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Abstract 

A 3-D seismic data set reveals a detailed structure and stratigraphy of the 

subducting plate and overlying sediment under the toe of the northern Barbados 

accretionary prism. The oceanic basement shows a preexisting horst and graben 

structure. The upper Cretaceous to lower Eocene sedimentary unit mostly fills in 

basement lows. The subducting middle to upper Eocene and Oligocene units overlie a 

smoothed sedimentary surface. Based on the landward thinning, we estimate that the 

upper two sedimentary units have lost 25% of their total initial void space within 3.5 km 

landward of the thrust front due to the load of the prism. This suggests that the current 

fluid expulsion rate under the 3.5-km prism toe is 1008 m3/yr per kilometer of strike 

length, much higher than previously published estimates. The fluid discharge is expected 

to increase to 1092 m3 /yr per kilometer of strike length within 64,000 years as a thicker 

sedimentary section is subducted. Our results also suggest that the basement indirectly 

controls fluid movement in the underthrust Oligocene unit by creating secondary normal 

faults that act as major fluid conduits between the overlying decollement and the 

underlying more permeable middle to upper Eocene turbidite-bearing section. 

A constrained seismic inversion was conducted on the 3-D seismic data set to 

study the physical properties of the decollement/protodecollement zone (PDZ). The 

inversion results suggest that part of the PDZ is likely scrapped off by the prism. Fluid 

conduits along the decollement may originate from spatial variations of initial physical 

properties of the protodecollement and then be enhanced by shear-induced consolidation. 

There are significant differences in physical properties between the northern and southern 
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PDZ covered by this study. The differences coincide with a change in the structure of the 

prism. A larger prism taper in the southern area may result from a stronger decollement. 

The larger prism taper coupled with less sediment supply may cause a relative retreat of 

the thrust front in the south, resulting in a change in structural orientation from NNW to 

nearly north-south. The north-south differences may ultimately be controlled by an 

increase in the elevation of the Tiburon Rise. 
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Preface 

This dissertation consists of three independent papers on the tectonics and fluid 

flow under the northern Barbados accretionary prism. The first paper, Chapter 1, 

accepted by the Journal of Geophysical Research, discusses the structure and dewatering 

of the subducting plate and its overlying sediment. The estimated dewatering rate of the 

underthrust sediment is significantly greater than that previously recognized. The second 

paper, Chapter 2, to be submitted to Proceedings of Ocean Drilling Program (ODP) 

Scientific Results volume 171 A, reports a seismic inversion study of physical properties 

of the decollement I protodecollement zone (PDZ) along a single seismic line. This study 

started after the completion of ODP Leg 156, which penetrated the decollement zone and 

logged its density and velocity at site 948. This study reports significant spatial 

variations of the PDZ and suggests that part of the PDZ may be scrapped off by the 

overlying prism. ODP Leg 17 lA penetrated the decollement I protodecollement at 5 

additional sites and logged high-quality Logging-While-Drilling (LWD) density through 

the fault zone, providing necessary constraints for a 3-D seismic inversion study of the 

decollement I PDZ. Based on the 3-D seismic inversion, the third paper, Chapter 3, 

discusses the implications of spatial variations of the PDZ and explores possible 

mechanisms for the formation of fluid conduits along the decollement and for the 

structural difference of the prism between the north and south. The north-south 

difference may ultimately result from an increase in the elevation of the Tiburon Rise. 

The research related to the three papers was conducted independently by the first 

author with the advice and suggestions from the second co-author. The third co-author 
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provided critical reviews of several versions of the first paper. The original data were 

acquired and processed by the second and third co-authors of the first paper. 
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Chapter 1: Deformation and Dewatering of the 

Subducting Plate beneath the Lower Slope of the 

Northern Barbados Accretionary Prism 

Zhiyong Zhao and Gregory F. Moore 

Department of Geology and Geophysics, University of Hawaii, Honolulu, HI 96822 

Phone: 956-6854; Fax: 956-5154; email: zhao@soest.hawaii.edu, gmoore@hawaii.edu 

Thomas H. Shipley 

Institute for Geophysics, University of Texas, 4412 Spicewood Springs Rd., Bldg. 600, 

Austin, Texas 78759 

Abstract 

Detailed structural and stratigraphic analyses of a 3-D seismic data set reveal two 

scales of structural fabric in the westward-dipping oceanic basement under the toe of the 

northern Barbados accretionary prism. The large-scale fabric consists of three NNE

trending structural highs separated by adjacent structural lows with relief of about 300 m 

and spacing of 5-6 km. The small-scale structure is characterized by a series of NNE

trending normal faults, resulting in horsts and grabens with relief of 50-200 m and 

spacing of 0.2-2 km. We believe that the structural fabric at both scales is preexisting, 

having formed at the Mid-Atlantic Ridge. The NNE-trending structural fabric is 



superimposed on regional transform fault-related WNW-trending ridges and troughs, 

forming a typical oceanic basement structural style. Only minor evidence of flexure of 

the subducting plate is observed in this area. Structures in the underthrust sediment are 

mostly secondary, having formed by differential compaction. Three distinctive seismic 

stratigraphic units are defined in the underthrust sedimentary section. The upper 

Cretaceous to lower Eocene unit mostly fills in basement lows, resulting in great 

thickness variations. The thicknesses of the Oligocene and middle to upper Eocene units 

are less variable. We estimate that the upper two sedimentary units have lost 25% of 

their total initial void space due to the load of the accretionary prism within the first 3.5 

km landward of the thrust front. This suggests a current fluid expulsion rate of 1008 

m3 /yr per kilometer of strike length, much higher than other published estimates. The 

fluid discharge is expected to increase to 1092 m3 /yr per kilometer of strike length within 

64,000 years as a thicker sediment section is subducted. Our results als9 suggest that the 

basement indirectly controls fluid movement in the underthrust Oligocene unit by 

creating secondary normal faults that act as major fluid conduits between the overlying 

decollement and the underlying, more permeable middle to upper Eocene turbidite

bearing section. Ponded sediments between basement horst blocks are not faulted and 

may compact more slowly. 

Introduction 

Deformation and dewatering are the two fundamental processes at convergent 

margins. Deformation creates accretionary structural complexes or prisms overriding a 

structural detachment or decollement. Deformation generates excessive fluids through 
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sediment compaction and also creates fluid pathways through faulting. The fluids, in 

tum, control deformational styles and other fluid-rock interaction processes [Davis et al., 

1983; Le Pichon et al., 1993; Moore and Vrolijk, 1992]. 

The structure of the subducting oceanic basement has been recognized as playing 

an important role in the evolution of convergent margins when the relief of the basement 

is not buried by sediments [van Huene and Scholl, 1991]. However, the effects of buried 

oceanic basement structure such as that under the northern Barbados accretionary prism 

has not been fully investigated. Is the basement structure passively subducted or does it 

somehow affect the deformation and dewatering processes in the overlying sedimentary 

section? It is also critical to know whether the oceanic basement structure is pre-existing 

or results from flexure of the subducting plate. The structural history of the basement is 

important because it will influence the development of overlying younger structures. 

Deep Sea Drilling Project (DSDP)/ODP drilling and 3-D seismic imaging have 

revealed important hydrological conditions of the decollement under the northern 

Barbados accretionary prism. Generally, the decollement is overpressured, with nearly 

lithostatic fluid pressure [Moore et al., 1982]. Its porosity and permeability are distinctly 

higher than those of adjacent strata, although the porosity and permeability may vary 

spatially [Moore et al., 1982; Moore et al., 1988; Shipley et al., 1994; Moore et al., 

1998]. Under the pressure gradient established by tectonic loading, fluids are generally 

channeled seaward along the decollement and upward along faults that sole into the 

decollement. Geochemical evidence suggests that some fluids come from deeply buried 

sources and migrate seaward along the decollement for tens of kilometers [Moore et al., 
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1988]. However, it is still not clear how much fluid is contributed by compaction of 

sedimentary pore space under the toe of the prism, though such fluid sources have been 

recognized to be significant [Shipley and Moore, 1986; Moore and Vrolijk, 1992; 

Shipboard Scientific Party, 1997b]. It is reported that there is little change of porosity of 

the underthrust sediment at Site 671B compared with the reference Site 672 [Moore, 

1989], but the question remains whether the measurements on core samples are 

representative and reliable for in-situ conditions. Knowledge of underthrust sediment 

consolidation and dewatering is important to understanding the fluid geochemistry and 

fluid-rock interaction processes under the toe of prisms. The amount of fluids that is 

subducted past the toe region becomes important to the subduction processes at greater 

depth because fluid availability in sediments controls the mineralogy, petrology and 

rheology of plate boundaries [Peacock, 1990; Moore and Vrolijk, 1992]. 

A unique 3-D seismic data set [Shipley et al., 1994] plus existing DSDP/ODP 

drilling data provide the means to conduct detailed investigation of the deformation and 

dewatering of the subducting plate under the toe of the northern Barbados accretionary 

prism. Moore et al. [ 1995] have presented the structural framework of this area. In this 

paper, we concentrate on the structure of the oceanic basement and dewatering of 

underthrust sediment and explore the relationship between the structure of the basement 

and dewatering. 

Tectonic Setting 

The Barbados Ridge accretionary prism is the eastern leading edge of the 

Caribbean plate (Figure 1.1) and has been growing eastward with respect to North and 
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South America since at least the Eocene [Moore et al., 1988]. The Atlantic oceanic 

lithosphere is subducting westward (282°±18°) under the Caribbean plate at a rate of 

28±6mm/yr in the survey area [ C. DeMets, personal communication, 1997]. The 

presence of subduction is demonstrated by a well-defined Wadati-Benioff zone dipping 

westward to a depth of 200 km [Tomblin, 1975]. The Lesser Antilles Volcanic Arc, 

about 300-km west of the prism toe, is the active volcanic arc of this convergent margin 

(Figure 1.1 ). The volcanic arc consists of widespread Neogene volcanic rocks and more 

localized lower Eocene to Oligocene calc-alkaline igneous rocks [Moore et al., 1988]. 

Previous geophysical investigations revealed a very large accretionary prism in 

this region that rises above sea level at Barbados Island [e.g., Westbrook, 1975]. The 

width of the prism increases southward from our survey area, due to an increasing 

sediment supply to the south [Speed et al., 1984]. Above and behind the prism are 

several forearc basins including the Tobago Trough and the Barbados Trough, two of the 

most prominent basins (Figure 1.1 ). 

A major feature of the incoming Atlantic oceanic basement is a series of WNW

trending large-scale ridges, such as the Tiburon and Barracuda Rises (Figure 1.1 ), which 

may be related to remnants of transform faults [Peter and Westbrook, 1976]. The 

Tiburon Rise is presently subducting under the prism in the survey area. These WNW

trending ridges modify the overall north-south structural orientation and locally control 

the width and elevation of the prism and the thickness of incoming sediment [Peter and 

Westbrook, 1976; Westbrook et al., 1984]. The age of the subducting oceanic basement 
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is probably Senonian or younger north of 12°N and late Jurassic-early Cretaceous south 

of 12°N [Westbrook et al., 1984]. 

The thickness of the sediment on the incoming Atlantic oceanic basement south of 

11°N is more than 7 km and decreases northward to 700-800 min the survey area at 15° 

N [Speed et al. , 1984]. The WNW-trending ridges interrupt the northward transport of 

sediment. Most of these sediments have been discharged from the Orinoco and Amazon 

Drainage systems, transported northward and deposited from the late Miocene to the 

present [Moore et al., 1988]. 

Data Acquisition and Processing 

We collected a high-resolution 3-D seismic data set on the RIV Maurice Ewing 

over the lower slope of the northern Barbados accretionary prism in the summer of 1992 

2 
(Figure 1.1). The 125-km area covered by the 3-D data encompasses most of the drill 

sites of DSDP/ODP Legs 78, 110, 156 and 171A. Shipley et al. [1994] and Moore et al. 

[ 1995] have described details of data acquisition and processing. In this study, our 

observations and interpretations are based on the 3-D depth volume of this data set 

comprising 205 lines x1635 traces x 875 samples (4000 m to 7500 m) at a line spacing of 

25 m, a trace spacing of 15 m and a sample interval of 4 m. 

The original velocity model used for migration was created from trial 2-D 

migrations, pre-existing drilling data, and a regional velocity profile collected with very 

long offsets about 100 km to the north [Bangs et al., 1990]. However, the resulting 

images exhibited unacceptable under- and over-migration. Because we used a seismic 

cable much shorter than the water depth, we could not conduct conventional pre-stack 
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depth migration studies for velocity determination. Instead we migrated three

dimensionally a subset of the data volume with 36 different velocity functions. From 

each volume the same line was extracted and these were then collected into movie loops 

used to visually locate the best "focusing" of diffractions and fault cut-offs [Harlan et al., 

1983]. Individual diffractions could be focused with as little change as 20 mis interval 

velocity [Henning et al., 1997]. However, because the method depends on the presence 

of geologic features that produce the diffractions and cut-offs, the result is a non

uniformly distributed, sparse data set. In the process of building a full 3-D velocity 

model the resolution and accuracy is significantly degraded [Shipley et al., in press]. 

An early smoothed version of the velocity model was used to create the 3-D depth 

migrations used in this study (Figure 1.2). Because the velocity becomes important in the 

later discussion of water loss between CMP 1100-1500, an estimate of accuracy is 

needed. Only one ODP well sampled basement in the area of the focusing study. Site 

1046 encountered .an underthrust section that was 430 m thick whereas the focusing 

analysis predicted 409 m, a discrepancy of 5%. The focusing study was not as robust in 

the underthrust sequence because dips of basement faults often exceeded 40 degrees, the 

upper limit of the survey design. Logging data, shown later, demonstrate that the 

thickness discrepancy is about 3% for the critical upper portion of the underthrust section. 

Data Interpretation 

Based on the structural framework laid by Moore et al. [1995], we mapped three 

horizons under the toe of the northern Barbados accretionary prism: the basement, the 

decollement/protodecollement (a stratigraphic extension of the decollement seaward of 
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the thrust front), and horizon "T", which is approximately at the top of the lower Eocene 

stratigraphic section (Figures 1.3 and 1.4). The basement is characterized as the lower

most coherent and strong positive (same polarity as the seafloor reflection) seismic 

reflection. The decollement/protodecollement is a distinctive and moderately strong 

negative (a reverse polarity from the seafloor reflection) seismic reflection, which 

separates the highly deformed accretionary prism from nearly undeformed underthrust 

sediments. Horizon T corresponds to the bottom of a series of moderately strong seismic 

reflections on the eastern side of the data set. Our further interpretation and analysis are 

mostly based on these three mapped horizons. 

Structure of the Oceanic Basement 

The 3-D seismic data reveal the detailed structure of the subducting oceanic 

basement (Figures 1.3, 1.4 and 1.5). The basement exhibits a very rough surface cut by 

numerous normal faults. Most of these faults dip seaward at about 35°-50° and have 

offsets ranging from 50 to 200 m, although landward-dipping faults also occur. The 

faults are spaced approximately 0.2-2 km apart. The general trends of these faults are 

005°-020° (Figure 1.6). Some of the faults laterally cross the entire survey area, but most 

are less than 5 km in strike length. The oceanic basement has a regional westward dip of 

about 2-3° [Moore et al., 1995a] (Figures 1.3 and 1.4), but local dips are variable, 

depending on local structures. 

We restored the original basement morphology prior to subduction by flattening 

the data set to the decollement, assuming that the decollement is approximately parallel to 

the underlying stratigraphy and that lateral variations in sediment compaction are 
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relatively small. Two scales of oceanic basement structural fabric are identified from the 

decollement-flattened data (Figures 1.7 and 1.8). The large-scale structural fabric 

consists of three pronounced NNE-trending structural highs separated by adjacent 

structural lows with a relief of about 300 m and a wavelength of 5-6 km. Two of the 

structural highs are being subducted and the other is approaching the thrust front. The 

small-scale structural fabric is characterized by a series of NNE-trending, closely-spaced 

normal faults discussed above, resulting in a horst-and-graben structure. The small-scale 

structural fabric has a spacing of 0.2-2 km and a relief of 50-200 m controlled by the fault 

offsets. On the seaward side of structural highs, normal faults typically dissect the 

basement slope at a closer spacing, which can be less than 0.2 km, with some forming 

small half-grabens with a relief up to 100 m. On the landward side of structural highs 

and in structural lows, however, the fault spacing tends to be larger and the offsets tend to 

be smaller. 

