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ABSTRACT 

One of the most surprising results from ODP Leg 110 was the discovery of a 220-m-thick sequence of anomalously 
coarse-grained sediments on the slope of the Tiburon Rise, an area in which we had expected to encounter only hemipe
lagic and pelagic deposits. This middle Eocene-upper Oligocene sequence consists of 37% mud, silt, and sand terrige
nous turbidites, 10% marl turbidites that may have been derived from either South America or from higher on the Ti
buron Rise, and 53% hemipelagic "background" clays deposited below the CCD. The terrigenous beds are located ap
proximately 1100 km from their source, yet they were deposited on the slope of the rise at least 800 m above the 
adjacent abyssal plain. These deposits thus represent an exceptional example of upslope deposition of distal turbidity 
currents. Two major terrigenous sediment pulses (late middle Eocene and late early Oligocene) probably resulted from 
increased sediment supply caused by tectonic movements of the northern South American borderland, rather than from 
eustatic sea-level effects. The oil-bearing Scotland Group sandstones of Barbados are approximately the same age as the 
Leg 110 terrigenous turbidites, and they may have been deposited in response to the same tectonic events. However, the 
Scotland Group sandstones had a predominantly cratonic source, whereas the Leg 110 deposits were probably derived 
from a more easterly, mixed cratonic-shelfal source. 

INTRODUCTION 

Leg 110 of the Ocean Drilling Program (ODP) consisted of 
an E-W transect of seven sites across the toe of the northern 
Lesser Antilles accretionary prism (Figs. 1, 2). These sites were 
drilled in the vicinity of the Tiburon Rise, a WNW-ESE trend
ing basement ridge that is presently being underthrust beneath 
the accretionary prism (Figs. 1, 2). ODP Site 672 was drilled as 
an oceanic reference site on the slope of the rise, 5 km to the 
east of the accretionary prism deformation front (Fig. 2). The 
predominance of hemipelagic and pelagic deposits at Site 672 
reflects the mid-ocean position of the Tiburon Rise, which is lo
cated more than 1100 km from South American sediment sources 
(Fig. 1). This distance has not changed through time, because 
the Tiburon Rise lies on the South American-south Atlantic 
Plate, and has therefore not migrated with respect to South 
America. Some volcaniclastic silt and sand presently reach the 
Leg 110 area from eruptions of the Lesser Antilles island arc to 
the west. However, regional plate reconstructions indicate that 
during Paleogene time the island arc lay far to the west of its 
present position (Pindell and Barrett, in press), and no signifi
cant ash reached the area until late Oligocene time (see Site 672, 
Mascle, Moore, et al., 1988). Consequently, one of the most 
surprising results of Leg 110 was the discovery of a 220-m-thick, 
middle Eocene to upper Oligocene section rich in terrigenous 
sand, silt and mud on the slope of the Tiburon Rise. This paper 
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will focus on the origin, regional significance, and sea-level vs. 
tectonic controls on deposition of these sediments. 

THE TIBURON RISE: EVIDENCE FOR SHALLOW 
BATHYMETRY DURING PALEOGENE TIME 

Because this paper focuses on upslope deposition of turbid
ity currents, it is essential that the paleobathymetry of the Leg 
110 area be accurately established. The Tiburon Rise is a bathy
metric ridge that presently stands as high as 1500 m above the 
surrounding abyssal plain (Fig. 2). This ridge is one of a series 
of E-W to WNW-ESE trending ridges and troughs that charac
terize the west-central Atlantic Ocean (Figs. 1, 3; Peter and 
Westbrook, 1976). These features are thought to be associated 
with oceanic fracture zones that developed during opening of 
the central Atlantic during Senonian (Late Cretaceous) time 
(Westbrook et al., 1984a). 

Maps of depth to acoustic basement derived from seismic re
flection profiles show that the west-central Atlantic basement 
ridges and troughs are laterally discontinuous features that typi
cally exhibit marked elevation changes along strike (Fig. 3; 
Westbrook et al., 1984b). These basement maps show that, east 
of 58°05' W, the Tiburon Rise is bounded on the south by a 
deep trough that is filled by as much as 3 km of sediment (Fig. 3; 
Westbrook et al., 1984b). Unfortunately, the basement bathym
etry to the southwest of the Tiburon Rise (west of 58°05' W) re
mains poorly constrained because of poor seismic reflection 
coverage, which results from the westward thickening of the ac
cretionary prism. However, seismic reflection profiles that cross 
the southeastern and northern margins of the Tiburon Rise, 
coupled with profiles from the structurally similar Barracuda 
Ridge to the north, provide considerable information about the 
age of the basement ridges and the paleobathymetry of the area. 

Specifically, a NNE-SSW single-channel profile that crosses 
both the western Tiburon Rise and the central Barracuda Ridge 
{ConradLine 1701, unpublished data; Mauffret et al., 1984) re
veals onlap of sedimentary strata against the basement of both 
bathymetric ridges throughout most, if not all, of the sedimen
tary sections adjacent to the ridges. Similarly, a multi-channel 
seismic reflection profile collected by G. K. Westbrook along 
the southeastern margin of the rise shows probable onlap of the 
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Figure 1. Location map of the eastern Caribbean/western Atlantic region showing the Tiburon Rise and 
Barbados. Depth in kilometers. 

Tiburon Rise by the oldest part of the overlying sedimentary 
section (Discovery Cruise 109, Lines 12-14; unpublished data). 
These observations indicate that the ridges and troughs of the 
west-central Atlantic have existed as bathymetrically shallow 
features since soon after Late Cretaceous deposition of the oce
anic basement in this region. 

Accurate paleobathymetric reconstructions depend on the 
ability to successfully filter out recent uplift and subsidence. 
This problem is particularly important in the Tiburon Rise case 
because of the location of the rise on the downgoing (Atlantic) 
Plate at the front of the Lesser Antilles accretionary prism. As 
an oceanic fracture zone ridge enters a subduction zone, newly 
imposed stresses may reactivate ancient, extinct, ridge-bounding 
faults (e.g., Hilde et al., 1985; Bourgois et al., 1988). This phe
nomenon might result in erroneous estimates of paleo-relief of 
the bathymetric ridge. 

Fortunately, this does not appear to be a major problem in 
the Tiburon Rise area. Seismic reflection profiles reveal only mi
nor recent fault activity along the margins of both the Tiburon 
Rise and Barracuda Ridge; recent fault-related uplift accounts 
for only a small proportion of total ridge basement relief (gen
erally < 10% on most profiles). For example, a N-S profile 
along 56°30' W (Peter and Westbrook, 1976; their Fig. 15) 

shows that the deep trough along the southern margin of the Ti
buron Rise (Fig. 3) exhibits no recent fault control and indicates 
that in this area apparently all of the basement relief of the rise 
has existed since soon after basement deposition. This profile 
does show some recent normal faulting along the southern mar
gin of the Barracuda Ridge to the north, which has increased 
basement relief of that ridge by approximately 7%-13<yb. Simi
larly, a parallel N-S profile to the east (along 54° 30' W) shows 
relatively recent normal fault activity that has increased total 
basement relief along the southern margin of the Barracuda 
Ridge by approximately 10% (Peter and Westbrook, 1976; their 
Fig. 17). Conrad Line 1701 shows only one possible recent nor
mal fault located approximately 10 km north of the northern 
margin of the Tiburon Rise. Down-to-the-south offset on this 
fault represents only about 2%-3% of the total basement relief 
of the rise, and has actually caused an overall decrease in base
ment relief. 

