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existence of three anticlines, interpreted as thrust-related folds. They formed at the

deformation front and controlled the distribution and deformation of the sediments



during the Pleistocene. The current southern HR started its uplift less than 0.5 Ma.
A seismic relict in the form of a double BSR is a witness to the evolution of the gas
hydrate system of HR. It confirms the recent uplift of the ridge and consequent
shallowing of the base of the gas hydrate stability zone (GHSZ). Further detailed
studies of the stratigraphy reveal stratigraphic controls on the fluid flow, which in
turn control the distribution of gas hydrates. Analysis of the amplitude map of the
bottom-simulating reflector (BSR), which is a proxy for the free gas distribution,
shows a relationship between anticlinal features within the older strata (older than
1.6 Ma) and strong amplitude anomalies of the BSR, which confirm previous
observations suggesting a very low permeability for the young slope-basin

sediments and an accumulation of gas within the older sediments underneath.
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Seismic Sequence Stratigraphy and Tectonic Evolution
of Southern Hydrate Ridge

1 INTRODUCTION

Hydrate Ridge (HR) is an anomalously wide peanut shape thrust anticline
(MacKay, 1995, Trehu et al., 1999, Suess et al., 2000) located 100km offshore
Newport (Oregon) at 1200 - 600m depth within the accretionary prism, which built
part of the Oregon continental rise (Fig. 1). Pliocene strata are exposed at the
seafloor at the northern summit while younger sediments cover correlative strata
beneath the southern summit. This ridge is bearing gas hydrates and has been the
target of multiple international, interdisciplinary investigations aimed at
understanding fluid flow in accretionary prisms (e.g. Bohrmann et al., 1998, Trehu
et al, 1999, Suess et al., 2001, Suess, 2002, Torres et al., 2002, Tryon et al., 2002,
Johnson et al., 2003). The common goal of these projects is to improve our general
understanding of subsurface fluid activity on convergent margins and on the
processes that form gas hydrates in this environment. Gas hydrates (clathrates) are
a solid form of water and gas (mostly methane) that is stable at sufficiently high
pressure and low temperature (Kvenvolden, 1993). The gas hydrates may represent
a future fuel source as they represent an important natural methane reservoir
(Kvenvolden and Lorenson, 2001). However many questions still are to be
resolved, for example the role of gas hydrates systems on climate changes during
Earth history. At HR, a strong bottom simulating reflector (BSR), commonly used
as a proxy for the base of the gas hydrate layer, is observed to cross the
stratigraphy at around 120 mbsf. This reflection results from the relatively high-
velocity zone due to gas hydrates filling the pore space over a zone containing free

gas.



Figure 1: A) the tectonic setting of HR (marked with a red square) Also shown is
the path of the deep-sea fan sediments coming from the Columbia River. Location
of DSDP sites 174 and 175 are marked with red dots The continuous black line
represents the deformation front of the subduction zone. B) Bathymetric map of
the HR region. (SHR = southern HR). ODP site 892 is marked with a red dot. A
black square shows the emplacement of the seismic volume run on SHR. C)
Close-up on southern Hydrate Ridge, shows the boundaries of the seismic volume
with inline numbers corresponding to the sections shown on Figure 6, the three NS
2D-MCS lines are also shown. Stars and blue digits name and locate the nine ODP
Leg 204 sites.
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Multiple studies of dewatering processes of accretionary complexes suggest that
lithologic variations and fault surfaces lead to permeability, heterogeneity and can
act as major gas/fluid conduits (e.g. Rowe and Gettrust, 1993, Mann and
Kukowski, 1999, Taylor et al. 2000, Trehu and Flemings, 2003). Geologic factors
thus represent indirect geologic controls on gas hydrate nucleation and growth.
Furthermore, tectonic uplift and subsidence of the seafloor influences subsurface
pressure and temperature within the sediments (e.g. Grevemeyer et al., 2000,
Pecher et al., 2001, Trehu et al., 2003c) and hence affects the gas solubility and
gas hydrate stability. Subsurface pressure, temperature and the amount of gas
available are three important parameters controlling gas hydrate nucleation and
stability (Kvenvolden, 1993). An improved understanding of the geologic and
tectonic history of HR is therefore valuable for understanding gas hydrate
distribution within the gas hydrate stability zone (GHSZ) and its temporal

evolution.

The objective of this thesis is to map the subsurface geology of southern Hydrate
Ridge and to construct a model for the structural evolution of the region during the
Pleistocene and Holocene. To do this we integrated stratigraphic and structural
information from the 3D seismic volume acquired from southern HR in summer
2000 with the ODP Leg 204 coring results (Shipboard Scientific Party, 2003,
Trehu et al. 2003a). Leg 204 was designed to determine the distribution and
concentration of gas hydrates in the thrust anticline and its adjacent slope basin as
well as to investigate the mechanisms that transport methane and other gases into
the GHSZ. Seismic sequence stratigraphy (Mitchum, 1977) is the tool used to
interpret the pre-, syn- and post-deposition deformation patterns of each of the
depositional sequence distinguished within the volume. This work focuses on the
sedimentary sequences that mantle the older sediments, which form the seismically
incoherent core. While seismic stratigraphy provides an understanding of the

nature of the tectonic activity and the relative age of events, biostratigraphic data



provide absolute ages for the strata within each basin. This gives the information
needed for the sequential structural reconstruction of two chosen seismic sections.
The result is a tectonic model showing the thrust and fold deformation that
deformed the abyssal plain sediment at the deformation front, and the following

deformations ongoing during the accretion as recorded in the strata.



2. GEOLOGIC SETTING OF HYDRATE RIDGE

The geology of the Cascadia convergent margin of Oregon and Washington is
controlled by the subduction of the Juan de Fuca plate beneath the North American
plate (Fig. land 2). Sediments from the Astoria fan system fill the trench region as
it is growing such that no topographic trench exists offshore Oregon. Instead, a
large accretionary prism exists west of the outer shelf of Oregon, which is
composed of thick sedimentary units scrapped off of the oceanic plate onto the
continental plate (Fig. 2). The accretionary prism is characterized by NS-striking
folded thrust slices of Pliocene and Pleistocene accreted abyssal plain strata (Seely
et al.1974, Snavely, 1987, Mac Kay et al., 1992, MacKay, 1995). Hydrate Ridge is
a particularly prominent NS-striking bathymetric-high located 17.5 km east of the
Cascadia deformation front offshore Oregon (Fig. 1B, Fig. 2) (44.5° latitude;
125.15° longitude). Westbrook (1994) computed that the sediments building the
ridge were at the deformation front between 1.0 — 2.0 Ma based on the prism

configuration and assuming a constant accretion rate.
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Figure 2: EW profile across the subduction zone. A. Schematic line drawing of
the crustal structure across Hydrate Ridge based on depth-converted migrated
seismic reflection data (from Westbrook, 1994). Interpretation is based on Line 9
from a 1989 ODP site survey (MacKay et al., 1992), along which ODP Site 892
was located. On the scale shown here, primary structural features are the same as
those along Line 2, which is shown in B. B. Line 2 from the 1989 ODP site survey

showing primary structural features of the deformation front.
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In the abyssal plain, west of the deformation front, an angular unconformity
coincident with a change in heavy mineralogy at DSDP Site 174 (Fig. 1A)
separates the Astoria fan sediments that originated at the Columbia River from the
older abyssal plain sediments sourced from the Klamath Mountains and from the
Vancouver Island (Kulm et Fowler, 1974). The Columbia River represents the
main, if not only, submarine canyon on the central Cascadia slope connecting the
shelf to the abyssal plain. Hence the submarine Astoria fan represents the only
major accumulation of terrigeneous material from the Cascade Range on the
abyssal plain. Early Pliocene subsidence of the Oregon shelf basin occurred
concomitant to the uplift of the Cascadia outer arc high (McNeil et al, 2000). As a
result, the basin filled and retained the clastic debris shed from the Cascades and
from the Coast Range during the Pliocene. McNeil et al. (2000) proposed that the
appearance of Astoria fan deposits at Site 174 correlates with out-breaching of the
outer-arc-high, which previously retained the shelf deposits. This event resulted in
the extension of the Astoria fan from a trench-confined fan to a much broader fan
that reaches Site 174 as modeled by Schweller and Kulm (1978). Timing for the
expansion of the fan is uncertain. Late Pleistocene (1.8 Ma) Astoria fan turbidity
sequences found on the continental rise at Site 175 imply the existence of the
submarine fan with Columbia River input offshore Oregon at 1.8 Ma. Results from
Site 174 revealed that the deposition of Astoria fan sediments occurred only 1.4
Ma (Fig. 1A for the location of the sites). The difference in ages for the onset of
the Astoria fan sediments suggests an expansion to the west of the Astoria fan with
time. The expansion can be explained by the delay between an increase in
sediment input at the head of the Astoria Canyon. Alternatively, Nelson (1976)
suggested that the older fan deposits may have been located northwest of Site 174,

implying a migration of the channels during fan history.
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In summary, the abyssal plain strata uplifted onto the accretionary complex since
1.4 Ma are from the Astoria fan, while material older than 2 Ma originated in the
Klamath Mountains and/or Vancouver Island. Sediments with an age between 2
and 1.4 Ma could have originated from either region, depending on the

propagation of the submarine fan and its position relative to the depocenters.

The deep-sea deposits are scrapped-off as the deformation front migrates to the
west and uplifted onto the continental plate to build the accretionary prism (e.g.
Seely et al, 1974). This model is confirmed by the presence of typical abyssal plain
deposits found in dredge samples and cored at Site 175 on the continental slope
(Fig. 1) (Kulm et Fowler, 1974). These units can also be correlated with the
lithologic units at Site 174 (abyssal plain) (Fig. 1) (Kulm et Fowler, 1974). The
sediments at ODP Site 892 can also be correlated with the interlayered distal
turbidites and hemipelagic clay cored at Site 174. They are interpreted as Pliocene

abyssal plain deposits (Shipboard Scientific Party, 1994).

The upper stratigraphy at Site 175 differ from the deep-sea sediments. These
sediments were interpreted as late Pleistocene and Holocene deposits covering the
accreted abyssal plain sediments (Kulm et Fowler, 1974). These slope-basin
sediments are themselves deformed by the active subsurface thrust-fault systems
and some folds rise above the general level of the basins. Hence, depositional
sequences within these basins were controlled by the formation and evolution
(growth and migration) of the subsurface thrusts and folds. The sediment sources
available in this geological setting are pelagic sediment raining out of the water
column and reworked accreted material, (Seely et al., 1974; Kulm et Fowler, 1974,

Snavely, 1987).

In summary, data from earlier DSDP and ODP legs indicate that HR is a late

Pliocene - early Pleistocene structure (Westbrook, 1994) that resulted from the
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uplift and shortening of abyssal plain sediments during their accretion onto the
continental plate (Fig. 2). Continuing deformation of the prism is recorded by
Pleistocene and Holocene sediments that filled the depocenters formed on the
ridge during the ongoing accretion. The ridge is hence built by deep-sea fan
deposits accreted onto the accretionary wedge and by younger pelagic sediments
interlayered with reworked accreted material. The objective of this thesis is to
refine this interpretation and discuss implications for the evolution of the gas

hydrate system hosted by Hydrate Ridge.
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3.DATA COLLECTION

3.1 3D/ 2D seismic data

3.1.1 Seismic volume (June —July 2000)

Multi-channel seismic data were collected during summer 2000 on the R/V
Thomas Thompson to produce a 3D high-resolution volume (Trehu and Bangs,
2000). The survey covers a 4 km x 9 km region that includes southern summit of

Hydrate Ridge and an adjacent slope basin.

The ship was navigated by a GPS system provided by RACAL (including DGPS
correction from a weighted average of 4 RACAL base stations). These raw fixes
were recorded at 1Hz. They were smoothed to remove the rolling and pitching of
the ship for derivation of the location and velocity of the ship at each update and

were corrected to compensate for the offset of the source from the GPS antenna.

The streamer’s geometry was determined by four bird compasses positioned at
150m intervals. These records were used to reposition each single receiver
channel. There was no tail buoy for independent determination of the location of
the end of the streamer. The depths and the wing angles of the birds were not

logged, but were monitored by the watch-stander using a graphical display.

Shots were fired at 15m intervals based on the smoothed velocity estimate from
the differential GPS fixes. The source was two GI guns (45/45 cu in.) towed at a
depth of 2.5 m and fired simultaneously. They proved to be a good broadband
source, producing useable energy from 10-240Hz. The signal was recorded on the
Lamont portable, 600m long, 48-channel-streamer, which was towed at a depth of

2.5m.



12

The bridge used the Nav99 program written by Mark Weidenspahn (UTIG) to
steer the source location down the selected line. Nav99 also provided a minimum
radius turn path between lines, which were always shot heading east in the
northern half of the grid (line numbers 100 to 139) and west in the southern half
(line numbers 140 to 180). Shotpoints were numbered to increase from 100 on the

west edge of the survey to 833 on the east edge. Recorded trace length was 6s.

The 3-D survey grid consisted of 81 11 km-long EW sections that were shot 50
m apart in a racetrack pattern. The grid was laid out in a UTM projection with a
central meridian of 123W. During the cruise, 3-D fold was monitored based on
streamer reconstructions to identify locations where additional data were needed in
order to obtain adequate fold in each bin. This resulted in reshooting 18 lines
because of variable degrees of streamer feathering or navigational problems

resulting from strong currents.

On board of the R/V Thomas Thompson, the raw SEGD field data were copied
from 3480 tapes to SEGY disk files using Sioseis. The SEGY disk files were then
converted to Paradigm Geophysical’s FOCUS internal format. Seven bad traces
had to be killed at this stage. Data were processed as 2D lines for quality control
and a first look at the data, assuming a velocity of 1500ms for normal moveout and

frequency wavenumber migration.