Several buried seamounts are evident, having diameters of about 1 km or less, 

heights of about 200 m and well rounded shapes (some with flat tops) (Figures 1.3, 1.5 

and 1.8). Two typical seamounts, one in a structural low and one on a structural high, 

can be clearly seen in seismic line 660 (Figure 1.3) and the basement structure maps 

(Figures 1.5 and 1.8). These seamounts are very similar to the small volcanoes widely 

developed around the Mid-Atlantic Ridge [Smith and Cann, 1993; Jaroslow et al., 1994], 

suggesting that they formed near the spreading center and are now volcanically inactive. 
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Structure and Stratigraphy of Underthrust Sediment 

As the top of the underthrust sediment, the decollement is a fairly planar surface 

dipping westward 2°-3° and more or less parallel to the underthrust stratigraphy (Figures 

1.3 and 1.4). At a smaller scale, however, the decollement locally truncates underthrust 

strata (Figure 1.9). 

A sediment section about 500 m thick is underthrust beneath the accretionary 

prism. The variation in the total thickness of underthrust sediment is largely controlled 

by the morphology of the oceanic basement (Figures 1.3 and 1.4). On the eastern side of 

the middle basement high (approximately CMP 1100), the subducting sediments can be 

divided into three units [Moore et al., 1995a] (Figures 1.3, 1.4 and 1.7). Stratigraphic 

unit I is characterized as a reflection-free zone with a thickness of about 180 m directly 

below the decollement/protodecollement. Unit II consists of a series of continuous and 

moderately strong reflections with a thickness of about 150 m. The bottom of the unit is 

just above the highest relief of the basement and has been mapped as horizon T (Figures 

1.3, 1.4 and 1.5). Unit III is a set of weak but continuous reflections that mostly fill in 

basement structural lows with onlap onto the basement slopes or fault scarps (Figure 

1.10). Because most of the topography has been eliminated before deposition, the upper 

two units have less thickness variation and their structural relief is less than 100 m 

(Figure 1.11) mainly due to differential compaction. Units I and III are composed of 

hemipelagic and pelagic deposits, whereas the unit II is turbidites [Moore et al., 1988; 

Dolan et al., 1990]. The ages of units I and II were determined by drill samples to be 

Oligocene and middle to late Eocene respectively [Moore et al., 1988]. Unit III is 
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probably Senonian (late Cretaceous) to early Eocene in age, inferred from magnetic 

anomalies [Westbrook et al., 1984; Moore et al., 1988]. 

Unit II becomes less distinctive seismically from the two other units in the area 

between the middle and the western basement highs, and the three units are almost 

indistinguishable west of the western basement high (Figures 1.3 and 1.4 ). These seismic 

stratigraphic variations could result from true sedimentary variations; however, the 

decreasing reflectivity landward in the middle unit could also be caused by increasing 

compaction because clay, which typically has a lower density and seismic velocity, is 

initially more compressible than sands. The differences in acoustic impedance (velocity 

times density) between clay-rich layers and sand-rich layers is expected to decrease with 

subduction under the toe of the prism due to increased compaction, resulting in 

decreasing reflectivity from clay-sand interbeds. In addition, reduced seismic resolution 

due to greater depth can be another reason for the variation of reflectivity in that unit. 

Many normal faults are identified in the underthrust sedimentary section east of 

the middle basement high (Figures 1.3 and 1.4). One type of normal fault is actually an 

upward extension of basement faults, some of which can be traced up to the decollement. 

Most faults of this type dip seaward 35°-50°. The offsets of the faults are much smaller 

in the sedimentary section than the offsets in the basement, suggesting that basement 

faulting predates the sedimentation. The faulting in the sedimentary units probably 

results mainly from differential compaction over underlying basement fault scarps. The 

second type of fault occurs only in the sediment and mostly dips landward with an offset 

of only a few tens of meters and a similar dip to the basement faults. These faults are 
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conjugate to the seaward-dipping faults (Figure 1.3). Most faults in the subducting 

sedimentary section have a strike length of less than 2 km. The strike orientations of the 

faults along horizon Tare dominantly from 010° to 020°, similar to the structural trends 

of the oceanic basement (Figure 1.6), suggesting that faulting in the subducting 

sedimentary section was closely associated with basement structure. On the seaward side 

of the thrust front, some faults can be traced from the underthrust sediment section up to 

the seafloor (Figure 1.3), indicating that they are probably still active. These faults may 

result from the continuing flexure of the subducting plate. The strike orientations of this 

group of faults are similar to the orientations of the basement structure rather than parallel 

to the thrust front, suggesting that the active faulting initiates from the weakness of 

existing faults and propagates upward. These active faults are most likely candidates of 

fluid conduits in the underthrust sediment section after being subducted. 

Because the reflections are too weak to identify small faults in subducting 

sediment west of the middle basement high, few faults are interpreted; however, the 

faulting patterns are expected to be similar to those found on the eastern side. 

The relation between the deformation in the underthrust sedimentary section and 

the structure of the basement is evident by comparing the structural maps of horizon T 

and basement (Figure 1.5). Though the structural relief in the sedimentary section is 

much lower than that of the oceanic basement, there is a close similarity of various 

structural features between these two structural maps. The similarity suggests that the 

structural relief and faulting in the sedimentary section mainly result from post

depositional differential compaction over the high relief of the basement. 
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Consolidation and Dewatering of Underthrust Sediment 

Sediment consolidation has been considered a major dewatering process beneath 

the toes of accretionary prisms [Moore and Vrolijk, 1992]. Relatively poorly 

consolidated, water-saturated sediment underthrust beneath accretionary prisms is 

subjected to the rapidly increasing load of the prism, resulting in consolidation and pore

water expulsion. This process has been reported off Costa Rica, where it is estimated that 

50 % of the pore volume of underthrust sediment was lost due to consolidation within 4 

km of the thrust front based on the decrease in apparent thickness of an underthrust 

sediment unit [Shipley and Moore, 1986]. A similar analysis is carried out here to 

estimate the consolidation and dewatering of the underthrust sediment under the toe of 

the northern Barbados accretionary prism. 

We recognize, however, the variation of the apparent thickness revealed by 

seismic reflection profiles could be a processing artifact if an improper velocity is used in 

time-depth conversion. Particularly in this case, diagenesis of subducting sediment 

related to fluid flow, such as carbonate cementation, could cause locally high velocity 

anomalies, resulting in an apparent thickness decrease landward. The change in thickness 

could also result from the change in sedimentation rate unrelated to consolidation. 

However, with some assumptions and constraints from well-logging data, it is possible to 

make a reasonable estimate of the amount of consolidation and dewatering in the 

subducting sediment. 

The analysis is complicated by several factors. The thickness of stratigraphic unit 

III is largely controlled by the relief of the oceanic basement (Figures 1.3, 1.4 and 1.11), 

13 



so we have excluded that unit from our analysis. Moreover, the thickness analysis is 

restricted to the leading 3.5 km landward of the thrust front because we have less 

certainty in tracing the lower boundary of unit II (horizon T) further landward and also 

we want to exclude those areas where the decollement truncates the upper part of the 

underthrust sediment (Figure 1.9). We observe landward thinning of the total thickness 

of the upper two underthrust stratigraphic units (Figures 1.11 and 1.12), although some of 

the thinning results from decreasing sediment accumulation rate as indicated by the 

thickness variations seaward of the thrust front (Figure 1.13). The sedimentary thinning 

has to be accounted for in order to evaluate the consolidation and dewatering. In addition 

to the down-dip thinning, the thickness also varies along strike. In order to compare 

down-dip thickness profiles, the thickness needs to be normalized along strike. Finally, 

superimposed on these systematic variations of thickness are many localized variations 

apparently associated with structures such as fault scarps (Figures 1.3, 1.4, 1.11 and 

1.14). 

Assumptions. Our analysis is carried out with the following assumptions. First, 

the time-depth conversion of the 3-D seismic data set is assumed to be accurate enough 

for this analysis. Second, the decollement is approximately parallel to the underthrust 

stratigraphy below. Third, we assume that the initial total thickness of the Oligocene and 

middle to upper Eocene units has a linear sedimentary thinning in the subduction 

direction within the first 3.5-km landward of the thrust front. Such a trend can be 

projected from the thickness trend of the same units on the seaward side of the thrust 
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front. Fourth, local thickness variations, such as those resulting from small faults, are 

statistically insignificant. 

The first assumption is justified by two synthetic seismograms made from L WD 

density logs at Sites 1046 and 1047 (Figure 1.15). Because there is no directly measured 

velocity data in the underthrust sedimentary section, we made two synthetic seismograms 

in the depth domain using recent high-quality LWD density logs at Sites 1046 and 1047 

and c:ompare them with real data. After a small static shift to align the decollement, the 

synthetic seismograms match the real reflection data reasonably well in terms of major 

events and general characteristics of the reflection profiles such as weak events in unit I 

and strong events in unit II. Some mismatches in detail are expected because the 

impedance estimate used a constant velocity and the resolution of seismic profiling and 

well logging are different. Based on the mismatch of major events, the inaccuracy of the 

total thickness of the two sedimentary units is less than ±3% probably resulting from the 

inaccuracy of seismic velocity used for time-depth conversion. Although we found that 

the decollement is not perfectly parallel to the underthrust stratigraphy everywhere, there 

is no evidence for significant divergence in dip within the leading 3.5 kilometers from the 

thrust front. The third assumption of a linear landward decrease of sediment 

accumulation rate is an approximation that may be justified over the small area covered 

by the analysis. The last assumption is not fully supported by the data for there are a few 

apparent thickness anomalies across the thrust front (e.g., Figure 1.14). Though the true 

variations are relatively small, localized structures greatly enhance the apparent thickness 

variations. These localized anomalies have been selectively excluded from the analysis. 
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Method. The data analysis is carried out in the following steps. First the 

position of the thrust front was used to align the seismic lines. In order to make the 

thickness profiles of stratigraphic units I and II comparable along strike, the thickness 

profiles are normalized so that in each profile, the average thickness of the incoming 

units within 1.8 km seaward of the thrust front equals the total average of the thickness 

over the area (Figure 1.11 ). Since variations in prism thickness result in non-systematic 

changes in the thickness of the two units with distance to the thrust front, a better way to 

present the sediment consolidation is to plot the total thickness of the two units against 

the thickness of the prism (Figure 1.16). However, this plot shows not only the effect of 

consolidation but also depositional stratigraphic thinning along the subduction direction. 

The latter is estimated by linear regression of the normalized thickness of the incoming 

sediment units on the seaward side of the thrust front (Figure 1.13 inset). The result is 

then used to correct the underthrust sediment thickness to a constant initial thickness 

equal to the average thickness at the thrust front. After applying a 5-point median filter 

on the corrected thickness, the effect of consolidation is estimated by regression (Figure 

1.16). We use an exponential function to fit the data due to the exponential relationship 

between porosity and depth [Athy, 1930]. 

Results. The results of the analysis show the effects of consolidation and 

dewatering of the subducting stratigraphic units I and II. The solid curve in Figure 1.16 

suggests that if the total initial thickness of the two units is 322 m at the thrust front, 

where the prism thickness is about 200 m, then the thickness of the units will be 

compacted to 282 m when it is subducted to a burial depth of 550 mat an approximate 
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distance of 3.5 km landward of the thrust front. If sediment column h can be separated as 

pure solid mass column hs and pure void space column hv (Figure 1.13), the thickness of 

the solid mass column hs can be estimated as 

where h0 is initial total thickness of units I and II, and </J0 is initial porosity. Assuming 

volumetric conservation of solid mass and uniaxial consolidation of subducting sediment 

without horizontal strain, the average porosity of the two units under the prism can be 

written as 

where </J is the average porosity of the underthrust sediment units, hv and h are the 

thickness of void space column and the total thickness of the underthrust units (Figure 

1.13). If the initial average porosity ¢0 of the two units is 50% as inferred from the 

drilling data at Site 672A [Moore et al., 1988], a porosity profile can be estimated from 

the corrected thickness curve in Figure 1.16. The estimated average porosity (Figure 

1.17) suggests that consolidation of the two units results in a progressive decrease of their 

average porosity from 50% to 42.8% or a loss of 25% volume of their initial void space 

(percentage of void space loss= (hv0 - hv) I hvo x 100 %, see Figure 1.13) within 3.5 km 

landward of the thrust front in response to the increase of the prism load. 

Inaccuracy in thickness could result in a porosity error of about ±2 % (Figure 

1.17). However, this porosity error will be minimal if the thickness error is caused by a 
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constant seismic velocity error in time-depth conversion, that is, the result will be almost 

the same if we use the error curves in Figure 1.16 to calculate the porosity profiles. 

Porosity errors will only be significant when the velocity inaccuracy varies relative to 

that at the thrust front, where the initial thickness is estimated. 

The porosity estimate is compatible with the L WD density logging data from 

Sites 1044, 1046 and 1047, where both units I and II were penetrated. The average bulk 

density Pb can be written as 

Pb = Pw x r/J + Pg x (I - r/J) 

where Pw and Pg are water and grain densities respectively and r/J is average porosity. At 

reference Site 1044, the average bulk density of the two units is 1840 kg m-3
. If average 

porosity is 50%, the average grain density can be calculated to be 2680 kg m-3
. 

Assuming the grain density is constant over the limited area, the average porosity can be 

estimated from the average density at Sites 1046 and 1047 by solving the above equation. 

The estimated average porosity along with their burial depth matches the porosity curve 

derived from the thickness data quite well, indicating that our results are consistent with 

the LWD density logs (Figure 1.17). 

The thickness analysis can not be used to predict the consolidation and dewatering 

of unit III because the thickness of that unit is largely controlled by the morphology of 

the oceanic basement (Figures 1.3, 1.4 and 1.11 ). However, little porosity change is 

observed at Site 1046 compared to the reference Site 1044 based on the LWD density 

logs. Assuming that the average grain density of unit III is 2680 kg m-3 (the same as for 

the upper two units), the average porosity is estimated to be 46.3% at Site 1044 and 
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decreases to 44.8% at Site 1046, a drop of less than 2%, reflecting a loss of only 6% of its 

original void space. The lower consolidation rate of this unit is expected because of the 

greater burial depth, and consequently greater initial consolidation. However, because 

unit III is trapped in separate basement lows, the dewatering process in each individual 

segment can be different and largely depends on the availability of fluid conduits. 

Therefore, further observations are needed in order to more accurately document the 

consolidation and dewatering of this unit. 

Discussion 

Oceanic Basement Structure 

Our data provide strong evidence that the basement structure was imparted at or 

near the Mid-Atlantic Ridge and does not result from bending of the underthrust plate as 

it approaches the trench. The upper Cretaceous to lower Eocene unit III mostly fills in 

structural lows of the basement and laps onto slopes or fault scarps (Figure 1.10), 

indicating that the basement structure pre-dates the deposition. Though many faults 

extend from the basement up well into the sedimentary section (Figures 1.3 and 1.4), the 

upward decreasing offsets of these faults suggests waning of faulting. We believe that 

faulting in the sedimentary section resulted primarily from post-depositional differential 

compaction across existing basement fault scarps. 

The NNE trend of the basement fabric as well as its amplitude and wavelength are 

consistent with the typical structure of abyssal hills related to the oceanic crustal building 

process at the Mid-Atlantic Ridge. Evidence about the origin of the basement structure 

first comes from the coincidence of the structural trend with the orientation of magnetic 
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lineations [Westbrook et al. 1984]. Secondly, the scales of the structural fabric, including 

seamounts, are similar to those documented at the Mid-Atlantic Ridge [Smith and Cann, 

1993]. Finally, the faults that cut the oceanic basement predominantly dip seaward 

(toward the spreading center), which is also a typical feature developed at the Mid

Atlantic Ridge [Smith and Cann, 1993]. 

Nevertheless, there is some weak evidence for flexure in the subducting plate, 

probably related to subduction. As noted earlier, some small active normal faults 

extending up to the seafloor on the seaward side of the thrust front are probably related to 

flexure of the subducting plate (Figure 1.3). The evidence, however, is much less 

prominent compared to some other convergent margins, especially those without an 

accretionary prism, such as the Chile Trench [Schweller and Kulm, 1978]. There is no 

evidence for a present day outer swell seaward of the trench [Westbrook, 1982]. This is 

probably due to depression of the lithosphere by the load of the large accretionary prism 

[Karig et al., 1976], a process that tends to minimize flexural deformation. 

