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Vertical motions of the lithosphere are preserved in the strati-
graphic record of sedimentary basins. It is generally accepted
that extension results in major vertical motions of the litho-
sphere that, in turn, lead to rift basin subsidence and rift flank
uplift. However, the history of the timing of the extension pro-
cess sometimes is poorly understood, primarily because the pre-
and syn-rift stratigraphy is either removed by erosion or deeply
buried by subsequent post-rift sedimentation. Therefore, it is
often difficult to determine the evolution of the entire rifting
process from the study of terrestrial rift basins. The rifting of
oceanic lithosphere offers a unique tectonic setting because of
the greater potential for sediment preservation within the ma-
rine environment. Broken Ridge, a rifted and relatively shallow-
water platform in the southeastern Indian Ocean (Fig. 1), is an
ideal locale for using the preserved stratigraphy to reconstruct
the tectonic events responsible for its present structure. The pur-
pose of this paper is to reconstruct the stratigraphic and tectonic
evolution of Broken Ridge from the seismic stratigraphic, drill-
ing, and underway geophysics data.

Approximately 4400 km of high-resolution water gun seismic-
reflection data was collected aboard Robert D. Conrad Cruise
2708 (RC2708) during the site survey for Ocean Drilling Pro-
gram (ODP) Leg 121 (Fig. 2). In addition, over 50 sonobuoys
were deployed to ascertain the velocity structure of the sedimen-
tary section in the study region. These data were analyzed in
conjunction with existing seismic-reflection profiles to investi-
gate the nature of the rifting process by identifying the pre-,
syn-, and post-rift stratigraphy. This approach is possible be-
cause predictable stratigraphic relationships should develop in
response to relative sea-level changes (Vail et al., 1980; Vail,
1987) that are, in turn, associated with the rifting and uplift of
Broken Ridge. The unconformity-bounded stratal packages that
developed on Broken Ridge record the interaction of tectonic
uplift, thermal subsidence, sediment supply, and eustatic sea-
level variations (Pitman, 1978; Vail et al., 1984).

GEOLOGICAL SETTING OF THE SOUTHEAST
INDIAN OCEAN

Broken Ridge and Kerguelen-Heard Plateau in the southeast
Indian Ocean appear to be conjugate rifted margins of a pre-
existing shallow-water platform (Mutter and Cande, 1983).
Dredged basalts, mostly tholeiites, from Broken Ridge/Ker-
guelen-Heard Plateau suggest that it formed as a consequence
of excessive volcanism at or near a spreading center prior to the
Santonian (Leclaire et al., 1987; RC2708 unpubl. data; dredge
RC2708-10; Leg 120 Shipboard Scientific Party, 1988). Ceno-
manian-Turonian calcareous sediments cored from the southern

! peirce, 1., Weissel, J., et al., 1989. Proc. ODPE Init. Repts., 121: College Sta-
tion, TX (Ocean Drilling Program).

2 Lamont-Doherty Geological Observatory, Palisades, NY 10964.

3 Also at Department of Geological Sciences, Columbia University, Palisades,
NY 10964,

4 Shipboard Scientific Party is as given in the list of Participants preceding the
contenlts.

Kerguelen Plateau (piston core EL5407; Quilty, 1973) overlie
basaltic basement, which further constrains the cessation of the
volcanic platform-building episode. Morgan (1981) postulated a
hot-spot origin for the excessive volcanism that resulted in the
formation of the Broken Ridge/Kerguelen-Heard and Natura-
liste Plateau. The trend of this hot-spot-related bathymetry re-
sults from the initial northwest movement of India, with respect
to Australia and Antarctica, beginning in the Neocomian at
about the time of anomaly M11 (~ 127 Ma; Markl, 1974). The
hot spot subsequently engendered the formation of Ninetyeast
Ridge, thereby documenting the northward movement of India
with respect to Antarctica, beginning in the Late Cretaceous
(anomaly 34). The Rajmahal and Bunbury continental flood
basalts on the trailing edges of the Indian and Australian conti-
nents, respectively, are also consistent with the hot-spot model
for the origin of the Broken Ridge/Kerguelen-Heard platform
(Coleman et al., 1982; Mahoney et al., 1983).

GEOLOGICAL SETTING OF BROKEN RIDGE

Broken Ridge is an essentially continuous west-northwest-
trending oceanic plateau, more than 1000 km in length and ap-
proximately 100 km wide where it is shallower than 2000 m (Fig. 1).
The ridge is markedly asymmetric in cross section, gently dip-
ping (< 1°-2°) toward the north, in contrast to the more steeply
dipping south-facing escarpment (> 10°).

The development of a major angular unconformity on Bro-
ken Ridge attests to its uplift and subsequent erosion. During
uplift, pre-existing strata were gently tilted toward the north.
Thermal subsidence across the entire Broken Ridge region led to
the eventual resubmergence of the subaerially exposed parts, as
evidenced by middle to late Eocene sand and gravel overlying
the angular unconformity at Deep Sea Drilling Project (DSDP)
Site 255 (Davies, Luyendyk, et al., 1974). The age of the oldest
identifiable seafloor-spreading magnetic anomaly between Bro-
ken Ridge and the Kerguelen-Heard Plateau is approximately
middle to late Eocene (anomaly 18, ~42; Mutter and Cande,
1983; Munschy and Schlich, 1987), which suggests that the mid-
dle to late Eocene deposits are post-rift.

Results from DSDP Site 255, which is just above the south-
facing scarp of Broken Ridge (Fig. 3A), indicate a 40-m.y. hia-
tus between the dipping limestones and cherts (Santonian age,
84-87 Ma) and the horizontal, lagoonal sands and gravels (mid-
dle to late Eocene age, ~42 Ma; Davies, Luyendyk, et al.,
1974) (Table 1). Recently acquired seismic-reflection data and
3.5-kHz precision depth recorder (PDR) data indicate that Site
255 is within a small basin formed between the main southern
escarpment of Broken Ridge and a normally faulted, down-
dropped (rider) block (Figs. 3A and 3B).