Source navigation and streamer location data for the 3D grid were converted to
UTM coordinates and written in UKOOA90 format. These navigation data were
converted into FOCUS format 3D navigation traces and binned using the FOCUS
3D QC/binning package. Fold maps were generated and optimized for SOm x 25m
and 25m x 12.5m bin sizes. In both cases, the optimum grid azimuth was 348.5

degrees.
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On land, the 3D processing was done by Bangs at UTIG with a binning of 12.5 x
25 m. Lines were renumbered from 200 — 360 to accommodate interpolated lines
(Fig. 1B). The traces were sorted into common depth point (CDP) gathers. A
velocity analysis was done for every 10th line and every 100th cmp. A high-pass
filter with a ramp from 15 to 25Hz was applied to the traces to remove noise done
to seastate. The data were then corrected for normal moveout (NMO), the inner
trace was muted (to attenuate the seafloor multiple) and the data were stacked. A
poststack Kirchhoff migration using stacking velocities was applied. This yields
the 3D volume, which is 4km wide 9km long and contains a frequency range of:
20 to 180 Hz (Fig. 3) and dominant frequency at 125 Hz, which suggests a vertical
resolution of 3m. The presence of reflections of multiple origins (sediments
bedding, onlapping surfaces and gas hydrate related reflections such as the base of
the gas hydrate layer or BSR) interfering with each other; lower the effective

vertical resolution for the stratigraphic analysis, which is estimated at 15m.
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3.1.2 2D lines (June — July 2000)

Six regional 2D lines were recorded on the same multichannel streamer. The
three NS-lines used during this study are shown on Fig. 1B. The shot interval for
these lines was 37.5m. These lines were processed onboard. Data were sorted into
12.5m bins, resulting in 16-24 fold data. A high pass filter was applied with a ramp
from 25 to 35Hz. The data were corrected for NMO, stretch mute was done with a
35% maximum stretch and the data were stacked assuming a constant velocity of

1500m/s. A velocity of 1500m/s was also used for f/k migration of the data.

3.2 ODP LEG 204

Nine sites were drilled during ODP Leg 204. The maximum coring depth ranged
from 90 to 540 mbsf. Sediment classification was recorded based on visual
description and smear slide analysis (Trehu et al, 2003a). The results were stored
in core description profiles. A complete record of each core is in the lithology
chapter of the initial report. Minor lithology and biogenic content were also logged
on board, and an initial interpretation was done of the environment of deposition.
This thesis relied on the initial report for control on lithology as well as the

depositional environment

Mudstones and siltstones of turbidite origin, as well as debris-flow deposits and
hemipelagic clays dominate the lithologies observed during ODP Leg 204.
Definition of the lithologic units by the Leg 204 shipboard sedimentologists as
shown on Figure 4 was based on the examination and combination of several
sedimentological and physical property datasets (i.e. changes in the biogenic
content, the minor lithology composition, and variability in the turbidity
occurrence). Appendix 2 shows the correlation between the lithologic units and the

seismic units distinguished within the survey at S1244, S1245 and S1251 as well
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as the characteristic lithologies for each of them. Deeper stratigraphy was
interpreted as part of the accretionary wedge (Fig. 4) (Shipboard Scientific Party,
2003, Site 1244 and Site 1251). Absolute ages of strata were determined based on
the bioevents distinguished in the cores and presented in the Initial Report. The
biostratigraphic zones were inferred from the first and last occurrence of diatoms
and of calcareous nannofossils. All given ages are based on the biostratigraphic

results unless otherwise specified.
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Figure 4: Diagram showing the lithologic units out of the ODP Leg204 initial
report, overlain by the seismostratigraphic units defined in this thesis based on the
3D survey. An overall good fit between both sets of units (lithology and
seismostratigraphy) is observed. Exceptions are: 1-Unit IB is not distinguished in
the lithologic data. 2- Unit IA in the west in not distinguished from Unit II on the
seismic sections. The diagram also includes the seismic horizons distinguished
prior to the Leg204 (Trehu et al, 2002). Colors legend for the units and the
horizons are consistent throughout the thesis (Appendix A).
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4.SEISMIC SEQUENCE STRATIGRAPHY

4.1 Use of sequence stratigraphy in a tectonic active environment

Sequence stratigraphic analysis is based on the identification of depositional
sequences, which are stratigraphic units composed of a relatively conformable
succession of genetically related strata bounded by two major angular
unconformities (Mitchum, 1977). This method generally aims to reconstruct
effects of sea-level rise and fall on the basin sedimentation. Seismic stratigraphic
analysis of southern HR differs from traditional sequence stratigraphy in that the
stratal succession was not significantly influenced by sea-level changes. Southern
HR is located on the continental slope at 800 m depths (Fig. 1) and the sediments
composing the core of the ridge originated from the abyssal plain (2600 m depth).
The depositional environment is controlled by the formation and evolution of a
thrust-fold-belt system. Different types of angular unconformities can be
distinguished based on the geometry of the strata and their termination; onlap,
offlap, overlap (Fig. 5). The unconformities bound sets of relatively concordant
strata. Each of these sets represents one depositional sequence. Each seismic
stratigraphic unit is subdivided into a few depositional sequences. Characteristics
of the sequences are controlled by syn- and post deposition tectonic activity. The
primary tectonic activity observed on southern HR is the thrust-related folding of
the strata and the migration of the thrust system, which controls the location and
growth of the depocenters. Both result in the tilting the strata on the limbs of the

folds and/or along the flank of a subsiding depocenter (Fig. 5).

Chronological and geometrical sequence analysis of the mapped sequences was
used to reconstruct the sedimentary and tectonic evolution of the thrust and fold

system of southern HR and the concomitant active basins. The seismic sequence
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statigraphic analysis included evaluating the relationship between the syn-
sedimentary thrust and fold systems responsible for the formation of the ridge and
the migration of the foreland-basins. Since no relevant impact of the sea-level
changes can be expected at this depth, a direct link can be assumed between the
tectonic crestal uplift and/or basin subsidence and the variation of the
accommodation space available for the sediments. The sediment aggradation rate
depends on the sediment supply and on the tectonic activity. Erosion is expected to
be very limited in these deep-sea settings, such that the depositional sequences can
be assumed to be mostly preserved in direct juxtaposition with the structures that
controlled their geometrical and sedimentological character. In other words,
erosion events are unlikely to bias the uplift and subsidence computed from the
depositional sequences; sedimentation rates inferred from the biostratigraphy can
in almost all instances be used to directly reconstruct phases of aggradation versus
phases of non-deposition. However, local erosion surfaces, tentatively assigned to
slope failure events, are inferred. Hence the reference lines need to be chosen with
care away from the erosion surface, for computation of relative movements of the

sediments.
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Figure 5: A) Nomenclature for a thrust fold and growth strata deposited during
folding. B-E) Show four models of overlap, offlap and onlap. Predictable
geometries of syntectonic strata result from different ratio between the relative
rates of crestal uplift and coeval sedimentation rates. Crestal uplift is measured
with respect of either the base of the syntectonic strata adjacent to the fold or the
position of the correlative marker beds found in both the anticline and the adjacent
syncline. When rates of accumulation are consistently greater than the rate of
crestal uplift, overlap will occur (Figure 5b, Fig. 18), whereas lower rates of
accumulation versus uplift lead to offlap (Figure 5C). Reversals in the relative
magnitude of these rates cause a switch in the bedding geometry (Figure 5D).
Onlap (Figure SE) occurs following offlap and a change to more rapid
accumulation rates. Encircled number indicate (1) pre-tectonic depositional
sequences characterized by parallel bedding; (2) syn-tectonic sequences
characterized by the divergence of the strata and the stratigraphic features
discussed above; (3) post-tectonic sequences characterized by onlapping against
pre-depositional relief. (modified from Burbank and Verges, 1994). Examples out
of the seismic volume are shown on Figure 18C, D and E.
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Figure 5 sketches the relationship between an evolving bathymetry (the syn-
sedimentary growth and activity of thrust-and-fold systems) and the depositional
sequences (onlap-offlap geometries of the syntectonic sedimentary bed) (model
modified from Burbank and Verges, 1994). The relationships are expressed in the
context of the relative rate of sediment accumulation versus the rate of uplift of the
crest of the folds. Significance of internal facies patterns such as divergency versus
parallel bedding also can be extracted from the model. On the other hand, chaotic
reflections will often reflect intense post-sedimentary deformations that destroyed

the original depositional strata.

4.2 Establishing seismic stratigraphic units for southern HR

Seismic stratigraphy is the study of stratigraphy and depositional facies as
interpreted from seismic data (Mitchum, 1977). The terminations of the reflections
along surfaces of seismic unconformity are interpreted as strata termination along
unconformable sequence boundaries and the configuration of the reflections are
interpreted as the expression of the sequence internal strata geometry/stratification
patterns. Seismic units (S.) were defined based on termination of the reflections
and their seismic facies. They were correlated with the lithologic units (L.)
inferred from the coring results (Trehu et al. 2003a) (Fig. 4, Appendix B). Well
information were tied to the seismic volume by correcting depth to two-way-
travel-time (TWTT) assuming 1550m/s for the upper few hundreds of meters
based on a 3D tomographic inversion of first arrivals recorded on ocean bottom
seismometers (Arsenault et al., 2001). The value was confirmed by the
coincidence of the pronounced reflections A, B, B’, Y and U (Fig. 6) with
lithologic anomalies such as ash layers or erosion surfaces when juxtaposing
seismic and lithologic 2D profiles (Appendix B). These five reflections were
named and described by Trehu et al. (2002) prior to the ODP cruise Leg 204.

Reflections A, Y and U were used as unit boundaries, and the stratigraphic
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surfaces coinciding with the reflections were interpreted and extended across the

survey to obtain complete seismic horizons.

The horizons used for the sequence stratigraphy were mapped on arbitrary
seismic sections spaced 20 to 50 m apart. The picks were then interpolated using
the Kingdom-Suite 3D-Hunt tool to create a smooth time map of the horizon that
becomes useable to visualize the three-dimensional geometry of the units
composing southern HR. In addition to the five reflections referred to by Trehu et
al, (2002), multiple seismic horizons were defined based on changes in seismic
facies and on the onlap-offlap geometries (horizons A’, A”’, K, C, D, Fig. 6). Two
striking mudflow deposits in the eastern basin namely: DBFI and DBF2 (Fig. 6)
could also be traced across the volume and used for the 3D stratigraphic
interpretation. Figure 6 and 7 illustrate all relevant horizons on EW and NS

sections respectively.

A good overall match is observed between the seismic units (S.) and the
lithologic units (L.) from the ODP leg 204 Preliminary Report (Fig. 4). It is
presented in Appendix B. Each seismic stratigraphic unit corresponds to a distinct
tectonic phase and has a distinct depositional environment controlled by inherited
relief and the sediment supply. The objective of this thesis is the interpretation of
the inherited relief and the syn- and the post deposition deformations based on the
strata patterns and the unit geometry. Nine units were distinguished and analyzed
based on the seismic and lithology data (Fig. 4, 6, 7). Some of these units are
coeval. Disrupted synchronous surfaces had to be reconstructed based on the

biostratigraphy ages to create restored cross-sections and paleo-maps.
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Figure.6: Four EW lines extracted from the 3D migrated seismic volume. Each
couple of sections shows the un-interpreted and the interpreted version of the same
section. The figure summarizes the observations discussed in the text that is: The
seismic units and the seismic horizons described in seismic sequence stratigraphy
chapter 4 (see appendix A for the legend). The ODP sites presented in Figure 4
(blue vertical lines). The ODP biostrastigraphic results are marked along the wells
(in Ma). They are discussed in the biostratigraphy chapter 5. Finally the structural
features inferred from the cross-sections as well as from the depositional history of
the sediments. They are presented in more details in the structural chapter 6. Two
orange-red lines mark two unconformities interpreted as local slumping surface,
which were since tectonically deformed. Also shown are the location of Figures
12, 17, 18 and 26. (The location of each section is shown in the plan view of the
seismic volume, upper right corner of each page).

A time-depth chart for S1245 and S1251 are drawn of Fig. 6A and 6C
respectively. Lithologic events, which coincide with density and velocity
anomalies, were tight to outstanding reflections from the MCS data. The resulting
time-depth charts at sites S1245 and S1251 were completed with the sonic log data
achieved during ODP Leg 204 at both sites and with tomography results for the
deeper parts of the seismic volume (Arsenault et al, 2001). The seismic horizons
corresponding to the stratigraphic event used are placed on the time-depth charts.
Time-depth chart for site 1245 encompasses slope-basin sediments and un-lithified
material. It is, applicable, with decent accuracy to units S.V, S.IV, S.11I, S.I1, S.IB
and S.IA over the whole survey. The time-depth chart at site 1251 can be used as
reference for the deeper startigraphy (S.VIL, S.VI), as it encompasses, in its deeper
part, lithified and partly lithified accreted material from the abyssal plain.
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Figure 7: (a) un-interpreted and (b) interpreted version of 2D migrated seismic
line ns3. The figure shows the NS view of the features presented on the EW
section of Figure 6. It extends across the saddle observed between northern HR
(NHR) and southern HR (SHR) on the bathymetry (Fig. 1). The features showns
are: The seismic units and the seismic horizons described in seismic sequence
stratigraphy chapter 4 (see appendix A for the legend). The ODP sites presented in
Figure 4 (blue vertical lines). The ODP biostrastigraphic results are marked along
the wells (in Ma). They are discussed in the biostratigraphy chapter 5. Finally the
structural features inferred from the cross-sections as well as from the depositional
history of the sediments. They are presented in more detail in the structural chapter
6. Notice the time-line 1.6 Ma in black, which marks the boundary between S.VI
and S.VII). The northern and southern extension of the seismic volume are
indicated “HR3DOSU” above the seismic profile and coincide with the end of the
coloring on Fig. 7b. The location of the section is shown in the plan view of the
seismic volume, upper right corner of the page.
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4.3 Descriptions of the seismic units

The seismic stratigraphic units are presented in chronologic order, oldest to
youngest, in this section. The description for each unit includes geological setting,
lithological results and geometry. The most important units are color-coded on the

seismic and geologic cross-sections (see Appendix A).