We note that the NNE trend of the small-scale basement fabric revealed by our 

data (Figure 1.5) is nearly perpendicular to the regional large-scale structural trend 

represented by a series of WNW-trending ridges such as the Tiburon Rise and the 

Barracuda Rise (Figure 1.1 ). Those large-scale structures are reported to be related to 

remnant transform faults [Peter and Westbrook, 1976]. The two types of structural fabric 

are juxtaposed, forming a typical oceanic basement structural style: the small-scale NNE

trending structural fabric is superimposed on the large-scale WNW-trending ridges and 

troughs. This structural style is probably not just limited to the 3-D seismic survey area if 
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the manifestation of the seafloor is any indication, since GLORIA data show the seafloor 

trends extend 100 km northward [Brown and Westbrook, 1987]. 

Dewatering of the Underthrust Sediment 

We recognize that our estimate of the consolidation and dewatering of the 

underthrust sediment is significantly greater than that previously reported suggesting only 

4% of water loss in the Oligocene unit at Site 671B compared with the reference Site 

672A [Moore, 1989]. However, the bulk density data from both sites [Shipboard 

Scientific Party, 1988a and 1988b] are comparable to the LWD density logging data from 

Leg 171A and the average density of Oligocene unit I at Site 671B is 1940 kg m-3
, 

considerably greater than the average density of 1830 kg m-3 measured at Site 672A 

(Figure 1.17). Given the grain density of 2680 kg m-3
, the density change should 

represent a porosity decrease from 51 % at Site 672A to 44% at Site 671B or a loss of 

25% of initial water from unit I. These estimates are consistent with our results. 

Therefore, data from both ODP Leg 110 and Leg 171A indicate significant consolidation 

and dewatering of the underthrust sediment presumably due to the increasing load of the 

pnsm. 

While the estimated sediment consolidation rate is much higher than that 

previously reported [Moore, 1989], it is still much lower than that measured at Costa 

Rica, where the underthrust sediment was penetrated during ODP Leg 170 [Shipboard 

Scientific Party, 1997b]. Though the drill site is only 1.6 km landward of the thrust front, 

a comparison of thickness reduction of underthrust sediment versus overburden shows 

that the thickness reduction at Costa Rica is more than double that at Barbados under the 
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same overburden (Figure 1.18). Considering the 70-90 mm/yr subduction rate at Costa 

Rica [Shipboard Scientific Party, 1997a], about three times greater than the 28 mm/yr at 

Barbados [C. DeMets, personal communication, 1997], the consolidation rate there is 

probably 6 times greater than our estimate. The difference may be partially due to the 

shallower initial burial depth at Costa Rica, but to a greater degree, it may result from 

lower sediment permeability at Barbados [Taylor and Leonard, 1990]. 

Based on the consolidation rate (Figure 1.17), we can estimate the fluid expulsion 

rate from the Oligocene and the middle to upper Eocene underthrust sediment units (I and 

II) below the first 3.5 km of the Barbados accretionary prism toe. Because the initial 

thickness of the two subducting units is not constant over time, we use the mean initial 

thickness to estimate the current volume loss or fluid expulsion. Based on the linear 

relationship in Figure 1.13, we project the mean initial thickness of the two units to be 

285 m for the first 3.5 km beneath the prism. As discussed above, after consolidation the 

average porosity of the two units will drop from 50% at the thrust front to 42.8% or a loss 

of 25% of its initial void space at about 3.5 km landward of the thrust front (Figure 1.17). 

This porosity loss represents a decrease of 36 m in thickness for an initial thickness of 

285 m. If the subduction rate is 28 mm/yr, the current volume loss or fluid expulsion rate 

from the two units under the first 3.5-km of the prism toe for each kilometer of strike 

length is: 

fluid expulsion rate = thickness decrease x subduction rate x strike length 

= 36 (m) x 0.028 (m/yr) x 1000 (m) = 1008 m3 /yr. 
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Compared to the upper two units, the dewatering in upper Cretaceous to lower Eocene 

unit ill probably is negligible at the same distance from the thrust front if the observed 

porosity at Site 1046 is representative. 

Because the thickness of the incoming units I and II increases seaward for at least 

1.8 km from the thrust front, the fluid expulsion rate is expected to increase in the next 

64,000 years if the subduction rate is 28 mm/yr. The mean initial thickness of the two 

units will reach 312 m when the next 1.8 km of incoming sediment section completely 

passes the thrust front. Assuming a steady state of subduction, the discharge rate under 

the prism toe will increase to 1092 m3 /year per kilometer of strike length, an increase of 

8% from the current level. 

We postulate two types of focused fluid pathways in the underthrust sediment. 

One is through unit II, which consists of more permeable turbidites [Dolan et al., 1990]. 

Focused fluid flow along the turbidite strata has been observed at the reference Site 672 

[Moore et al., 1988] and modeled numerically [Stauffer, 1997]. The other type of 

pathway is along some normal faults, which could lead fluid flow either downward to the 

turbidite layer or upward to feed the decollement. Because of the low permeability in 

sedimentary unit I (around the order of 10-17 m2
) [Taylor and Leonard, 1990], diffusive 

fluid flow is probably insignificant. 

If normal faults constitute major fluid pathways in unit I, the basement structure 

must play an indirect role in controlling fluid flow in that unit because most of these 

normal faults are secondary and related to the basement relief. Though we are still 

unable to systematically correlate the basement structure with fluid flow, we believe that 
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sharp relief of the basement creates secondary normal faults in the overlying sediment 

section by differential compaction. Some of these faults lead to focused fluid flow 

feeding the decollement above and the turbidite layer below. Therefore, the basement 

structure probably to some degree controls the fluid flow in the underthrust sediment 

section. 

Interestingly, if the porosity of unit ill estimated from LWD logging data at Sites 

1044 and 1046 is representative, the porosity of this unit is expected to exceed the 

porosity of the upper two units when the thickness of the prism reaches 490 m 

corresponding to a distance of about 3-km westward of the thrust front (Figure 1.17). 

Moreover, the porosity of unit III is still significantly high when it exceeds the porosity of 

the upper two units because of low consolidation rate. Therefore, significant amounts of 

fluid in this unit can be subducted to greater depths though most of the fluids will 

eventually be released as compaction continues in response to loading. Because this unit 

is trapped in the oceanic basement lows, the distribution of the sediment or the potential 

fluid source is controlled by the basement structure. 

Conclusions 

The 3-D seismic data reveal the detailed oceanic basement structure under the 

lower slope of the northern Barbados accretionary prism. Two scales of structural fabric 

are apparent. At the large scale, the basement contains three NNE-trending pronounced 

structural highs with 5-6 km spacing and relief of approximately 300 m. At the small 

scale, the structural fabric is characterized by a series of NNE-trending normal faults, 

which have an offset of 50-200 m, a spacing of 0.2-2 km and a dip of 35°-50°. Both 
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structural fabrics are believed to be pre-existing, formed at the Mid-Atlantic Ridge. The 

NNE-trending structural fabric is superimposed on the regional transform fault-related 

WNW-trending ridges and troughs, forming a typical oceanic basement structural style. 

The subducting plate is only slightly flexed. 

We find evidence for substantial compaction in response to tectonic loading. For 

instance, we estimate that 25% of the initial void space of the underthrust Oligocene and 

middle to upper Eocene units has been lost during underthrusting beneath the first 3.5 km 

of the prism toe because of sediment consolidation due to loading by the overlying prism. 

This indicates a fluid expulsion rate of 1008 m3 /yr per kilometer of strike length. In the 

next 64,000 years, the fluid expulsion rate should increase to 1092 m3/yr per kilometer 

due to the increase of sediment input observed just seaward of the trench. The sediment 

section being subducted and accreted at Barbados is generally clay rich and thus fluid 

flow is primarily controlled by fracture permeability, as compared to sand-rich elastic 

margins where fluid flow is controlled by stratigraphic permeability. 

Our results also suggest that basement structure indirectly controls fluid pathways 

in the subducting sedimentary section by creating secondary normal faults as major fluid 

conduits to the overlying decollement and to the underlying more permeable middle to 

upper Eocene turbidites. There are many isolated ponds of sediments between the 

basement horst blocks and some of these may not be compacting very fast because of the 

absence of steep compaction faults as fluid conduits, thus providing a mechanism for 

subducting fluids to somewhat greater depths. Overall, this is a fairly heterogeneous 

system that yields a very complicated compaction process. Specifics of the geology, such 

25 



as basement morphology and sediment type and thickness, have a great influence on the 

rates of compaction, dewatering and types of flow paths that develop. 
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Abstract 

We conducted a constrained blocky seismic inversion on a seismic line extracted 

from a 3-D seismic data set that crosses ODP Leg 156 drilling Site 948. We used sonic 

and density logs to define an empirical relationship between impedance and velocity in 

order to convert impedance from the inversion to seismic velocity. Porosity is estimated 

from velocity based on Wyllie's equation. The impedance model derived from the 

inversion exactly matches the seismic data through a synthetic seismic profile and also 

matches logging data at Site 948 reasonably well. A pronounced low-impedance zone is 

observed along most of the seismically defined decollement/protodecollement zone, 

which is localized at a layer of Miocene low-density radiolarian claystone. The thickness 

of the low-impedance layer is nearly constant on the landward side of Site 948 but 

extremely variable on the seaward side of that site. The low-impedance layer is missing 

in the vicinity of Site 948. The thickness data suggest that part of the low-density 
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radiolarian claystone layer may be scraped off by the overlying prism either initially or 

during subduction. The extremely high impedance of the decollement zone around Site 

948 may result from both shear-induced consolidation and a change in lithology. This 

segment of the decollement zone may block fluid migration further seaward along this 

fault zone, resulting in a sharp increase of fluid pressure on the landward side of Site 948 

and the absence of overpressure on the seaward side. The widely developed low

impedance zone suggests an over-pressured weak decollement in this area. The 

overpressure peaks around CMP 950, which corresponds to a high-amplitude negative 

seismic reflection signature, and the overpressure wanes gradually landward. 

Introduction 

Fluids play a significant role in the evolution of a subduction zone. Fluid pressure 

within and under an accretionary prism affects the overall geometry of the prism [Davis 

et al., 1983; Dahlen et al., 1984]. Fluid flow increases heat transport [Reck, 1987] and 

controls water-sediment interactions [Schoonmaker, 1986; Moore and Vrolijk, 1992]. A 

considerable amount of fluid is generated under a prism via sediment compaction and 

mineral dehydration [Peacock, 1990; Moore and Vrolijk, 1992]. Decollements, which 

separate underthrust sediments from the prism, are believed to be major conduits for fluid 

expulsion, and the Barbados accretionary prism is a well-known example [Moore, 1989; 

Moore et al., 1988]. 

Many studies have revealed the hydrological conditions developed in the 

Barbados accretionary prism, particularly along the decollement. Bangs and Westbrook 

[1991] and Bangs et al. [1996] used seismic modeling techniques to link the reflection 
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waveform to the velocity structure of the decollement in order to infer fluid pressure 

along this fault zone. Shipley et al. [ 1994] presented a spatial distribution pattern of a 

possible dilated decollement based on an analysis of reflection amplitudes and polarities 

of a 3-D seismic data set. One of the major objectives of Ocean Drilling Program (ODP) 

Legs 156 and 171A was to test the physical nature of the decollement with high

amplitude negative and positive reflections respectively. The drilling results were 

consistent with the seismic interpretation that the positive reflection represents a drained 

condition of the decollement while the negative reflection indicates a high porosity and 

high fluid content within the decollement zone [Shipley et al., 1994; ODP Leg 156 

Shipboard Scientific Party, 1995a; Shipley et al., 1997; Moore et al. , 1998]. Both seismic 

and drilling data suggest that the decollement zone is heterogeneous in its physical 

properties and hydrological conditions. However, it is still poorly known how the fault 

zone evolves from one condition to others. 

Through drilling, we observed a similar low-density signature of the 

protodecollement zone (a stratigraphic projection of the decollement seaward of the 

thrust front) at Sites 1044 and 1048 [Moore et al. , 1998] . This signature generally wanes 

landward under the prism. The question, however, is whether the protodecollement zone 

is regionally similar. There is evidence from seismic data, as will be shown later, that the 

protodecollement zone varies in both thickness and physical properties spatially. The 

spatial variation of the protodecollement will have pronounced implications to our 

understanding the decollement evolution history. Moreover, we want to know how the 

protodecollement evolves to a decollement zone with a much thinner low-density interval 

observed at various drilling sites [Moore et al, 1998] and predicted from seismic 
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modeling [Shipley et al., 1994; Bangs et al., 1996], or to a decollement lacking a low

density signature entirely such as at Site 948 [Moore et al, 1998]. 

This study explores the physical properties of the decollement by the means of 

seismic inversion. Unlike seismic reflection profiles that image substrata in terms of 

reflection intensity, the inversion converts a seismic reflection profile to an acoustic 

impedance (velocity times density) profile, from which a number of physical parameters, 

such as seismic velocity and porosity, can be empirically estimated under the constraint 

of well-logging data. Based on the inversion results, we will (1) analyze in detail the 

physical properties of the decollement, (2) examine how the protodecollement develops 

into the decollement, (3) evaluate the overall hydrological conditions of the decollement. 

Tectonic Setting 

The Barbados accretionary prism is located at the eastern margin of the Caribbean 

plate (Figure 2.1), where the North America plate has been subducted westward under the 

Caribbean plate since Eocene time [Moore et al., 1988]. The current subduction rate is 

28±6 mm/yr. in the vicinity of the ODP transect [C. DeMets, personal communication, 

1997]. The prism is dominated by fine-grained sediments discharged from the Orinoco 

and Amazon drainage systems and transported northward [Damuth and Fairbridge, 1970; 

Embley and Langseth, 1977; Speed et al. , 1984]. About one quarter of the sediments 

over the incoming seafloor are accreted to the prism and the remaining are subducted 

with the underthrusting plate in our study area (Figure 2.1) [Moore et al., 1995a]. 

A seismically well defined decollement extends more than 100 km landward from 

the thrust front and separates highly deformed offscraped sediments from slightly 
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deformed underthrust sediments below the decollement [Bangs and Westbrook, 1991; 

Moore et al., 1995a]. The decollement zone defined by drilling is 30-40 m thick and is 

composed of Miocene radiolarian claystone with well developed scaly fabric [Moore et 

al., 1988; Shipboard Scientific Party, 1995a; Moore et al., 1998]. However, the thickness 

of the "seismic" decollement is suggested to be 12-16 m [Shipley et al., 1994; Bangs et 

al., 1996]. The drilling results from Legs 78, 110, 156 and 171A indicate that the 

decollement is a highly permeable fault zone with nearly l~thostatic fluid pressure, 

through which focused fluids migrate seaward over tens of kilometers [Moore et al., 

1982; Moore et al., 1988; and Shipboard Scientific Party, 1995a and 1995b]. However, 

significant variations of physical properties along the decollement are predicted by 

seismic data [Bangs and Westbrook, 1991; Shipley et al., 1994; Bangs et al., 1996] and 

are consistent with existing drilling results [Shipboard Scientific Party, 1995a and 1995b; 

Moore et al., 1998]. 

Seismic and Well Logging Data 

In this study, we will report the results of a seismic inversion on a single seismic 

line (Line 688) which forms part of a 3-D seismic data set (Figure 2.1 ). This line was 

chosen because it crosses both areas with high-amplitude negative and positive 

decollement reflections reported by Shipley et al. [1994] and it also goes through ODP 

Site 948 (CMP 1099), which is the only site with both sonic and density logs extending to 

the decollement. The 3-D seismic data were collected over the lower slope of the 

northern Barbados accretionary prism in 1992 [Shipley et al., 1994]. Details of 

acquisition and processing are given by Moore et al. [1995] and Shipley et al. [in press]. 
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Line 688 is located in the middle of the 3-D seismic data set (Figure 2.1 ). It consists of 

1635 traces (CMP 153-1787) with a trace interval of 15 m, sample interval of 4 ms and 

record length of 4 sec (5-9 sec). Before inversion, the seismic line was resampled at 1 

ms. 

The well-logging data applicable to this study include sonic and density logs. The 

only sonic log available in this area is a standard wire-line log which runs from 85 to 558 

meters below seafloor (mbsf) at Site 948C [Shipboard Scientific Party, 1995a]. The 

density log is a logging-while-drilling (LWD) log which runs from 577 mbsf to the 

seafloor at Site 948A [Shipboard Scientific Party, 1995a]. These sites are only a few 

meters apart. 