A relatively strong reflector at approximately 0.062 s two-
way traveltime (TWT) below seafloor (~50 m below seafloor
[mbsf]; Figs. 3A and 3B) within this small basin appears to cor-
relate with middle Eocene gravels (upper part of Unit II, Site
255). However, no internal reflectors are observed on the main
part of Broken Ridge. The sands and gravels may occur at a
depth greater than the penetration capability of the 3.5-kHz
PDR (approximately 75-100 m; Fig. 3A).
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Figure 1. Bathymetry of Broken Ridge, from precision depth recorder data. DSDP Site 255 and ODP Sites 752 through 755 are shown. Contour inter-
val (corrected) = 100 m except toward the south, where contours are omitted for clarity.

The lowermost unit sampled at Site 255 consists of dipping
and truncated Santonian gray fossiliferous biomicritic limestones
interspersed with chert stringers. This unit can be correlated
across Broken Ridge using the water gun seismic data (Fig. 3B).

METHODOLOGY

A detailed study of the 12- and 3.5-kHz PDR records from Broken
Ridge and the surrounding region (92°-96°E, 29°-32°S; Fig. 1) gener-
ated a high-resolution bathymetric map. Dual 80-in.> water guns were
used as a sound source for the RC2708 seismic survey on Broken Ridge.
The spacing of the strike and dip lines facilitated mapping the seismic
sequences (approximately 20 km; Fig. 2). The seismic processing param-
eters were chosen to preserve the true amplitude variations in the seismic
profiles (i.e., in both depth and distance). The technique of sequence
analysis (Vail, 1987) was used to interpret the seismic stratigraphy of
Broken Ridge and allowed the identification of five major seismic strati-
graphic sequences (Figs. 4 through 6). Isopach and structural contour
maps were generated to analyze the lateral and downslope variations in
both sediment thickness and the pre-existing depositional surfaces. The
velocity information used to create these isopach and structure contour
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maps was determined from sonobuoy data (Figs. 7 and 8 and Table 2).
The ODP Leg 121 drilling data allowed correlation of the lithostratigra-
phy with the seismic stratigraphy (see “Seismic Stratigraphy” sections of
“Site 752” through “Site 755" chapters; this volume) and also allowed
recognition of the depositional paleodepths (Fig. 9).

SEISMIC STRATIGRAPHIC SEQUENCES AND
DRILLING RESULTS

Five major seismic stratigraphic sequences have been identi-
fied on Broken Ridge (Figs. 4 through 6), according to the Vail
(1987) technique of sequence stratigraphy.

Dipping and Truncated Limestone and Chert Sequence

The limestone, chert, chalk, and tuff sequence at the crest of
Broken Ridge dips uniformly toward the north (approximately
2%) and appears to be roughly concordant with the underlying
reflectors. The average thickness of this sequence is approxi-
mately 670 m above the high-amplitude reflector that outcrops
on the ridge (Table 2; “Physical Properties™ section, “Site 755"
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Figure 2. RC2708 ship’s track location map for the Leg 121 study region. Heavy lines denote seismic figures dis-
cussed in the text; stars indicate sonobuoy locations along these lines.

chapter). The acoustic character of this sequence is discontinu-
ous, with a wide range of lateral amplitude variations that could
be the result of diagenetic horizons (Figs. 3B and 4).
Sampling of the oldest sedimentary section from Broken
Ridge at ODP Site 755 revealed that the base of this seismic se-
quence consists of Turonian through upper Santonian tuffs, with
varying amounts of glauconite and micrite (see “Lithostratigra-
phy and Sedimentology” section, “Site 755” chapter). Traces of
glauconite occur throughout the sequence, and glauconite is an
important sedimentary component (~ 5%-40%) in Cores 121-
755A-13R to 121-755A-18R, from where it diminishes in abun-

dance upsection. The micrite content increases upsection, and
intervals of ashy limestone, interbedded within the tuffs, occur
in Core 121-755A-6R and 121-755A-7R.

Benthic foraminifer data indicate upper bathyal to outer ne-
ritic paleodepths for this sequence (approximately 400 m; Fig.
9). Because the total depth ranges are not well constrained for
Site 755, no terminations are indicated for the paleodepth ranges
(Fig. 9).

The sonobuoy data reveal a prominent velocity discontinuity
that approximately coincides with the boundary between the
dipping and truncated limestone, chalk, chert, and tuff se-
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Figure 3. A. The 3.5-kHz PDR record collected over DSDP Site 255, correlating the sampled lithology at the site with the resulting acoustic character.
B. The corresponding single-channel seismic line across Site 255, which is within a small rider block basin perched on the southern escarpment of
Broken Ridge.
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Table 1. Drilling results from DSDP Site 255 (Davies, Luyendyk, et al.,
1974).

Sedimentation Acoustic
rate velocity
Lithology {m/m.y.) (km/s)
Unit 1 (0-55 mbsf): Holocene to lower Miocene oozes ~-24

(silty/sand grain size), The lowest core recovered
from this unit contains some glauconite, traces of
zeolites, and ferruginous streaks.
Unit 1 (55-75 mbs(): lower Mi to middle E
sediment. Part I is a coarse gravel of reworked
limestone and chert fragments that overlies the yel-
low calcareous chalk of Part I1.
Unit 111 (75-108.5 mbsf): Santonian gray fossiliferous  =6.7
biomicritic limestones overlain by and containing
chert layers. Recovery of this unit was limited.

*Limestone; 2.9
OChert: 5.7

A Mean velocity from three samples.
b From one sample.

quence and the prograding downlapping sequence (Figs. 7 and 8
and Table 2). The velocity jumps approximately 2.2 to 4.5 km/s
in less than 200 ms TWT between the respective layers (Fig. 7).
Sonobuoy velocity solutions from strike lines (Fig. 8) are pro-
jected onto the dip line (seismic line 20), correcting for changes
in water depth. The ODP downhole and laboratory-derived ve-
locity data are in good agreement with the sonobuoy results, ex-
cept for the dipping and truncated limestone, chalk, chert, and
tuff sequence. The laboratory-measured average compressional-
wave velocity for this sequence is 2.85 km/s, which is signifi-
cantly lower than those derived from the sonobuoy data. These
low-velocity zones are detected in the laboratory compressional-
wave measurements but are not apparent in the sonobuoy data
because no seismic energy is refracted upward from the low-ve-
locity layers. Several high-velocity intervals (i.e., approximately
4.1 km/s) are interspersed within the low-velocity zones.