4.3.1 Unit S.VII (>2 -1.6Ma)

Unit S.VII forms anticline B. Seismically, it is characterized by irregular
discontinuous and chaotic reflections, including a few deformed angular
unconformities (Fig. 6). Because these angular unconformities are themselves
folded, we can concluded that the growth of the anticline occurred during a
succession of erosive phases and/or sedimentation pauses separated by
sedimentation phases. Correlation of the biostratigraphy results between S1251
and S1244 suggests that S.VII strata are coeval with the deeper stratigraphy cored
at S1244 within the main ridge, (see Biostratigraphy chapter). The same age is
supported by the low-coherency and chaotic reflections that characterize the

seismic facies of both seismic regions.

This interpretation is also supported by the correlation of the lithology results for
the different sites (Lithologic unit L.III, S1252 and S1251 in the basin and unit
L.III; S1244 on the ridge, Fig. 4, 6.A, 7) (see appendix B for the relation between
the lithologic units and the seismic units). Both lithologic units are characterized
by a relatively high degree of lithification and both contain glauconites-rich layer
intelayered within the strata (Shipboard Scientific Party, Site 1244, 2003). Both
lithologic units were interpreted to represent highly deformed sediments of the

accretionary complex (Trehu et al., 2003a).
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4.3.2 Unit S.VI (>1.6 - 1.0 Ma)

The unit encompasses strata 1.0 Ma and 1.6 Ma in age as inferred from the
biostratigraphy results at S1244, S1252 and S1251 (see Biostratigraphy section).
The 1.0 Ma time line coincides with the onlap surface K beneath the summit of
southern HR (blue on Fig. 6 and 7, Fig. 8A). The strata lay sub-horizontal in the
NS. sections (Fig. 7) as well as in the EW direction (Fig. 6). S.VI strata are
distinguished from the deeper strata (S.VII) by an increase in coherency and
continuity. The wavy to chaotic facies of the unit results from several para-
sequences, whose geometry is controlled with small-scale anticlines (400-800m
wide). One larger anticline, named anticline A (Fig. 6B, C, D), will be mentioned
in the tectonic chapter. Multiple angular unconformities, characterized by a small
extension, cross each other and often correspond to the limbs of the anticline
features (4000 —6500m, 1.3 — 1.5s on Fig 6B & C). Strata become less coherent

beneath these anticlines.

S.VI was not distinguished as single lithologic unit. Seismic interpretation
indicates that the coring sites coincide with the pinch-out zones of the unit. Hence,
the unit’s lithology is known from thin cores sections at S1244 and S1252. It was
sampled between 216mbsf and 245mbsf at S1244 and interpreted as upper part of
lithologic unit II (described in the Unit S.IT section). At S1252 it corresponds to
the strata between 114 mbsf and ~150 mbsf. These strata were assigned to
lithologic unit IIT (described in the Unit S.VII section). It fills the space between
the S.VII strata and Unit S.IT and S.IB (Fig. 7).

Seismic horizon K (Fig. 6) marks the upper limit of Unit S.VI. K maps an
angular unconformity visible on seismic sections, which is defined by the
termination of the younger strata lapping onto the lower-coherency facies. A time-

map of horizon K (Fig. 8A) reveals the dome-shape of Unit S.VI in the southern
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central region of the survey as well as a NNW striking syncline northeast of the
dome with 0.5 sec (~387 m) of relief. The Dome is a major structure in the
subsurface of the ridge (see Structure chapt.) and is still expressed in the current
bathymetry (Fig. 8A). The syncline coincides with the down-throw of fault E. The
eastern continuation of the strata could be traced across the fault system E (Fig. 6C
& D). They pinch-out to the east onto anticline B (Fig. 6), which indicates the
anticline existed prior to the deposition of the unit. Unit S.VI strata lies east of the
strata folded by fold F (Fig. 6). To the east, S.III strata lap, onto S.VI strata along
the upper extension of F2 (Fig. 12A). The stratigraphic relation between S.IV and
S.VI is ambiguous, structural geometry of the strata suggests that the landward
vergent thrust fault separates both units. However, based on the biostratigraphy,
sediments of the footwall of the fault are older than the sediments of the hanging

wall, implying a complex tectonic history (see tectonic model, chapt. 7).
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Figure 8: A) Time map of onlap surface K. The deeper structures discussed in the
structure chapter are highlighted. B) Bathymetry of southern HR, The deeper
structures discussed in the structure chapter are highlighted as well as the crest line
of the current summit. Note that the crest line is parallel to the hinge line of the
2nd order fold that deforms S.II strata (Fig.16), which is parallel to the strike of F2
(Fig.11).
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4.3.3 Unit S.V (1 Ma - 0.3 Ma)

Unit S.V, on the eastern side of anticline B, is distinguished from S.VII by
closely-spaced, high amplitude seismic reflections. These are bounded to the top
by a conspicuous erosion surface named “U” (Trehu et al., 2003a) (Fig. 4, 6, 9).
The unit composes the eastern flank of anticline B but is missing on the western
limb of the anticline, instead, S.II and S.IB strata directly onlap onto S.VII (Fig. 6).

The strata are divergent, indication of syn-sedimentary growth of the anticline.

The unit’s lithology is distinguished from the units above by its significant
decrease in biogenic content (foraminiferas, diatoms, nannofossils) within L.II
related with a higher percentage of clastic material (silt size quartz and feldspar
grains). It is also characterized by higher frequency of turbidites below the erosion
surface U. The erosion event can be mapped over the whole basin in the south and
only on top of the anticline in the north (Fig. 9). The unit boundary is extended

along the correlative conformable surface.

4.3.4 Unit S.IV (<1.6 Ma - 1.15 Ma) (dark blue)

Unit S.IV built the western flank of southern HR. The growth of the frontal-
thrust-fault-related-fold F (see structure chapt. 5) controlled the tectono-
sedimentary evolution of S.IV strata (Fig. 6). The fault F1 can be inferred within
the deeper stratigraphy (Fig. 6). F2 is a second splay of the fault system that was
active more recently because it disrupts younger strata than F1 does. It is possibly
responsible for the up-turn of the S.IV strata at their eastern extremities (horizons

A (red) and A’ (white) on Fig. 6).

Unit S.IV comprises three depositional sequences separated by three angular

unconformities; horizons A’’, A’ and A (Fig. 6, 10). The lower boundary of the
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unit is defined along horizon A’ as it corresponds to the deepest distinguishable
reflection. To the west, the strata pinch-out at the seafloor on the western flank of
the southern HR. The eastern extension of the unit is defined at the termination of

coherent reflections against F2 (Fig. 6).

Lithologic evolution of S.IV is controlled by tectonic deformation. The unit
comprises three lithologic units, L.V, L.VIA and L.IVB (Fig. 4). Unit L.IVB and
L.V strata are nannofossil rich silty claystone, interlayered with thick turbidites,
containing wood fragments. Unit L.IVA is composed of nannofossil-rich clay and
silty clay. It is marked by an increase with time of biogenic opal (diatoms), and a
distinctive ash layer marks its upper boundary (coincident with reflection A).
Frequent thick turbidites (from 5 to 20 cm at S1248) distinguish it from L.IVB.
The degree of lithification increases to claystone within Unit L.IV. Lithologic units
L.V, LIVA, LIVB and L.IIIB are distinguished from each other by subtle changes
in biogenic content, minor lithology differences and sedimentation rates. Each
change coincides with an angular unconformity that defines the three depositional
sequences. For this reason, the changes in depositional environment expressed in
the lithology are interpreted as the result of the syn-sedimentary tectonic

deformation.
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Figure 10: Four geologic stages of one seismic section achieved through flattening
of three AU, horizons A’ (T1), A’ (T2) and A (T3) and current configuration (T4)
along a profile of fold F. The horizons are interpreted as paleo-seafloor with the
assumption of a sub-horizontal seafloor. Note that Horizon A is dated
approximately 1.15 Ma (Shipboard Scientific Party, 2003, Site 1245). Beginning
of fold F is inferred from the divergence of the strata. It occurred between the
deposition of horizon A’ and horizon A, that is approximately 1.15Ma. Parallel
bedding among the strata deeper than horizon A’ are evidence for a quiescence
period prior to the growth of the fold. In addition, the flattening method reveals the
activity of a local feature to the west (T1) prior to the deposition of horizon A”’.
The extension of the feature could be delineated on a time slice; it has an oval
shape, approximately 1km in diameter.
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Figure 11: A) Time map maps of horizons A’. The black line indicates the crest
line of the fold F as inferred from the contours of horizon A’, B) Time map maps
of horizon A. The NS. black line indicates the crest line of the fold F as inferred
from the contours of Horizon A. The diagonal black line shows the strike of the
thrust fault-splay F2. Comparison of F2 with the crestal line of the current
southern Hydrate Ridge suggests a correlation between these two structural
features. Locations of the sections from Figure 12 & 13 are shown in Red
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The fold F is a doubly plunging, 2-3km long, NNE striking fold but the seismic
volume encompasses only the northern half of it (Fig. 11). No deformation can be
inferred on the NS cross-sections partly due to the low coherency of the reflections
on these sections. Hence the origin of the plunging of the northern and southern

end of the fold could not be analyzed in more detail.

On EW sections, within the eastern limb of the fold, the unit thickness can be
observed to increase from the center outward by up to 0.2 sec (~ 160m). In the
north, only the eastern limb is observed to be divergent. In the south the western
limb also shows divergence of the strata to the east as well as to the west.
Divergence of the strata suggest the progressive tilting of the depositional surface,
which means the syn-depositional, progressive, steepening of the limb of the fold.
In the north, an inherited local active feature masks divergence to the west at the
time of deposition, causing the strata to converge to the west (Fig. 10). Timing of
the activity of the fold is based on the interpretable internal geometry patterns. In
fact, time isopach maps suggest that a tectonic quiescent period existed prior to
horizon A’ and the incipient folding stage occurred prior to the deposition of ashes
at horizon A. This interpretation can be visualized by flattening successively the
three horizons A”’, A’ and A (Fig. 10). The horizons are interpreted as paleo-
seafloor-surfaces, which imply they represented a sub-horizontal seafloor at each
respective time period. Hence, Figure 10 presents the reconstruction of the
geometry of the strata at four different points in time. Prior to horizon A’ (Fig.10
T1 and T2) strata are affected by the activity of a local feature mentioned above
(1000 - 2000m, 1.5 — 1.65s Fig.10 T1,). The extension of the feature could be
delineated on time slices; it has an oval shape, approximately lkm in diameter.
The local feature’s activity causes the strata to converge against it, which imply
syn-depositional uplift until 1.2 Ma. As opposed to the subsequent period T3, no
fold F related deformations could be observed on these two time shots. At T3, a

small fold deforms the strata, suggesting the incipient phase of the fold F ~1.15
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Ma. Geometry at period T4 that is at present time shows the fully developped fold
F.
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Figure 12: Three EW, showing the structural variations beneath the southern
Hydrate Ridge summit from north to south. A) In the north, the eastward
continuation of Y (green) and A (red) cannot be clearly traced. Horizon A (red) lay
conformable with the surrounding strata. The eastern termination of the strata
cannot be distinguished; it is interpreted as terminating against the upper part of F2
(dashed purple). B). In the south: The continuation of A and Y to the east are as
ambiguous as in the north but differ markedly. However strata are interpreted to
onlap onto A to the west. To the east the reflector A onlaps onto the conspicuous
seaward vergent angular unconformity, that is the upper continuation of F2
(dashed purple). (see Figure 11B for locations)
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Figure 13: Two NNW, migrated time sections extracted from the seismic volume,
parallel to the crest line of fold F. A) To the west: the section crosses the area in
which A coincides with the ash layer in the north. The ash layer is interpreted as
correlative to an angular unconformity located in the south (Fig. 12). B) To the

east: the section runs across the area in which horizon A joins the upper
continuation of extension of F2. (see Figure 11B for locations)
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Horizon A marks the boundary between units S.IV and S.III. The horizon is
characterized by its particularly bright amplitude, “Ten times brighter than the
surrounding reflections “ (Trehu et al, 2002) (Fig. 6). It was correlated with an ash-
rich sediment layer at sites S1250, S1248 and S1245. Studies from Trehu, Fleming
et al. (2003) of horizon A showed that it is a gas conduit that leads free gas from
the older lithified region to the gas hydrate stability zone. The gas is focused along
horizon A until it reaches a pressure high enough to overcome the lithostatic stress
and breaks vertically through the sediment column. From a stratigraphic point of
view, this occurs where the ash-rich layer laps onto a paleo-bathymetric-high (Fig.
12, 14). Figures 12 and 14 show horizon A laying conformable to the surrounding
layer along the NS transect cored during Leg 204. It is interpreted as the
correlative conformity of an angular unconformity lying south and west (Fig. 12
and 13). At S1247, the ash was not observed at Hole 1247B, although the LWD
data for Hole 1247A was similar to the data for 1245, 1248 and 1250. This
suggests a strong lateral change in the stratigraphic character of horizon A between
Holes 1247A and 1247B (Fig. 14). We propose that the two holes at S1247
encompass the angular unconformity (Hole 1247B) just above the onlap-line of the

ash-layer (Hole 1247A) (Fig. 14).
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Figure 14: Close-up of migrated-time section of EW line 268, around S1247 area.
Shows horizon A (red) and horizon Y (green). Location can be inferred from the
line and trace numbers, which correspond to the survey numbers as shown on
Fig.1. The black arrow represents the onlap of the ash-layer (horizon A) onto the
bathymetric-high (dashed line) as suggested by the stratigraphic model (see text).
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4.3.5 Unit S.IIT (1.15 Ma - 0.5Ma) (purple)

The unit is confined to the western part of the survey. The lower and upper
boundaries are defined respectively by seismic horizons A and Y (Fig. 4, 6), which
stand-out because of their high amplitude. Unit S.III fills the foreland basin that
formed during the growth of fold F (Fig. 6). Comparing the strike and the dip of
the plunging fold F and the time isopach map of S.IIT (Fig. 15A) suggests that S.IIT
filled the accommodation space created between the plunging of the fold to its
south and the Dome to its east. The unit is marked by compression deformation,

evidenced by small-scale folds (Fig. 12C).