Vertical Seismic Profile (VSP) data are available at Site 948D, which is about 200 

m south of 948A and 948C. The VSP data extend from 97 to 470 mbsf at a spacing of 

7.62 m [Moore et al., 1997]. We use the VSP first arrival time to make a check-shot 

correction for the sonic log to correct transit time-shifts (Figure 2.2). In spite of the offset 

in location, a synthetic seismogram suggests that the VSP first arrival time can be applied 

to the sonic log correction except for a time shift of a few milliseconds with respect to the 

seismic data (Figure 2.3). 

Empirical Relationships 

In order to convert acoustic impedance, which is derived from seismic inversion, 

to seismic velocity and porosity, we need to define a few empirical relationships. These 

relationships include acoustic velocity versus density, impedance versus density, 

impedance versus velocity and velocity versus porosity. In this section, we will examine 
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various empirical relationships and select those that are best constrained by well-logging 

data. 

Relationship between Velocity and Density 

Many empirical relationships between velocity and density have been proposed 

(Figure 2.4). Gardner [1974] presented a relationship that describes the density as a 

power function of velocity regardless of lithology. More specific relationships based on 

sediment types have been proposed by Hamilton [1978]. Although Hamilton's 

relationships for silt, clay and turbiditic sediments and for calcareous sediments fit the 

density and sonic logging data from Site 948 better than Gardner's, none of the 

relationships fits the data very well (Figure 2.4). Least-square regressions are also poorly 

constrained as indicated by small values of relational coefficients, R2
, because of wide 

scatter of the data. Therefore, we can not directly relate velocity to density with 

reasonable accuracy. 

Relationships between Impedance, Density and Velocity 

Instead of directly linking velocity to density, we try to relate acoustic impedance 

to density and velocity. The advantage of this approach is that the direct result from 

seismic inversion is an impedance profile. In the fields of impedance versus density and 

impedance versus velocity, the data show much improved linear trends (Figures 2.5 and 

2.6). The linear relationship between impedance and velocity is relatively better 

constrained as indicated by a larger value of relational coefficient R2
. Compared with the 

relationships derived from Gardner [1974] and Hamilton [1978], the linear regression 

result is the best fit the logging data (Figure 2.6). Therefore, we will use this relationship 
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to convert impedance to seismic velocity. From Figure 2.6 we can see that the deviations 

of data points from the linear relation are mostly less than ±70 mis or ±4% assuming the 

minimum velocity to be 1500 mis. We will avoid converting the impedance to density 

because the relationship is not well constrained by the data. 

Wyllie's Equation 

Wyllie's time-average equation is a commonly used empirical relational model 

between velocity and porosity. It can be written as: 

<!> = lie ·(1/v-1/v )/(1/vf-1/v ) 
p m m 

where<!> is porosity, vis velocity, v mis matrix velocity, vf is fluid velocity and cP is an 

empirical correction factor. We assume that vf and vm are equal to 1500 mis and 5500 

mis respectively [Schlumberger, 1991]. c is determined by least-square regression to fit 
p 

Wyllie's equation to porosity data, which is estimated from the density log, assuming 

3 
grain density of 2.73 g/cm [Shipboard Scientific Party, 1995a]. In this way, c is 

p 

determined to be 1.63 (Figure 2.7). 

Seismic Inversion 

Inversion Theory 

We use Hampson-Russell STRATA software to conduct a constrained blocky 

seismic inversion. The inversion is carried out trace by trace on the basis of a 1-D 

seismic model that assumes that seismic reflections travel vertically. The assumption is 
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justified after 3-D migration of the data set. In the 1-D model, seismic reflection can be 

expressed as a time series: 

s(t) = w(t) *r(t) + n(t) (1) 

where s(t) is seismic reflection series, r(t) is reflection coefficients, w(t) is a seismic 

wavelet and n(t) is noise. In matrix notation, the equation can be written as 

S=W·R+N (2) 

where 

w(l) 0 0 

w(2) w(l) 

w(2) 0 

w(m) 0 (3) 
W= 

0 w(rri) w(l) 

0 0 w(2) 

0 0 w(m) 

The columns of the matrix W contain the wavelet shifted by a sample interval 

sequentially and m is the number of total samples. S, R and N are single-column 

matrices containing all sample elements of s(t), r(t) and n(t). 

Impedance can be written as a function of the reflection coefficients 

I(i)= I(i-1{ 
1 + r(~)] = I(l)TI[1 + r~)], 

l1-r(1) j=2 1-rG) i = 1, 2, ···, M (4) 
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where l(i) is the impedance of layer i and M + 1 is the total number of layers. If L(i) is 

defined as a logarithm of the impedance 

L(i)= log[l(i)] 

then we can show that equation ( 4) can be written as 

L(i)= L(l)+ i2[ru)+ r3G) + r5G) + .. ·] 
j=2 3 5 

For small reflection coefficients, the above equation can be approximated as 

i 

L(i)-L(l)z L2r(J) 
j=2 

or 

r(i) = Y2[L(i)-L(i-l)] 

This equation can be written in vector notation as 

where 

R=D·L 

L(l) 

L= L(2) 

L(M) 

-1 1 0 0 0 

0 -1 1 0 0 
D=l/2 

0 0 -1 1 0 
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(7) 

(8) 

(9) 

(10) 
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and Risa single-column matrix containing all elements of r(i). Combining equations (2) 

and (9) and ignoring the noise N, the least-square solution leads to the standard normal 

equations 

Though L(i) can be easily solved from the above equations given that the seismic 

wavelet w(i) is known, this solution does not impose any constraints on the solution. 

Instead, a conjugate-gradient algorithm [Scales, 1987; Carrion, 1991] is used in 

STRATA so that the final solution will meet the condition 

Lmin(i) ~ L(i) ~ Lmax(i) (13) 

where Lmin(i) and LmaxCi) are pre-set possible minimum and maximum values of L(i). 

Therefore, the inversion involves three steps: (1) extract a seismic wavelet; (2) build an 

initial impedance model, which will be used to determine the possible range of the 

impedance values; (3) calculate final impedance. 

Wavelet Extraction 

In theory, a seismic wavelet can be variable in time and space. However, a 

variable wavelet will bring in much uncertainty and real observations, such as seafloor 

reflection, suggest little spatial variation of the wavelet. Therefore, a single wavelet is 

used in the inversion processing, which is also a common practice in seismic inversion 

processing. 

Wavelet extraction methods fall into three categories: averaged from the seismic 

data, statistically derived, and extracted with well logs. Averaging by using several 
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traces across the seafloor reflection is a commonly used method to estimate a wavelet 

[e.g.: Shipley et al, 1994; Bangs et al., 1996]. Statistical derivation composes a wavelet 

from an amplitude spectrum derived from spectrum analysis of seismic data and a phase 

function determined subjectively. Both above methods have some difficulty in 

determining a phase spectrum objectively. The third method estimates a wavelet from 

the 1-D seismic reflection model of equation (2) by least-square optimization. The 

reflection coefficients can be calculated from sonic and density well logs. In theory, this 

method could determine exactly the phase as well as the amplitude spectrums of a 

wavelet. However, the actual quality of the results largely depend on a good tie between 

well logs and seismic data. 

Since high-quality L WD density log and VSP data are available, we expect the 

third method can deliver a better result. The wavelet extracted by this method is shown 

as wavelet a in Figure 2.3. It is nearly symmetric with a zero-time point at the middle 

corresponding to the maximum amplitude. Most of the energy of the wavelet 

concentrates in the middle 40-ms range with only a small portion of the energy 

distributed in the 160 ms on both sides. In general, this wavelet is very similar to the 

wavelet derived from seafloor reflection (wavelet bin Figure 2.3) [Shipley et al., 1994]. 

The main parts of both wavelets are almost the same, assuming that the zero-time point of 

wavelet bis also located at its maximum amplitude sample, which can not be analytically 

determined. A synthetic seismogram constructed from the extracted wavelet and the 

well-logging data matches the seismic data reasonably well, considering few traceable 

seismic reflections have been imaged between the seafloor and the decollement in the 

seismic profile because of extensive deformation of the accretionary prism (Figure 2.3). 
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Initial Impedance Model 

The initial impedance model is built based on sonic and density logs, the prism 

geometry and a velocity model [Moore et al., 1995a]. First, we calculate an impedance 

log from the density and sonic logs at Site 948. Then three additional controlling 

impedance logs are constructed at the landward end of the line, the thrust front and the 

seaward end of the line, respectively, by compressing or stretching the real impedance 

log according to the thickness between the seafloor and the decollement. To reflect a 

trend of landward increase of impedance at the decollement level due to greater burial 

depth, the constructed logs are scaled based on the velocity model and the approximate 

relationship between velocity and density (the linear regression result shown in Figure 

2.4). The scalar is 1 at the seafloor and linearly increases down to the decollement by 

22% (15% for velocity and 6% for density) for the log at the landward end of the line and 

decreases by 10 % (-7% for the velocity and -3% for the density) for the logs at the thrust 

front and the seaward end of the line. Finally, the initial impedance model is built by 

interpolating these constructed and the real impedance logs along the seafloor and the 

decollement. 

Seismic Inversion 

The final inversion procedure is to build a blocky impedance model which will 

minimize the difference between synthetic seismograms derived from the impedance 

model and real seismic reflection traces at each CMP location. The inversion results are 

also constrained by the initial impedance model so that the maximum deviation of the 

final impedance from the initial model is required to be less than 25%. A scalar for the 
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reflection coefficients is determined by best matching the inversion result with the well 

logging data at Site 948. 

Result Analysis 

Because of the inherent non-uniqueness of any inversion, we need to see how 

reliable the inversion results are before geological interpretation. There are two ways to 

check the results. One is forward modeling, that is, the making of a synthetic seismic 

profile from the impedance model for comparison with the real seismic data. In this case, 

the comparison is excellent as the two profiles are almost identical. Figure 2.8 shows 

part of the comparison results, which is typical for the entire profile. The difference of 

the two profiles is within the noise level. The other way to check the quality of the 

inversion is to compare the impedance trace derived from seismic data at Site 948 with 

the impedance log derived from well logging data (Figure 2.9). Due to the limitation of 

the seismic frequency bandwidth, an 11-point ( 1.524 m) median filter has been applied to 

the logging data in Figure 2.9. Generally, the two impedance logs match each other 

reasonably well. Some mismatch in small details probably results from noise in both 

seismic and logging data and may also be due to the different resolutions of the two types 

of measurements. Seismic reflections are contributed by a 'Fresnel zone' that is much 

larger in dimension than the zone sampled by sonic and density logging tools, which 

typically are sensitive to the strata surrounding the bore hole no deeper than a few feet. 

Therefore, the lithologic heterogeneity of the prism may also result in some inconsistency 

between the two data set. 
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There is a major impedance contrast near 7100 ms around Site 948, which 

corresponds to the seismic decollement. The impedance contrast from the inversion is 

much larger than the impedance contrast of the logging data. At this depth, LWD density 

shows a big jump in density but no comparable velocity contrast is measured by the sonic 

log. Because of poor borehole conditions, the quality of the sonic log is questionable at 

this depth [Shipboard Scientific Party, 1995a]. Therefore, we believe that the smaller 

impedance contrast from logging data is probably because the sonic logging failed to 

measure a comparable velocity contrast at this level. 

It should be noted that the absolute impedance values from the inversion are not 

well constrained. They largely depend on the initial impedance model, which is built on 

available data. Due to insufficient logging data along the line, the accuracy of the 

absolute impedance values from the inversion is questionable beyond Site 948, especially 

near the western end of the line. However, the inaccuracy will be minimized for 

impedance contrast between adjacent strata or relative impedance, which will be the 

focus in the following discussion. 

Physical Properties of the Decollement 

The inversion data show that there is a distinctive low-impedance zone along the 

seismically defined decollement/protodecollement across most of the line (Figure 2.10). 

The thickness of the low-impedance zone on the landward side of Site 948 is mostly 10-

18 ms (8-15 m, assuming a velocity of 1650 mis). No low-impedance zone can be found 

at the decollement depth around Site 948. The thickness of the low-impedance zone on 

the seaward side of Site 948 is extremely variable ranging fromlO ms (8 m) to 52 ms (43 
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m). The average impedance of this zone ranges from 2.7 to 4.7 x 106 kg·m-2·s-1
• The 

average velocity and porosity, derived from the average impedance through empirical 

relationships as discussed earlier, show a similar pattern with a velocity ranging from 

1500 to 2200 mis and a porosity of 35% to 60%. Although the landward increase of 

impedance and velocity and decrease of porosity may largely reflect increase in 

consolidation of the decollement, there are a few places where these physical properties 

change very rapidly, for example, around CMP 880 and Site 948 (Figure 2.10). These 

rapid changes of physical properties cannot be attributed to consolidation and are due 

more likely to changes of localized fluid pressure in the decollement zone or lateral 

variations in lithology. 

Since the absolute values of impedance, velocity and porosity are not constrained 

well and are difficult to compare laterally, we use their relative values instead for further 

discussions. The relative impedance, velocity and porosity are defined as a percentage of 

the difference of these average parameters of the low-impedance zone from the 

corresponding average values of the strata immediately above and below. The relative 

impedance, velocity, and porosity, therefore, show the contrast of these parameters of the 

low-impedance zone and reflect the degree of consolidation or dilation of the decollement 

relative to its adjacent strata. If the physical properties of the strata above and below the 

low-impedance zone are similar laterally, variations of the relative parameters reflect the 

changes of physical properties of the low-impedance zone. The results show that both 

relative impedance and velocity of the decollement zone are dominantly negative, as 

expected, whereas the relative porosity is mostly positive, indicating a higher porosity in 

42 



the low-impedance zone than the average porosity of the strata above and below (Figure 

2.10). 

Based on the physical properties, we divide the decollement/protodecollement 

into four segments. The first segment is from CMP 1160 to the seaward end of the line 

(Figure 2.10). This segment is characterized as a pronounced low-impedance zone with 

extremely variable thickness. The relative impedance of this segment is about -10% in 

average and the thickness range is 10-52 ms (8-43 m). According to the laboratory test 

conducted on samples from Site 672 and recent L WD density logging data from Sites 

1044 and 1048, the protodecollement is localized in a layer of Miocene low-density 

radiolarian claystone [Taylor and Leonard, 1990; Moore et al., 1998]. The low density is 

mainly due to the lithology of the radiolarian claystone because there is no evidence of 

excessive overpressure in the protodecollement zone [Moore et al., 1998]. Although the 

low impedance of the protodecollement is expected from drilling results, the variation of 

the thickness is not. Our data suggest that the thickness of the radiolarian claystone layer 

varies significantly (Figures 2.10, 2.11 and 2.12). 

The second segment is defined to be around Site 948 (CMP 1092-1159), where no 

low-impedance zone can be found and a positive seismic reflection of the decollement is 

generated [Shipley et al., 1994] (Figure 2.10). The low-impedance zone pinches out 

toward Site 948 on both sides of this segment (Figures 2.13 and 2.14 ). The decollement 

zone becomes a single interface with a strong positive impedance contrast instead of a 

low-impedance zone (Figures 2.13 and 2.14). 
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The third segment of the decollement (CMP 880-1091) has the strongest negative 

impedance contrast in the whole line with an impedance drop of 10-15% compared to the 

average impedance of the strata above and below the decollement zone, suggesting about 

15% increase of porosity (Figure 2.10). The seismic decollement of this segment is 

characterized as a high-amplitude negative reflection (Figure 2.15) [Shipley et al., 1994]. 

Nearly lithostatic fluid pressure was encountered during drilling into a fault splay from 

the decollement with a similar seismic characteristic at Site 947 about one hundred 

meters to the south [Shipley et al., 1997]. The low impedance may result from 

overpressures which dilate [Shipley et al., 1994] or deter normal consolidation [Moore et 

al., 1998] of the decollement zone. 

The fourth segment of the decollement extends from CMP 879 to the western end 

of the line (Figure 2.10). The relative impedance of the decollement in this segment is 

still significantly lower (about-7% in average) but the impedance contrast tends to 

decrease landward, suggesting increased consolidation of the decollement zone probably 

in response to the increasing overburden of the prism and shearing of the plate boundary. 