Multi-channel reflection profile CRV 128, which runs E-W 
along the western Tiburon Rise and across the toe of the accre
tionary prism (along 15°32'N), provides a more detailed picture 
of the timing of basement uplift (Shipboard Scientific Party, 
1988). This line obliquely crosses nine, NW-SE and NE-SW 
trending normal faults that offset basement (see Site 671 report, 
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Figure 2. Location map of the Tiburon Rise/ODP Leg 110 area. Note ODP and 
DSDP sites as well as the location of seismic reflection profile CRV 128. Toothed 
line represents the deformation front of the Lesser Antilles accretionary prism. 

Mascle, Moore, et al., 1988). Only one of these faults exhibits 
any recent minor activity. Four of the faults offset only Upper 
Cretaceous (and possibly Paleocene?) strata. The remaining 
four faults exhibit offsets that decrease with time, with most 
offset concentrated in the Upper Cretaceous-Paleocene section. 
Offsets diminish in middle and upper Eocene deposits, and a 
prominent latest Eocene/earliest Oligocene reflector is only 
slightly offset. Most fault activity therefore appears to have 
been associated with the early stages of the history of this por
tion of the Atlantic Basin (Mascle, Moore, et al., 1988). 

The observations discussed above show that recent faulting 
has caused only minor changes in the basement relief of the Ti
buron Rise, indicating that the rise had acquired almost all of 
its present basement relief by middle- or late Eocene time. Fur
thermore, depth-to-basement maps and evidence of sedimen
tary onlap of the ridges discussed above show that the rise has 
existed in essentially the same morphology and geographic posi
tion since Late Cretaceous time (compare Figs. 2 and 3). 

LITHOLOGY 
At ODP Site 672, the interval containing the anomalously 

coarse-grained terrigenous sediment is approximately 220 m 
thick and ranges in age from middle Eocene to late Oligocene 
(Fig. 4). The recovered sequence comprises three sediment types: 
Green clay, redeposited marl, and terrigenous mud, silt, and 
sand. Similar lithologies were recovered from several other ODP 
Leg 110 sites (e.g., Sites 671, 674), but the stratigraphic section 
at Site 672 is the most complete because of the absence of accre
tionary prism deformation. Consequently, the following discus
sion will focus on data from Site 672. 

GREEN CLAYS: OBSERVATIONS 
Green clays make up approximately 53% of the section and 

occur in intervals that range in thickness from < 1 cm to 360 cm 
(Fig. 5). These clays are typically featureless, although faint 
burrow mottles (Planolites*!) occur locally. Most of the clay 
beds are non-calcareous, with local slightly calcareous intervals 

and rare highly calcareous intervals. Maximum C0 3 content 
measured was 60%. Grain-size analyses of 23 samples from clay 
beds indicate a grain-size range from 6.6-7.1 phi (very fine silt). 

INTERPRETATION OF DEPOSITIONAL 
ENVIRONMENT 

We interpret the green clays as hemipelagic "background" 
sediments (Fig. 6A). The massive, featureless nature of these de
posits suggests that all primary sedimentary features have been 
completely obliterated during bioturbation. The non-calcareous 
composition of most of the clay beds indicates deposition below 
the carbonate compensation depth (CCD). We speculate that 
the minor calcareous component of these beds may be exotic 
material derived from higher on the rise, in an area located 
above the CCD (Fig. 6A). Alternatively, these local, slightly cal
careous intervals may have been deposited when the CCD was 
slightly deeper. This interpretation implies deposition of the 
green clays near the CCD, at a depth where slight perturbations 
in the CCD resulted in a transition from non-calcareous to cal
careous clay deposition. The rare, highly calcareous intervals 
probably represent texturally unrecognizable influxes of calcare
ous pelagic sediment, derived from either higher on the Tiburon 
Rise or from South America. 

TERRIGENOUS MUDS, SILTS, A N D SANDS: 
OBSERVATIONS 

Due to the great distance of the Tiburon Rise from terrige
nous sediment sources (i.e., South America and the Lesser An
tilles Island Arc) during Eocene-Oligocene time, we had ex
pected to encounter only pelagic and hemipelagic deposits in the 
mid-late Tertiary portion of Site 672. Consequently, we were 
surprised to observe that approximately 37% of the mid-late 
Tertiary section consists of anomalously coarse-grained terrige
nous muds, silts, and sands (Fig. 5). At least 258 of these terrig
enous beds occur within the middle Eocene-upper Oligocene in
terval at Site 672. No similar terrigenous beds were observed in 
sediments younger than late Oligocene. Siltstones and mud-
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Figure 3. Contour map of depth to acoustic basement in the central western Atlantic region showing location of 
ODP Site 672 and DSDP Sites 27 and 543 (after Westbrook et al., 1984b). Depth in kilometers; selected half-
kilometer contours also shown. Note that the alternating E-W basins and ridges in this region exhibit marked, 
along-strike changes in elevation. Toothed line represents deformation front of the Lesser Antilles accretionary 
prism. Compare with present bathymetry shown in Figure 2. 

stones are the most common lithologies, especially in the Oligo
cene section, with an increasing percentage of sandstone down
section. Bed thicknesses range from < 1 cm to 150 cm. 

These terrigenous beds exhibit a wide range of compositions, 
varying from nearly pure detrital quartz to >80% planktonic 
foraminifers (Figs. 7A, 7B). However, most beds consist of a 
mixture of these two compositional end members. The most 
common sediment type consists of alternating 1- to 5-mm-thick 
carbonate-rich and quartz-rich laminae (Fig. 7C). The carbon
ate-rich laminae contain planktonic foraminifera, dark-colored 
micritic clasts, and abundant glauconite (Fig. 7C). Many of the 
foraminifer tests are filled with glauconite and pyrite. Ouartz-
rich layers locally contain minor microcline, plagioclase, and 
glauconite, as well as rare glaucophane, zircon, clinopyroxene, 
and muscovite (Fig. 7A). 

The olive-gray to dark gray terrigenous beds typically exhibit 
a sharp, flat base, and many beds grade smoothly upward into 
green clay intervals, although sharp upper contacts are also 
common (e.g., Figs. 8A, 8E). Most of the terrigenous beds ex
hibit either horizontal laminations or low-angle cross stratifica
tion (typically 2°-15° dip; Figs. 8A, 8B, 8D). Larger-scale (7 
cm), higher-angle (15°-45°; possibly partially slumped?) cross 

bedding is limited to only a few examples (Fig. 8C). Many beds 
contain a thin basal silt lag, or several thin, silt laminations near 
the base of the bed. In addition, many beds exhibit decreasing 
intensity of planar laminations upcore, as well as an upcore de
crease in the number of silt laminations. Crude mesoscopic 
graded bedding was also commonly observed. 

