contain glauconite.

Thin silt layers just below layer G1. Clusters C2 and C10 are significant. Only observed in M0029
as below layer G1 in M0028 the succession is dominated by cluster C1 alone.

Isolated occurrences of cluster C10 in M0028 and C4 in M0028 and M0029 within an otherwise sandy interval. The upper occurrence

of cluster C4 in this interval may correlate with a significant (unamed) reflector. Reflector MIC4 is within this layer in M0027.

Fine-grained layer, particularly clear in M0028 (note that core recovery is absent) where cluster C5 is significant. Possible correlation
across sites to M0027 and M0029 where F3 is characterized by clusters C2-C3 and C10. Not associated with a sequence boundary.

Fine-grained layer where cluster C2 is significant. Brief occurrence of cluster C5 in the center of the
layer in M0028 and M0029 may confirm correlation. Reflector m1 is located at the base.
Fine-grained layer containing reflector m3. Cluster C2 is less significant than in F4. The lower limit of this layer is unclear in M0028.
Lowermost fine-grained layer containing reflector m4. Cluster C2 significant. Cluster
C5 is significant in M0028 and the top half of this layer in M0029.
Lowermost sandy layer characterized by C1 and no other clusters. Lowermost depth of interval is base of INCA division D1.

Layer

Refer to Figure 7

F1

G1
(MIC4 at base)

F2

S2
(unnamed reflector)

F3

F4
(m1 at base)

F5

(m3 at base)
F6

(m4 at base)
S6
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to identify subtle grain size variations as well
as the more significant lithological changes.
The cluster variations will be most significant
where there is greater mineralogical and tex-
tural change. Two further examples of subtle
grain size variation, selected due to the simi-
larity of the lithological transition but their
markedly different response in INCA clusters
are: (1) a gradational change across the INCA
division D4-D3 boundary in M0027 from river-
influenced offshore silts that become increas-
ingly sandy uphole over a few meters (410 m;
MO0027 in Supplemental File 2 [see footnote 2]);
and (2) an abrupt surface separating fine sands
from silts within INCA division D2 in M0028
(310 m; Supplemental File 2 [see footnote 2]).
In the first example, from the highstand systems
tract of the m5.8 sequence, the change in sta-
tistical clusters is very clear, with a spread of
clusters C2—-C6 and C10 (silt-rich sediments)
successively decreasing in dominance to be
succeeded by cluster C1 (sands). In the second
example, the fining uphole from fine sand to silt
is not clear from INCA clusters, being reflected
by only a very subtle increase in the proportion
of cluster C10.

The Expedition 313 data sets benefit from
comprehensive seismic data that enable detailed
comparison of seismic reflectors with strati-
graphic surfaces recognized in the recovered
core and downhole logs (Mountain et al., 2010;
G. Mountain, his data). Despite the difference in
vertical resolution between seismic data and the
Expedition 313 data sets, analyzing the statisti-
cal results from the spectral gamma-ray analy-
sis in conjunction with the seismic data enables
some sedimentological facies to be inferred.
This analysis is invaluable where core recovery
is low or absent, as shown by the interpretation
of the upper 200 m. From the results presented,
the effectiveness of applying an objective clas-
sification scheme to distinguish different litho-
facies is apparent.

Extent to which Statistical Analysis
Could Be Used to Identify Sequence
Stratigraphic Surfaces

Where there are changes in clay content, glau-
conite concentration, or organic matter across a
sequence boundary, maximum transgressive
surface, or other flooding surface, the statisti-
cal analysis generally displays a clear change in
clusters and is useful to (1) confirm sedimento-
logical interpretations; (2) help identify the most
significant changes in gamma ray data where a
sequence stratigraphic surface is predicted from
the seismic profiles but is not clear in the core
or where alternative interpretations are possible;
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and (3) identify lithological changes that poten-
tially correspond with sequence stratigraphic
surfaces where there is no core recovery. Some
important trends emerge from the analysis. For
example, sequence boundaries in the poorly
recovered sands below the clinoform rollovers
in M0027 and M0028 are commonly charac-
terized by an uphole gamma-ray increase and
isolated occurrences of a distinct cluster often
correlate with sequence stratigraphic surfaces,
reflecting a distinct compositional change;
maximum flooding surfaces are often located at
the uphole reappearance of cluster C4 (glauco-
nite increase) above a brief absence, and trans-
gressive surfaces associated with a lag deposit
are generally marked by an interval of lower
gamma-ray clusters (see preceding discussion
of flooding and transgressive surfaces).