The relative impedance becomes increasingly variable, suggesting increasing variations 

of fluid pressure within the decollement zone, which may be locally hydrofractured. The 

thickness of the low-impedance zone does not vary much in segments 3 and 4, remaining 

mostly around 14 ms (about 12 m), sharply contrasting to the thickness pattern of 

segment one. 
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Discussion 

The great variation in thickness of the protodecollement is a surprising result from 

this study (Figure 2.10). About one kilometer north of our seismic inversion line, Sites 

1048 and 1044/672 penetrated the protodecollement zone, which consists of a layer of 

Miocene low-density radiolarian claystone with a similar thickness of about 26 m. This 

result suggests a nearly constant thickness of the protodecollement zone or the low

density layer. Although a constant thickness of the radiolarian claystone layer would be 

consistent with the assumption of a distal depositional setting hundreds of kilometers 

from continental and volcanic sources [Bangs et al., in press], seismic stratigraphy 

suggests that significant stratigraphic variations do exist both in the decollement zone and 

in the stratigraphic unit above it (Figures 2.11 and 2.12). Moreover, the impedance of the 

protodecollement also varies spatially. Because there is little change in the burial depth 

of the protodecollement and no evidence of overpressure [Moore et al., 1998] , the 

variations in impedance of the protodecollement or the low-density radiolarian claystone 

layer may be mainly controlled by depositional conditions though incipient shear 

deformation of the protodecollement zone may also affect the impedance. 

Equally surprisingly, however, the thickness of the low-impedance zone is almost 

constant (about 14 ms or 12 m) on the landward side of Site 948 except for a few 

"spikes" that can deflect 10-15 ms from its average thickness (Figure 2.10). The sharp 

contrast in thickness variation suggests that the subduction process somehow levels the 

thickness difference of the protodecollement. Most possibly, the excessive thicker 

segments of the protodecollement zone are partially scrapped off by the overlying prism 
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either initially or during subduction. The dramatic decrease in decollement thickness 

near the thrust front may also result from shear-induced consolidation. 

No low-impedance zone can be found at the decollement depth around Site 948 

(Figures 2.13 and 2.14). The LWD density log from that site shows only two low-density 

spikes in the structurally defined decollement zone (Figure 2.3). The low-density spikes, 

which are beyond the seismic resolution, may represent a residual of the 

underconsolidated low-impedance zone [Moore et al., 1998] or they may result from 

hydrofractures [Moore et al., 1995b]. Moore et al., [1998] attribute the lack of 

comparable low-density decollement zone at Site 948 to shear-induced consolidation. 

The specialty of Site 948 has been discussed by Shipley et al. [ 1997]. This site is 

located over a basement horst. Although most of the basement relief was smoothed by 

preferential sedimentation before the deposition of the radiolarian claystone layer, if the 

regional slope is removed, Site 948 still lies on a sedimentary stratigraphic high. About 

50-m sediment column of the decollement footwall is missing around Site 948 compared 

with the footwall over the adjacent basement low [Shipley et al., 1997]. This suggests 

that the lithology may be different in this segment of the decollement. Such a lithological 

change in addition to the shear-induced consolidation may be partially responsible for the 

absence of the low-impedance zone around Site 948. 

Our inversion results provide strong evidence that the physical nature of the 

seismically defined decollement in most of the region is a low-impedance zone. The 

strong negative impedance contrast of the low-impedance zone corresponds to a high

amplitude negative decollement, and a positive seismic reflection is generated where the 
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low-impedance zone is absent. The lower impedance suggests a prevailing higher 

porosity in the decollement zone. We believe that the higher porosity is supported by 

over-pressure. This is confirmed by drilling that shows near lithostatic fluid pressure in 

the decollement zone [Moore et al., 1982; Moore and Tobin, 1997]. The prevailing over

pressure suggests a weak decollement, resulting in a small taper of the prism [Davis et 

al., 1983; Dahlen et al., 1984]. However, the overpressure condition wanes gradually 

landward from its peak in segment three, probably reflecting the increasing load of the 

prism and shear-induced consolidation of the fault zone. 

The high-amplitude negative seismic decollement has been discussed by Shipley 

et al. [ 1994] and tested during ODP Legs 156 and 171 [Shipley et al., 1997; Moore et al., 

1998]. Shipley et al. [1994] suggest that the negative decollement represents a dilated 

decollement with higher porosity and higher fluid contents. Based on the recent LWD 

logging data from Leg 171A, Moore et al. [1998] argue that instead of dilation, the 

negative decollement reflects a patch of arrested consolidation of the decollement zone. 

In either case, however, the high-amplitude negative seismic decollement represents a 

decollement zone with high porosity, consistent with our results. 

Although high porosity does not necessarily mean high permeability in general, it 

is a reasonable argument in this case. The drilling data suggest that the decollement is 

localized in a low-density radiolarian claystone layer [Steiger, 1997; Moore et al., 1998]. 

A higher porosity decollement, either due to dilation or underconsolidation, should have a 

higher permeability than a drained or consolidated decollement if the lithology is the 

same. Thus our porosity profile not only suggests a spatial variation of fluid pressure 
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along the decollement zone but also suggests that fluid migration along the decollement 

is channellized and/or probably pumped seaward through periodical hydrofracture 

because of heterogeneous permeability of the decollement (Figure 2.10). 

The seaward fluid migration along tlie decollement zone may be blocked around 

Site 948. If the low-impedance zone represents a fluid conduit, it is terminated on both 

sides of Site 948 (Figures 2.13 and 2.14). The significantly higher impedance around 

Site 948 suggests a much denser decollement, and therefore, likely a lower fluid pressure 

and permeability. This low-permeability decollement segment may effectively block the 

fluid migration further seaward at least in one dimension. This may explains why the 

overpressure condition does not extend into the protodecollement zone. It also explains a 

sharp increase of relative porosity on the landward side of Site 948. The high porosity is 

maintained by overpressure through either dilation or arrested consolidation (Figures 2.10 

and 2.15). 

Conclusions 

A pronounced low-impedance zone is observed at the depth of the seismically 

defined decollement/protodecollement zone except for the region around Site 948. This 

low-impedance decollement/protodecollement zone consists of a layer of Miocene low

density radiolarian claystone. The thickness of the protodecollement zone is extremely 

variable (8-43 m), but it tends to be much less variable landward of Site 948 (about 12 

m). No comparable low-impedance zone can be found around Site 948. The thickness 

pattern suggests that part of the protodecollement zone may be scrapped off by the 

overlying prism either initially or during subduction. 
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The lack of a low impedance zone around Site 948 may be partially due to shear

induced consolidation and partially due to a change in lithology because about 50-m 

sediment column in the foot wall of the decollement is missing around Site 948 compared 

to the equivalent sediment column over adjacent basement lows. The high-impedance 

segment around Site 948 may block the fluid migration further seaward along the 

decollement, resulting in a sharp increase of fluid pressure landward of Site 948 and 

absence of overpressure in the protodecollement zone. The widely developed low

impedance zone suggests an over-pressured, weak decollement in this area. The 

overpressure is peaked in segment three, which corresponds to a high-amplitude negative 

seismic decollement and the overpressure wanes gradually farther landward. 
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Abstract 

We conducted a 3-D seismic inversion study to investigate spatial variations of 

physical properties of the decollement/protodecollement zone (PDZ) under the northern 

Barbados accretionary prism. Synthetic velocity logs confirm that the velocity anomaly 

across the decollement/PDZ is less pronounced than the density anomaly. We therefore 

use a constant velocity to estimate density from acoustic impedance (velocity x density) 

derived from the 3-D seismic inversion. Significant spatial variations of physical 

properties are observed in the PDZ seaward of the thrust front from the inversion data. 

The density generally increases to the south with a few localized low-density patches. A 

lower density commonly corresponds to a thicker PDZ, suggesting that the early Miocene 

paleomorphology may control the variations of the physical properties. Similar low-
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density patches are also found in the decollement zone. These features were likely 

inherited from those of the PDZ. Low-density patches of the decollement zone are 

commonly overlain by a high-density layer that may be formed by shear-induced 

consolidation. The high-density layer may inhibit dewatering of the underlying 

decollement zone, resulting in overpressure and arrested consolidation. Under the prism 

toe, the density of the decollement increases landward rapidly in a direction nearly 

perpendicular to the thrust front. This consolidation may be due to the shearing of the 

decollement zone. Significant differences in density, and thus porosity and strength, of 

the PDZ between the north and south in the inversion area may continue into the 

decollement. The lower strength of the decollement zone is likely responsible for a larger 

prism taper, and therefore more horizontal shortening in the south. The larger taper 

coupled with less sediment above the protodecollement zone likely causes a retreat of the 

thrust front in the south, changing the strike orientation from NNE to nearly north-south. 

The north-south differences of the decollement/PDZ and the change of the orientation of 

the thrust front may ultimately originate from an increase of the elevation of the Tiburon 

Rise. The Tiburon Rise affects regional morphology and thus controls the sedimentation 

and physical properties of the PDZ. It may also control the total thickness of the 

sediment above the protodecollement. 

Introduction 

A decollement at a convergent margin is a plate boundary fault that separates a 

highly deformed accretionary prism from nearly undeformed underthrust sediment. 

Similar structures are also widely evident in mountain belts. The hydrological 
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conditions, especially fluid pressure, within the fault zone play a significant role in 

controlling the development of the overlying prism structure [Davis et al., 1983; Dahlen, 

1990]. A protodecollement is the stratigraphic projection of a decollement seaward of the 

thrust front. Physical properties in a protodecollement zone (PDZ) provide an initial 

reference for the decollement zone and are helpful in deciphering the underlying 

mechanism through which the fault zone develops. It also helps us to understand how the 

structure above the fault zone evolves. Detailed physical properties of a 

decollement/PDZ provide a basis for more realistic numerical modeling. 

Data from ODP Legs 110, 156 and 171A in the northern Barbados accretionary 

prism provide strong evidence that the decollement zone is initialized within a sediment 

layer with minimal strength and it is progressively consolidated landward except for a 

few localized patches [Moore et al., 1998]. The minimum strength is characterized by a 

minimum density within a radiolarian claystone unit at Sites 1044 and 1048. A transect 

of logging-while-drilling (LWD) density logs acrosi; the toe of the prism shows a general 

pattern of landward increasing consolidation of the decollement zone with one exception 

at Site 1045. The consolidation is mainly attributed to shear-induced collapse of the 

sediment fabric [Moore et al., 1998]. The low-density anomaly at Site 1045 is located at 

the tip of a patch defined by a high-amplitude negative polarity decollement reflection 

[Shipley et al., 1994]. The patch is believed to represent a NE-trending overpressured 

fluid conduit along the decollement zone and the consolidation of the fault zone is 

arrested by overpressure in the fluid conduit [Shipley et al., 1994; Moore et al., 1998; 

Bangs et al., in press]. 

52 



Though evidence of landward consolidation of the decollement zone and its 

spatial variations are strong from LWD density logs [Moore et al., 1998] and seismic 

study [Shipley et al., 1994; Bangs et al., in press], spatial variations of the PDZ and its 

implications may not be sufficiently evaluated. Such a variation can be clearly seen from 

seismic stratigraphy. As a reference to the decollement, it is critical to know if there are 

any significant variations of physical properties in the PDZ, and if so, what kind of 

effects they will impose on the development of the decollement zone and overlying 

structure of the prism. 

This study applied a constrained seismic inversion technique to a 3-D seismic data 

set [Shipley et al., 1994] (Figure 3.1) to investigate spatial variations of the 

decollement/protodecollement physical properties. Although a similar analysis has been 

done by Bangs et al [in press], it only covers a 1.5-km wide swath on the seaward side of 

the thrust front, not enough to reveal spatial variations of the PDZ. The main focus of 

this study is to evaluate the impact of variations of physical properties in the PDZ on the 

development of the decollement and the overlying structure of the prism toe. 

Tectonic Setting 

The Barbados accretionary prism is the leading edge of the Caribbean plate 

(Figure 3.1), which has been growing eastward with respect to North and South America 

since at least the Eocene [Moore et al., 1988]. The Atlantic oceanic lithosphere is 

subducting westward (282°±18°) under the Caribbean plate at a rate of 28±6mm/yr in our 

study area [C. DeMets, personal communication, 1997]. The plate boundary is well 

defined under the toe of the prism by a distinctive negative-polarity seismic reflection, 
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which separates the highly deformed accretionary prism from almost undeformed 

underthrust sediment [Moore et al., 1995a]. 

WNW-trending large-scale ridges, such as the Tiburon and Barracuda Rises, on 

the incoming Atlantic oceanic basement have changed the overall north-south trend of the 

prism structure (Figure 3 .1). These ridges are believed to be related to remnants of 

transform faults [Peter and Westbrook, 1976]. The Tiburon Rise is currently subducting 

under the prism just south of our study area. The ridge has interrupted the northward 

transport of sediment discharged from the Orinoco and Amazon Drainage systems, 

resulting in a dramatic decrease in both the sediment thickness on the incoming seafloor 

and the width of the prism on the northern side of the ridge [Speed et al., 1984; Moore et 

al., 1988]. 

Seismic and Well Logging Data 

Seismic Data 

We acquired a high resolution 3-D seismic data set across the northern Barbados 

accretionary prism toe in the vicinity of DSDP/ODP drilling sites [Shipley et al., 1994] 

(Figure 3.1). A total of 102 25-km-long seismic lines were shot in an east-west direction 

at a line spacing of 50 m and common-mid-point (CMP) spacing of 30 m with a 10-

airgun array with a total volume of 38L (2320 in3). Seismic signals were collected by a 

52-channel, 650-m streamer and recorded at a sample rate of 4 ms. After trace editing, 

binning, normal moveout and stacking, the data were interpolated to 25 m in line spacing 

with a trace interval of 15 m to eliminate possible aliasing and then migrated with a split

step F-K depth migration algorithm at frequency range of 5-80 Hz [Shipley et al., in 
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press]. Because of the uncertainty of the accuracy of seismic velocity in the time-depth 

conversion and possible distortion of the seismic wavelet in the depth volume of the data 

set, we used a time volume of the 3-D seismic data set to conduct the 3-D seismic 

inversion. 

Well Logging Data 

The decollement/PDZ was logged at 6 sites with L WD during Leg 156 and Leg 

171A (Figure 3.1) [Shipboard Scientific Party, 1995a; Moore et al., 1998]. Of the six 

sites, two are located seaward of the thrust front, providing constraints to the PDZ. The 

other four measured the decollement zone under the prism up to 4 km landward of the 

thrust front. Because LWD sensors measure physical properties of sediment minutes 

after cutting the hole, the measurements reflect nearly in situ conditions. In this study, 

we will only use the LWD density logs. 

A distinctive low-density anomaly has been observed along the decollement/PDZ 

on LWD density logs (Figure 3.2). The PDZ at Sites 1044 and 1048 shows a strong low

density anomaly with a thickness of about 25 m (Figure 3.2). The low-density signature 

diminishes landward under the prism and is almost lost at Site 948, suggesting a 

progressive consolidation of the decollement zone except at Site 1045 where the low

density may represent a NE trending overpressured fluid conduit [Moore et al., 1998]. 

The low-density signature of the decollement/PDZ provides a physical base to study this 

stratigraphic unit seismically. 

Unfortunately, the only available sonic log is a wire-line log at Site 948. The 

quality of the wire-line sonic log is relatively poor, especially around the decollement 
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zone, because of collapse of the borehole [Shipboard Scientific Party, 1995a]. The lack 

of reliable sonic logs or seismic velocity would cause some difficulties and uncertainties 

in studying the physical properties of the decollement/PDZ through seismic inversion. 

An appropriate evaluation of seismic velocity is necessary. 

Synthetic Velocity Logs 

In order to estimate density from acoustic impedance (velocity x density) derived 

from seismic inversion, it is necessary to have some knowledge of seismic velocity. 

Unfortunately, no reliable velocity is available in this area. In a previous study, an 

empirical relationship between seismic velocity and impedance was derived from an 

LWD density log and a wire-line sonic log at Site 948 [Zhao and Moore, in prep.]. 

However, the quality of the wire-line sonic log is poor across the decollement zone and 

the representative of Site 948 is also questionable [Shipboard Scientific Party, 1995a; 

Shipley et al., 1997]. By modeling, Bangs et al. [in press] conclude that the decollement 

reflection is mostly defined by the density contrast of the decollement zone with respect 

to the layers above and below. Although LWD density logs alone can model seismic 

traces reasonably well at drilling sites, it is still not clear how significant the difference 

between the synthetic and the real data is. It is possible that even a slight difference in 

seismic reflection could result from a significant difference in seismic velocity if the 

density profile is the same. To justify a negligible velocity contrast, it is necessary to 

evaluate how much velocity variation is needed to best model real reflection data at 

drilling sites. Our approach is to find a synthetic velocity log that, along with an L WD 

density log, can best model a seismic trace at a drilling site under the least-square criteria. 
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A synthetic velocity log is constructed under the two constraints. First, the 

synthetic velocity log along with an L WD density log is required to produce a synthetic 

seismic trace that will minimize the difference between the synthetic and real traces. 