Coring along the north-south transect showed clay and silty clay with high-
frequency turbidites and a high concentration of opal. A decrease in calcareous
fossils at horizon A distinguishes the lithologic unit L.IITA from L.IIIB, which
correspond to seismic unit S.IIT from S.IV respectively (Fig. 4, Appendix B). A
high sedimentation rate at S1245 (31 cm/ky) compared to ~10 cm/ky within the
same unit at the sites further south were computed based on the biostratigraphic
results. They suggest a depocenter in the north and a bathymetric high in the south

during this time period.

Divergence of the S.III reflections on EW seismic sections, evidence the syn-
sedimentary activity of fold F (Fig. 6, 12). On NS sections, the unit thins along the
hinge of fold F from 160 m in the north to 128 m in the south (Fig. 15A). This
observation supports the interpretation of a depocenter in the north inferred from
the sedimentation rate. The upward extension of F2 is interpreted as an onlap
surface along which S.III strata lap onto S.VI (Fig. 6, 12, 15A), which implies the
existence of the dome (unit S.VI) to the east of the depocenter during the
deposition of S.III and an age older than 1.15 Ma (age of S.III lower boundary) for
the S.VI strata (Fig.12B).



Figure 15: Time isopach maps of Units S.III, S.II, S.IB, S.IA
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4.3.6 Unit S.I1 (0.5 - 0.3Ma) (green)

Unit S.IT is a prominent ridge building unit in the northern part of the seismic
volume. Its lower boundary is defined by the termination of eastward dipping
reflections against the onlap surface K and its westward dipping reflections against
horizon Y (Fig. 6). The unit is prominent in the northern EW sections. It thins
rapidly to the south against the dome observed in the central region of the survey

(Fig. 7, 15B).

At S1244, lithologic unit L.IT is distinguished from the surrounding units by an
increase in coarser material and in turbidite frequency. The presence of ash-rich
turbidite events suggests a connection between the active slope-basin and the
Astoria Fan during the deposition of B’. Reflections B and B’ coincide with two
lithologic events interpreted as marker horizons that tie S1246 to S1244 (Fig. 4,
16, Appendix B). B’ at S1244 is a 60 to <0.1 cm thick volcanic ash-rich horizon at
216 mbsf with 50% glass content. At S1246, two discrete volcanic glass—bearing-
layers at 88 and 95 mbsf (<l and <0.1 cm thick respectively) were interpreted as
the continuation of B’ to the west. Reflection B coincides with multiple turbidites
clustered into thick zones at S1244 as well as at S1246, and is parallel to the ash
event B’. These two reflections are relatively bright although their respective

amplitudes vary considerably (Fig. 6, 7).
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The upper boundary of Unit S.II is defined by Horizon C, which corresponds to a
reflection (Fig. 6) that lays parallel to B over its whole extension. Horizon K, is
defined by the downlap termination of S.II strata. It is interpreted as corresponding
to the floor of the basin-fill sequences units S.I and S.IB. It can be extended to the
north across the saddle that separates southern HR from northern Hydrate Ridge
summit (Fig. 7). Horizon K joins the angular unconformity U to the east (Fig.6).
To the west the horizon K is interpreted until the horizon vanishes in the deformed
region between S.IITI and S.V (Fig.12). Horizon K probably marks a major

sedimentation hiatus.

Figure 17 is a close-up from the EW line 230 (Fig. 6A) on S.II. The stepwise
decrease in the thickness to the east between horizons B and B’ (green and yellow
on Fig. 17), which coincides with NS-striking normal faults, is interpreted as an
evidence for syn-faulting sedimentation of S.II (Fig. 16, 17). This syn-sedimentary
normal faulting is interpreted to have accompanied the folding of the strata
observed on the time map of horizon B (Fig. 16). Post-sedimentary bending of the
strata is evidenced by a monocline that deforms the eastern part of the strata (Fig.
6, 16). NS sections show the Unit S.II strata are bedded sub-parallel (Fig. 7) but
the whole unit is thinning to the south (Fig. 15B) and is up turned in the southern
part of the section (Fig. 7). This geometry suggests a reactivation of the Dome,

after it was initially buried by unit S.II.
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4.3.7 Unit S.IB (0.3 Ma -0.2 Ma) (orange)

Unit S.IB fills the syncline observed in the time map of angular unconformity K
between the Dome in the central region and anticline B (Fig. 8A, 15C). The strata
lap onto horizon C to the west (Fig. 6, 18, 19) and onlap to the east onto the
buttress unconformity U, which delineates anticline B (Fig. 6). Four depositional
sequences compose the unit and are topped by mudflow event DBF.1 that reaches
a maximum thickness of 0.07sec (~60 m) (Fig 6, 18). This event marks the upper

boundary of Unit S.IB and presents an excellent marker horizon across the survey.

Unit S.IB is not identified as a lithologic unit in the ODP Initial Report
(Shipboard Scientific Party, 2003; Sites 1244 and 1246). The core section from
96.5 to 114 mbsf at S1252 (Fig. 4) was attributed to lithologic unit L.IT in the ODP
Leg 204 results because of the presence of several fining upward events and
coarser sediments that distinguish it from L.I, (Shipboard Scientific Party, 2003,
Site 1252). But the coeval section at S1244, as mapped on the seismic sections
(Fig. 6), is characterized by a dramatic decrease in turbidites (Shipboard Scientific
Party, 2003, Site 1244), which distinguishes it from Unit L.IL. The strata cored
between 0 and 77mbsf at S1244 and between 96.5 and 114 mbsf at S1252 is
interpreted as one distinct seismic stratigraphic unit (Fig. 4). On the ridge, S.IB
consists of dark greenish gray hemipelagic clay and silty clay with a low total
biogenic content (<10%) as determined by smear slide analysis, although diatoms
are present throughout. At S1246 the clays are diatom-rich silty clay and
nannofossil and diatom-bearing silty clay near the base of the unit. Lithologically,
the unit is distinguished from S.IT by its low content of turbidites. Two
depositional models were proposed for the unit based on the lithology: 1- The unit
represents a hemipelagic apron laying unconformably on top of southern HR. 2-
The absence of turbidites may also be explained by a decrease in slope failure on

top of the ridge as the depositional environment changed from active slope basin to
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elevated platform due to the uplift (Shipboard Scientific Party, 2003, Site 1246).
Low coherency and artifact X (Fig. 18 A) on the seismic profile impede the tracing
of horizons in the shallow subsurface on top of the main ridge, which limits our
understanding of the relation between S.IB and S.II. However in the syncline
between the ridge and the basin, lithology of the unit cored at S1252 shows some
turbidites and the presence of coarser grains within the minor lithology suggesting
the recycled material from older strata, ponded down along the flank of the ridge

during its uplift (Fig. 18, 20).



60

Figure 18: EW section extracted from the 3D seismic volume with AGC A)
Close-up from EW line 230 (Fig. 6A) across Unit S.IB. B) Sketch-diagram of the
section of Figure 18A. The sequence analysis is presented on Figure 20; location is

shown on figure 6A.
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Figure 19: Close-ups from Figure 18A showing examples of sequence boundary
details discussed on Figure 5. Black arrows show the onlapping. A) S.IB strata
onlap onto anticline B followed in time by the overlap of the anticline by S.IA

strata. B) Parallel bedding of S.II strata indicate post-sedimentation bending of the
strata. S.IB strata onlap onto the bended S.II strata, indication for post-deformation
deposition of the S.IB strata. C) Divergence of the reflections (underline in black
on the figure) is evidence for the syn-sedimentary uplift, in this case of the western
side of the slope-basin. Reflection X is inferred to be an artifact based on the
analysis of the wavelet and its similitude with the seafloor wavelet. However it
coincides with a change in dip of the strata. This interpretation imply the
termination of the S.IB strata as shown on the figure, suggesting the overlapping of
the S.IA strata over the offlapping S.IB strata. (See Fig. 18A for location of
Figl9). Depositional sequences are discussed in Figure 20.
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Figure 20: Sketches showing the deformation of the depositional history of the
strata in Fig. 18, S.IB. A) Tilt of the S.II strata forces the migration of the
depocenter to the east. The new basin filling creates the new active slope-basin.
Offlapping of the strata suggest that, contrary to the deposition of the sequences of
Unit S.1II, the sediment supply during the deposition of the unit IB strata does not
keep-up with the uplift rate. A major uplift event occurred during or at the end of
the deposition of sequence #1 material is shed from the resulting high and ponded
onto the active slope-basin. Conformable strata to the east show that this basin fill
is controlled by the ongoing uplift of its western edge the deformation. B) and C)
Continuation of the deformation during the deposition of subsequences #2 and
#3.The increase of the dip of the strata with age indicates the progressive
migration of the uplift to the east.
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The reflections from S.IB are continuous with an increase in dip with time (Fig.
18). The change in dip occurred at discrete interval along each of the angular
unconformities (AU) observed (Fig 18, 19). Each AU corresponds to an onlap
surface in the upper part (western part) of the group of reflections and its
correlative conformity to the east (Fig. 18, 20). They divide the unit into three
depositional sequences, each corresponding to one depositional stage as shown on
Figure 20. Horizon C represented a low angle tectonic slope-surface after the uplift
of the west (Fig. 20A). The uplift probably corresponds to the formation of the
monocline observed to deform the strata within S.IT (Fig. 6A, 16, 18). The three
following stages present similar patterns; strata onlap to the west against a recently
uplifted surface. They show a continued ponding of the sediments from the slope
into the slope-basin. Each transition between depositional stages 1, 2 and 3 is
marked by the uplift of the western part of the depocenter. The strata offlap to the
west (Fig. 18, 20), which is in contrast to the S.II strata geometry. Offlapping
indicates a decrease in the ratio between sedimentation rate and growth rate that is

either a decrease in sedimentation or an increased activity of the ridge.

In summary, sedimentation of S.IB was the result of a gradual degradation of the
ridge through continuous slope-failure and/or recycling of the proximal
bathymetric highs (fold F, the Dome, anticline B). A minor original dip can be
expected prior to the deposition of the unit; however the geometry of these
deposition sequences recorded the progressive formation of the monocline that

bends the S.II strata.

Deformation patterns observed within Unit S.IB suggest two contrasting stress
regimes. 1- The progressively fanning of the strata suggest the relative subsidence
of the fold B. 2- The up-turn of the same strata against the buttress unconformity

(Fig. 6A) suggests post sedimentary growth of the anticline or simply horizontal
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compression. Subsidence through bending caused by horizontal thrust forces may

be the answer for this apparent contradiction.

4.3.8 Unit S. IA (0.2 Ma-Holocene)

Unit S.IA represents the youngest seismic stratigraphic unit within the survey. Its
lower boundary is defined by the mudflow (DBF1 on Fig. 6 and 17). Strata of Unit
S.IA terminate against the angular unconformity U, a prominent erosion surface on
top and on the southern flank of anticline B (Shipboard Scientific Party, 2003)
(Fig. 6,9, 21).

Lithologic unit L.I consists of dark greenish gray, diatom-rich to diatom-bearing
homogeneous silty clay, locally interbedded with silt to fine sand lenses and mud
clast deposits, which are interpreted as turbidites and debris flows, respectively.
Unit L.Iis divided into four subunits (Sub-units L.IA, L.IB, L.IC, and L.ID Fig. 4)
based on the changing abundance of biogenic components and grain size. The
uppermost sediments recovered at S1252 contains bands of gray clay and
turbidites as observed at S1251. This suggests the continuation of sub-unit L.IA at
S1252. Two large-scale lens-shaped sediment packages with chaotic internal
reflection patterns and an erosional base (sub-units L.ID and L.IB Fig. 4) are also
interbedded within the unit. They are interpreted as two mudflow events (DBF.2
and DBF1 respectively). Reflections of sub-unit L.IA at S1251 are shown
onlapping with a small angle on DBF.2 in the seismic cross-sections (Fig. 6A) and
they thin to the west (divergence to the east) (Fig. 6). With exception of the
internal facies of the two mudflow-deposits, unit S.IA is characterized by

continuous, coherent reflections (Fig. 6).