Detailed grain-size analyses of 84 samples from 16 terrige
nous beds and adjacent clay beds confirm the common occur
rence of graded bedding (Fig. 9). Many of these graded beds 
were not detected during shipboard visual core inspection due to 
their fine grain sizes (Appendix). Phi sizes of the terrigenous 
beds on which we conducted grain-size analyses range from 3.45 
(very fine sand) to 7.05 (very fine silt). However, we also recov
ered several coarser-grained beds (up to medium sand) on which 
we did not conduct grain-size analyses; three beds contained 
rare, coarse sand grains. Grain-size distributions in the terrige
nous beds typically show a large mode in the coarse-silt fraction 
(Appendix). In contrast, adjacent hemipelagic clays show a large 
mode in the fine silt fraction. 

Sand is more abundant in the Eocene portion of the mid-late 
Tertiary interval at Site 672. Much of the increased sand-sized 
component in the basal portion of the sequence consists of 
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Site 672 
15°32.40'N 
58° 38.46'W 
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Figure 4. Stratigraphic column for ODP Site 672 showing the middle 
Eocene-upper Oligocene, anomalously coarse-grained interval. 

glauconite- and foraminifera-rich sediment (Fig. 5). These gray-
green, olive, and olive-gray sandstones and siltstones commonly 
grade upward into pale green marl beds. In many cases the beds 
are separated by an interval of pale green, highly calcareous, 
foraminifer-rich sand. 

INTERPRETATION OF DEPOSITIONAL 
ENVIRONMENT 

The composition of the Leg 110 silts and sands indicates der
ivation from South America, the nearest plausible source for 
the quartz, microcline, and glaucophane grains. The quartz was 
probably derived from the Guyana shield, whereas the glauco
phane indicates an orogenic source area, possibly the Caribbean 
Mountain System of northern Venezuela (Beck et al., this vol
ume). We interpret the glauconite-rich foraminifer sands as prod
ucts of the northern South American shelf, possibly derived 
from the middle Eocene Caratas Formation of northern Vene
zuela, which consists largely of glauconite, foraminifer-rich 
sediments (Beck et al., this volume). 

CLAY 

MARL 

TERRIGENOUS 

CALCAREOUS SAND 

Figure 5. Histogram showing sediment types from the anomalously 
coarse-grained mid-late Tertiary section at Site 672. Note the presence of 
abundant calcareous sand in the Eocene portion of the interval. 

The mode of deposition of these beds was the subject of 
lively debate during ODP Leg 110. It seemed reasonable that 
the terrigenous sediments were derived from South America and 
that they had reached the Tiburon Rise area as distal turbidity 
currents. However, we were uncertain as to their final mode of 
deposition on the slopes of the Tiburon Rise. As discussed 
above, probable Late Cretaceous sedimentary onlap indicates 
that the rise was a positive bathymetric feature prior to deposi
tion of the anomalously coarse-grained section, ruling out de
position of the terrigenous beds as distal, abyssal plain turbi
dites that were uplifted by later fault movements. We were there
fore faced with the question: Are these sediments primary tur
bidites that flowed upslope to their present position on the slope 
of the Tiburon Rise, or were they reworked into their present 
position by bottom currents? This distinction is particularly im
portant because, if Leg 110 terrigenous beds are indeed turbi
dites, they represent an example of the ability of even very distal 
turbidity currents to deposit silt and sand significant distances 
upslope. 

In many deep-sea sequences, distinguishing between a turbi
dite and a bottom-current/contourite origin can be difficult 
(e.g., Stow and Piper, 1982). However, in the Leg 110 case, a 
combination of shipboard visual core inspection, detailed post
cruise grain-size analyses, and the seismic-reflection characteris-
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Figure 6. Schematic diagrams showing interpreted depositional patterns 
in the Tiburon Rise area during middle Eocene-late Oligocene time. 
ODP Site 672 is located on the uppermost northern slope of the western 
portion of the rise. (A) Deposition of hemipelagic green clay at Site 672, 
which was located beneath the CCD. Note interpreted location of the 
CCD and deposition of both hemipelagic green clay and pelagic calcare
ous sediment on the uppermost portions of the Tiburon Rise to the east 
of Site 672. (B) Deposition of South American-derived terrigenous tur
bidites at Site 672. Some of the turbidity currents maintained sufficient 
momentum to crest the lower, western portions of the Tiburon Rise 
(e.g., Site 672; see Dolan et al., 1989 for possible alternative explana
tion). These flows deposited sand and silt turbidites at the site and along 
the lower slopes of the southern margin of the rise (solid arrows). Bro
ken arrows to the north of Site 672 represent continued northward flow 
of the clay-rich portions of the turbidity currents flowing over the lower, 
western portion of the rise toward DSDP Site 543. These clay-rich tur
bidity currents were responsible for increased middle Eocene-upper Oli
gocene sedimentation rates observed at Site 543. Location of Site 672 
and CCD omitted for clarity. (C) One possible model for deposition of 
the marl turbidites and slumps. The uppermost portions of the Tiburon 
Rise were located above the CCD and received both pelagic calcareous 
sediment and hemipelagic green clay. In addition, the finest-grained 
portions of South American terrigenous turbidites may have deposited 
predominantly clay turbidites atop the rise. Periodic deposition of these 
clay turbidites may have caused gravitationally unstable conditions on 
the upper slopes of the rise and initiated downslope movement of mixed 
pelagic, hemipelagic, and turbiditic sediment. These mixed sediments 
were recovered at Site 672 as marl turbidites and slumps. Alternatively, 
the marl turbidites may represent deposition from the uppermost por
tions of the terrigenous turbidites (see text for discussion). 

tics of these deposits provide strong support for a primary tur
bidite origin of the terrigenous beds (Fig. 6B). 

The common graded bedding revealed by both shipboard vis
ual core descriptions and by post-cruise grain-size analyses, 
coupled with the sharp bases to most beds, represents the most 
obvious evidence in support of a turbidite hypothesis. Stow and 
Shanmugam (1980) and Stow and Piper (1982) recognized a se
quence of sedimentary structures within mud-dominated turbi
dites such as those recovered during Leg 110. Based on their ob

servations, they constructed an idealized structural hierarchy 
consisting of nine subdivisions that encompass the Td and Te 
turbidite intervals of the Bouma (1962) sequence. Their model 
is useful for characterizing the ODP Leg 110 terrigenous beds, 
although we did not observe complete sequences containing all 
nine subdivisions. Our post-cruise grain-size analyses, coupled 
with shipboard visual core descriptions, indicate that the major
ity of the Leg 110 beds contain many of the Stow and Shanmu
gam (1980) T2 through P subdivisions. The common absence of 
the basal TO and TI intervals is consistent with the distal nature 
of these turbidites, and with our interpretation that they were 
deposited at least several hundred meters above the abyssal plain 
(Fig. 6B). Common low-angle cross stratification in the terrige
nous beds suggests the development of some type of bedform 
during deposition, possibly ripples or small dunes. 