Second, the comparison between synthetic and real data is made in the time domain so 

that the synthetic velocity log should also deliver a correct time-depth relation in addition 

to the velocity contrast. The two requirements constrain the high and low frequency 

components of the synthetic velocity log. 

The synthetic velocity log is derived from seismic inversion and then calibrated 

by a coarse velocity model. An initial synthetic velocity log can be estimated from an 

LWD density log along with an impedance trace derived from seismic inversion, which 

requires a minimum difference between a real seismic trace and a synthetic one generated 

from the impedance trace (see next section for more details). In order to calibrate the 

initial velocity log, we estimate a coarse velocity model by correlating seismic reflection 

data with a synthetic seismic trace made from an L WD density log alone. This velocity 

model is then used to calibrate the initial synthetic velocity log so that it can correctly 

convert logs from depth to time. The final synthetic velocity log along with an L WD 

density log can be used to generate a synthetic seismic trace that almost exactly matches 

a real seismic trace in time at a drilling site as expected (Figures 3.3 and 3.4). 

The synthetic velocity logs derived in this way show that the velocity is far from a 

constant or a simple gradient. Significant velocity contrasts are needed in order to 

generate a synthetic seismic trace that will minimize its difference from the real seismic 

trace (Figures 3.3 and 3.4). However, if only the decollement/protodecollement is 
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considered, the density anomaly is much stronger than the velocity anomaly and the 

reflection from the fault zone is largely determined by density contrasts (Figure 3.3 and 

3.4). To simplify analysis, we will therefore use a constant seismic velocity across the 

decollement zone. Therefore, impedance traces derived from seismic inversion can be 

easily converted to density traces if we are only interested in the decollement/PDZ. 

Seismic Inversion and Mapping 

Seismic Inversion 

We conducted a constrained blocky 3-D seismic inversion using the program 

STRATA by Hampson-Russell. The inversion process derives an impedance model that 

optimizes the difference between real data and synthetic traces calculated from the 

impedance model. More detailed description of the inversion process has been presented 

by Zhao and Moore [in prep.]. The wavelet used in the inversion is extracted from the 3-

D seismic data by stacking the seafloor seismic reflection at the site where there are 

minimum seismic deflections and reflections below the seafloor [Moore and Shipley, 

1993; Shipley et al., 1994 and Bangs et al., 1996]. This wavelet is similar to that derived 

at Site 948 using sonic and density logs [Zhao and Moore, in prep.] and also similar to 

that used by Bangs et al. [1996] in their modeling study. 

An initial impedance model used in the inversion is built from estimated 

impedance logs at drilling sites. Because this study focuses on the physical properties of 

the decollement/PDZ, where the velocity anomaly is much less significant than the 

density anomaly as observed from the synthetic velocity logs (Figures 3.3 and 3.4), we 

use a constant velocity along with an LWD density log to calculate an impedance log at 
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each drilling site. The initial impedance model is then generated by interpolating and 

extrapolating the estimated impedance logs between and beyond the drilling sites. 

The inversion was run from CMP 800 to 1780 because there are no logging data 

to constrain the inversion further landward. The .relative impedance variations are 

calibrated by comparing the derived impedance with impedance logs at drilling sites. 

Because we use a constant velocity to build the initial inversion model, a density volume 

can be approximated by dividing the final impedance volume by the constant velocity. 

The inversion results match very well both the L WD density logs and seismic data 

through synthetic seismic traces (Figures 3.5 and 3.6). 

Mapping Physical Properties of the Decollement/PDZ 

We follow the definition of the decollement/PDZ as a distinctive low-density 

layer interpreted from LWD density logs (Figure 3.2) [Moore et al, 1998]. This 

definition is not the same as the structural definition of the zone based on micro

deformation of core samples, but it is equivalent to that defined seismically [Shipley et 

al., 1994] because seismic reflectivity depends on the contrast of impedance. Based on 

the distinctive low-density characteristic, we traced the top and bottom of the 

decollement/PDZ throughout the density volume. The bottom of the low-density layer is 

generally clear, however, its top is not always well defined. In some areas, for example 

around Site 948, no negative density contrast can be easily identified from the inversion 

data. For those areas, the top boundary of the fault zone is somewhat subjective, 

however, the density values are still reliable because the density of the decollement/PDZ 

there is nearly the same as that of the overlying strata. 
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The average density of the decollement/PDZ is further calibrated by L WD density 

logs to remove possible shifts of the density value and then converted to porosity. From 

LWD density log, we generate a smooth average density surface over an 8-ms interval 

directly above the fault zone. The average density of the decollement/PDZ is calibrated 

by replacing the inversion density directly above the fault zone with the density values of 

the density surface generated from LWD density logs and preserving the density contrast 

at the top of the fault zone. After 5-point (about 100 m) median and Gaussian filtering, a 

calibrated density map is generated (Figure 3.7). The porosity of the fault zone is further 

estimated from the density map based on the simple relationship: 

where pis bulk density, Pm is matrix density, Pf is fluid density and <I> is porosity. The 

matrix density has been reported to be 2670 km/m3 [Bangs et al., in press] 

The thickness of the decollement/PDZ is partially mapped based on the density 

contrast. As discussed earlier, the top of the fault zone is not reliable over the areas 

where the density contrast is weak or disappears. Therefore, we only map the thickness 

of the fault zone over those areas where the top density contrast is less than -2 % (Figure 

3.8). 

Interpretation 

Protodecollement Zone 

The PDZ is located in a lower Miocene radiolarian claystone layer with a 

pronounced low-density anomaly documented at Sites 1044 and 1048 [Moore et al., 
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1998]. This low-density anomaly is attributed to the open pore framework and low grain 

density of the radiolarian claystone rather than to overpressures [Moore et al., 1998]. 

Correlated with core data from Leg 110 at Site 1044, the low-density layer exactly 

corresponds to the zone of incipient deformation of the PDZ, suggesting that the low 

density, and thus high porosity and low strength, of the sedimentary layer controls the 

initialization of the decollement [Moore et al., 1998]. 

Significant spatial variations in physical properties of the PDZ are observed from 

the inversion data (Figure 3.7). Generally, the density of the PDZ in the northern part of 

the inversion area is 100-200 kg/m3 lower than that in the southern part, suggesting an 

about 10 % higher in porosity. The pronounced increase in density and decrease in 

porosity to the south occur around line 700 (Figure 3.7). The variations of density and 

porosity can be correlated with variations of the density contrast and thickness of the 

PDZ (Figure 3.8). Generally, a thicker PDZ has a lower density, suggesting that a thicker 

PDZ may be relatively richer in radiolarian component, which is believed to be 

responsible for the low-density signature [Moore et al., 1998]. 

Two localized features are identified in the northern part of the protodecollement 

zone. One is an ENE-trending low-density patch about two kilometers wide and five 

kilometers long centered at Line 750 and CMP 1550 (Figure 3.7). The other is three 

isolated patches of low-density anomalies located at Line 695 and CMP 1480, Line 710 

and 1660, and Line 775 and CMP 1370 respectively (Figure 3.7). Both of the features 

can be approximately correlated to an increase in thickness of the protodecollement as 

well (Figure 3.8). 
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The variations of the PDZ were not previously expected [Bangs et al., in press]. 

Because of its remote setting far from sediment sources, physical property variations of 

the PDZ were expected to be negligible [Bangs et al., in press] . The general similarity of 

LWD density logs between Sites 1044 and 1048 also supports that prediction. However, 

variations of the PDZ can be easily observed from seismic stratigraphy. There is a clear 

stratigraphic thinning of the PDZ to the south in addition to many localized variations in 

phase and amplitudes (Figures 3.5 and 3.9). Some of the variations can be directly 

correlated to the underlying structure. 

Since there is a good correlation between the thicker PDZ and lower density 

anomaly, the early Miocene paleomorphology may control both the thickness of the PDZ 

and its physical properties. The low-density radiolarian sediment may tend to 

concentrate in surf ace lows, or to be redeposited into these lows by bottom currents. 

Therefore, relative radiolarian-rich sediments may result in lower density in the thicker 

patches of the PDZ. 

It appears that the differences in physical properties between the north and the 

south may result from regional topographic variations probably related to the Tiburon 

Rise. The elevation of the protodecollement significantly increases southward 

accompanied by a decrease in its thickness and pinchout of stratigraphy in the PDZ 

(Figure 3.9). Moreover, the entire sediment section above the decollement also thins to 

the south (Figure 3.10). The evidence suggests that more sediment is transported down 

the slope to the topographic low flanking the Tiburon Rise. The sediment thinning to the 

south is especially pronounced in the PDZ south of Site 1048. Because of the correlation 
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between the sediment thickness and its density, the northward increase of sediment 

deposition accompanies a decrease in density. 

Although the thickness of the PDZ decreases significantly in the south, its density 

generally is still relatively lower compared to its adjacent strata. Therefore, the low 

strength of the PDZ may still be the main factor triggering the failure of the decollement. 

There are at least two implications from the spatial variations in physical 

properties of the PDZ. First, we can no longer assume that the decollement developed 

from a homogeneous PDZ. Instead, any spatial variations of the decollement are possibly 

inherited from the protodecollement. Second, the variation may also affect the structural 

styles of the overlying accretionary prism. 

Decollement 

Two trends of physical properties of the decollement zone can be clearly 

identified (Figure 3.7). One trend is nearly parallel to the thrust front under the toe of the 

prism. This trend indicates that the density increases landward in the direction 

perpendicular to the thrust front. This consolidation trend is presumably related to the 

subduction. The rapid and localized consolidation of the decollement zone suggests that 

shearing of the decollement is the principle mechanism for the consolidation rather than 

the increase of the overburden of the prism [Moore et al., 1998]. The other trend consists 

of a NE oriented low-density patch. This patch coincides with the area characterized by 

the high amplitude, negative seismic decollement [Shipley et al., 1994; Bangs et al., in 

press]. Although this patch of the decollement zone has a significant low-density 

anomaly, which is equivalent to the density of the decollement zone about one kilometer 
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landward of the thrust front, it is still much higher than the decollement density at the 

deformation front, suggesting that the patch of the decollement has been consolidated but 

at a slower rate compared to the normal decollement. Moore et al. [1998] and Bangs et 

al. [in press] attribute this low-density patch to arrested consolidation. In addition to the 

oriented low-density patch, there are two isolated low-density patches without any 

orientations at the northern part of the inversion area (Line 780, CDP 910 and Line 780, 

CDP 1010) (Figure 3.7). The average densities of these isolated patches are comparable 

to that of the oriented patch. 

The thickness of the decollement zone is not well defined in most of the area 

because consolidation effectively removes the low-density contrast at its top boundary 

(Figure 3.8). The decollement zone either does not have a distinctive upper boundary or 

can not be easily separated from low-angle fault splays originating from the decollement 

zone. However, the thicknesses of the low-density patches can be easily determined and 

they range from 10 to 15 ms (about 8-12 m if the velocity is 1650 mis). This thickness is 

much smaller than the average thickness of the PDZ. Therefore, we believe that the 

thickness is not an original feature but the result of consolidation. 

The density structure of the decollement zone in the low-density patches suggests 

that shear-induced consolidation may be partially responsible for the formation of these 

patches. It is very common that the low-density patches are overlain by a several

millisecond-thick high-density layer (Figure 3.11 ). This high-density layer is distinctive 

in an overall low-density smectite-rich clay stone unit above the decollement. The high

density layer may result from shear-induced consolidation as observed along a fault zone 
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at Site 947 [Shipley et al., 1997]. The shearing of the decollement causes localized 

consolidation much faster than the overall consolidation due to tectonic overloading 

[Moore et al., 1998]. The consolidated high-density layer may be vertically less 

permeable [Moore and Vrolijk, 1992], therefore inhibiting fluid below from escaping into 

the overlying prism, resulting in overpressure. The overpressure may retard further 

consolidation of the decollement zone below the high-density layer. 

The low-density patches in the decollement zone can be correlated well with those 

in the PDZ, suggesting that the density variation pattern may be inherited from the PDZ. 

Both isolated low-density patches and oriented patches can be found in the PDZ (Figure 

3.7). The dimensions of the isolated patches are similar. The orientations of oriented 

patches are sub-parallel to each other. A thicker low-density PDZ may be partially 

preserved after subduction because the shear-related consolidation is limited in extent and 

this consolidation may further develop a less permeable cap that inhibit dewatering of 

underlying sediment and cause overpressure to retard further consolidation of the 

decollement zone 

Discussion 

One of the principal results from this study is a more complete density and 

porosity map of the PDZ. Unlike the previous results from an inversion/modeling study 

[Bangs et al., in press], which predicts a PDZ with negligible spatial variations of 

physical properties, our results suggest significant spatial variations of the PDZ. The 

implications from the variations are first that the density anomalies in the PDZ may be 

passed to the decollement zone after its subduction as discussed earlier. From the 
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similarity of the configuration of the low-density patches, we tend to believe that the low

density features of the decollement zone were inherited from the PDZ. The low-density 

anomalies may further be enhanced by a high-density cap formed by shear-induced 

consolidation. 

We favor arrested consolidation [Moore et al., 1998] as a mechanism responsible 

for the low-density patches though we are open to other possibility such as dilation. Our 

data alone can not distinguish arrested consolidation from dilation. However, data from 

Sites 948 and 949 (nearly the same location as Site 1046) suggest that fluid pressure in 

the decollement zone may not reach lithostatic pressure required for dilation [Backer et 

al., 1997; Bangs et al., in press]. Moreover, if dilation is the mechanism, the low-density 

patches should more likely be parallel to the thrust front because the least principle stress 

(overburden) is expected to proportionally increase with the distance to the thrust front 

[Bangs et al., in press]. 

The north-south differences in physical properties of the PDZ may imply a 

difference in the strength of the decollement zone, which can, in turn, affect the structure 

of the prism. A lower density or higher porosity generally indicates a lower strength of 

sediment [Vemik et al, 1993]. Coulomb wedge theory predicts that a low-strength 

decollement will result in a prism with a smaller taper [Davis et al., 1983]. The north

south difference in density or porosity of the PDZ and its continuation under the toe of 

the prism suggest a weaker decollement, and therefore a smaller taper, in the north 

(Figure 3. 7). This prediction is supported by the geometry of the prism. For the leading 

3 km of the prism toe, the average taper of a swath from lines 745 to 755 in the north is 
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3.5° compared to 4.7° from lines 645 to 655 in the south assuming an average velocity of 

1650 mis (Figure 3.12). 

The north-south differences in the structure of the prism, as well as stratigraphy 

and physical properties of the PDZ may ultimately result from the increase of the 

decollement elevation related with the Tiburon Rise. There is a sudden change in strike 

orientation of the thrust front near line 690 (Figure 3.13). Almost at the same latitude, 

there are significant changes in the density and porosity of the protodecollement zone 

between the north and south (Figure 3.7). This latitude also corresponds to a pronounced 

change in the total sediment thickness above the protodecollement (Figure 3.10). These 

changes may not be coincidences and are more likely controlled by a single fundamental 

factor. This factor may be the change of protodecollement elevation related with the 

Tiburon Rise. The north-south difference in elevation of the protodecollement affects the 

sedimentation, and thus physical properties, of the PDZ, resulting in a stronger 

decollement in the south (Figure 3.7). The higher elevation in the south also reduces the 

total thickness of the sediment section above the protodecollement (Figure 3.10). The 

stronger decollement in the south may be responsible for a larger prism taper (Figure 

3.12), which involves greater horizontal shortening and vertical thickening. The greater 

horizontal shortening along with less sediment supply may cause the relative retreat of 

the thrust front in the south, changing the overall NNW strike orientation of the thrust 

front to roughly north-south orientation south of line 690. 

If the strike orientations of sequence thrust faults are indicative, the increase of 

the elevation of the Tiburon Rise is a recent event. The pronounced change in strike from 
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north to south occurs only within 2 km from the thrust front (Figure 3.13). Beyond that 

range, the strike orientation is only slightly different between the north and the south, 

suggesting no significant difference in elevation of the decollement. The recent change 

in elevation of the Tiburon Rise may be indicated by a southward tum of the -5-km 

contour at the thrust front (Figure 3.1). We predict that the bend of the strike of the thrust 

front near line 690 may continue with the subduction of Tiburon Rise. 

Conclusions 

There are significant variations of physical properties in the PDZ. Generally, the 

density increases to the south with a few localized low-density patches. A lower density 

can be correlated to a thicker protodecollement. The early Miocene paleomorphology 

may control the variations of the physical properties. 