The contrast in velocity between the truncated limestone,
chalk, chert, and tuff sequence and the prograding downlapping
sequence may be the result of different depositional environ-
ments and/or different degrees of sediment compaction and lithi-
fication. RC2708 sonobuoy velocity results are consistent with
previously determined velocity solutions from the Eftanin 48 so-
nobuoys deployed on the northern slope of Broken Ridge
(Lamont-Doherty Geological Observatory Sonobuoy Data Bank,
unpubl. data). Sonobuoy velocity data collected from the Ker-
guelen-Heard Plateau also show this pronounced velocity gradi-
ent from approximately 2 to 4.5 km/s (Munschy and Schlich,
1987; Houtz et al., 1977).

Prograding Downlapping Wedge

Sediment thicknesses for the prograding downlapping wedge
are greatest near the northern edge of the present Broken Ridge
platform and thin progressively northward away from the ridge.
The depocenter located toward the eastern segment of the study
area is shown by the 700-m contour in Figure 10A. An apparent
depositional lobe extends to the northeast, away from the main
depocenter. Its spatial configuration, however, appears to be
structurally controlled by pre-existing topography, instead of be-
ing a depositional feature (Fig. 10B). A spoon-shaped normal
fault occurs along the eastern part of the ridge (Figs. 10A and
10B).

An increase in the thickness of the prograding downlapping
wedge occurs at depths of 2900-3200 m within the western part
of the study region. The seismic profiles indicate that aggrada-
tion was dominant on the western segment of the ridge, thus in-
creasing the pre-existing slope, whereas on the eastern section of
the ridge progradation dominated and thus diminished the pre-
existing slope. The subtle difference in slope gradient along the

ridge might have become sufficient to preclude further accumu-
lation on the western part (Fig. 11B). The entire northern slope
of the shallow-water plateau has been significantly modified by
the prograding downlapping sequence (Figs. 10B and 11B).

The prograding downlapping wedge consists of three distinct
acoustic units: (1) a lower weakly laminated unit that has high-
amplitude reflectors where it onlaps the pre-existing dipping
strata, (2) a middle highly reflective unit, and (3) an upper finely
laminated unit that is almost acoustically transparent (Figs. 4A
and 4B). This abrupt change in acoustic character within the
northward-dipping downlapping sequence, specifically the mid-
dle highly reflective unit, suggest a change in the mode of depo-
sition and/or sediment composition.

The weakly laminated unit onlaps and downlaps the pre-ex-
isting dipping strata and modifies the northern slope of Broken
Ridge. The change in paleoslope between the pre-existing dip-
ping strata and the top of the weakly laminated downlapping
unit is illustrated in RC2708 line 20 (Figs. 4A and 4B). The
lower weakly laminated unit also has a subtle change in dip. A
gentle northward dip occurs where the weakly laminated unit
onlaps the pre-existing dipping strata, and the dip increases far-
ther north. The roll-over point identifies the position of this
small change in dip (Fig. 4B). The distal shift in the roll-over
point suggests that the downlapping wedge was prograding into
deeper water (Vail, 1987; pers. comm., 1988).

Downslope variations in the acoustic character of the middle
highly reflective unit are readily apparent in seismic-reflection
profiles (RC2708 lines 10 and 20, Figs. 3B and 4A, respec-
tively). The high-amplitude acoustic character of this unit is in-
dicative of high acoustic impedance contrasts, and the downlap-
ping terminations are clustered in close proximity to the crest of
Broken Ridge (Fig. 4A).

The upper finely laminated unit at the top of the prograding
downlapping wedge varies laterally in thickness along the ridge.
RC2708 seismic-reflection line 18, a strike line, clearly shows
this lateral variation along the northern slope of the ridge, where
the finely laminated unit thins toward the west (Fig. 5). Farther
down the slope, RC2708 seismic line 12 illustrates a finely lami-
nated lens of sediment at the top of the prograding downlap-
ping wedge that thickens toward the western part of the seismic
line (Fig. 6) and appears to be the stratigraphic equivalent of the
finely laminated unit upslope (Figs. 4A and 6). This inverse re-
lationship of upslope/downslope sediment thicknesses implies
that sediment bypassing occurred on the upper slope in the
western region of the ridge, with upper slope deposition toward
the east.

ODP Sites 752 through 754 all sampled the prograding
downlapping sequence below the angular unconformity (Fig. 4A).
Site 753 is along the northern margin of Broken Ridge, approxi-
mately 25 km north of the prominent southern scarp (Fig. 4; see
“Seismic Stratigraphy” section, “Site 753" chapter). The youn-
gest lithology below the prominent angular unconformity was
sampled at Site 753, with the recovery of approximately 20 m of
middle Eocene (~45-50 Ma) nannofossil chalks with varying
amounts of foraminifers.

Site 752 is approximately 10 km south of Site 753 (Fig. 4A).
A 320-m section of dominantly lower Eocene to middle or up-
per Maestrichtian nannofossil calcareous chalks was recovered
at this site. Seismic stratigraphic correlation between Sites 753
and 752, in conjunction with both sonobuoy and laboratory-
derived velocity data (1800 m/s), indicates that approximately
190 m of stratigraphic section was not sampled between the old-
est sampled sediment at Site 753 and youngest sediment below
the unconformity sampled at Site 752.

A synthetic seismogram at Site 752, for the interval from 110
to 420 mbsf, was calculated from downhole sonic and density
measurements (see “Seismic Stratigraphy” section, “Site 752"
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Figure 4.‘A._ Single-channel seismic dip line across Broken Ridge, illustrating the stratigraphic sequences observed on Broken Ridge and their down-
slope variation. B. Enlargement of the sequence boundary between the dipping and truncated limestones and cherts and the overlying prograding
downlapping sequence, which onlaps the pre-existing strata. The subtle change of dip is denoted by the roll-over point.
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Table 2. RC2708 sonobuoy solutions.