Grain-size distributions in mud and silt turbidites typically 
show large modes in coarse and medium silt (e.g., Kranck, 
1984; Brunner and Ledbetter, 1987). In contrast, grain-size dis
tributions in hemipelagic muds typically show large modes in 
fine silt (Brunner and Ledbetter, 1987). Similar patterns ob
served in the Leg 110 sediments add further support to our in
terpretation of the Leg 110 terrigenous beds as turbidites. 

Multi-channel seismic reflection profile CRV 128 across the 
Leg 110 area also supports the turbidite hypothesis (Mascle, 
Moore, et al., 1988). The basal, middle- to upper Eocene por
tion of the anomalously coarse-grained section appears on the 
seismic reflection profile as a laterally continuous sheet with lit
tle lateral change in thickness (see Site 672 report, Mascle, 
Moore, et al., 1988). Internal reflectors are strong, parallel, and 
continuous. These observations are consistent with the reflec
tion characteristics of numerous other turbidite deposits (e.g., 
Berg, 1982; Mitchum, 1985). In contrast, most sediment drift 
deposits associated with bottom-current activity are character
ized by strongly mounded geometries, erosional "moats" adja
cent to depositional areas, and internally complex reflector ge
ometries associated with the migration of large-scale bedforms 
(e.g., Buffler et al., 1978; Faugeres et al., 1985; Kidd and Hill, 
1987; Reed et al., 1987). Thus, the reflection characteristics of 
the Leg 110 deposits are much more consistent with a turbidite 
deposit. 

A turbidite origin is also supported by consideration of the 
bottom-current velocities that would have been necessary to 
transport medium-grained sand up the slope of the Tiburon 
Rise. Most modern bottom currents associated with thermoha-
line deep-ocean circulation exhibit velocities on the order of 5-
to 30-cm/s (e.g., MacDonald and Hollister, 1973; Flood and 
Hollister, 1974; Lonsdale and Malfait, 1974. Weatherly and Kel-
ley, 1985) although locally velocities may reach as much as 70-
to 75-cm/s (Emery and Ross, 1968; Kenyon and Belderson, 
1973). In addition, strong currents of up to 74 cm/s have been 
recorded in association with short-lived benthic storms (e.g., 
Kerr, 1980; Tucholke et al., 1985). Although current velocities of 
> 20 cm/s are capable of moving low-density foraminifer sands 
(Southard et al., 1971), and velocites of > 30 cm/s result in de
velopment of dunes in mixed quartz-foraminifer sands (Lons
dale and Malfait, 1974), most typical bottom-current velocities 
(5-30 cm/s) are probably insufficient to move medium-grained 
terrigenous sand hundreds of meters upslope. Therefore, it seems 
unlikely that bottom currents would have been capable of de
positing the Site 672 sands. A bottom-current origin for any of 
the Leg 110 terrigenous beds is therefore ruled out because the 
sands are an integral component of a suite of mud, silt, and 
sand beds which, based on textural grounds, appear to have all 
been deposited by the same currents. 

The observations discussed above indicate that there is com
pelling evidence for a primary turbiditic origin for the Eocene-
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Figure 7. Photomicrographs of terrigenous beds showing the range of sediment composition. (A) Ouartz-rich fine-grained sandstone. Quartz grains 
[Q] are white, the dark grains [G] are composed of glauconite. Other accessory minerals in these beds include glaucophane, microcline, pyroxene, and 
muscovite. Sample is from ODP Hole 110-671B-74X-1, 15-19 cm. Plane light; field of view is 3.7 mm. (B) Calcareous sandstone (packstone) com
posed predominantly of planktonic foraminifers, many of which are filled with micrite and glauconite. Sample 110-672A-41X-CC, 18-19 cm. Plane 
light. (C) Mixed quartz-calcareous siltstone. Note the segregation of quartz (white) and calcareous components (dark) into distinct laminations, each 
approximately 0.8-1.1 mm thick. The calcareous laminations consist predominantly of planktonic foraminifers, micrite clasts, and glauconite. Sam
ple is from Sample 110-674A-29X-1, 55-58 cm. Plane light; field of view is 3.7 mm. 

Oligocene terrigenous muds, silts, and sands recovered at Site 
672. These beds thus represent an exceptional example of up
slope deposition of very distal turbidity currents, in this case 
more than 1100 km from their source (Fig. 6B). 

REDEPOSITED MARLS: OBSERVATIONS 
These pale green to white beds range in thickness from 1 to 

45 cm and make up approximately 10% of the mid-late Tertiary 
section at Site 672 (Fig. 5). Shipboard smear-slide analyses indi
cate that these deposits consist of clay minerals and nannofos
sils, with a local, minor component of quartz silt. 

Marl beds typically have sharp bases and either sharp or gra
dational tops (Fig. 10). Although many of the marl beds are in
ternally massive, a common sequence observed in these deposits 
consists of: A sharp base, a horizontally laminated lower inter
val, a gradual upsection increase in bioturbation, and a com
pletely bioturbated, gradational upper contact into green clay 
(Fig. 10). Laminations are generally horizontal with local low-
angle cross stratification. Burrow types observed in the marl 
beds include Planolites, Teichichnus, and Chondrites. 

In approximately 35 cases, terrigenous beds are overlain di
rectly by redeposited marl beds; the inverse relationship occurs 
in only three cases. Grain-size analyses from 15 marl samples 
indicate a median grain size range of 5.40-7.15 phi (coarse to 
fine silt, Figure 9C; Appendix). Typically, the upper portions of 
marl beds are slightly finer grained (phi = 6.90-7.15) than over
lying hemipelagic clay beds (phi = 6.60-7.00). 

In addition to the redeposited marl beds, several pale green, 
small-scale (2 to 7 cm thick) marl slumps were recovered (Fig. 
11). These typically consist of tightly folded, well-laminated 
sediment. The laminations are defined by alternating carbon
ate-rich white layers and clay-rich green layers 1- to 5-mm thick. 

INTERPRETATION OF DEPOSITIONAL 
ENVIRONMENT 

The sharp bases and gradual upward increases in bioturba
tion observed in many of the marl beds suggest episodic deposi
tion, with burrowing organisms only able to penetrate the upper 
portions of some of the thicker beds. This accounts for the pres
ervation of sharp lower contacts and primary basal laminations 
in some marl beds. These observations, coupled with grain-size 
analyses showing graded bedding, suggest that the marl beds are 
turbidites. 

The common occurrence of redeposited marl beds directly 
over terrigenous beds suggests a genetic relationship between 
deposition of these two sediment types. The episodically depos
ited marl beds may represent either: (1) deposition from the up
permost portions of the South American terrigenous turbidity 
currents (Fig. 6B); or (2) turbidites composed of sediment de
rived from higher on the Tiburon Rise (Fig. 6C). 