Similar low-density patches are also found in the decollement zone. These 

features may be inherited from the PDZ. Low-density patches of the decollement zone 

are commonly covered by a high-density layer formed by shear-induced consolidation. 

The high-density layer may inhibit dewatering of the underlying decollement zone, 

resulting in overpressure and possibly arrested consolidation, and therefore, enhancing 

the low-density anomalies of the decollement zone. Under the prism toe, the density of 

the decollement increases landward rapidly in a direction nearly perpendicular to the 

thrust front. This consolidation is induced by shearing of the decollement. 

Significant differences between the northern and southern parts of the PDZ in 

density and porosity, and thus in strength, may continue into the decollement, resulting in 

a larger prism taper, and consequently more horizontal shortening in the south. The 
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larger taper coupled with less sediment supply may result in the relative retreat of the 

thrust front in the south, changing the strike orientation of the thrust front from NNE 

above line 690 to nearly north-south below. 

The differences of the decollement/PDZ and the change of the orientation of the 

thrust front between the north and south may ultimately originate from an increase of the 

elevation of the Tiburon Rise. The elevation affects regional morphology and thus 

controls the sedimentation and physical properties of the PDZ. It also controls the total 

thickness of the sediment above the protodecollement. 
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Appendix: Figures 

This appendix includes 46 figures cited in the dissertation. The figures are 

numbered in a decimal system. A number before a decimal point indicates a chapter 

number and a number after a decimal point indicates the order of the figure in a chapter. 
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Figure 1.1. Location map showing the 3-D seismic survey area and the 
regional geography and tectonics of the eastern Caribbean. The contours 
are labeled in kilometers. More precise location information is shown in 
Figures 1.5 and 1.11 . 
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Figure 1.2. A cross section along Line 700 showing the interval velocity profile used for 
depth migration of the 3-0 seismic data. 



-...J 
VJ 

Figure 1.3. Line 660 from the 3-D seismic data set. (A) uninterpreted section; (B) interpreted section 

showing major structural features. The decollement is a relatively flat surface dipping westward at 2°-

30, whereas the oceanic basement is a very rough surface cut by numerous normal faults. Underthrust 

sediment section can be divided into three distinguishable seismic stratigraphic units east of a basement 

high around CMP 1100. From the top to the bottom, these units are I (Oligocene), II (middle to late 

Eocene) and III (late Cretaceous to early Eocene). Horizon Tis the top of unit III. At about CMP 1550, 

a small fault can be traced from unit II up to the seafloor, suggesting that it is an active fault. See Figure 

1.5 for the location. 
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Figure 1.4. Line 700 from the 3-D seismic data set showing the structural variations along the strike 

compared with Line 660 (Figure 1.3), one km to the south. (A) uninterpreted; (B) interpreted. Near 

CMP 1600 is one of the three oceanic basement structural highs in the survey area (see Figures 1. 7 and 

1.8). See Figure 1.5 for the location. Also shown are the locations of DSDP/ODP drill sites. 
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Figure 1.5. Shaded relief maps of (A) horizon T and (B) the oceanic basement surface. The basement 

map shows NNE-trending horst and graben structures that mimic the overall Mid-Atlantic Ridge 

spreading center configuration. Several small seamounts are evident along line 660. Note that the 

structure of horizon T correlates closely with the structure of the basement, though the relief of the 

former is much smaller, suggesting that the structure in the sediment section is secondary and induced 

by the structure of the basement. Lines and circled characters in the figures show the locations of 

seismic profiles and the figure numbers respectively. Barbed line shows the location of the thrust front 

at the seafloor. 
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Figure 1.6. Rose diagrams showing fault orientations. (A) shows the 
orientations of faults along horizon T (see Figures 1.3 and 1.4). (8) shows 
the orientations of faults along the oceanic basement. The fault percentage 
is weighted by fault length. Note that the dominant fault orientation in both 
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Figure 1.7. This is the same seismic line as that in Figure 1.4 but flattened to the decollement. 
This profile approximates the initial structures of the subducting plate prior to subduction. Note 
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Figure 1.8. A 3-D display of the oceanic basement morphology that has been flattened to the dcollement. This 
display shows the initial basement morphology prior to subduction. There are three broad structural highs in the 
survey area. A series of normal faults cut the basement, forming a horst and graben structure. Several 
seamounts can be clearly identified. 
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Figure 1.11. Isopach maps of (A) units I (Oligocene) and II (middle to upper Eocene) and (B) unit III 

(upper Cretaceous to lower Eocene) showing the apparent thickness variations of the underthrust 

stratigraphic units. Note that the total thickness of the upper two units decreases both westward and 

northward in addition to many local undulations near the thrust front (barbed line). The relief of the 

basement) controls the thickness of unit III (see Figure 1.5 for comparison. Two dashed curves outline 

the area for detailed consolidation and dewatering analysis. The solid lines and circled characters in (A) 

show the locations of seismic profiles and figure numbers respectively . 
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Figure 1.12. Two seismic profiles showing landward thinning of the 
underthrust units I and II under the prism toe, partially due to 
sediment consolidation. Both profiles have been flattened to horizon 
T. See Figures 1.5 and 1.11 for locations. 
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Figure 1.13. Cross-section across the toe of the northern Barbados accretionary prism showing the 

geometry of the prism and the underthrust sediment stratigraphy .. H0 and H represent the thickness of 

the prism at the thrust front and landward of the thrust front respectively; h0 and h represent the total 

thickness of stratigraphic units I and II at the same respective locations as above. Inset shows the total 

thickness of units I and II versus the seaward distance from the thrust front measured on all lines of the 

3-D data volume. Dots show the total thickness measured from seismic sections and normalized for 

along-strike variations. The gray line in the inset represents the formula: thickness = 311.6 + 0.015 x 

distance, derived from a linear regression to fit the data, where thickness represents the total thickness of 

the units I and II, and distance is the seaward distance from the thrust front. The inset suggests that there 

is a down-dip stratigraphic thinning in these units before subduction. Two vertical bars represent 

sedimentary columns at the thrust front and under the prism respectively. These columns consist of 

solid mass column (hs) and void space column (hv). 
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Figure 1.14. Seismic line 704 showing a structure-related total 
apparent thickness anomaly of stratigraphic units I and II. Note 
a pronounced positive apparent thickness anomaly resulting 
from a normal fault in the middle of the plot. See Figure 1.11 
for the location. 
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Figure 1.15. Synthetic seismograms compared with the 3-D seismic cross sections at site 1046 and 

1047. The synthetic seismograms are constructed from LWD density logs and a constant velocity using 

extracted wavelets from the seismic lines. After a small static shift to align the decollement, major 

events of the synthetic seismograms match those of the real data reasonably well in units I and II. By 

comparing major reflection events, we estimate an error of 3 % in the maximum thickness for the two 

units, because of the inaccuracy of seismic velocity in depth migration. 
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Figure 1.16. Plot of the total thickness of the underthrust units I and II versus 
the thickness of the overlying prism showing the consolidation of underthrust 
sediment. Dots show the total thickness measured from each seismic line of 
the 3-D data volume and normalized for along-strike variations. The thick 
dashed curve shows the result of a regression of the data points. The solid 
curve results from regression with data corrected for down-dip depositional 
thinning based on the projected initial sediment thickness as defined by the 
regression line in the inset of Figure 1.13. We use an exponential function to 
fit the data due to the exponential relationship between porosity and depth 
[Athy, 1930]. The thin dashed curves represent error ranges for the solid 
curve due to the inaccuracy of seismic velocity used in depth migration. The 
solid curve suggests that the subducting sediment is increasingly consolidated 
with increase of the prism load. 
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Figure 1.17. In the top three diagrams, solid curves show the filtered L WD density logs through units I 

and II from (A) sites 1046, (B) 1047 and (C) 1044 respectively and open circles show the core density 

data from (A) site 671B and (C) 672 [Shipboard Scientific Party, 1988a and 1988b] (see Figures 1.5, 

1.11 and 1.13 for site locations). The depth scales on the right in (A) and (C) are for core density data 

at sites 671B and 672 respectively. Note that the density progressively increases landward from sites 

1044/672 to 1046/671 B, reflecting the increasing consolidation. The core density data are comparable 

to the LWD density data. In the lower plot (D), solid curve shows the average porosity of units I and II 

derived from the corrected thickness profile in Figure 1.16, assuming volumetric conservation of solid 

mass and uniaxial consolidation without horizontal strain. Two open circles represent the average 

porosity of the two sedimentary units estimated from LWD density data at sites 1046 and 1047, given 

2680 kg m-3 of grain density. The thin dashed curves represent the error ranges of the estimated porosity 

(solid curve). The thick dashed curve shows the interpolated and extrapolated porosity of unit ill based 

on the estimated porosity from LWD density data at sites 1044 and 1046 respectively. 
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Figure 1.18. A comparison of thickness reduction of underthrust 
sediment versus overburden of the Barbados and Costa Rica prisms. 
The solid curve of Barbados is derived from the solid curve in Figure 
1.16. The gray area represents a range of thickness reduction 
measured in different sediment sections at Costa Rica. Symbols 
represent actual measurements [Shipboard Scientific Party, 1997b]. 
The overburden for Barbados is the prism thickness minus the burial 
depth of the decollement at the thrust front. This figure shows that 
the thickness reduction rate at Costa Rica is more than double of that 
at Barbados under the same amount of overburden. 
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Figure 2.3. Synthetic seismogram with density and velocity curves, wavelets 
and a piece of seismic profile. Wavelet a is an extracted wavelet that is used 
to construct the synthetic seismogram. Wavelet b is the wavelet derived from 
the seafloor reflection [Shipley et al., 1994] for comparison. The gray bar at 
about 7100 ms marks a structurally defined decollement zone in which a 
strong positive (filled black) seismic reflection represents a seismically 
defined decollement at this location. 

98 



-'? 
E 
C) 

~ 
~ 
"iii 
c 
Q) 

0 

2100 

2000 

1900 

1800 

1700 

1600 

1500 1600 1700 

• · - · ·Gardner et al. (1974) 

............ Hamilton a (1978) 

•••••• Hamilton b (1978) 

1800 1900 2000 

Velocity (m·s-1) 

2100 

Figure 2.4. Plot of density versus sonic velocity based 
on density and sonic logs from Site 948.' The curves 
represent the empirical relationships derived by least
square regression and the relationships presented by 
Gardner [1974] and Hamilton [1978] for turbidites, 
claystones and shales (a) and for calcareous (b) as 
annotated. Note that none of these curves fit the data 
very well. 
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relationships derived by least-square regression and the 
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Hamilton [1978] for turbidites, claystones and shales 
(a) and for calcareous (b) as annotated. The regression 
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4500 

(velocity times density) calculated from density and 
sonic logs at Site 948. The curves represent the 
empirical relationships derived by least-square 
regression and the derived relationships from Gardner 
[1974] and Hamilton [1978] for turbidites, claystones 
and shales (a) and for calcareous (b) as annotated. The 
linear regression relationship is well constrained by the 
data as indicated by the relational coefficient R2

. Note 
that the deviations of data from the linear regression 
result are mostly less than ±70 mis or ±5%, assuming 
that minimum velocity to be 1500 mis. 
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Figure 2.7. Plot of porosity versus velocity. The 
porosity data are estimated from density log using 
grain density of 2.73 g/cm3 [Shipboard Scientific 
Party, 1995a]. In the plot, one empirical relation 
is derived by least square linear regression. The 
other is a Wyllie's equation assuming that fluid 
velocity vf is 1500 m/s and rock matrix velocity vm 
is 5500 m/s [Schlumberger, 1991 ]. The empirical 
correction factor cp is determined by least square 
regression. 
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Figure 2.8. A comparison of a synthetic seismic profile with real data 
and their difference showing how well an impedance profile derived 
from the inversion matches the real data. The synthetic profile is 
constructed from the impedance using wavelet a shown in Figure 2.3. 
Note that the two profiles are almost identical and their difference is 
within noise level, suggesting a good inversion result. The similarity 
shown here is typical for the entire profiles. 
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Figure 2.10. Plots of thickness, impedance, velocity and porosity of a low-impedance zone at the depth 

of the seismically defined decollement/protodecollement. The left labels are for average physical 

properties (thin curve) and the right labels are for relative average physical properties (thicker curve). 

The impedance is the average impedance of the low-impedance zone. The velocity is derived from 

impedance based on the linear empirical relationship between velocity and impedance shown in Figure 

2.6. The porosity is estimated from velocity based on Wyllie's equation shown in Figure 2.7. The 

relative impedance,_ velocity and porosity are defined as a percentage of differences of these physical 

properties of the low-impedance zone from the corresponding average physical properies of the strata 

immediately above and below. The dashed lines indicate the position where relative impedance, 

velocity and porosity are zero. The line segments in the porosity plot mark the locations of Figures 2.11, 

2.12, 2.13, 2.14 and 2.15. At the bottom of the porosity plot, four decollement/protodecollement 

segments are labeled as I, II, III, and IV. See the text for discussion. 
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Figure 2.11. Detailed analysis and interpretation of the protodecollement 
zone, showing the variation of thickness, impedance and porosity of the 
incipient fault zone. The protodecollement, which significantly thickens 
to the west, has a pronounced low-impedance signature. The average 
impedance of the low-impedance zone is above 10-15% below the 
average impedance of its surrounding strata, whereas the average 
porosity of the protodecollement zone is about 10-15% higher. The left 
label is for the thin curve and the right label is for the thick curve. See 
Figure 2.1 O for the location. 
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Figure 2.12. Another example of detailed analysis and interpretation 
of the protodecollement showing a much thicker protodecollement 
zone than that in Figure 2.11. The average impedance of this zone 
is about 1 O % lower and its porosity is about 10% higher than those 
above and below the protodecollement zone. The left label is for the 
thin curve and the right label is for the thick curve. See Figure 2.10 
for the location. 
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Figure 2.13. Similar plot as Figure 2.12 showing the low-impedance 
zone pinches out to the west and is replaced by a positive impedance 
contrast interface. The left label is for the thin curve and the right 
label is for the thick curve. See Figure 2.10 for the location. 
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Figure 2.14. This plot continues the Figure 2.13 to the west showing 
the low-impedance zone pinches out to the east on the landward side 
of Site 948 and is similarly replaced by a positive impedance interface, 
which generates a positive seismic decollement reflection. Note the 
low-impedance zone on the western side of the plot has an almost 
constant thickness of 12 ms (10 m). Its impedance is about 10-15% 
lower and its porosity is about 15% higher than those of its surrounding 
strata. The left label is for the thin curve and the right label is for the 
thick curve. See Figure 2.1 O for the location. 
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Figure 2.15. Similar plot as Figure 2.14 showing the physical properties 
of the decollement with high-amplitude negative seismic reflection. This 
segment of the decollement has the strongest negative impedance 
contrast (10-15% lower), representing a porosity of 15 % higher. The 
left label is for the thin curve and the right label is for the thick curve. 
See Figure 2.1 O for the location. 
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Figure 3.1. Location map showing the 3-D seismic survey 
area and regional tectonic setting. The shaded area in the 
top blow-up indicates the area where the 3-D seismic 
inversion is carried out. The contours are in kilometers. 
The barbed line shows the location of the thrust front at 
the seafloor. 
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Figure 3.2. LWD density logs from ODP Legs 156 and 171 A. The shaded 
areas indicate the low-density anomalies in the structurally defined 
decollement zone. Note that the PDZ has pronounced low-density anomaly 
at sites 1044 and 1048, but the anomaly progressively decreases landward 
(refer to the site location map in Figures 3.1 and 3.7) except at site 1045, 
which represents a NE oriented fluid conduit [Moore et al., 1998]. 
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Figure 3.3 A comparison of a synthetic seismic trace with real data at site 1044. Trace 1 is a wavelet 

extracted from seafloor reflection. Trace 2 is a synthetic trace derived from an LWD density log and a 

synthetic velocity log. Trace 3 is a real seismic trace located at the drilling site. Trace 4 is also a 

synthetic trace derived from LWD density log alone. The synthetic velocity log is constructed under 

two constraints. First, it is required that the synthetic velocity log along with an L WD density log 

generate a synthetic seismic trace that will minimize its difference from the real trace. Second, the 

synthetic velocity should provide a correct time-depth relation to match the real trace in time. Note that 

the synthetic seismic trace (2) nicely matches the real trace (3), which requires significant velocity 

contrasts in addition to the contrasts in density. However, if only the PDZ (gray area) is considered, the 

velocity anomaly is far less prominent than the density, suggesting that the PDZ reflection is mostly 

determined by the density contrast. This is confirmed by a good match at the PDZ between the real 

trace (3) and the synthetic trace (4), which was derived solely from the LWD density log (see Figures 

3.1 and 3.7 for the site location). 
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Figure 3.4 A comparison of a synthetic seismic trace with real data at site 1048. Trace 1 is a wavelet 

extracted from seafloor reflection. Trace 2 is a synthetic trace derived from an L WD density log and a 

synthetic velocity log. Trace 3 is a real seismic trace located at the drilling site. Trace 4 is also a 

synthetic trace derived from LWD density log alone. The synthetic velocity log is constructed under 

two constraints. First, it is required that the synthetic velocity log along with an L WD density log 

generate a synthetic seismic trace that will minimize its difference from the real trace. Second, the 

synthetic velocity should provide a correct time-depth relation to match the real trace in time. Note that 

the synthetic seismic trace (2) nicely matches the real trace (3), which requires significant velocity 

contrasts in addition to the contrasts in density. However, if only the PDZ (gray area) is considered, the 

velocity anomaly is far less prominent than the density, suggesting that the PDZ reflection is mostly 

determined by the density contrast. This is confirmed by a good match at the PDZ between the real 

trace (3) and the synthetic trace (4), which was derived solely from the LWD density log (see Figures 

3.1and3.7 for the site location). 
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Figure 3.5. Seismic reflection and density profiles across site 1044. (A) 
is a seismic profile inserted by a synthetic seismic trace generated from 
a seismic-inversion density log. (8) is a density profile derived from 
seismic inversion and inserted by a real density log. Shaded area is the 
PDZ. (C) shows the average density (solid curve) and porosity (dashed 
curve) curves of the PDZ. Note the significant thickness variation of the 
PDZ in addition to the variation of its internal structure across the profile 
(see Figures 3.7 and 3.8 for the site location). 
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Figure 3.6. A similar plot as in Figure 3.5 for site 1045. Note a 
pronounced low-density anomaly of the decollement zone (see 
Figures 3.7 and 3.8 for the site location) . 