Two-way traveltime® (s)

Velocity® (km/s)

Sonobuoy  HI H2 H3 H4 H5 H6

=
=
-
=
3

Vi V4 Vs V6 V7

11 1.45 1.68 2.07 1.63  4.19 497
12 1.39 1.58 1.62 1098 1.60 3.38 4.12 4.88
15 1.47 1.60 1.80 1.89 197 2.06 1.61 1.84 210 3.07 3.68 4.35
16 141 1.51 178 1.89 195 249 1.64 190 3.07 3.67 4.62 5.03
17 141 1.49 1.58 1.87 1.95 202 234 1.55 1.61 220 3.06 356 449 494
€32 1.42 1.58 1.77 190 236 1.63 2,18 329 425 4.9
s 298 321 338 3.58 1.63 170 1.84 3.86
36 3.05 330 342 3m 1.63  1.69 1.85 3.83
50 1.53  1.62 1.82 194 207 214 262 1.66 1.85 2.03 296 3.58 452 485
51 1.66 1.73 190 2.05 219 2.28 1.62 1.90 212 3.00 3.60 4.49
54 1.80 196 2.18 234 244 1.60 1.63 222 3.13 3.69

€59 173 192 212 231 259 1.61 215 318 4.07 4.92

60 143 1.55 1.65 1.89 231 1.56 1.65 3.09 4.44 488

61 141 154 185 1.59 3.63 4.40

*H = horizon.

V = velocity interval.

¢ Deployed on dip lines.
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Figure 7. Sonobuoy velocity solutions from the intersecting strike lines are projected onto the dip line (RC2708 seismic line 20), with corrections for
changes in water depth. The downsection velocity gradient is also manifested downslope in response to the subcropping reflectors. The prominent ve-
locity gradient in these velocity profiles correlates with the sequence boundary between the dipping and truncated limestones and cherts and the pro-

grading downlapping sequence.

chapter). A zero-phase Ricker wavelet was convolved with the
downhole acoustic impedance contrast to generate the synthetic
seismogram. The synthetic seismogram is in good agreement
with the observed seismic-reflection data in reflector position
(see Fig. 37 in “Seismic Stratigraphy” section, “Site 752" chap-
ter). The high-amplitude reflectors in the middle highly reflec-
tive unit result from ash layers and silica-rich layers interbedded
with the nannofossil calcareous chalks. Laboratory and down-
hole-derived acoustic impedance contrasts correlate with these
lithologic contacts (see “Physical Properties” and “Geophysical
Well Logging” sections, “Site 752” chapter). Several distinct
porcellanite layers in Cores 121-752B-6R through 121-752B-9R
(320-340 mbsf) produce faint seismic reflectors at those depths.
The ash content of the sediment increases downsection, with a
noticeable increase beginning approximately in the upper Paleo-

cene section (~56-60 Ma) (see the “Sedimentary Record of
Broken Ridge” section of the “Broken Ridge Summary” chap-
ter, this volume).

Site 754 is approximately 5 km south of Site 752 (Fig. 4A).
Seismic-reflection, paleomagnetic, and microfossil data suggest
that approximately 20 m of stratigraphic overlap exists between
Sites 752 abd 754. Almost 200 m of lower to upper Maestrich-
tian limestone and chalk with interspersed horizons of ash and
chert was recovered at Site 754.

A synthetic seismogram at Site 754, for the interval from 150
to 300 mbsf, was calculated from downhole sonic measurements
and a constant density (see “Seismic Stratigraphy” section, “Site
754 chapter). The synthetic seismogram is in good agreement
with the observed seismic-reflection data in position but not in
amplitude (see Fig. 26, “Seismic Stratigraphy” section, “Site
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Figure 9. Estimates of paleodepth for ODP Sites 752 through 755, based on benthic foraminifers (see respective site
chapter “Biostratigraphy’ sections). The open circles denote depth estimates from the most abundant benthic foramini-
fer in the sample, and the vertical lines represent the range of water-depth estimates for all of the benthic foraminifers in

the sample.

754” chapter). The reflectors in the lower weakly laminated unit
arise from a downsection increase in the degree of induration
from a chalk to a limestone between Cores 121-754B-8R and
121-754B-9R (see “Lithostratigraphy and Sedimentology” sec-
tion, “Site 754" chapter) and from a few interbedded ash and
ash-rich intervals. The ash-bearing limestones are noticeably less
indurated than the ash-barren limestones. The lower reflector
(couplet) arises from a change in lithology from an ash-rich
limestone to a limestone with interbedded chert (“Lithostratig-
raphy and Sedimentology”™ section, “Site 754" chapter).

The benthic foraminifer data indicate that water depths were
increasing during the deposition of the prograding downlapping
wedge (Fig. 9). The water depth was approximately upper bathyal
at the onset of deposition and increased to middle/lower bathyal
depths toward the cessation of deposition for this sequence
(Fig. 9). Although the range of depths estimated from the ben-
thic foraminifers is great, the overall depth trend suggests that
water depths were increasing during the deposition of this
sequence.

Onlapping Sequence I

The thickest accumulations (> 300 m) of onlapping sequence I
are ponded toward the west at the toe of the ridge, infilling the
pre-existing structural low (Figs. 11A and 11B). The bypassing
sediments, presumed to be a consequence of the steeper slope
gradient, generated a depositional lens that shifts the 2600- and
2700-m contours basinward (Fig. 11B). The depocenter for on-
lapping sequence 1 is at the base of the pre-existing slope, up-
slope from the previously mentioned depositional lens (Figs.
10A and 11A).

A downward shift in coastal onlap has been used by many re-
searchers to estimate changes in eustatic sea level (Vail et al.,
1977; Vail, 1987; Hagq et al., 1987). However, the change in posi-
tion of coastal onlap is critically dependent on changes in the
rates of subsidence, eustatic sea level, and sediment supply (Pit-
man, 1978) instead of resulting from absolute changes in eu-
static sea level. The chaotic internal structure within the onlap-
ping sequence, as seen in Figure 4A and termed onlapping se-
quence I, may arise from the interaction of many downslope
dispersal patterns that overlap and interfinger. Smaller-scale
structures appear to be post-depositional rotational slumps
(Fig. 4A). The only submarine canyons observed in the study re-
gion incise the prograding downlapping sequence and are spa-
tially concentrated along the northern edge of the platform
(Fig. 4A). Downward shifts in onlap below the depositional
coastal break and evidence for subaerial and submarine erosion
(initiation of canyon cutting) are criteria cited by Vail et al.
(1984) for the identification of a type 1 sequence boundary,
which implies a pronounced increase in the rate of relative sea-
level fall.

Onlapping sequence I is truncated and onlapped by a second
sequence (onlapping sequence II) that appears to be the result
of ubiquitous slumping toward the eastern segment of Broken
Ridge (Fig. 6).