1. We suggest that the marl beds may represent deposition 
from the topmost portions of the same turbidity currents that 
deposited the terrigenous beds (Fig. 6B). During turbidity cur
rent transport from the South American shelf, much of the pe
lagic carbonate component (e.g., nannofossils, planktonic fora
minifers), along with abundant clay and minor quartz silt, may 
have been hydraulically sorted out of the bulk of the flow, prob
ably as a result of a lower hydraulic equivalence for these sedi
ments than for similar-sized but denser terrigenous grains found 
in the lower portions of the turbidites. Individuals marl beds, 
(i.e., those that do not directly overlie terrigenous beds) may 
thus represent the most distal deposits of the South American 
turbidity currents, possibly derived from smaller volume flows. 
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Figure 8. Core phootgraphs of sedimentary structures in terrigenous beds from ODP Leg 110 area. (A) Horizontally laminated silt bed. Note 
sharp base and bioturbated top of bed. Sample 110-671B-60X-CC. Scale in centimeters. (B) Low-angle to moderate-angle cross-bedding in a 
thick (70 cm), terrigenous fine-grained sand bed. Note that the apparent reversal in cross-lamination dip direction at 16.5 cm is a drilling arti
fact caused by differential rotation between adjacent "drill biscuits." Section 110-672A-48X-2, 0-30 cm. (C) A rare example of high-angle 
cross-bedding in a calcareous fine-grained sand bed. Section 110-672A-40X-5, 42-56 cm. (D) Probable example of multiple sediment pulses 
within a single terrigenous interval. Note the abrupt up-core changes in sedimentary structures, including an interval of mesoscopic graded 
bedding from 89.2-88.1 cm (left side of core). Scale is in centimeters. Section 110-671B-61-4. (E) Thin, non-graded bed of fine quartz sand 
located within an interval of featureless green clay. Section 110-671B-74X-L 

2. Alternatively, the marls may have been deposited by tur
bidity currents derived from higher on the Tiburon Rise (Fig. 
6C). We speculate that the finest-grained portions of the terrige
nous turbidites may have been partially deposited along the up
per slopes of the rise (Figure 6B). Because the uppermost por
tions of the Tiburon Rise were probably above the CCD (Fig. 
6A), deposition of very fine-grained turbidites may have led to 
gravitationally unstable, mixed terrigenous/pelagic-carbonate 

deposits on the upper slopes of the rise. We hypothesize that 
these deposits slumped off the rise and were deposited as marl 
turbidites and slumps on the lower slopes of the rise, where we 
encountered them at Site 672. The small-scale marl slumps in 
the middle Eocene-upper Oligocene interval consist of the same 
pale green clay-nannofossil marl as the marl turbidites, support
ing the possibility that mixed clay-pelagic carbonate deposits 
occurred upslope from Site 672. 
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Figure 8 (continued). 

COMPARISON OF SITE 672 WITH NEARBY DSDP 
SITES 543 A N D 27 

The pronounced along-strike bathymetric relief of the Ti-
buron Rise suggests that turbidite depositional rates varied widely 
along the rise. Site 672 is located along the nose of the Tiburon 
Rise, on the uppermost northern slope (Figures 2, 4). We sug
gest that the terrigenous deposits recovered at this site represent 
deposition of silt- and sand-sized sediment carried by the tur
bidity currents as they slowed during their climb up, and locally 
over, the rise (Figure 6B; for more complete discussion see Do-
lan et al., 1989). 

The absence of similar coarse-grained terrigenous turbidites 
of middle Eocene-upper Oligocene age in DSDP Hole 543 to 
the north of the Tiburon Rise (Fig. 2) supports our hypothesis 
that the rise acted as a barrier to the northward transport of 
South American-derived turbidity currents during mid to late 
Tertiary time. Site 543 is located just to the north of the Tiburon 
Rise, only 19 km north of Site 672 (Fig. 2). Despite this proxim
ity, middle Eocene-upper Oligocene deposits at Site 543 consist 
exclusively of clay and pelagic clay (see Site 543 site report; 
Moore, Biju-Duval, et al., 1984). However, sedimentation rates 
at Site 543 do increase in the middle Eocene-upper Oligocene 
section (J. C. Moore, pers, commun., 1987). We suggest that 
these increased mid-late Tertiary sedimentation rates observed in 
Hole 543 reflect deposition of the predominantly clay-sized 
component of the South American turbidity currents. Only the 
very fine-grained, clay-rich suspended load of the uppermost 
portions of these turbidity currents was able to spill over the Ti
buron Rise and reach Site 543 (Fig. 6B). 

DSDP Site 27, which is located along the southern flank of 
the Barracuda Ridge approximately 150 km ENE of Site 672 

EOCENE-OLIGOCENE SEDIMENTATION 
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(Fig. 3), contains common, upper middle Eocene, very thin-
bedded (1- to 5-mm) marl turbidites that may correlate with 
similar beds described from Site 672. In addition, one thin 
probable upper Oligocene marl turbidite was recovered at Site 
27. This bed may correlate with upper Oligocene marl and ter
rigenous turbidites recovered at Site 672. No terrigenous turbi
dites were identified at Site 27, although it is important to note 
that this site was only spot cored, in contrast to Sites 543 and 
672, which were continuously cored. The Site 27 marls are inter
bedded with green clays similar to the hemipelagic "background" 
clays recovered at Site 672. 

By analogy with Site 672, we suggest that the Site 27 marls 
represent either: (1) very distal deposition of the uppermost por
tions of South American-derived turbidites, which either flowed 
northward over, or around, the bathymetric barrier imposed by 
the Tiburon Rise and its associated bathymetric trough (Fig. 3), 
or (2) turbidites composed of mixed hemipelagic green clay and 
pelagic carbonate that was originally deposited along the upper
most slopes of the Barracuda Ridge. 

ESTIMATES OF PALEOGENE BATHYMETRIC 
RELIEF A N D SURFACE SLOPE OF THE TIBURON 

RISE A N D SITE 672 
The paleobathymetry of the area to the southwest of the Ti

buron Rise is potentially critical in terms of understanding pa-
leo-sediment dispersal patterns for the Eocene-Oligocene de
posits discussed in this paper. Unfortunately, this area has been 
completely over-ridden during the past 25 m.y. by the eastward-
moving Lesser Antilles island arc and accretionary prism (Fig. 
1). Consequently, we cannot reconstruct the mid-late Tertiary 
paleobathymery of the area. However, we can provide minimum 
and maximum estimates of relief along the Tiburon Rise during 
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Figure 9. Examples of grain-size analyses of ODP Leg 110 sediments. (A) Graded bedding in a 
terrigenous silt and mud bed. Note that in addition to positive grading, this bed exhibits a 
sharp base, basal silt laminations, a massive upper portion, and a bioturbated top into green 
clay. These features are typical of many of the terrigenous beds. Section 110-672A-30X-1. 
(B) Terrigenous silt bed exhibiting sharp base and graded bedding. Note that the apparent, rela
tively coarse grain size shown for the enclosing clay beds (phi = 5.3-5.4) is an artifact of the 
aperture size used in this grain-size analysis. See Appendix for discussion. Section 110-672A-
37X-2. (C) Graded terrigenous sandy-silt bed overlain by a graded marl bed. Note the grain-
size increase at the terrigenous bed/marl bed contact. The upper portion of this terrigenous 
bed is shown in Figure 9B. As in (B) above, the sampling aperture used in these grain-size anal
yses results in artificially coarse grain sizes for the the finer-grained portions of these beds (see 
Appendix). Sections 110-672A-48X-1 and -2. 
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Figure 10. Core photographs of marl beds from the Leg 110 area. (A) Marl turbidite [M] exhibit
ing well-developed sequence of sedimentary structures typical of these beds. Note the sharp base, 
basal laminated interval, increasing bioturbation upsection, and the gradational top of the bed 
into green clay [C]. This example is from an overturned interval in Section 110- 674A-29X-CC. 
Scale is in centimeters. (B) Another example of a well-developed marl turbidite. Note the lami
nated basal portion of the marl bed [M] and the highly gradational, bioturbated top of the bed. 
The overlying and underlying beds consist of green clay [C]. Section 672A-40X-4. 

this time period based on depth-to-basement maps, seismic re
flection profiles, and the knowledge that most vertical fault 
movements had ceased by late Eocene time (see discussion 
above). 