Subunit ID at S1252 corresponds to the older of the two large mudflow deposits,
which was not drilled at S1251. The major lithology’s mineralogy of Unit L.II is
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similar to that of lithostratigraphic Subunit ID (Shipboard Scientific Party, 2003),
suggesting a proximal origin for the mudflow. The sediments possibly slumped
down the flank of the newly uplifted ridge as the slope failure threshold point was
reached. A change in dip within Unit S.IA with time is observed, overlain with up-
turn of the strata against the main ridge and against anticline B as well as thinning
of the same layers against anticline A in the southern part of the main ridge’s flank
(Fig. 6D). The thinning is less evident to the north (Fig. 6A). We interpret the
geometry of the strata as recording the continuation of the compression regime
inferred from the seismic stratigraphic analysis of the previous units. The north-
south variation of thinning may be related to the presence of anticline A in the

south.
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Figure 21: NS section across the eastern basin, extracted from the 3D migrated
seismic volume, with AGC A) across the summit of anticline B, B) across the
eastern flank of anticline B C) (Location of (A) & (B) are shown on Figure 9).
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5. BIOSTRATIGRAPHY

Depositional history of the sedimentary units and evolution of the geological
structure can be inferred from the sequence stratigraphic analysis of the seismic
data. The ODP biostratigraphic results are a valuable complementary dataset
because it provides absolute ages for the sediments and allows timing of the events
recorded by these strata. The biostratigraphic ages also help to constrain the time
correlation of some the units, for example units S.III and S.II are coeval with S.V,
this could not be inferred from the seismic data only. However, confidence in the
biostratigraphic ages is dependent on the quality of the bioevents (quantity and
quality of the fossils) and on depositional environment (e.g. turbidites). This
chapter presents the biostratigraphic ages as shown on Figures 6A & C and
discusses the ages of the units described in the previous chapter based on the
biostratigraphic results. M. Watanabe confirmed the value of the dates in the
deeper stratigraphy at S1244, S.1245 and S.1246, he was less confident on the ages
inferred from the shallower fossil events at these same sites (oral and written

commun., 2003).

Units S.VII was sampled at the bottom of S1252, S1251 and S1244 and
interpreted during the ODP Leg 204 to represent the accreted abyssal plain
sediments (Shipboard Scientific Party, 2003). At S1252 and S1251 these strata
were assigned to 1.6 Ma and 2 Ma (Fig. 6A & C). Unit S.VII was reached at the
bottom of S1244 (Fig. 6A). Two biostratigraphic events suggest an age of 1.6 Ma
at 244 mbsf and of 2 Ma at 314 mbsf for these well-lithified claystones.

Unit S.IV was sampled along the NS transect. A fossil event younger than 1.6
Ma was found at S1247. At S1245 biostratigraphic results suggest an age between

1.15 and 1.6 Ma for the whole sequence between seismic horizons A and A’ (Fig.
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6). The 343m thick unit at S1245 is coeval with less than 30m at S1251 (Fig. 6C),
~45m at S1252, and ~30 meters at S1244 (Fig. 6A). However, strata of S.VI in the
southern part of the survey have not been cored. These are interpreted to be older
than S.III and younger than 1.6 Ma. We interpreted the strata of S.VI to be older
than S.IIT based on a conspicuous onlap surface that separates both units locally
(Fig. 12A, upper extension of F2). The relation between S.VI strata and S.V strata
supports the interpretation. S.V strata are coeval to S.III strata. S.VI built the
western flank of anticline B, these strata are clearly older than S.V (Fig. 6A) and
hence older than 1.0 Ma (Fig. 6A). The maximum age of S.VI is inferred from the
1.6 time map interpreted on 2D line NS3 (Fig. 7).

Unit S.V was sampled at S1251, the strata were assigned an ages between 0.3Ma
and 1.0 Ma old. This age corresponds to the age of S.III and S.II strata. No

arguments could be found to divide this seismic unit as are units S.III and S.II.

Ages of the S.III strata are inferred to be between 1.15 and 0.5 Ma from the
cores retrieved at the four sites along the NS transect (S1250, S1248, S1247 and
S1245). However, Unit S.II at S1244 is assigned an age between 1.0 to 0.5 Ma at
S1244. These ages are considered as confident by the micro-paleontologist (M.
Watanabe, 2003, oral communication), which restrain the age of S.III strata to
between 1.15 and 1.0 Ma. This is also the age of the lower part of S.V strata on the

eastern limb of anticline B.

Unit S.II includes the two marker horizons B and B’ these were cored at S1244
and S1246. At S1244, the upper 91.13 mbsf (above horizon C on Fig. 6) are dated
less than 0.3 Ma based on a diatom event and less than 0.46 Ma old based on the
nannofossil found. Because diatoms are common to abundant in the upper 120
mbsf, while nannofossils are barren or of trace abundance in the whole length of
the core, and because no seismic evidences for hiatus or erosion can be observed in

the 100 mbsf region around S1244 to explain the juxtaposition of these two ages, it
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seems likely that reworking of the sediments explains the presence of P.Lacunosa
(0.46 Ma) at this shallow depth, which is why the 0.5 Ma event was not located on
Figure 6A. At S$1246, two fossil events suggesting 0.3 Ma old strata are observed,
one at 22 mbsf and one at 80 mbsf. It is simple to explain the presence of older
fauna at shallow depth by reworking of sediments in particular since the upper
sample was taken within a turbidity event. Considering the 0.3 Ma old deeper
sample, we infer an age of 0.3 Ma for horizon B. At S1244, a nannofossil middle
Pleistocene acme zone (1.0 Ma) can be identified at 200 mbsf with good
confidence and be supported by the siliceous fauna. Diatoms and nannofossils
found between 230 and 240mbsf (1.6 Ma in age) are likely to be part of reworked
sediments because this interval is noted for a high concentration of turbidites. This
leads to the age between 1.0 and 0.3 Ma for Unit S.II. (Fig. 6). Correlation of the
ages between S1244 and S1246 suggest a major hiatus between 0.5 and 1.0 Ma
followed by a drastic increase in sedimentation rate 0.3 Ma. This leads to an age of
1.0 Ma for horizon B’ while horizon B is 0.3 Ma old. The lower boundary of unit
S.IT was merged with the 1.0 Ma time line that is parallel to B’. Western extension
of seismic reflections above horizon B’ are onlapping onto horizon Y to the west,
which, considering the ages inferred above, imply 1.0 to 0.5 Ma old strata
onlapping onto a 0.5 Ma old surface (horizon Y). In addition extension to the east
of the 1.0 Ma event cored at S1245 and the geometry of Horizon B’ (also 1.0 Ma)
suggest the duplexing of the S.IIT strata (Fig. 6A). We propose a seaward vergent
thrust fault that disrupts S.III strata causing their duplexing between S1245 and
S1246, under the southern HR summit (Fig. 6A). This 2™ order thrust
accommodated the shortening during the uplift of the central region (see structure

section).

Two fossil events date Unit S.IB older than 0.3Ma at S1252, but these were
found within the mudflow DBF1 and hence are likely to come from the recycled

sediments. Instead seismic stratigraphic correlation with S1244 suggest an age of
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0.3 Ma and younger for Unit S.IB and younger than 0.2 Ma for Unit SIA. Within
the basin, a change in color within the clay similar to the one found at S1251 and
S1252 is regionally identified throughout the central Cascadia margin and is
typically interpreted as the transition from Pleistocene to Holocene sedimentation

(1.1 Ka) (Shipboard Scientific Party, 2003).



74

6.STRUCTURAL GEOLOGY

6.1 Regional structures

Regional structures surrounding Hydrate Ridge (HR) are largely controlled by
the subduction style and rate of the Juan de Fuca Plate beneath the North America
plate. The Astoria fan does not only supply most of the sediments composing HR
today, it also plays a major role in the structural geometries of the region. The high
sedimentation rates within the fan lower the friction at the decollement, which is
responsible for the dual thrusting regime observed along the deformation front of
Oregon and Washington (MacKay et al, 1992, Mac Kay, 1995). Hydrate Ridge is
locate landward from the southern end of the fan which is why it is located at the

transition zone between the two different thrusting regimes (Fig. 2).

The frontal thrust-faults are offset by left-lateral strike-slip faulting on the
Oregon continental margin (Goldfinger et al., 1996). These strike-slip faults
accommodate the oblique component of the Cascadia subduction zone (Fig. 1).
Two of these left-lateral strike-slip faults, Daisy Bank Fault and Alvin Canyon
Fault bound Hydrate Ridge to the north and to the south, respectively (Goldfinger
et al., 1996). They may cause HR to act as an independent block rotating

clockwise between the two strike-slip faults (J. Johnson, oral commun., 2003).

6.2 Structures on southern Hydrate Ridge

The bathymetry of southern HR is controlled by deep subsurface structures
identified in the seismic sections (Fig. 8). While these structures were mentioned
in the description of seismic units sections, we present their major features in this

chapter. Further analysis on the nature of the strain expressed by these features
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will be discussed in the tectonic evolution chapter in conjunction with the restored
cross-sections presented on Figures 22 and 23. The southern summit of the ridge
coincides with a dome-shaped feature that affects unit S.VI best seen on the time
map of horizon K (Fig. 8A). Two buried elongated bathymetric elevation, named
anticlines A and B (Fig. 8B) are also still an expression on the bathymetry.
Anticline A corresponds to a secondary bulge on the eastern flank of the dome,
anticline B corresponds to a complex fold buried in the adjacent basin (Fig. 6A).
The crestal line of the current ridge coincides with the hinge line of a secondary
fold that deforms younger slope-basin sediments (S.II). Further west, a NS-striking
fold can be mapped, buried under the western flank of the ridge, which we call
fold F (Fig. 6, 11). Stratigraphic and structural analysis of younger slope-basin
sediments provides insight on the most recent activities and evolution of these

deeper features. The structural features are present in order of their formation time.

6.2.1 Anticline B

Anticline B (Fig. 6, 8) is interpreted as a buried thrust related fold, formed at the
deformation front east of the fold F. Internal facies are chaotic and indicate a high
degree of tectonic activity. Anticline B is a prominent buried anticline on the
northern EW sections (Fig. 6A, B), but vanishes to the south (Fig. 6C, D).
Progressive fanning of the strata on the eastern side of the feature suggests that the
major growth period of the feature occurred during the deposition of S.V (1.0 to
0.3 Ma). However, the geometry of the angular unconformities within S.VII
suggests that the fold formed prior to 2 Ma (see Fig. 6, 22). This old age is also
supported by the geometry of S.VI strata (1.6 - 1.0 Ma), which pinch-out against

the anticline B.

Anticline B is bounded by a sharp buttress unconformity U (Trehu et al., 2003a)

(Fig. 6,9, 21). The slope-basin strata downlap onto the feature, providing evidence
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that anticline B represented a bathymetric high at least 0.2 Ma ago (minimum age
of Unit S.IB). The progressive tilt and bending of Unit S.II, and S.IB strata and
onlap of these onto the flanks of anticline B suggest progressive subsidence of the
feature relative to the main ridge and eventual burying by Unit S.IA since ~0.2
Ma. The configuration of Unit S.IA strata also suggests activity of the anticline in
the same period of time. This may be explained by the ongoing EW compression
regime inferred from the multiple tectonic events throughout the history of the

ridge.

6.2.2 Dome

Mid to late Pleistocene slope-basin strata onlap onto a dome-shaped feature,
which is delineated by horizon K (Fig. 8A). Anticline A is a bulge on the eastern
flank of the Dome. Its distinct NS elongated summit can best be seen on a time
map of horizon K (Fig. 8A). The shapes of the Dome and of anticline A control the
extension to the east of S.III strata (Fig. 15A), of S.II (Fig. 15B) and of S.IB (Fig.
15C). Both the Dome and the anticline A are defined by the onlapping of the
overlaying strata against the paleo-relief. Extension of Unit S.IB in particularly
follows the shape of anticline A (Fig. 8 & 15C). But the existence of the relief
between 1.15 and 1.0 Ma as presented on Fig. 22 is inferred from the pinching-out
of S.III strata to the east. This interpretation is supported by the restored cross
section of EW line 300, on which anticline A was interpreted as a relief based on
the termination of the S.II strata and on the folded shape of the reflections that
build the anticline (Fig. 6C; 6000 — 7500 m, 1.34 — 1.9 sec). The Dome’s
formation occurred prior to 1.0 Ma (age of S.III). Deeper strata are too deformed

to reconstruct the evolution of the dome itself.
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6.2.3 Fold F

The most prominent fault-related-fold (fold F) deforms Unit S.IV and controls
the geometry of S.III strata in the western region of the survey (Fig. 6). The fold is
a NNE striking, doubly plunging fold. The seismic survey encompass only its

northern half, which is plunging by ~3 degrees.

The interpretation of the fold as a thrust-fault-related fold is based on: 1-The
reconstruction of the fold’s evolution inferred from the geometry of the strata,
which suggests a thrust fold in the hanging wall and the foreland basin in the
footwall of fault F1. This model explains the depocenter forming east of the fold.
2-The similarities between the tectonic structures observed at southern HR and
their similarities with the imbricated trust faults studied by Flueh et al. (1998) on
the accretionary prism offshore Washington. 3-The tectonic setting of southern
HR; imbricated thrust faults are one of the mechanisms common on accretionary

prism to accommodate the shortening concomitant to the subduction (Seely et al,

1974).

Two splays F1 and F2 of the deeper-rooted thrust fault system could be mapped.
Fl was inferred from the small interlimb angle of fold F (Fig. 6). F2 is a
conspicuous termination surface is good to map in the deeper stratigraphy in the
north (Fig. 6A) and in the lower stratigraphy in the south (Fig. 12). It is interpreted
as a thrust fault based on its geometry and it position relative to fold F. It disrupts
younger strata than does F1 suggesting more recent activity than F1. However, no
offset could be clearly defined neither from the seismic data despite its
conspicuous seismic image nor from the biostratigraphy (see Biostratigraphy
chapt.). No significant changes in velocity between S1244 and S1245 were

measured that could account for distortion of the profiles due to velocity effects.
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6.2.4 Syn- and post deformation recorded within S.II strata; uplift of
southern HR

Contours on the time map of horizon B (Fig. 16) show an anticline plunging to
the NNE. The fold is slightly asymmetrical, with the northeast limb dipping more
steeply than the western limb. Note that the hinge line of the fold corresponds to
the current summit of southern HR (Fig. 8A & 16), but more important it also
parallels the strike of F2 (Fig. 11), which suggests a correlation between the more
recent activities of fold F and the folding of S.II strata. The eastern limb of the fold
is more prominent and is disrupted by NS-striking normal faults (Fig. 6A, 16).
Discrete stepwise thickening of the interval between the stratigraphic horizon B,
B’ and C along the faults were interpreted as evidence for growth strata which
imply syn-sedimentary faulting (Fig. 17). The NS striking normal accompanied the
folding, which is interpreted as a fault-bend folds that formed concomitant to a
seaward vergent reverse fault. The thrust fault is inferred from the duplexing of

S.III strata (Biostratigraphy chapt.).