However, only sequence stratigraphic sur-
faces that are characterized by a compositional
change are invariably identified by INCA clus-
ters. Other features, such as an erosive sur-
face within a fairly homogeneous lithology,
or cemented or bioturbated intervals, are not
necessarily identified. In addition, even if such
surfaces are identified from INCA clusters
(e.g., clusters C7 or C8 may identify cemented
intervals and/or bioturbation if associated with
raised levels of K or U), the sequence strati-
graphic implication of such distinctive clus-
ters or cluster combinations can be unclear in
the absence of additional observations. This is
shown where a rare occurrence of cluster C7
in M0028 correlates with intensely bioturbated
glauconite mud in a cemented interval (top of
INCA division D5; Fig. 6B) but is not inferred
from sedimentological observations to reflect
a sequence stratigraphic surface (Miller et al.,
2013b). Combining the statistical analysis of the
spectral gamma ray logs with analysis of other
geophysical data, notably sonic logs or den-
sity measurements, would help identify most
sequence stratigraphic surfaces. Although inter-
vals of sonic logs were collected and density
values were derived from core measurements,
including these data in our analysis was consid-
ered beyond the scope of this paper.

Variation that is Clearer from
the Statistical Results than from
Other Observations

Certain distinctive intervals and subtle com-
positional changes are clearer from statistical
cluster variations than from a standard assess-
ment of log trends (or from analysis of the
recovered core). Examples of compositional
variations that are very clear from the INCA
clusters include the distinctive cluster combina-
tions discussed herein (Fig. 5; brackets in Figs.
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6B, 6C). In particular, the ~100 m interval at
the base of INCA division D2 in M0029 con-
sists of just one sedimentary subdivision and is
classed as fairly homogeneous with an absence
of sequence stratigraphic surfaces, but is shown
by INCA clusters to have significant variations
in composition (M0029 in Supplemental File 2
[see footnote 2]). The statistical results can also
help within regions of relatively homogeneous
sediment where it is more difficult to tie the
seismic reflectors to features recognized in the
recovered core. For example, the Oligocene
glauconite-containing sands of M0027 (INCA
division D5; M0027 in Supplemental File 2 [see
footnote 2]) are characterized by a dominance of
cluster C5 with two instances where an appear-
ance of INCA cluster C8 uphole reflects an
increase in U content and coincides with the best
estimate from sedimentological observations
for a seismic reflector (ol at 596.3 m and an
unnamed surface at 538.68 m, shown in M0027
within Supplemental File 2 [see footnote 2]).

Limitations and Potential Variations
in Future Analyses

All core data and all downhole logs, except
the spectral gamma ray log measured through
the drill pipe, have sections of the succession
where no measurements are available (Fig.
1B). Due to relying on through-pipe gamma-
ray logs to enable the most complete statistical
analysis, the effect of the drill pipe was consid-
ered. Analysis of a 342 m interval of open-hole
gamma-ray logs from M0027 (depths 603—410
m and 337-188 m) identified a statistically sig-
nificant positive linear correlation between the
open hole and through-pipe data sets with a
~25% attenuation caused by the steel pipe that
appears to be unrelated to lithology. The lack of
a caliper log requires the assumption to be made
that lower gamma-ray counts are the results of
sandier lithologies rather than washout zones.
However, the excellent core recovery within the
Miocene clinoforms, which includes the recovery
of many sandy lithologies, suggests that this is a
valid assumption.