Analysis of the seismic reflection profile across the south
eastern Tiburon Rise (Peter and Westbrook, 1976; their Fig. 15) 
shows that relief along the southern side of the rise has de
creased steadily with time as sediment both onlapped and draped 
the rise. Thus, present surface relief along the southern margin 
represents the minimum amount of relief that has existed through
out the history of the rise. Site 672 presently lies at 4975 m water 
depth on the western nose of the Tiburon Rise, slightly north of 
the rise crest (Fig. 2). The site is approximately 600 m above the 
abyssal plain to the north (Fig. 3). The present slope of the 
northern margin of the Tiburon Rise dips at 1.8° to 2.6°, 
whereas the southern slopes dip more steeply (4.0°-5.0°; Fig. 3). 
These steep southern slopes are probably related to impinge
ment of the accretionary prism in this area. 

Given the ridge-and-trough bathymetry of the surrounding 
area, it is unlikely that the seafloor to the south of the Tiburon 
Rise was any shallower than the abyssal plain to the north of the 
rise (prior to eastward encroachment of the accretionary prism 
into the area). Thus, the present 600-m-relief along the northern 
margin of the rise probably represents the minimum amount of 
relief along the southern margin of the rise since cessation of 
most normal fault movements in late Eocene time. 

We can approximate one other datum for the area to the 
southwest of the Tiburon Rise, depth to basement, which repre
sents an absolute maximum amount of relief along the rise. 
These estimates are based on a combination of the depth-to-
basement maps from the Tiburon Rise area and the regionally 

consistent, pronounced WNW-ESE trend of basement features 
in the area. However, the estimates ignore sediment infilling of 
basement lows. Because much of the infilling of the basement 
lows may have been early (i. e., Late Cretaceous-Paleocene), the 
depth-to-basment estimates probably greatly overestimate the 
Eocene-Oligocene relief between Site 672 and the adjacent sea-
floor. Note also that these estimates have not been corrected for 
sediment compaction effects, which would also tend to increase 
apparent basement relief. 

Depth-to-basement maps indicate that the paleo-ridgecrest 
of the Tiburon Rise was located in approximately the same 
place as the present crestline (Fig. 3; Westbrook et al., 1966). 
Furthermore, they show that the rise has had basically the same 
morphology since at least late Eocene time (and probably since 
Late Cretaceous time; Fig. 3). Basement slopes of the northern 
margin of the rise dip from 1.8° to 4.0°, approximately the 
same angle as the present surface slopes, and total basement re
lief here is approximately 1.5- to 3.1 km (Fig. 3). In contrast, 
basement maps indicate that the southeastern margin of the rise 
has much higher basement relief and basement slopes. In this 
area, total relief from the ridge crest to the base of the deep 
trough along the southern margin of the rise ranges from 1.8 
km to at least 4.5 km, with surface slopes of 3.0°-6.8°. The 
measurements for these latter calculations are taken for slopes 
east of the accretionary prism deformation front only (i.e., east 
of 57°35' W), and represent minimum values, because the 
trough apparently continues to deepen toward the west beneath 
the accretionary prism, whereas the rise shallows toward the 
west (Fig. 3). 

We can reconstruct two approximate "end-member" depth-
to-basement scenarios for the region to the southwest of the Ti-
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Figure 11. Core photograph of small slump folds in a marl interval. 
These slumps are typically composed of alternating white, calcareous 
laminations, and green, clay-rich, non-calcareous to slightly calcareous 
laminations. Section 110-672A-49X-3. 

buron Rise: (1) the deep trough along the southern margin of 
the rise continues, and possibly even deepens, to the west, or (2) 
the trough is a highly discontinuous feature that abruptly either 
terminates, or shallows markedly, towards the west. If the first 
possibility is correct, then surface slopes along the southwestern 
margin of the rise during Eocene-Oligocene deposition of the 
Site 672 terrigenous turbidites may have been quite high. In this 
scenario, maximum basement relief would be at least 4.5 km, 
and possibly higher. Because the basement at Site 672 is located 
approximately 1.2 km below the crest of the ridge, basement re
lief between the drill site and the seafloor to the south may 
therefore have been as much as 3.3 km. By analogy to the 
southeastern margin of the rise, surface slopes may have been 
7° or steeper. If, on the other hand, the trough terminates to
ward the west, total surface relief along the southwestern mar
gin of the rise would have been approximately 2 km (using a 
conservatively estimated "average abyssal plain" depth for the 
region of 6.5 km; see Fig. 3). Total basement relief between Site 
672 and the adjacent seafloor may therefore have been as little 
as 800 m. In this second scenario, basement slopes of the rise 

might have been as shallow as approximately 1.5°. We cannot 
presently choose between these two possibilities. However, the 
apparent westward deepening of the trough beneath the toe of 
the accretionary prism suggests that the first scenario may be 
the more likely one. 

UPSLOPE DEPOSITION OF TURBIDITES 
Experimental evidence and theoretical models indicate that 

turbidity currents can flow significant distances upslope, partic
ularly if they are large, unconfined flows (e.g., Muck and Under
wood, in press). Recent experiments on saline fluid density cur
rents indicate that the thickness of a turbidity current must be 
greater than approximately 60% of the height of the bathymet
ric obstruction to promote transfer of any material over the crest 
of the barrier (Muck and Underwood, in press). For example, if 
the Tiburon Rise crest-to-abyssal plain elevation was 800 m dur
ing deposition of a given terrigenous bed, then the thickness of 
the turbidity current that deposited that bed must have been at 
least 480 m. These results suggest that the turbidites recovered 
at Site 672 were deposited by very high-volume or high-concen
tration flows, considering that Site 672 was located more than 
1100 km from the point of turbidity current initiation. 

Upslope flow of turbidity currents has been reported from a 
number of environments (e.g., Van Andel and Komar, 1969; 
Damuth and Embley, 1979; Damuth, 1979; Cita et al., 1984; 
Underwood, 1987). In one example from the Aleutian trench, 
sand-rich turbidity currents derived from the Aleutian arc flowed 
down the inner trench slope, into the trench, and then contin
ued up the opposite, seaward trench slope. Thin sand turbidites 
here have been recovered on the outer trench slope as much as 
1000 m above the trench floor (Underwood, 1987). Similarly, in 
the Ceara Rise off northeastern South America, piston cores 
and 3.5-kHz echograms indicate that thin turbidites have been 
deposited as much as 400 m above the Amazon cone/Ceara Rise 
boundary (Damuth and Embley, 1979). These examples, coup
led with the ODP Tiburon Rise example discussed here, suggest 
that upslope flow of turbidity currents may be a more common 
process than has been previously thought. 