Onlapping Sequence II

The 3.5-kHz and water gun seismic records illustrate the
prevalent slump scars throughout the eastern part of Broken
Ridge. Most of the slump scars are restricted to the onlapping
sequences (Fig. 6). The debris/turbidity flows associated with
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Figure 10. Prograding downlapping sequence. A. Isopach map showing the sedimentary depocenter on
the eastern segment of the ridge. An increase in sediment thickness toward the west at the base of the
ridge is outlined by the 400-m isopach. B. Structure contour map to the base of the prograding downlap-
ping sequence illustrates the uniformly dipping slope. A prominent spoon-shaped normal fault occurs on
the eastern part of the plateau.
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Figure 11. Onlapping sequence 1. A. Isopach map showing the depocenter at the base on the northwest-
ern slope of Broken Ridge. B. Structure contour map to the base of the sequence exhibits the east to west
change in slope gradient. The structural low is adjacent to the western part Broken Ridge.
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these slump scars coalesce in the paleostructural lows and onlap
sequence I. The finely laminated acoustic character of the sec-
ond onlapping sequence, onlapping sequence II, suggests that a
high degree of liquefaction must have occurred prior to deposi-
tion of the sediment. The acoustic character and thickness sug-
gest that a multitude of unchannelized debris/turbidity flows
have coalesced to create this sequence. The thickest accumula-
tion for onlapping sequence 11 is shifted northward relative to
the depocenter for onlapping sequence 1 (Figs. 11A and 12).
The stratigraphic succession between onlapping sequences I and
I is apparent from the stratal patterns exhibited between them.
In contrast, determination of the stratigraphic relationship be-
tween onlapping sequence II and the horizontal cap that rests
above the angular unconformity is difficult.

Horizontal Cap

The horizontal cap sequence rest unconformably on the dip-
ping and truncated limestone, chalk, chert, and tuff sequence
and the truncated prograding downlapping sequence (Figs. 3B
and 4A). Asymmetric sediment erosion around the crest of Bro-
ken Ridge may document the influence of the eastward-flowing
Antarctic Circumpolar Current (ACC; Fig. 3A) (Kennett, 1979;
Kennett and Burns, 1972). The depocenter for the horizontal
cap occurs over the weakly laminated unit (the basal unit of the
prograding downlapping sequence; Fig. 13A). The horizontal
cap onlaps the truncated sequences and thus, becomes progres-
sively thinner away from the center of the ridge. However, a
small isolated basin south of the main platform, corresponding
to the small basin drilled by DSDP Site 255 (Davies, Luyendyk,
et al., 1974), received a thicker sequence of sediments than the

other regions equidistant from the depocenter (>50 m; Fig.
13A). Differential deposition toward the western segment of the
ridge may be a result of enhanced currents in the region around
an incised section (i.e., canyon) on the southern scarp (Fig. 13A).

The depth to the angular unconformity defines a structural
low over the weakly laminated unit (Fig. 13B). The depth of the
angular unconformity shoals toward both the north and south,
away from the structural low (Fig. 13B). The outer high de-
picted by the 1150-m contour spatially coincides with the depo-
center for the underlying prograding downlapping unit (Figs.
10A and 13B). The contrast in compressional-wave velocity be-
tween the prograding downlapping sequence and the truncated
limestones and cherts indicates a substantial difference in the
degree of induration (Figs. 7 and 8 and Table 2). If the trunca-
tion of these units resulted from the same erosional event, then
it is interesting that the less indurated, prograding downlapping
sequence was not eroded more than the dipping limestone, chalk,
chert, and tuff sequence (Figs. 3B and 4). This differential ero-
sion suggests that prior to truncation, the prograding downlap-
ping wedge was considerably thicker or at greater depths below
wave base.

A foraminifer nannofossil ooze was recovered from above
the prominent angular unconformity at Sites 752 through 755.
The most complete stratigraphic section was recovered at Site
754 and consists of approximately 130 m of Pleistocene to up-
per Eocene foraminifer nannofossil coze, in which foraminifers
become less abundant and micrite becomes more abundant with
depth. Most of the reflectors within the horizontal cap coincide
with changes in the mean grain size of the bulk sediment, and
the coarser grain size may indicate winnowed layers (see “Litho-
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Figure 12. Isopach map of onlapping sequence 11, which appears to be a multitude of coalescing slumps.
The depocenter is shifted distally with respect to onlapping sequence I as a result of the progressive infill-

ing of the basin by the gravity-driven flows.
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Figure 13. Horizontal cap sequence. A. Isopach map showing that the thickest sediment accumulation oc-
curred over the weakly laminated downlapping unit. The small rider block basin contiguous with the
main platform was sampled at DSDP Site 255; the stratigraphy developed in this basin might have no cor-
relative stratigraphy on the main platform. B. Structure contour map to the top of the angular uncon-
formity shows that an outer high developed on the northeastern edge of the platform. The spatial distri-
bution of the outer high is coincident with the depocenter for the underlying unit.
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stratigraphy and Sedimentology” sections, “Site 752” through
“Site 754" chapters). These reflectors can be correlated among
Sites 752, 753, and 754. However, these reflectors cannot be
traced laterally to Site 755, either because they become too dif-
fuse to identify reliably or because they onlap the dipping and
truncated limestone, chalk, chert, and tuff sequence (see Fig. 15
of the “Seismic Stratigraphy” section, “Site 755" chapter).

Two hiatuses have been identified from ODP drilling and
seismic-reflection data. The upper hiatus occurs within the cap,
and the lower hiatus delineates the base of the horizontal Neo-
gene cap. At both Sites 752 and 754, the upper hiatus separates
limestone pebbles in an upper Eocene ooze from the overlying
upper Oligocene nannofossil ooze. In contrast, at Sites 753 and
755, the two hiatuses coalesce, thus increasing the hiatal dura-
tion at these sites.

The duration of the earlier hiatus increases across Broken
Ridge toward the south, as evidenced by the truncation of older
dipping strata in this direction (Fig. 4A). At Site 753, the north-
ernmost site, the hiatus separates middle Eocene nannofossil
chalk with foraminifers from the overlying lower Miocene ooze
with limestone pebbles (see “Seismic Stratigraphy” section, “Site
753" chapter). The hiatus at Site 752, however, separates lower
Eocene nannofossil calcareous chalk from overlying upper Eo-
cene ooze (“Seismic Stratigraphy” section, “Site 752" chapter).
Farther south at Site 754, the hiatus separates upper Maestrich-
tian calcareous chalk from overlying upper Eocene cherty grav-
els (“Seismic Stratigraphy™ section, “Site 754" chapter), and at
Site 755, the hiatus separates a middle lower Santonian tuff with
interbedded ashy limestone from an overlying lower Miocene(?)
shelly foraminifer grainstone (“Seismic Stratigraphy” section,
“Site 755 chapter).