Lithologies could be analyzed in more detail
by selecting a greater number of clusters to be
output from the INCA analysis. For example,
within intervals of INCA division D1 (e.g.,
29-72 m in M0027; Fig. 7), the INCA analy-
sis returns cluster C1, uniquely making further
interpretation difficult. This is in contrast to
observation of the limited core recovered where
the fluvial to estuarine sands are subdivided into
three successions: (1) clean well-sorted sands,
(2) poorly sorted sands, and (3) poorly sorted
sands with some burrows and gravels that may
reflect transgressive lags (Mountain et al., 2010).
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A more detailed INCA analysis may better dis-
tinguish some of these compositions, although
could be toward the limit of the gamma-ray log
resolution.

There is scope to use other combinations of
geophysical properties and/or derived quanti-
ties. For example, a statistical analysis of spec-
tral gamma-ray ratios alongside density and
magnetic susceptibility is an excellent indica-
tor of glauconite concentration. An analysis
including conductivity at shallow and deep
depths of investigation (or their ratio) and sonic
velocity better quantifies pore salinity varia-
tions and variations in induration. An analysis
incorporating the full set of geophysical logs
would produce a comparable and very effective
assessment across sites of the most significant
petrophysical changes within the successions
and would be very beneficial for the identifi-
cation of sequence stratigraphic surfaces. The
statistical analysis is limited by the variable
with the lowest resolution. Using petrophysical
data acquired from measurements on the recov-
ered core, where available, would be beneficial
for studies at a higher resolution and includes
properties such as density that are invaluable for
comparisons with the seismic sequences.

The advantage of the k-means analysis applied
to the problem presented in this paper is both its
simplicity and suitability to the type of data set
being analyzed. However, alternative or comple-
mentary statistical techniques that could be con-
sidered include principal component analysis,
self-organizing maps, and discriminant analysis.
These techniques were considered less suitable
here because (1) principal component analysis
is better suited to data sets containing a larger
number of variables where some redundancy is
suspected in those variables; (2) discriminant
analysis is more appropriate where the number
of different groups is known with certainty; and
(3) a k-means analysis was considered to pro-
duce results that are easier to interpret than self-
organizing maps (see Davis, 2002, for a review).
Variations of the k-means analysis and other
statistical techniques could be explored further,
but is beyond scope of this paper, which focuses
on the application of the statistical results to a
geological problem rather than on an in-depth
discussion of statistical techniques.

CONCLUSIONS

Four main lithological groups are statistically
recognized: sand, silts, clays, and glauconite-
containing lithologies. A distinct lithology may
be characterized by dominance of a single INCA
cluster (notably cluster C1 for clean sands) or by
a specific combination of INCA clusters (e.g.,
cluster combination C2/C3 reflects tan clays).
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In regions with low or no core recovery, con-
sistent judgments on facies variation can be
made from the statistical analysis of the continu-
ous spectral gamma-ray logs.

Sediments and sequence stratigraphic sur-
faces in the same location of a clinoform
sequence generally have a similar expression in
INCA clusters; for example, cluster C1 is domi-
nant below a clinoform rollover.

INCA clusters corroborate previously defined
boundaries, with the occasional differences
between the most significant INCA changes
and the most significant changes observed in the
core generally located in intervals of poorer core
recovery.

An isolated occurrence of a particular cluster
(e.g., cluster C9) or the occurrence of a com-
paratively rare cluster (e.g., cluster C8) or clus-
ter combination (e.g., C2-C3) can be beneficial
for highlighting significant variations that com-
monly correspond to sequence stratigraphic sur-
faces within the successions.

The statistical clusters can be valuable for
identifying subtle lithological or textural changes
in the sedimentary successions (e.g., variation in
cluster C5 within silt-rich successions), which
are sometimes clearer from the INCA results
than from visual observation of the downhole
logs or core.

The INCA results contribute to our under-
standing of the key stratal surfaces on the New
Jersey continental margin by tying the con-
tinuous logging data more tightly into core
observations.

The multivariate statistical approach to the
analysis of downhole logs represents a novel
application of an advanced analytical technique
to quantifying significant changes and allows
comparison of characteristics across sites. The
detailed calibration of the statistical results with
the Expedition 313 sediments in intervals of
excellent core recovery provides an assessment
of the ability to infer facies and key stratigraphic
surfaces. The statistical results enable inter-
pretations to be made with more confidence in
regions of poorer core recovery, and the same
principles can be applied to the study of silici-
clastic margins elsewhere.
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