Although the term "upslope flow" has generally been used 
to describe these deposits, turbidite deposition on the slope of a 
bathymetric barrier may actually result from a combination of 
two processes: (1) True upslope flow. When a turbidity current 
encounters an obstruction, the center of mass of the current will 
move upwards, facilitating some genuine upslope flow that may 
result in upslope deposition (Muck and Underwood, in press). 
(2) Alternatively, upslope turbidite deposition may result simply 
as a consequence of the upper portions of thick turbidity cur
rents intersecting the slope (e.g., Damuth, 1979; Muck and 
Underwood, in press). Separating these two mechanisms may 
prove to be difficult in the absence of definitive evidence of tur
bidity current thickness. 

True upslope flow may occur when a hydraulic jump experi
enced by the turbidity current (i.e., transition from supercritical 
to subcritical flow) is delayed until the current has at least parti
ally surmounted the bathymetric barrier (Muck and Underwood, 
in press). However, in the case of the distal Leg 110 turbidity 
currents, it seems highly unlikely that supercritical flow condi
tions might be maintained over such long transport distances 
(> 1100 km). Consequently, we feel that this is not a realistic 
mechanism for deposition of the Leg 110 deposits. However, 
even if flow conditions in the turbidity currents were subcritical, 
some true upslope flow may have occurred as momentum car
ried the currents partially up the Tiburon Rise. 

Alternatively, much of the sediment deposited on the Ti
buron Rise may simply represent deposition from the upper 
portions of very thick turbidity currents that intersected the 
slope. Deposition from very thick (600- to 900-m) turbidity cur-
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rents has been reported from several deep submarine channels 
(e.g., Embley and Langseth, 1977; Normark et al., 1979) and 
from the seaward wall of the Manila Trench (Damuth, 1979). 
However, it remains unclear whether or not turbidity currents 
this thick also occur in unchannelized, distal settings as well. If 
the Leg 110 turbidity currents were channelized, confined flows 
over much of their transport to the Tiburon Rise area, this type 
of deposition may offer a reasonable explanation for deposition 
of the Eocene-Oligocene terrigeous turbidites. We can only 
speculate on this point, because the most probable paleo-sedi-
ment dispersal route from South America to the Tiburon Rise 
lies beneath the Lesser Antilles accretionary prism (Fig. 1; Beck 
et al., this volume). 

SITE 672 TERRIGENOUS BEDS 
At ODP Site 672, the total number of terrigenous beds (at 

least 258) divided by the overall time period of terrigenous de
position (14-16 m.y.) yields a recurrence interval of approxi
mately 60 to 65 k.y. (based on a recovery rate of 72%). The trig
gering mechanism for initiation of the turbidity currents is not 
known, but may have been earthquakes in the tectonically active 
South American borderland (Beck et al., this volume). 

Paleogeographic reconstructions of northern South America 
during Paleogene time suggest that the up-section decrease in 
grain size observed at Site 672 may have been partially con
trolled by tectonic events in northern Venezuela (Beck et al., this 
volume). During Eocene time, the northern portion of South 
America was dominated by a large, northeast-opening embay
ment characterized by widespread deposition of glauconitic sands, 
known as the Caratas Formation (Beck et al., this volume). 
These sands probably acted as the major source for the com
mon, pale green, glauconitic-foraminifer sandstones recovered 
at Site 672. At approximately the Eocene-Oligocene boundary, 
the onset of major right-lateral strike-slip faulting in northern 
Venezuela closed this embayment, shutting off supply of these 
sands. This event is reflected in the uphole decrease in glauco
nitic-foraminifer sand at approximately the Eocene-Oligocene 
boundary at Site 672 (Fig. 5). 

Minor uplift of the Tiburon Rise during the late Eocene 
probably acted as an additional cause for the up-section de
crease in terrigenous turbidite grain size at Site 672. As dis
cussed above, seismic-reflection profiles indicate that most nor
mal fault displacement along the margins of the Tiburon Rise 
occurred prior to Eocene time. However, minor differential up
lift of the rise continued until at least the late Eocene. This ob
servation indicates that the rise was probably a slightly less pro
nounced bathymetric barrier to northward turbidity current flow 
during deposition of the Eocene portion of the coarse-grained 
sediments, allowing deposition of fine- and medium-grained 
sand at Site 672. During late Eocene time, minor fault move
ments apparently slightly increased the height of the rise. This 
increased height probably inhibited upslope flow of the coars
est-grained, basal portions of the terrigenous turbidity currents, 
and may account for the deposition of mainly silt and mud tur
bidites at Site 672 during Oligocene time. 

RELATIONSHIP TO EUSTATIC SEA-LEVEL 
CHANGES 

Sedimentation rates calculated for the middle Eocene-upper 
Oligocene interval at Site 672 reveal two distinct pulses of in
creased sedimentation rates that correlate with increased per
centages of terrigenous beds (Figs 6, 13). These pulses occurred 
during late middle Eocene time (upper part of nannofossil Zones 
CP14A and CP14B) and late early Oligocene time (nannofossil 
Zone CP16). Comparison of the ages of these two sediment 
pulses with eustatic sea-level curves indicates that they correlate 
approximately with eustatic sea-level high stands (Fig. 12; Haq 
et al., 1987). This is exactly the opposite relationship predicted 

by most models of deep-sea terrigenous sedimentation (Vail et 
al., 1977; Shanmugam and Moiola, 1982; Haq et al., 1987). Be
cause similar occurrences of anomalously coarse-grained terrig
enous sediment do not occur in the Leg 110 area in association 
with later, similar Neogene sea-level high stands, deposition of 
the coarse-grained Leg 110 sediments was apparently not di
rectly related to eustatic sea-level changes. Rather, as discussed 
above, deposition probably resulted from pulses of increased 
sediment supply from the South American shelf, which were 
controlled by tectonic movements along the northern South 
American borderland (see Beck et al., this volume). This dem
onstrates that along active margins (e.g., northern South Amer
ica), tectonically induced increases in sediment supply can com
pletely overwhelm any eustatic signal. 

REGIONAL SIGNIFICANCE 
The occurrence of extensive terrigenous deep-sea sedimen

tary rocks of middle Tertiary age in the Tiburon Rise area and 
on the island of Barbados invites comparison of these two de
posits (Fig. 1). The Scotland Group of Barbados consists of a 
thick sequence of quartzose turbiditic sandstones (Velbel, 1980;, 
Speed and Larue, 1982; Pudsey and Reading, 1982; Kaspar and 
Larue, 1986). Accessory minerals in these quartz wackes include 
glauconite, microcline, zircon, and glaucophane, in addition to 
foraminifers and other shell debris (Velbel, 1980; Pudsey and 
Reading, 1982; Kaspar and Larue, 1986); this is essentially the 
same accessory mineral assemblage observed in the Leg 110 
quartzose silts and sands. 