The benthic foraminifer data indicate that water depths were
increasing prior to the middle Eocene hiatus and then rapidly
shoaled (Fig. 9). Flexural models for Broken Ridge (Weissel and
Karner, in press) predict approximately 2200 m of uplift during
the middle Eocene rifting event at the main south-facing escarp-
ment. Subsequent to rifting, the water depths increased precipi-
tously (Fig. 9).

GRAVITY DATA INTERPRETATION

Broken Ridge is the bordering flank topography of a mid-
Eocene rift system and is the result of either (1) the flexural re-
bound of the Broken Ridge region during extension of the litho-
sphere, with rebound implying a significant flexural strength of
the lithosphere during rifting; (2) topographic uplift supported
by rift-induced heat at the base of the lithosphere beneath Bro-
ken Ridge; or (3) topographic support by thickened crust, with
the thickening as the consequence of a magmatic ‘“underplat-
ing” process. For mechanisms (2) and (3), maximum uplift is
generated for a lithosphere that does not possess flexural
strength, that is, the rift flank topography is locally compen-
sated. In this case, the resulting free-air gravity anomalies tend
to have a low amplitude. In contrast, mechanism (1) tends to
maximize both the topographic uplift and the free-air gravity
anomaly. Consequently, the observed free-air gravity anomaly
across Broken Ridge can possibly discriminate between local
(low flexural strength) and regional (high flexural strength) iso-
static schemes for the support of the plateau.

Figure 14 summarizes the topography and respective free-air
gravity anomaly profiles obtained during the RC2708 site survey
of Broken Ridge. The peak-to-trough free-air gravity response
of Broken Ridge is 140-160 mgal, which is associated with a
topographic range of 3500 to 4000 m. The free-air gravity anom-
aly shows the usual “edge-effect” shape characteristic of most
passive margins (e.g., Karner and Watts, 1982) and is diagnostic
of the marked change in crustal thickness from the southeast In-
dian Ocean seafloor (crustal thickness of approximately 6 km) to
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the Broken Ridge Plateau (crustal thickness of 18-20 km; Fran-
cis and Raitt, 1967). The edge-effect gravity anomaly is basi-
cally responding to this regional (i.e., long wavelength) change
in topographic level. However, it is not clear how shorter wave-
length topographic features, such as the uplifted topography ad-
jacent to the south-facing escarpment, contribute to the ob-
served gravity anomaly.

To address this question, we modeled the gravity effect over
Broken Ridge by calculating the crustal thickness across the re-
gion assuming local isostasy and a crustal column in balance
with the adjacent oceanic crust, viz., a 6-km crust in local iso-
static balance with a 4.5-km water column. Typical oceanic crust
associated with seafloor-spreading magnetic anomalies occurs
just south of the southern margin of Broken Ridge (anomaly
18; Mutter and Cande, 1983; Mutter et al., 1985). We selected
this region as a reference to avoid any anomalous bathymetric
effects associated with Broken Ridge and the younger ocean
crust to the south. The thickness of the crust across the Broken
Ridge Plateau and adjacent ocean crust can be calculated using
the equation

1) =(drgf - d(x)) (.pm - pw) + fref (.pm - pc)‘ (l)
(.pm - pc)

where #(x) and d(x) are the crustal thickness and the depth of
the seafloor at point (x), respectively; #,,and d,. are the crustal
thickness and the water depth at the reference point, respec-
tively, and p,,, p., and p,, are the water, crust, and mantle densi-
ties, with respective values of 1.03, 2.8, and 3.33 g/cm?. The lo-
cally compensated crust/mantle interface, r(x), is simply

rx) = Hx) + d(x). 2

Once the crust/mantle interface, r(x), has been determined, the
free-air gravity effect over the compensated system can be calcu-
lated using either the usual two-dimensional line-integral meth-
ods (e.g., Talwani et al., 1959) or the Fourier domain approach
of Parker (1973).

Figure 15A compares the observed gravity anomaly with the
calculated gravity effect for the locally compensated topographic
model for Broken Ridge. Large amplitude discrepancies exist
between the observed and calculated gravity of approximately
50 mgal over the crest of Broken Ridge. The small shift in the
modeled free-air gravity effect relative to the observed gravity
anomaly appears to be related to the rider block basin on the
southern scarp of Broken Ridge, a feature completely ignored in
the observed gravity. We conclude from Figure 15A that the rift
flank topography of Broken Ridge is not compensated by a neg-
ative density contrast at depth. Consequently, the rift flank to-
pography cannot be supported by either thermal processes or
thickened crust. Crustal thickening by underplating is therefore
rejected. The large amplitude of the observed relative to the cal-
culated free-air gravity anomaly implies that the topography is
not locally compensated.

In contrast, a model in which the Broken Ridge region is
flexurally unloaded during extension by the removal of the Ker-
guelen-Heard Plateau adequately predicts both the free-air grav-
ity and the topography (Fig. 15B) for an effective elastic thick-
ness of the lithosphere (T,) of 15-20 km. The important feature
of our flexural rebound model is that the Moho approximately
parallels the surface topography, in marked contrast to the usual
isostatic schemes that require an inverse relationship between
Moho and surface topographies. The unloading process and
gravity calculation were modeled using techniques developed by
Weissel and Karner (in press). The critical conclusion drawn
from Figure 15B is that the Moho topography approximately
parallels the surface rift flank topography and thus is a flexural
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Figure 14. Topography and free-air gravity anomaly profiles obtained by RC2708 across the Bro-

ken Ridge Plateau.

effect. Flexural support of topography implies that the litho-
sphere retained finite flexural strength during (and following)
the extension process.

In summary, modeling the free-air gravity anomaly over Bro-
ken Ridge suggests that the topography is basically uncompen-
sated in the sense that the Moho topography parallels the ba-
thymetry. This is direct evidence for a lithosphere with finite
flexural strength. Contrary to earlier studies (e.g., Barton and
Wood, 1984), extended lithosphere can retain finite flexural
strength during the rifting process such that the rift-induced to-

pography is preserved. Finite lithospheric strength during rifting
can account for the tectonic uplift of Broken Ridge (the footwall
block) by the southerly removal of the hanging-wall block (Ker-
guelen-Heard Plateau).