The S.II strata are also deformed by a post-sedimentary monocline. (Fig. 6A &
B, 16), which partly affected S.IB strata. The monocline maybe a drape fold that is
the surface expression of a buried seaward vergent normal fault that accommodate
the subsidence of the basin relative to the ridge. Alternatively it may be the surface
expression of a blind landward vergent reverse fault, not mapable because of the

low coherency within Unit S.VL
6.2.7 Fault system E
The normal fault system E accommodates the subsidence of the eastern basin

relative to the southern HR. Two fault-splays are shown on Figures 6C and D, they

strike NS. The offsets of the faults average around 0.2 sec and sum up to a total
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offset of 0.5 sec (~387 m) that disrupts S.VI strata in the southern part of the
survey. The offset decreases to zero to the north. This NS variation correlates with
the uplift style of the ridge. In the south, early-Pleistocene strata are being uplifted
a few hundreds of meters (387 m) over just about 1km horizontally along the faults
E. While north of southern HR culmination, the younger strata are not disrupted
(Fig. 18A), They geometry suggest syn-deformation sedimentation gradually
compensating the tilt of the slope (Fig.20). The uplift is inferred to have occurred
most recently, that is during the deposition of S.IB, less than 0.3 Ma. These strata
were not disrupted by the faults, which is explained by syn-faulting sedimentation

filling the offset.
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Figure 22: Sequence of structural evolutionary cross-sections of EW line 230
(Fig. 6A). The section is located in the north of the survey; it runs across the young
slope basin deposits. Retro-deformation of the strata to their original geometry was

achieved using rule of constant length and surface and the help of vertical and

horizontal pine lines as reference (marked by a black lines and red nail).
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Figure 23: Sequence of structural evolutionary cross-sections of EW line 300 (Fig.
6A). The section crosses the summit of southern HR, which encompasses the
Dome and the shallowest region of fold F. Both restored cross sections, EW230
and 300 were chosen to cross as many ODP sites as possible in order to have a
maximal time constrain for the reconstruction. Retro-deformation of the strata to
their original geometry was achieved using rule of constant length and surface and
the help of vertical and horizontal pine lines as reference (marked by a black lines
and red nail). (anticline A = A.A; anticline B = A.B).
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Figure 24: Four successive paleo-bathymetric maps constructed based on the
structural evolutionary sections presented on Figure 22 and 23. Bathymetric highs
and lows of the maps can be inferred from the named structural features: fold F
(F.F); the Dome; anticline A (A.A); anticline B (A.B), southern HR (SHR). The
colors represent the depocenters for each unit. Gray shaded areas corresponds to
two speculated slope-failure-events-surfaces discussed in chapter 7. (See appendix
A for the legend).
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7. TECTONIC HISTORY OF SOUTHERN HYDRATE RIDGE

The depositional and structural history presented in this section results from the
compilation of the seismic sequence stratigraphy, the ODP biostratigraphy and the
structural observations presented in the previous chapters. The results were
summarized and completed into a time-series of cross-sections (Fig. 22 and 23).
Structural restoration of southern HR was achieved by sequential removal of the
effects of deformation. Initially the horizon to be flattened was backstripped and
the remaining strata modified for the effects of post-sedimentary deformations.
Fault displacements were removed and then folding deformation was removed by
unfolding the particular horizon to horizontal. Because the goal was to obtain a
first step approximation of the evolution of southern HR, plane strain could be
assumed, allowing application of the constant bed length and the constant area
rules. Some unit boundaries had to be approximated for they are poorly
constrained by the data. Horizontal original bedding was assumed. We also
interpreted the absence of deposition sequences as evidence for paleo-bathymetric
highs that either impeded the deposition or caused slope failure events. The
construction of the structural evolutionary cross-sections was performed on two
EW present-day sections: EW line 230 (Fig. 22) and EW line 300 (Fig. 23). These
sections cut across most of the ODP sites and hence contain a maximum of the
absolute time constraint. EW line 230 represents the northern part of the survey
area where the slope-basins S.III, S.IT and S.IB are prominent and provide detailed
information on the late-Pleistocene geology. EW line 300 presents a profile across
the shallowest part of fold F and across the Dome. It includes Unit S.VI and VII
and provides better resolution for the tectonic reconstruction of the early-
Pleistocene events. Comparison of both sections illustrates the important NS

stratigraphic variations within the survey area.
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7.1 Early Pleistocene; 1.6 - 1.15 Ma

Early Pleistocene sediments cored at southern HR correspond to deep-sea
Astoria fan abyssal plain sediments (see Geological setting) accreted onto the
accretionary complex offshore Oregon (Units S.VII, S.VI, S.V, S.IV see Appendix
C). High syn- or post-sedimentary deformation appears to have destroyed most of
the original structures of these strata (S.VII). The oldest deformation event clearly
recorded by the strata is within unit S.IV and is the growth of the thrust-related-
fold F (Fig. 6, 11). Evolution of fold F started in the time between the deposition
of horizons A’ and A, which, based on the biostratigraphy, corresponds to 1.15 Ma
(Fig. 10). The folding most likely occurred at the deposition front. The hinge line
of fold F strikes NS, suggesting an EW strain, which supports the model (Fig. 11).
Strata coeval to S.IV are not cored at S1244 (Fig. 6A, 7). But unit S.VI was
assigned to between 1.6 and 1.0 Ma based on seismic interpretation shown on
Figures 7 and 12. These early-Pleistocene strata pinch-out against anticline B (Fig.
6C, 23), which implies that anticline B formed a relief prior to 1.6 Ma, prior to
fold F. This interpretation is supported by angular unconformities interpreted as
suggesting tectonic activity of anticline B more than 1.6 Ma, prior or during the
early Pleistocene. In addition, thick series of glauconite-rich sand layers, retrieved
at S1252 and S1251 within S.VII suggest a relatively long period of quiescence
(Leeder, 1999) expected, for example on top of an anticline and support the model

of anticline A being older than fold F.

The dome is a dome-shaped feature observed on the time map of horizon K (Fig.
8A). Its origin is not resolvable; it would require among others a better resolution
of the deeper stratigraphy. Timing of the formation of the feature is little
constrained. Wavy to chaotic seismic facies of S.VI suggest the strata were subject
to intense syn- and/or post-deposition deformations prior to 1.0 Ma but they do not

provide any information on the type of deformation (Fig. 6, 7). Joel Johnson
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(2003, oral commun.) proposes the dome to be the remnant of a seaward-vergent-
thrust related fold preceding the landward-vergent-thrust-related fold F. This
model would explain the presence of early Pleistocene to Pliocene strata in the
footwall of the younger (1.2 MA) fold F (Fig. 6A). However, uplift of the region
during the middle Pleistocene is recorded in the upturn of the S.II strata that are

onlapping onto the dome (Fig. 7).

7.2 early to middle Pleistocene; 1.15 - 0.3 Ma

Fault-bend fold F was active during the deposition of Unit S.III. This is
evidenced by the divergence of the strata on the flanks of the fold (Fig. 6). S.III
strata were interpreted as onlapping onto the upper extension of F2 (Fig. 12).
Hence three paleo-bathymetric-highs can be inferred to have controlled the
extension of S.III strata; fold F to the west (Fig. 6), the Dome to the south (Fig.
8A) and anticline A to the east (Fig. 22 and 23). A similar relief (same highs)
controlled the extension of unit S.II (Fig. 15B). (Fig. 22 and 23). Anticline A is
located on EW lines from Figure 6, and is mapped on Figure 8 as a secondary
bulge on the eastern flank of the Dome. But this paleo-high was strongly deformed
and disrupted during the uplift of the current southern HR and is barely
recognizable today. Sequential retro-deformation of the structure was achieved by
looking at the termination of S.IIT (Fig.12) and S.II (Fig. 6A) against it (Fig. 22,
1.0 and 0.3 Ma). It is a secondary bulge on the eastern flank of the Dome and
appears as a bathymetric high between 1.0 and 0.3 Ma on the structural restored
cross sections of EW line 300 (Fig. 23) and EW line 230 (Fig. 22). The sediments
of S.III and S.II are very similar to abyssal plain sediments in their lithologic
composition and grain size and frequent turbidity deposits were observed within
the strata. Because of the tectonic setting, decoupled from the Astoria fan, these
sediments must be recycled abyssal plain sediments. In other words, they were

shed from the top of the anticlines, which newly formed concomitant to the
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ongoing accretion of the abyssal plain sediments. This material was then ponded
into the adjacent slope basin, in this case the basin constrained by fold F, the Dome
and anticline A (Fig. 24 1.0, note that at the end of deposition of S.II strata, fold F

was covered and did not appear as a bathymetric high anymore, Fig. 24, 0.3 Ma).

The onlapping of S.III strata onto F2 (Fig. 12A) imply an older age than 1.0 Ma
for S.VI strata and the absence of strata coeval to S.III deposits in the central
region of the survey. This is accounted for by the presence of anticline A in the
restoration of the original geometries as discussed in the section above (Fig. 22
and 23). However, based on the biostratigraphic ages, S.V strata in the current
basin on the eastern flank of anticline B are coeval to S.IIT and S.II. These strata
are divergent as the result of the syn-sedimentary activity of anticline B. Unit S.V
strata lay unconformable onto S.VII strata with a very small angle (Fig. 6)
suggesting a relatively low relief of anticline B 1.0 Ma. This implies that the major
uplift of anticline B occurred during deposition of S.V, between 1.0 and 0.3 Ma
(Fig. 22 and 23).

Today, the western flank of anticline B consists of S.VI (1.6 to 1.0 Ma) (Fig. 6C,
D). The absence of S.V-coeval strata on the western side of anticline B suggests
either a continuous high between anticline A and anticline B that did not provide
any accommodation space for sediment deposition in this region or an erosion
event as proposed on Figure 22 and 24, between 1.0 and 0.3 Ma (red line Fig. 22,
0.3 Ma, gray shade on Fig. 24). The occurrence of a slope failure during the
middle Pleistocene along horizon K on the northern flank of the Dome/anticline A

would also explain the sudden truncation of S.VI strata to the north as observed on

2D line NS3 (Fig. 7).

Unit S.IT shows a migration to the east of the depocenter relative to Unit S.IIL. As

discussed above, the unit’s extension is still controlled by fold F, the Dome and
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anticline A (Fig. 22 and 23). The eastward migration of the depocenter is due to
the uplift of its western edge. In the mean time, a 2" order fold (1km wide) which
strikes NNE, strictly parallel to F2 (Fig. 11) deforms the S.II strata beneath the
current crest of southern HR (Fig. 16). A seaward-vergent thrust fault is inferred
from the fold and the duplexing of the S.III strata inferred from the biostratigraphy
(see Biostratigraphy chapter) (Fig. 22 and 23). The thrusting and folding is
accompanied by syn-sedimentary normal faulting beneath the crest (Fig. 16, 17),
which provides a time constrain for the deformations to the middle Pleistocene
(deposition period of S.II). The strike of the fold is parallel to the strike of the fault
F2. F2 appears as the younger of the two blind splay of thrust fault system F (see
Structure chapter, Fig. 12). This correlation suggests that the deformations
observed within S.II are related to the thrust system F. It also suggest a clockwise
rotation of the maximal strain axes from EW (Hinge line of fold F, Fig. 11A) to

WNW Hinge line of the fold within the slope-basin strata S.II, Fig. 16)

S.V strata are truncated at the erosion surface U (Fig. 21A & B). The strata are
assigned to less than 0.3 Ma based on the biostratigraphic results at S1251 (Fig.
6C), which hence is the maximum age for the erosion event U. Unconfomity U can
be mapped on the seismic sections in the southern flank of anticline B (Fig. 9). The
erosion event capped the anticline between traces 600 and 800 (Fig. 6, 9). Because
the north erosion surface is currently dipping to the south, and there is no
indication for a tilt of the strata to the south, we suggest that the event U
correspond to a slope failure along the southern flank of anticline B that truncated
S.V strata (Fig. 23, 24). This event possibly occurred during the culmination of the
uplift of anticline B, which we infer to have grown between 1.0 and 0.3 Ma from

geometry of unit S.V (see red line in Fig. 22 and 23 and gray shade on Fig. 24).

In summary, early to middle Pleistocene strata S.III and S.II correspond to a

period of intense tectonic activity. They recorded the growth of both thrust
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anticlines; fold F and anticline B (Fig. 22 & 23). Two gravity driven slope failure
events were inferred to have occurred at the culmination times of the uplift of
anticline A and of anticline B respectively (Fig. 24). Additionally, the depositional
patterns of the strata were influenced by a bathymetric high in the southern part of
the survey (Fig. 15, 24). At that time, the current southern HR was not formed yet.
Unit’s S.VIIL, VI, IV strata are interpreted as abyssal plain sediments (Appendix B,
see Seismic Sequence Stratigraphy chapter). Unit S.IIT and S.II lithology is very
similar to the one from abyssal plain deposits, but the depositional setting of the
S.III and S.II was decoupled from the Astoria fan source as discussed above (Fig.
22 and 23). Hence, the deposits consist of recycled abyssal plain sediments coming

from the surrounding bathymetric highs.