Biostratigraphic studies of the Scotland Group have sug
gested that these deposits are predominantly lower and middle 
Eocene in age (Fig. 13; Speed and Larue, 1982). However, a re
cent fission-track study of zircons from the Scotland Group in
dicates ages as young as late Oligocene, suggesting that many 
microfossils in the Scotland Group may be reworked (Fig. 13; 
Baldwin et al., 1986). This study indicates that the Scotland 
Group beds are approximately the same age as the Leg 110 ter
rigenous turbidites (Fig. 13). 

Despite the similarity in ages of the Leg 110 and Scotland 
Group deposits, compositional differences suggest that the two 
deposits had markedly different (but overlapping) sediment source 
areas. Although the quartzose silts and sands of both areas are 
remarkably similar in composition, these deposits dominate the 
Scotland Group, whereas they are volumetrically minor in the 
Leg 110 area. The Leg 110 sediments contain much more glau
conite and calcareous detritus, particularly planktonic foramin
ifers and micrite clasts. 

Kaspar and Larue (1986) and Baldwin et al. (1986) suggest 
that the Scotland Group sandstones were derived predominantly 
from the Guyana Shield and the Caribbean Mountain System. 
In contrast, although the volumetrically subordinate quartzose 
sediments of the Leg 110 area were probably derived from simi
lar sources, the bulk of the Leg 110 terrigenous sediment was 
probably derived from the South American shelf (Beck et al., 
this volume). 

The Lesser Antilles accretionary prism, of which Barbados is 
a part, has been migrating toward the east since at least Eocene 
time, although the exact timing and amount of migration is a 
matter of debate (Speed, 1985; Pindell and Barrett, in press). In 
contrast, the Tiburon Rise, as part of the South America/South 
Atlantic Plate, has not migrated with respect to South America. 
This observation suggests that the Leg 110 sediments may have 
been derived from a more easterly source terrane than the Scot
land Group sediments. 

CONCLUSIONS 
1. A 220-m-thick, laterally continuous unit in the Tiburon 

Rise area consists of three sediment types: (A) terrigenous mud, 
silt, and sand turbidites derived from South America, (B) marl 
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Figure 12. Correlation of sediment ages and sedimentation rates at ODP Site 672 with a eustatic sea-level curve (from Haq 
et al., 1987). Note two major periods of increased sedimentation rates during late middle Eocene (upper part of nannofossil 
Zones CP14A and CP14B) and late early Oligocene time (nannofossil Zone CP18). 

turbidites derived from either South American sources or from 
higher on the Tiburon Rise, and (C) green hemipelagic "back
ground" clays deposited predominantly below the CCD. 

2. The terrigenous turbidites are a truly exceptional example 
of turbidity current upslope flow in very distal environments; 
these beds are more than 1100 km from their source and yet 
were deposited on the slope of the Tiburon Rise at least 800 m 
above the surrounding abyssal plain. 

3. Sedimentation rates for the mid-late Tertiary section re
veal two distinct pulses of increased sedimentation that corre
late with increased percentages of terrigenous beds. These 
pulses occurred during late middle Eocene and late early Oligo
cene time. We propose that the sediment pulses observed at Site 
672 are related to periods of increased tectonic activity in north
ern South America that resulted in increased terrigenous sedi
ment supply. 

4. The quartzose Scotland Group turbidites of Barbados are 
approximately the same age as the terrigenous muds, silts, and 
sands recovered at Site 672, suggesting that deposition of both 
units may have been related to the tectonic pulses proposed 
above. However, although the quartz-rich beds at Site 672 over
lap compositionally with the Scotland Group sandstones, the 
majority of the Leg 110 terrigenous sediments contain much 
more abundant shelf-derived carbonate detritus, suggesting dif
ferent source areas for the two deposits. 
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Figure 13. Comparison of ages of ODP Leg 110 terrigenous sediments 
and Scotland Group sandstones from Barbados (from Baldwin et al., 
1986). The two left columns (1 and 0) show biostratigraphic ages deter
mined for the Scotland Group at different localities (after Speed and 
Larue, 1982). The right-hand column (F. T.) represents fission track ages 
derived from Scotland Group zircons by Baldwin et al (1986). Although 
the youngest fission-track ages shown on the diagram are 30 Ma, some 
samples yielded ages as young as 25 Ma (Baldwin et al., 1986). These 
ages suggest that the microfossils used in the biostratigraphic dating of 
Scotland Group sandstones may be reworked. The far-right column 
shows biostratigraphic ages of the terrigenous sediments in the ODP 
Leg 110 area. Note the similarity in minimum ages between the ODP 
sediments and the Scotland Group fission-track ages of Baldwin et al. 
(1986). 

APPENDIX: ODP LEG 110 GRAIN-SIZE ANALYSIS METHODS 
The particle-size distributions of selected samples from beneath, 

within, and above suspected turbidites was determined for 98 samples 
from middle Eocene-upper Oligocene deposits recovered during ODP 
Leg 110. Sample size was approximately 0.5 cm2. Samples were dis
persed in 200 mL of Calgon solution, stirred, and placed in an ultra
sonic cleaner for 2 min. After it settled for 2 hr the Calgon solution was 
decanted. This step was repeated twice. 200 mL of distilled water was 

then added to the sediment, stirred, allowed to settle for 2 hr, and then 
decanted. Grain-size frequency distributions (volume percent vs. phi 
grain size units) and mean grain sizes (in phi units) were obtained by 
placing a sample in an Elzone electronic sizing instrument. Analytical 
precision of this instrument is ± 0.05 phi units. A full description of the 
particle-size analysis method is given in Blaeser and Ledbetter (1982). 
Orifice size on the particle counter determines the range of sizes ana
lyzed. Each orifice only records a grain-size range of 1.5-50% of the or
ifice diameter. For example, a 120-/xm orifice will record grain sizes of 
2-4 to 60 ^m. Due to the wide range of grain sizes analyzed from the 
Leg 110 sediments, we used several different orifice sizes: A 380-/tm ori
fice for medium silt to fine sand, a 240-fim orifice for fine silt to very 
fine sand, and a 120-fj.m orifice for very fine silt to coarse silt. However, 
the same orifice was used for all samples within each bed. In beds where 
the larger orifices were used, the apparent grain size of the finest-grained 
portions of the beds (e.g., clay) is shown as being artificially coarse. 

EXPLANATION OF GRAIN-SIZE PLOTS 
Grain-size frequency distributions (volume percent vs. grain size), 

and plots of mean grain sizes (mean grain size vs. depth in core) are pro
vided for each bed. All samples are from ODP Hole 672A except 110-
674A-29-CC. Lithology of each interval is shown below each mean 
grain-size plot: T = terrigenous bed, C = clay bed, and M = marl bed. 
Grain-size scale (vertical) on mean grain-size plots is not the same be
tween diagrams. Grain-size trends (e.g., graded bedding) are shown con
nected by solid lines within individual beds, as defined by visual core de
scriptions. Arrows at the ends of some of the solid connecting lines indi
cate that these beds continue into an adjacent core or section. 
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