UPLIFT AND SUBSIDENCE HISTORY OF
BROKEN RIDGE

At the time of rifting, Broken Ridge Plateau had subsided to
water depths greater than 1000 m (Fig. 9). If this water depth
represents thermally re-equilibrated lithosphere, then a 1.0-km
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Figure 15. A. Calculated free-air gravity effect for the observed topography of
Broken Ridge, assuming local isostasy and compensation via crustal thickening.
The large discrepancy between the calculated and observed gravity anomaly
(~ 50 mgal) strongly suggests that Broken Ridge is not supported by a crustal
root or, alternatively, a negative density contrast. Consequently, a thermal sup-
port mechanism and/or magmatic underplating are inappropriate for Broken
Ridge. B. Calculated free-air gravity effect based on the flexural uplift model of
Weissel and Karner (in press). The successful prediction of both the free-air grav-
ity and the general shape of the topography support a flexural origin for the up-
lift and the continued maintenance of Broken Ridge rift flank topography.

water depth and 20-km-thick crust are isostatically balanced by
a 60-km-thick lithosphere. This estimate of lithospheric thick-
ness is consistent with the effective elastic thickness of the litho-
sphere used in modeling the free-air gravity anomaly across Bro-
ken Ridge.
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The estimated subsidence rate on Broken Ridge prior to the
middle Eocene is less than that expected for its pre-Turonian
age, relative to the empirical subsidence curves of Parsons and
Sclater (1977). In contrast, the observed post-rift (~45-50 Ma)
subsidence rates are significantly greater than that expected for



thermally old (>90 Ma) lithosphere (Fig. 9). The low heatflow
values at Broken Ridge are strong evidence against any reheat-
ing during rifting and, therefore, against a thermal “resetting”
of subsidence rates. Alternative mechanisms must be invoked to
explain the observed subsidence behavior of Broken Ridge.

First, we require a mechanism that diminishes the rate of
subsidence of Broken Ridge prior to rifting. Broken Ridge was
associated with a hot spot prior to the middle Eocene. Because
lithospheric cooling rates are directly proportional to the tem-
perature at the base of the lithosphere, the close proximity of
the hot spot forces the base of the lithosphere (as defined by the
1300°-1400°C isotherm) to a shallower depth (~60 km) than
that for normal oceanic lithosphere (~ 125 km). Consequently,
while Broken Ridge remains in close proximity to the hot spot,
its rate of subsidence will be less than that for normal oceanic
lithosphere.

The aforementioned mechanism accounts for diminished rates
of lithospheric subsidence prior to rifting. As a contrasting sec-
ond step, we must account for accelerated rates of subsidence
subsequent to rifting: (1) seafloor spreading moved Broken Ridge
away from the proximity of the hot spot, thus allowing Broken
Ridge lithosphere to thermally re-equilibrate to a normal litho-
spheric thickness (~ 125 km), with a concurrent increase in sub-
sidence rates, and (2) young oceanic lithosphere tends to subside
faster than older lithosphere. Therefore, as the newly emplaced
oceanic lithosphere adjacent to Broken Ridge subsides, mechan-
ical coupling between Broken Ridge lithosphere and the south-
east Indian Ridge lithosphere will accentuate the subsidence of
the plateau while retarding the subsidence of the new lithosphere.
However, both mechanisms should be operative, and further
modeling is required to determine their relative importance.

TECTONIC AND STRATIGRAPHIC MODEL FOR
THE EVOLUTION OF BROKEN RIDGE

A detailed study of the water gun seismic-reflection data,
3.5-kHz PDR data, sonobuoy velocity data, and gravity anom-
aly data collected on RC2708, in conjunction with the ODP Leg
121 drilling results, reveals that the rifting process at Broken
Ridge profoundly affected the preserved stratigraphy. We have
developed the following tectonic model for the evolution of Bro-
ken Ridge, based on these data sources (Fig. 16).

1. Broken Ridge/Kerguelen-Heard Plateau was a shallow-
water platform prior to the Turonian (see “Biostratigraphy” sec-
tion, “Site 755 chapter) that formed as a consequence of exces-
sive volcanism (hot spot) at or near a spreading center (Morgan,
1981). The plateau slowly subsided through much of the Late
Cretaceous. Upper Turonian to lower Coniacian glauconite-rich
sediments, up to coarse sand size, recovered at Site 755 may in-
dicate a shallow-water environment. Organic geochemistry re-
sults indicate that small fractions of terrigenous plant material
occur within the Turonian to Santonian tuffs (see the discussion
of organic geochemistry in the “Geochemistry” section of the
“Broken Ridge Summary” chapter).

Results from Site 748, on the southwestern Kerguelen Pla-
teau, indicate that the plateau was subaerially exposed or at very
shallow depths and that the sediments consist of glauconitic
sands and silts of Cenomanian, Turonian, and possibly Santo-
nian age (Leg 120 Shipboard Scientific Party, 1988). These lines
of evidence may suggest that the southern parts of the Broken
Ridge/Kerguelen-Heard Plateau were emergent and vegetated.
The central plateau (analogous to a wide ramp) experienced sed-
iment transport to the north (toward Broken Ridge) that by-
passed the high-energy shallow-water platform region, with sub-
sequent sediment deposition occurring below the high-energy
zone. The glauconite-rich zones recovered on Broken Ridge at
Site 755 might indicate a lower relative sea-level stand and/or
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N S
® Santonian
Broken Ridge

Kerguelen

® Maestrichtian
Broken Ridge

® middle Eocene

<=Broken Ridge Kerguelen =

B W
truncated limestones
and cherts

Figure 16. Tectonic and stratigraphic model illustrating the effects of a
middle Eocene rifting event on the evolution of Broken Ridge from the
Santonian to the present. RSL = relative sea level.

episodes of greater current activity that would extend the zone
of sediment bypass into deeper water (i.e., farther north).