7.3 Middle Pleistocene - 0.3 - 0.2 Ma

Unit S.IB strata recorded the uplift of the current southern HR during the middle
to late Pleistocene (Fig 18, 19 and 20). Bending of the S.II strata accommodated
the uplift of the current ridge, which formed a monocline (Fig. 6, 22, 0.2 Ma). In
the south, offsets along splays of fault system E can be observed disrupting the
deeper stratigraphy (S.VI strata) in the transition zone between the ridge and the
basin to accommodate the uplift (blue on Fig. 6C & D, Fig. 23). Offlapping of the
S.IB strata (Fig. 18) shows an increase in uplift rate versus sedimentation rate (Fig.
5), which coincide with the uplift period of the current ridge to the west of the unit
S.IB. Within the same strata, the increased importance of the pelagic sediments
with time is observed (appendix B). This is interpreted as the result of the
decoupling of the slope-basins from the Astoria Fan concomitant to the accretion
and the progressive mixing of pelagic components out of the water column. The
decoupling was already inferred from the geometry of units S.IIT and S.II (see

paragraph above).
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7.4 Late Pleistocene —Holocene - 0.2-present

Onlap-geometry of the SIA strata (Fig. 6) implies that the anticline B
represented a bathymetric high prior to the deposition of the unit. Anticline B
represented a prominent bathymeric high within the current adjacent basin in two
separate depocenters until very recently (less than 0.3 Ma), before being buried by
S.IA sequences (Fig. 6, 24D). Increase in dip of the layers with time and the two
mudflow deposits (DBF1 and DBF2 on Fig. 4, 6 and appendix B), as well as the
thinning of the beds against the flanks of the main anticline, are evidences for the
ongoing relative subsidence of the basin during the deposition of S.IA, probably
corresponding to the continuation of the uplift of the current ridge recorded within
S.IB strata (see section above). In addition, contemporaneous thinning and upturn
of the strata against anticline B suggest ongoing of the compression recorded in the

older deposits of the region.

7.5 Summary

The succession of deformation events, as reconstructed for the early Pleistocene
strata at southern HR (units S.VII, S.VI, S.V, S.IV) begins with thrusting and
folding of Astoria deep-sea fan deposits at the deformation front as the strata were
accreted to the accretionary complex. The Dome is speculated to result from a
seaward-vergent thrust fault. It probably preceded anticline B and the landward-
vergent-thrust-bend fold; fold F. Even so, anticline B started forming prior to fold
F, the major activity period of both anticlines occurred between 1.2 and 0.3 Ma. In
other words, the anticlines grew continuously as accretion was going on. Early to
middle Pleistocene strata (units S.III, S.V and S.II) consists of recycled abyssal
plain sediments shed from the bathymetric-highs and ponded into the depocenters.
The depocenters are the slope-basins that resulted from the folding of the abyssal

plain strata into several anticlines mentioned just above. Compression of the strata
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was still ongoing; during the sedimentation within the slope-basins a seaward
vergent thrust disrupted and folded the slope-basins to accommodate the
shortening. The hinge line of the fold and the strike of the older, landward thrust
fault suggest a connection between fold F and the fold deforming the slope-basin
sediments. Middle to late Pleistocene strata (unit S.IB and S.IA) record the
beginning of the uplift of what is today southern HR. The relative uplift is
accommodated by normal-faulting in the south, but upturn of the younger most
slope-basin strata against the ridge suggest the continuation of the EW
compression regime. The gradual increase in pelagic content with time within the
younger slope-basin sediments corresponds to the decoupling of the depocenters
from the Astoria fan and the increased importance of pelagic sedimentation on top

of the accretionary complex.
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8 IMPACT OF THE STRATIGRAPHY ON GAS HYDRATES AND
FLUID FLOW

8.1 Effects of tectonic uplift on gas hydrates

Gas hydrates probably initially formed at the deformation front when abyssal
plain sediments began to be uplifted because the decrease in pressure associated
with tectonic uplift of the sediments caused a decrease in the solubility of methane
dissolved within the pore fluid. The gas hydrates may have begun to form as early
as 1.6 Ma within anticline B and/or within the Dome. Later formation of fold F
(1.2 Ma) may have induced formation of gas hydrate in the western part of the

survey as well.

As the uplift continued (between 1.2 Ma and today), so did the associated
decrease in solubility, increasing the available quantities of methane. Worldwide,
gas hydrates are commonly found at water depths more than 300 — 500m. In such
water depths, the base of the gas hydrate stability zone (GHSZ) seems to be
located hundreds of meters below the seafloor (Kastner, 2001). If gas hydrates
formed in the early Pleistocene within the sequences studied in this thesis, as
hypothesized above, then they were probably laying at hundreds of meters below
the seafloor. During tectonic uplift, as the water depth decreased, the gas hydrate
stability field migrated upward in the sediment column because of the decrease in
pressure caused by the uplift (Pecher et al. 2001) (Fig. 25). Upward migration of
the hydrate stability field was additionally enhanced on the northern flank of
southern HR summit and in the eastern basin by the sedimentation, which induces
the upward movement of the isotherms (Fig. 25). Thus, we can infer an upward
migration of the BHSZ within the sediment column, from a few hundred meters

below the seafloor to approximately 100 m beneath the seafloor where it is
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observed today. Upward migration of the GHSZ within the sediment column was
accompanied by the decomposition of hydrates at the base of the gas hydrate zone.
The methane thus released probably migrated upward to be recycled at the base of
the GHSZ. The processes described above are enhanced by upward migration of
fluids that accommodates dewatering of the prism. The gas hydrate system act as a
semi-permeable cap that, to some extent, impedes upward migration of the free

gas, causing it to pool at the base of the hydrate bearing layers (Pecher et al. 2001).
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Figure 25: A) Phase diagram for methane — water (red curve) as a function of
temperature and pressure (and equivalent depth). Also shown is the base of the
hydrate stability field for the water depth and temperature gradient for southern
HR summit. Note that the position of hydrate stability field is affected by water
temperature, uplift, subsidence, fluid flow, salinity, etc. B) Uplift tectonism and
BSRs, after von Huene and Pecher [1999]. Uplift on the Peru lower slope causes
an upward movement of the base of the GHSZ with respect to the sediments
column because the associated pressure decrease moves GHSZ towards lower
temperatures (‘pressure effect””). Sedimentation causes an upward movement of
isotherms and hence the base of the GHSZ (“temperature effect”). An upward
movement of the base of the GHSZ in the sediment column is predicted to lead to
dissociation of gas hydratesand generation of free gas at the base of the GHSZ
causing BSRs. (out of Pecher et al., 2001)



97

8.2 Double-BSR as a relict of the tectonic uplift

The Bottom Simulating Reflector (BSR) is a strong, conspicuous reflection
commonly interpreted as marking the base of the GHSZ. In several parts of the
3D survey, a second reflection B is observed approximately parallel to and
underlying the BSR. It is most apparent beneath the western flank of southern HR
(Fig. 12B). The deeper reflection appears discontinuous beneath the ridge in
regions where the BSR crosses the deeper stratigraphy of Unit S.VI (left marked
feature on Fig. 26, distance: 5500m - 6500m). The amplitude of this event is much
lower than that of the BSR, which is strong and continuous. The origin of the
deeper BSR is speculative, possibly a magnetic relict of the ancient base of the
GSHZ (Musgrave et al., 2003). A deeper paleo-BSR implies the uplift of the base
of the gas hydrate system as inferred from the tectonic history of the southern HR.
The uplift occurred 0.2 Ma and hence can explain the upward movement of the
base of the GHSZ within recent geologic time, as required by the model of
Musgrave et al. (2003).

A double BSR can also be observed in the syncline between anticline B and the
ridge (Fig. 26. distance: 7300m — 8100m). Here the deeper of the two reflections is
much brighter and shingled in character. The expected depth of the base of the
GHSZ at 1099 m water depth, assuming 3°C seafloor temperature and a geotherm
of 0.055°C /m as indicated by Leg 204 data (Trehu et al, 2003b) is 189 mbsf wich
was found to correspond accurately to the upper, faint BSR (Fig. 26). We
speculate that the deeper of the two reflections corresponds to an ancient zone of
highly concentrated gas hydrates close to the ancient base of the GHSZ, similar to
the one inferred today at S1251, based on the chlorinity and temperature anomaly
(Trehu et al., in press). As the base of the GHSZ moved upward due to the uplift
and the sediment accumulation, this gas hydrate layer decomposed, leaving a zone

rich in free gas, which is recorded in the seismic volume as a bright shingled BSR
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~30m beneath the actual base of the GHSZ. Low permeability of the slope basin
sediments may have impeded the upward movement of the free gas. If this
scenario is true, the accumulation of free gas beneath the GHSZ may cause a
significant slope failure hazard, for free gas weakens the sediment layers and is
related to shale mobilization observed in mud volcano studies (Dillon et al., 2001).
This type of scenario could potentially have played a role in the two gravity-driven
slope failure events inferred to have happened between 1.0 and 0.3 Ma (in red on

Fig. 22 and 23).
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Figure 26: EW section from the 3D migrated seismic volume showing two aspects
of the double BSR discuss in the text (see Fig. 6C for location).
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8.3 Gas hydrate distribution and faulting

An overall higher concentration of gas hydrates at S1244 and S1246 relative to
the other sites is probably due to the presence of normal faulting within Unit S.II
(Trehu et al., in press). The faults provide pathways for the free gas into the
GHSZ, across the strata that appear to be otherwise impermeable (see paragraph
above and conclusion of section 8.5) (Rowe & Gettrust, 1993). The new pathways
across the gas hydrate stability zone, allowed removal of the free gas from beneath
the gas hydrate occurrence zone possibly lowering the slope failure hazard. The
unit’s sediment layers differ from each other in their grain sizes (Shipboard
Scientific Party, 2003; sites 1244 and 1246). This is imaged in the seismic data by
the highly variable amplitudes observed within the unit. The pervasive offsets of
these strata lead to a patchwork of host-lithologies more or less suited for gas
hydrate formation, which was found to be very sensitive to the grain size of the
host-sediments (Weinberger et al., 2003). This may explain the highly
heterogeneous distribution of gas hydrates as indicated by discrepancies in gas

hydrate concentration between boreholes at the same site (Trehu et al., in press).

8.4 Stratigraphy of horizon A

Horizon A is an anomalously bright reflection in the western part of the survey.
It was correlated with an ash-rich sediment layer at sites S1250, S1248 and S1245.
However, the ash was not observed at Hole 1247B, although the LWD data for
Hole 1247A was similar to the data for 1245, 1248 and 1250. This suggests a
strong lateral change in the stratigraphic character of horizon A between Holes
1247A and 1247B (Fig. 14). Further seismic stratigraphic analysis of the seismic
horizon reveals its dual stratigraphic origin as the ash-rich layer corresponds to the
correlative surface east- and northward of an angular unconformity, which

delineates a bathymetric high; (fold F in Fig.12, 13 and 14). This stratigraphic
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horizon channels free gas in a zone of otherwise impermeable strata (S.IV, S.III)
(see section 8.5 BSR amplitude) to the gas hydrate stability zone (Trehu, Fleming
et al., 2003). Underneath the summit of southern HR the gas pressure at the top of
horizon A was computed to be close to lithostatic pressure (Trehu, Fleming et al,,
2003), which allows the gas to break its way through the sedimentary column into
the seafloor. The region of vertical gas migration coincides with the region in
which the BSR and the onlapping line of the ash-layer onto the bathymetric high
join each other (white line on Fig.27). The transition from focused fluid flow along
horizon A to diffuse vertical fluid flow seems to occur where the ash-rich layer

laps onto the paleo-bathymetric high.

8.5 Relation between BSR amplitude anomalies and stratigraphy

The BSR is a conspicuous reflection with negative amplitude through most of
the 3D survey. It’s amplitude, however, varies greatly. Figure 27 shows the
variation in amplitude along the BSR overlain by the boundaries between the
stratigraphic units hosting the BSR. It shows four distinct zones of amplitude
anomalies. In the central-north region, the anomaly corresponds to the interference
between the BSR and the anomalously bright reflections B and B’ (Fig. 6, 17).
Hence this zone probably does not correspond to a real change in gas hydrate

content beneath the BSR. The three other zones occur within Units S.VII and S.VL

The most outstanding bright circle lies at the intersection between trace 680 and
line 220, where the BSR is beneath anticline B and lies in S.VII strata of Pliocene

and early Pleistocene age.

The second bright spot within the survey corresponds to the region in which the
BSR lies within S.VI strata. This anomaly is of greater extent and contains
amplitude variations that form rounded and linear patterns (Fig. 27). The geometry

of the amplitude anomaly is due to interference effects between the BSR and
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bright reflections. It reveals a stratigraphic organization of the sediments as seen
on seismic-cross-sections. (see the upper extension of F2 on Fig. 12, an angular
unconformity characterized by a zone of particularly bright reflections right
underneath it. The intersection between the BSR and the upper extension of F2 is

dashed green on the Fig. 27)

The third bright zone on the map corresponds to a local anticlinal feature that
deforms S.VII strata and formed a bulge on of the seafloor 1.6 Ma (Fig. 10, T1).
Again, the brighter BSR amplitude coincides with the oval zone in which S.VII
sediments host the BSR because of the uplift of older strata. ODP Leg 204
geochemical results suggest that mixing of fluids occurs within S.VI and S.VII
(Shipboard Scientific Party, 2003, summary), which implies a relatively high
permeability within the relatively lithified accreted sediments compared to the
younger slope-basin sediments. Additionally, these older strata, are characterized
by high amplitude relative to the younger strata suggesting the accumulation of
free gas in this zone. We speculate that the BSR amplitude anomalies are the result
of an increase of free gas below the younger slope-basin sediments, which confirm
the low permeability of these strata. This has an important impact on the fluid

distribution and supply of methane to the GHSZ.
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Figure 27: Amplitude map of the BSR overlain by the stratigraphy hosting the
BSR. The orange lines delineate the different host-units. The black dashed line
marks the approximate onlap line of the ash-rich-layer onto the bathymetric high.
The orange mesh shows the approximate zone of diffused gas leaving horizon A.
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9.CONCLUSION

Sequence stratigraphic interpretation of a seismic volume encompassing
southern Hydrate Ridge allows the reconstruction of the sedimentary environment
and tectonic evolution of the ridge during the Pleistocene. The subsurface of
southern HR consists of accreted, folded, early Pleistocene abyssal plain
sediments, which form three uplifted structures; fold F, anticline B and the Dome.
These anticlines were leveled out and buried by slope-sediments during the middle
to late Pleistocene. The middle to late Pleistocene sediments are likely recycled
abyssal plain sediments shed from the lower slope bathymetric highs present
during their deposition. They show an overall increase in their pelagic content and
a decrease in turbidity beds with time. These slope-basin sediments have recorded
a history of horizontal shortening due to the accretion. Three major tectonic
episodes have been identified from stratigraphy and seismic sequence analysis:

1 — Folding at the deformation front occurred 1.2 Ma.

2 — Compressional period, which corresponds to the progressive uplift of the
abyssal plain sediments onto the accretionary complex between 1.2 — 0.3 Ma.

3 — Formation of the modern ridge and of the eastern basin less than 0.3 Ma. The
formation of the eastern basin suggests an extensional phase in the eastern part of

the survey.

The tectonic model for the evolution of southern HR is presented in chapter 7
and illustrated in Figures 22 and 23. Although the origin of the dome cannot be
inferred from the 3-D seismic data, Johnson et al. (in preparation, 2004) suggest it
represents the southern continuation of a seaward-vergent thrust anticline, as
observed on regional seismic lines to the north. Although west of Hydrate Ridge
the modern deformation frontal thrust is seaward vergent, a brief period of
landward vergence (evidenced by fold F) occurred during early Pleistocene (1.2

Ma) time. The possible cause of landward vergence on this portion of the margin
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has been attributed to high basal pore fluid pressure initiated by the rapid
deposition of the Astoria fan during the Pleistocene (Seely, 1977). The change in
vergence direction with time observed here (seaward vergent dome to landward
vergent fold F to modern seaward vergence at the deformation front) is consistent
with a regional tectonic model proposed by Johnson et al. (in preparation, 2004)
which suggests a relationship between the evolution and southern extent of the
Astoria Fan sediments and the vergence change of accretionary wedge thrust faults

in this portion of the margin with time.

Sequence analysis of southern HR provides examples of how geology controls
fluid conduits. One example is horizon A, a coarse-grained, ash-rich layer that
focuses free gas towards the summit. Another is a series of normal-faults that
disrupt the middle Pleistocene slope-basin sediments and result in heterogeneous
gas hydrate distribution. In general, comparison of the stratigraphy with the BSR
amplitude anomalies shows a strong relation between the distribution of free gas
beneath the BSR and the BSR-hosting stratigraphy. It also confirms the low
permeability of the middle Pleistocene to Holocene slope-basin sediments that cap

Hydrate Ridge.

Tectonic uplift also affects gas hydrate distribution. Uplift of gas hydrate-bearing
sediments leads to the upward movement of the base of gas hydrate stability zone
(GHSZ). We hypothesize a localized, bright double BSR beneath the eastern flank
of southern HR results from a layer of hydrate concentration that was stranded
beneath the GHSZ as the GHSZ became shallower. This would result in
accumulation of free gas along the paleo-BSR. If this model is correct, it could

have significant consequences for the slope stability.
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APPENDIX A: LEGEND

This Legend apply to all figures included to this thesis.
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APPENDIX B: Correlation between seismic and lithology results at Site 1244 Photo. A. Close-up photograph of claystone,
typical of lithostratigraphic Subunit I

. ‘ . . v o (interval 204-1244¢-002h-06, 99-110cm).
Seismic Units Lithologic Units
Density
0 ]—= 49 —_—— — — —_—
g Velocity ) Unit S.IB =L.I at S1244 and along the NS transect. In the ridge region, the unit consists of dark greenish gray
. s|st gl 1 hemipelagic clay and silty clay with a low total biogenic content (<10%). The major difference between Unit I
[e] ° . @ . . g0 . . . g
] oo .| %0 B and II is in the frequency and thickness of turbidites. Unit I has a few thin turbidites (see Photo. A).
i i I A
S gl
100 - 3 100 2 i : : : . h | hotograph of
[ = Unit S.II = Unit L.II, Unit II has slightly thicker and more Photo.B. Close-up photograph of a
] o] . S| .. . turbidite from lithostratigraphic Unit Il
] | o il frequent turbldlte's (se.e photo. B an_d C)..Two reﬂectlons (interval 204-1244C-010H-5, 59-74 cm).
....... ol @ 150 ... B and B' mark this unit, they coincide with multiple
i . - B turbidites clustered and to thick zones and volcanic ash-
. & E % - | rich herizon respectively (Photo. D), which tie S1246 to S1244.
200 = 200 s
. _ L =k - — _
o 1 > N
S = — I s
8 1 3 250 ) . . : § om
& 1 4] |=~:=* | F |. Unit S.VII = Unit L.III at S1244. Coring at S1244 revealed a -
< ] g g relatively high degree of lithification for the deeper 1
Q . . . .
o 300 - SF J' 300 g stratigraphy and the presence of glauconites within
A n B the strata (Photo. E).
_ 2 E
] 350
B 50
e Photo.C. Close-up photograph of a turbidite from lithostratigraphic
400 Unit Il (interval 204-1244C-13H-4, 40-80 cm).The sand layerat 54 cm |
i marks the base of the turbidite. Above this coarse base, the sediment
- grades to the silty clay of the turbidite tail.Below the base of the
turbidite, the sediment is highly bioturbated. These characteristics
1 are common to most of the turbidites found throughout lithostra-
J tigraphic Unit II. 601
500 A 1

70+

Photo.E. Photomicrograph of glauconite from
lithostratigraphic Unit Il (Sample 204
-1244C-36X-3,98 cm).

Photo.D. Close-up photograph of ash layer (Horizon B) in lithostratigraphic
Unit Il (interval 204-1244C-27X-1,45-70 cm).The base of the ash is present at
61 cm.This horizon extends to the top of the section but is not seen in the
previous core because of poor recovery.
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i Photo. H. Close-up photographs
of lithostratigraphic Unit V.

A. A thick turbidite (interval 204-
1245B-51X-3, 15-30 cm [~448.45
mbsf]). Notice the visible forami-
nifers near the coarse base of the
turbidite, the parallel laminations,
and the cross bedding. B. Mud clasts
within the conglomerate of Unit V
(interval 204-1245B-53X-4, 15-27 cm
[-468.48 mbsf]).

O_Den51ty_

100

150

200

250

300

350

early Pleistocene

mid-Pleist.-Holocene

Unit S.IB = L.IT at S1252 and L.III at S.1244. In the ridge region, the unit consists of dark 5 % ¥ AS
greenish gray hemipelagic clay and silty clay with a low total biogenic content (<10%).

Unit S.I= L.IT at S12 is distinguished from the surrounding units
by an increase in coarser material and in turbidite frequency (Photo. A).

Unit S.IIl = L.IITA along the NS transect. It consists of clay and silty clay
with high-frequency turbidites and a high concentration of opal, it shows
a decrease in calcareous fossils at horizon A, which distinguishes Unit

— L.IITA from Unit L.IIIB, that is S.III from S.IV respectively. Horizon A
coincides with a ash-rich sediment layer (Photo. B and C).

Photo. C. Close-up photograph of volcanic glass-rich sediment and
ash sequences in lithostratigraphic subunit IIIA. A. Volcanic glass-rich

sediment and ash sequence (interval 204-1245B-21X-2, 84-103 cm
[~178 mbsf]). B. Graded volcanic glass-rich sand (interval 204-

1245B-21X-3, 104-113 cm ~180 mbsf]). C. Volcanic glass-rich sediment
and ash sequence (interval 204-1245B-21X-4, 13-59 cm [~181 mbsf]).

Unit S.IV = L.IIIB + L.IV + L.V along the NS transect. Sediments
consist of nannofossil rich silty claystones, interlayered with
thick turbidites, containing wood fragments. Unit L.IVA is
composed of nannofossil-rich clay and silty clay. It is marked

Th: degree of lithification increases to claystone within Unit L.IV.

cm
135+

Photo. A. Close-up photograph of a turbidite in lithostratigraphic
Unit II (interval 204-1245B-8H-7, 42-50 cm [75.79 mbsf]).

by an increase with time of biogenic opal (diatoms) (Photo. D). The frequent
turidites (from 5 to 20 cm thick at S1248) distinguish it from L.IVB (photo. E

Photo. E. Close-up photograph of claystone
with abundant bioturbation below a turbidite
with planar laminations from lithostratigraphic
Subunit IVB (interval 204-1245B-37X-1, 135-148
cm [~321 mbsf]).

Photo. B. Photomicrograph
of sand-sized volcanic glass

within the

Horizon A volcanic

glass-rich sediment and ash
sequence in lithostratigraphic

Subunit IIT

A (Sample 204-1245B

21X-4, 36 cm [180.86 mbsf])

(200x).

Photo. D. Close-up photograph
of nannofossil-rich claystone with
abundant bioturbation, typical of
lithostratigraphic Subunit IVA
(interval 204-1245B-34X-5, 63-74 cm
[299.80 mbsf]).

Volcanic ash
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APPENDIX B: Correlation between seismic and lithology results at Site 1251
Lithologic Units
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Photo. C. Glauconite-rich clay occurrence (interval
204-1251B-37X-1, 28-37 cm) (lithostratigraphi

¢ Unit III). B. Close-up photograph of carbonate
nodule (interval 204-1251B-52X-1, 128-140 cm)
(lithostratigraphic Unit III). C. Photomicrograph
of diatom-rich clay (20x) (interval 204-1251B-42X
-2, 50 cm) (lithostratigraphic Unit III).

Unit S. TA = Unit L.I. It consists of dark greenish gray, diatom-rich
to diatom-bearing homogeneous silty clay (Photo. A), locally interbedded

with st to fine sand lenses and mud clast deposits, which we

interpret as turbidites and debris flows, respectively (Photo. B).

Unit S.V =L.II at S.1251. The unit's lithology is
distinguished from the units above by an important

. decrease of biogenic elements (foraminiferas, diatoms,
nanno ‘ossils) and hence a higher percentage of terrigeneous
sourced material (coarser material). It is also characterized by
higher frequency of turbidites below the erosion surface "U".

Unit S.VII= L.Unit Il at S.1251, S1252, and S1244.
Coring in both geologic regions revealed a relatively
high dzgree of lithification and the presence of
glauccnites within the strata (Photo. C). The lithologic
units vsere interpreted to represent highly deformed
sediments from the accretionary complex.

Photo. B. Close-up photograph of a turbidite
(interval 204-1251C-2X-4, 70-81 cm), typical of the
lower portion of lithostratigraphic Subunit IA. B.
Core photograph of soft clasts in an interpreted
debris flow (interval 204-1251B-3H-5, 35-55 cm),
typical of lithostratigraphic Subunit IB.

Photo. A. Close-up photograph of foraminifer-rich

clay (interval 204-1251B-36X-CC, 16-21 cm) showing
visible foraminifer tests (small light-colored specks)
(lithostratigraphic Subunit IIB). B. Photomicrograph of
nannofossil-rich foraminifer-bearing clay (100x) (Sample

204-1251B-28X-CC, 44 cm) (lithostratigraphic Subunit IB).




APPENDIX C: List of the seismic Units

Seismic Observations shown on Fig.4,5 & 6 Pre-existing relief Syn-sedimentary Post-sedimentary Inferred Age (my)
Unit deformation deformation Site for absolute age
S.IA - Basin-fill onlap against the ridge (Fig.6) - Southern Hydrate Ridge 0.2 — present
- Fanning to the east and up-turn along the Relative subsidence of | - Uplift of the ridge (S1251, S1252)
bathymetric highs (the main ridge, anticline B) the basin
- progressive burying of the anticline B (Fig.6, 15D _Uplift of the ridge
S.IB - Basin-fill constrained in the north (Fig.5, 15C) - Bathymetric-high in the 0.3-0.2
- Fanning to the east (Fig.6), south - Uplift of the ridge (S1244)
->16 °dip (Fig.6A) - Uplift of the ridge
- Buttressing against anticline B (Fig.6A&B) - Compression regime
S.I - Basin-fill sequences, the strata onlap onto the - Bathymetric-high in the | - Migration of the 1.0-0.3
dome (Fig.7, 15B)and onto S.III upper boundary | south to the west and to depocenter to the east (S1244)
- Monocline (Fig.6A&B) the east - Uplift of the ridge
- Small-scale folding (Fig.3E ) - Folding of the strata (<0.3mybp —present)
- Normal faulting (Fig.6A, 3E) - Extension on top of the
fold
S.II1 - Fold F to the west 1.15—-1.0
- Sequences constrained in the north (Fig.15A) and | - Bathymetric-high in the (S1245, S1247,
onlap onto S.VI (Fig.6B&C) south to the west and to S1248)
- Divergence to the east (Fig.6) the east - Activity of Fold F
- Smale-scale folding (Fig.12) - Duplexing of the strata
S.IV Abyssal Plain sediments (Fig.2) 1.6-1.15
- Divergency to the east in the younger strata (S1245)
(Fig.46) - Incipient phase of Fold F
S.V - Fanning strata to the east (Fig.6) 10-0.3
(S1251)
S.VI Sub-horizontal wavy structures (~400m wide) - 1.6-1.0
(Fig.6C&D) Growth of Anticline B
S.VII Abyssal Plain sediments (Fig.4) 1.6->2.0

deformed angular unconformities (Fig.6)

Activity of Anticline B

Activity of Anticline B

(S1251)
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