2. Extensional horst and graben features on the southern
Kerguelen-Heard Plateau were first identified by Houtz et al.
(1977). The horst and graben province on the southern Ker-
guelen-Heard Plateau has been interpreted as an early stage, or
a failed segment, of spreading during the breakup between the
Kerguelen-Heard Plateau and Broken Ridge because of the cen-
tral graben configuration superposed on a longer wavelength
bathymetric high (Rotstein et al., in press). The associated un-
conformity resulting from the uplift of the southern Kerguelen-
Heard Plateau has been dated as early Maestrichtian (~75 Ma)
and was recorded at ODP Sites 747, 748, and (possibly) 750 as a
hiatus (Leg 120 Shipboard Scientific Party, 1988). Analysis of
the surrounding seismic stratigraphy on the southern Kerguelen-
Heard Plateau indicates that the depocenter shifted sharply to-
ward the northeast during the Maestrichtian uplift event (Leg
120 Shipboard Scientific Party, 1988).
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A dramatic increase in the calcium carbonate flux rate at
Broken Ridge occurred between the early Santonian and the
early Maestrichtian (~ 86 and 76 Ma). The increase in carbon-
ate flux is roughly coincident with the opening of the southeast
Indian Ocean and may mark the initiation of open-ocean circu-
lation. The carbonate flux rates (~6 g/cm?/1000 yr) are ex-
tremely high for mid-ocean conditions and are high even for
high-productivity zones (see ‘“Broken Ridge Summary” chap-
ter). The uplifted parts of the southeastern Kerguelen-Heard
Plateau could have further increased the observed Broken Ridge
carbonate flux rates by increasing the nutrient supply through
enhanced upwelling of nutrient-rich waters. Another possible
cause of the high flux rates is sediment transport bypassing the
high-energy shallow-water platform, with preferential deposi-
tion at greater water depths along the northern edge of the pa-
leoplatform. The results of ODP Leg 121 drilling indicate that
the prograding downlapping unit consists mostly of biogenic
carbonate. Thus, the observed stratal relationships result from
carbonate deposition on a gently dipping ramp (<< 1°).

High ash flux rates persisted from the Turonian through the
early Eocene on Broken Ridge (~ 30 m.y. duration; see “Broken
Ridge Summary” chapter). The ash flux rate rapidly diminished
with time. The variability of ash abundance within the carbon-
ate, and the frequency of interbedded ash layers, appears to give
rise to some of the different acoustic units observed within the
prograding downlapping sequence (Fig. 4A).

3. Subsidence of the uplifted parts of the southeastern Ker-
guelen-Heard Plateau increased the submerged areas available
for productivity. The phase lag between the time of marine in-
cursion and the resulting increase in biogenic productivity should
be short, because the carbonate-producing algae are suspended
in the water column. The biogenic sediment would prograde
farther northward as a result of the increase in the productivity.
Mullins et al. (1988) observed a similar phenomenon on the
western Florida escarpment, where middle Miocene clinoforms
prograded basinward during a long-term relative sea-level rise.

4. Rifting of the Broken Ridge/Kerguelen-Heard Plateau be-
gan approximately in the middle Eocene (43-45 Ma), based on
ODP Leg 121 drilling results. Flexural modeling of the rift flank
topography assumed that rifting between Broken Ridge and
Kerguelen-Heard Plateau occurred along a southward-dipping
detachment (Weissel and Karner, in press). The approximately
2000 m of uplift predicted by this modeling suggests that about
1000 m of material was eroded from the summit of Broken
Ridge. The eroded material onlaps the prograding downlapping
sequence at the base of the pre-existing slope and progressively
onlaps up the northern slope of Broken Ridge (Figs. 3B and
4A). Onlapping sequence I ponds in the structural lows at the
base of the slope (Fig. 11A) and represents the beginning of
post-rift deposition on Broken Ridge.

5. Continued thermal subsidence of the Broken Ridge re-
gion subsequent to rifting increased the accommodation zone
which allowed the accumulation of the horizontal pelagic cap
that onlaps the older dipping and truncated strata (Fig. 4A;
Hagq et al., 1987; Posamentier et al., 1989). The Oligocene hia-
tus observed within the Neogene cap is roughly coincident with
a well-documented eustatic sea-level fall during the Oligocene
(~30 Ma; Hagq et al., 1987). However, it is also coincident with
the initiation of the ACC (Kennett, 1979). Clearly, further re-
search is needed to discriminate between these two alternative
explanations for the middle Oligocene hiatus. The sediments of
the horizontal cap show signs of winnowing by the ACC (Ken-
nett, 1979), and this winnowing might explain the observed thin-
ning of the cap toward the northern edge of the ridge (Figs. 3B
and 4A).

CONCLUSIONS

The free-air gravity anomaly observed over the Broken Ridge
study area suggests that the topography is basically uncompen-
sated in the sense that the Moho topography parallels the ba-
thymetry. This is evidence for a lithosphere with finite flexural
strength. Finite lithospheric strength during rifting can account
for the tectonic uplift of Broken Ridge (the footwall block) ow-
ing to flexural rebound following removal of the hanging-wall
block to the south (Kerguelen-Heard Plateau). This rift-induced
uplift in the middle Eocene gently tilted the pre-existing strata
toward the north and exposed parts of Broken Ridge to erosion.
The resulting erosion led to the development of a major angular
unconformity on Broken Ridge. The seismic-reflection data and
the ODP Leg 121 drilling results indicate that the stratigraphic
significance of the prominent angular unconformity on Broken
Ridge is that it separates dipping and truncated Turonian to
middle Eocene pre-rift sediments from horizontal late Eocene to
Pleistocene post-rift sediments.

Stratigraphic sequence analysis and Leg 121 drilling data in-
dicate that the stratal relationships developed between the dip-
ping and truncated limestone, chalk, tuff, and chert sequence
and the overlying prograding downlapping sequence resulted
from high biogenic productivity in a broad, dipping carbonate
ramp environment. Subsidence of the subaerially exposed parts
of the ramp (i.e., the southeastern Kerguelen-Heard Plateau) in-
creased the area available for biogenic productivity. The carbon-
ate sediment prograded farther northward in response to this in-
creased productivity. Subsequently, rapid uplift associated with
the middle Eocene rifting event led to the erosion of Broken
Ridge. The eroded carbonate material onlaps the prograding
downlapping sequence at the base of the pre-existing slope. The
deposition of this unit, onlapping sequence I, was probably very
rapid, which may account for the prevalent slump scars ob-
served within it. The resulting debris/turbidity flows coalesced
in the paleostructure lows and onlap sequence I. Continued
thermal subsidence of the Broken Ridge region after rifting has
allowed the accumulation of carbonate oozes above the trunca-
tion surface.
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