119 



~ 

Figure 3.7. Density and porosity maps showing the spatial variations of the average density and porosity 

of the decollement I PDZ. (A) shows average density and porosity profiles along 3 lines (black solid 

lines in Band C). (B) is a porosity map estimated from the density map in (C) assuming a grain density 

to be 2670 km/cm3 [Bangs et al, in press]. White dots show the locations of drilling sites and the barbed 

line shows the location of the thrust front at the seafloor. The white line segments show the locations of 

profiles in Figures 3.5, 3.6, 3.9 and 3.11 . (C) is a density map of the decollement I PDZ derived from 

seismic inversion and calibrated by LWD density logs (see text for details). The density (in an opposite 

way of the porosity) generally increases to the south in PDZ and to the landward under the prism toe. 

Localized low-density patches can be found in both the decollement and PDZ. The oriented patch in the 

decollement is sub-parallel to that in the PDZ, suggesting that they originated from the same mechanism 

or process. 
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Figure 3.8. Thickness map of the decollement I PDZ (A) and density contrast across the top boundary of 

the fault zone (B). The thickness of the fault zone was mapped only in these areas where the density 

contrast at its top boundary is less than -2%. The gray color in (A) is a background color indicating the 

areas where the thickness is not mapped. Black solid lines show the locations of the density I porosity 

profiles shown in Figure 3.7 and the white line segments show the locations of profiles in Figures 3.5, 

3.6, 3.9 and 3.11. White dots show the locations of drilling sites and the barbed line shows the location 

of the thrust front at the seafloor. The thickness of the PDZ thins southward significantly. The NE 

trending low-density patch has a strong density contrast at its top with a thickness of 10-15 ms (about 8-

12 m if the velocity is 1650 mis) much less than the average thickness of the PDZ. 
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Figure 3.9. Seismic profile along CMP 1500 showing the significant thinning of the PDZ southward while 
the elevation increases. The lower part of the PDZ pinches out southward completely about half kilometer 
south of site 1048. The gray area marks the PDZ. The stratigraphy above the PDZ also thins gradually 
southward. The stratigraphy suggests that paleomorphology controls the sedimentation of PDZ and the 
sedimentation above it (see Figures 3.7 and 3.8 for the location) . 
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Figure 3.10. lsopach map showing the thickness variation of the 
post-Oligocene sediment which will be accreted to the prism. The 
white line segments show the locations of profiles in Figures 3.5 
and 3.9. Note a general decrease of sediment thickness to the 
south. 
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Figure 3.11. Seismic reflection and density profiles showing a high
density layer overlying on the decollement zone. (A) is a seismic 
profile (Line 704). (B) is a density profile, in which the light shaded 
area is a low-density decollement zone. The dark shaded area is a 
denser layer directly overlying on the decollement zone. This denser 
layer may result from shear-induced consolidation and prevent fluid 
from escaping into the overlying prism. (C) shows the density values 
of the two layers (see Figures 3.7 and 3.8 for the location). 
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Figure 3.12. A comparison of north-south difference of 
the prism tapers. The solid line shows the average prism 
thickness in travel time versus the distance over a swath 
from line 645 to 655. The dashed line shows a similar 
result for a swath from line 7 45 to 755. Assuming an 
average seismic velocity of 1650 mis in the prism, the 
southern line corresponds to a taper of 4.8° compared to 
the northern taper of 3.6° . 
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Figure 3.13. Shaded relief map of the seafloor showing the change 
of the strike orientation of sequence thrust faults near the thrust front. 
The white line segments show the locations of profiles in Figures 3.5, 
3.6, 3.9 and 3.11. Note a pronounced bend of the strike orientation 
of the thrust front near line 690, but the bend tends to be more 
gradual away from the thrust front, suggesting that the relative retreat 
of the thrust front south of Line 690 started very recently and probably 
is still going on. 

128 



References 

Athy, L. F., Density, porosity and compaction of sedimentary rocks, American 

Association of Petroleum Geologists Bulletin, 14, 25-35, 1930. 

Bangs, N. L., G. K. Westbrook, J. W . Ladd, and P. Buhl, Seismic velocities from the 

Barbados Ridge complex: indicators of high pore fluid pressures in an 

accretionary complex, J. Geophys. Res., 95, 8767-8782, 1990. 

Bangs, N. L., and G. K. Westbrook, Seismic modeling of the decollement zone at the 

base of the Barbados ridge accretionary complex, J. Geophys. Res., 96, 3853-

3866, 1991. 

Bangs, N. L., T. H., Shipley, and G. F. Moore, Elevated fluid pressure and fault zone 

dilation inferred from seismic models of the northern Barbados ridge decollement, 

J. Geophys. Res., 101, 627-642, 1996. 

Bangs, N. L., T. H. Shipley, J.C. Moore, G. F. Moore, and ODP 171A Shipboard 

Scientific Party, The development of plumbing in the Barbados ridge 

decollement: Inferences from 3-D seismic reflection modeling calibrated with 

ODP Leg 171A logs, in press. 

Becker, K., A. T. Fisher, and E. E. Davis, The CORK experiment in hole 949c: Long

term observations of pressure and temperature in the Barbados accretionary 

prism: in T.H. Shipley, Y. Ogawa, P. Blum, and J.M. Bahr (Eds.), Proc. ODP, Sci. 

Results, 156, College Station, TX (Ocean Drilling Program), 247-252, 1997. 

129 



Brown, K., and G. K. Westbrook, The tectonic fabric of the Barbados ridge accretionary 

complex, Marine and Petroleum Geol., 4, 71-81, 1987. 

Carrion, P., Dual tomography for imaging complex structures, Geophysics, 56, 9, 1991. 

Dahlen, F. A., Critical taper model of fold-and-thrust belts and accretionary wedges, 

Earth Planet. Sci., 18, 55-99, 1990. 

Dahlen, F. A., J. Suppe, and D. Davis, Mechanics of fold-and-thrust belts and 

accretionary wedges: cohesive Coulomb theory, J. Geophys. Res., 89, 10,087-

10, 102, 1984. 

Damuth, J.E., and R. W. Fairbridge, Equatorial deep-sea arkosic sands and ice-age 

aridity in tropical South America, Geol. Soc. Am. Bull., 81, 189-206, 1970. 

Davis, D., J. Suppe, and F. A. Dahlen, The mechanics of fold-and-thrust belts, J. 

Geophys. Res., 88, 1153-1172, 1983. 

Dolan, J. F., C. Beck, Y. Ogawa, and A. Klaus, Eocene-Oligocene sedimentation in the 

Tiburon Rise/ODP Leg 110 area: an example of significant upslope flow of distal 

turbidity currents, in Moore, J.C., Mascle, A., et al., Proc. Ocean Drill. Program, 

Sci. Results, 110, 47-61, 1990. 

Embley, R. W., and M. G. Langseth, Sedimentation processes on the continental rise of 

northeastern South America, Marine Geol., 25, 279-297, 1977. 

Harlan, W. S., J. F. Claerbout, and F. Rocca, Extracting velocities from diffractions, 

Geophysics, 49, 664, 1983. 

130 



Gardner, G. H.F., L. W. Gardner, and A. R. Gregory, Formation velocity and density

the diagnostic basis for stratigraphic traps, Geophysics, 39, 770-780, 1974. 

Hamilton, E. L., Sound velocity-density in sea-floor sediments and rocks, J. Acoust. Soc. 

Am., 63, 366-377, 1978. 

Henning, A. T., Post-stack migration Velocity analysis of three-dimensional seismic 

reflection data, Master of Arts thesis, University of Texas at Austin, 100 p., 1997. 

Jaroslow, G. E., D. K. Smith, and B. E. Tucholke, The off-axis record of volcanism in the 

western North Atlantic Ocean (abstract), Eos, 75, 660-661, 1994. 

Karig, D. E., J. G. Caldwell, and E. M. Parmentier, Effects of accretion on the geometry 

of the descending lithosphere, J. Geophys. Res. , 81, 6281-6291, 1976. 

Le Pichon, X., P. Henry, and S. Lallemant, Accretion and erosion in subduction zones: 

the role of fluids, Annu. Rev. Earth Planet. Sci., 307-331, 1993. 

Moore, G. F., and T. H. Shipley, Character of the decollement in the Leg 131 drilling 

area, Nankai Trough, Proc. Ocean Drilling Program Sci. Results, 131, 73-82, 

1993. 

Moore, G. F., Z. Zhao, and T. H. Shipley, Integration of vertical seismic profiling, 

logging, and seismic data in the vicinity of the decollement, northern Barbados 

Ridge accretionary prism: in T.H. Shipley, Y. Ogawa, P. Blum, and J.M. Bahr 

(Eds.), Proc. ODP, Sci. Results, 156, College Station, TX (Ocean Drilling 

Program), 255-262, 1997. 

131 



Moore, G. F., Z. Zhao, T. H. Shipley, N. Bangs, and J. C. Moore, Structural setting of the 

Leg 156 area, northern Barbados Ridge accretionary prism: in Shipley, T.H., 

Ogawa,Y., and Blum, P., et al., Proc. ODP, /nit. Repts, 156, 13-27, 1995a. 

Moore, J.C., Tectonics and hydrogeology of accretionary prism: role of the decollement 

zone, J. Structural Geol., 11, 95-106, 1989. 

Moore, J.C., A. Klaus, et al., Consolidation patterns during initiation and evolution of a 

plate-boundary decollement zone: Northern Barbados accretionary prism, 

Geology, 26, 811-814, 1998. 

Moore, J.C., A. Mascle, et al., Tectonics and hydrogeology of the northern Barbados 

Ridge: results from Ocean Drilling Program Leg 110, Geol. Soc. Am. Bull, 100, 

1578-1593, 1988. 

Moore, J. C., B. Biju-duval, et al., Offscraping and underthrusting of sediment at the 

deformation front of the Barbados Ridge: Deep Sea Drilling Project Leg 78A, 

Geol. Soc. Am. Bull., 93, 1065-1077, 1982. 

Moore, J. C., and H. Tobin, Estimated fluid pressures of the Barbados accretionary prism 

and adjacent sediments: in T.H. Shipley, Y. Ogawa, P. Blum, and J.M. Bahr 

(Eds.), Proc. ODP, Sci. Results, 156, College Station, TX (Ocean Drilling 

Program), 229-238, 1997. 

Moore, J.C., and P. Vrolijk, Fluid in accretionary prisms, Rev. Geophys., 30, 113-135, 

1992. 

Moore, J.C., and P. Vrolijk, Fluid in accretionary prisms, Rev. Geophys., 30, 113-135, 

1992. 

132 



Moore, J. C., T. Shipley, D. Goldberg, Y. Ogawa, and et al. , Abnormal fluid pressures 

and fault-zone dilation in the Barbados accretionary prism: evidence from 

Logging While Drilling, Geology, 23, 605-608, 1995b. 

ODP Leg 156 Shipboard Science Party, Seismic images and drilling tell the story of 

fluids in a plate-boundary fault, Eos, 7 6, 185-186, 1995. 

Peacock, S. M., Fluid processes in subduction zones, Science, 248, 329-337, 1990. 

Peter, G., and G. K. Westbrook, Tectonics of southwestern North Atlantic and Barbados 

Ridge complex, American Association of Petroleum Geologists Bulletin, 60, 

1078-1106, 1976. 

Reck, B. H., Implications of measured thermal gradients for water movement through the 

northeast Japan accretionary prism, J. Geophys. Res., 92 3683-3690, 1987. 

Scales, J. A., On the use of conjugate gradient to calculate the eigenvalues and singular 

values of large, sparse matrices, Geophys. J ., 97, 179-183, 1987. 

Schlumberger, Log interpretation principles I applications, Schlumberger Educational 

Services, Houston, Texas, 5-6, 1991. 

Schoonmaker, J., Clay mineralogy and diagenesis of sediments from deformation zones 

in the Barbados accretionary prism: in Moore, J.C., Synthesis of structural 

fabrics in Deep Sea Drilling Project cores from forearcs, Mem. Geol. Soc. Am., 

166, 105-116, 1986. 

Schweller, W. J., and L. D. Kulm, Extensional rupture of oceanic basement in the Chile 

trench, Marine Geology, 28, 271-291, 1978. 

133 



Shipboard Scientific Party, Site 671: in Mascle, A., Moore, J.C., et al., Proc. ODP, !nit. 

Repts, (Pt. A) 110, College Station, TX (Ocean Drilling Program), 67-204, 1988a. 

Shipboard Scientific Party, Site 672: in Mascle, A., Moore, J.C., et al., Proc. ODP, /nit. 

Repts, (Pt. A) 110, College Station, TX (Ocean Drilling Program), 205-310, 

1988b. 

Shipboard Scientific Party, Site 948: in Shipley, T.H., Ogawa,Y., and Blum, P., et al., 

Proc. ODP, /nit. Rpts, 156, 160-164, 1995a. 

Shipboard Scientific Party, Site 949: in T.H. Shipley, Y. Ogawa, P. Blum, et al., Proc. 

ODP, lnit. Repts, 156, College Station, TX (Ocean Drilling Program), 193-257, 

1995b. 

Shipboard Scientific Party, Introduction: in Kimura, G., Silver, E., Blum, P., et al., Proc. 

ODP, /nit. Repts, 170, College Station, TX (Ocean Drilling Program), 7-17, 

1997a. 

Shipboard Scientific Party, Site 1040: in Kimura, G., Silver, E., Blum, P., et al., Proc. 

ODP, /nit. Repts, 170, College Station, TX (Ocean Drilling Program), 95-152, 

1997b. 

Shipley, T. H., and G. F. Moore, Sediment accretion, subduction, and dewatering at the 

base of the trench slope off Costa Rica: a seismic reflection view of the 

decollement, J. Geophys. Res., 91, 2019-2028, 1986. 

Shipley, T. H., G. F. Moore, H. J. Tobin, and J. C. Moore, Synthesis of the Barbados 

decollement seismic reflection response from drilling-based geophysical 

observations and physical properties: in T.H. Shipley, Y. Ogawa, P. Blum, and 

134 



J.M. Bahr (Eds.), Proc. ODP, Sci. Results, 156, College Station, TX (Ocean 

Drilling Program), 293-302, 1997. 

Shipley, T. H., G. F. Moore, N. L. Bangs, J. C. Moore, and P. L. Stoffa, Seismically 

inferred dilatancy distribution, northern Barbados Ridge decollement: 

Implications for fluid migration and fault strength, Geology, 22, 411-414, 1994. 

Shipley, T. H., N. L. Bangs, and A. T. Henning, Sediment velocity estimation using 

iterative 3-D migrations of short offset seismic reflection data in deep water, in 

press. 

Smith, D. K. , and J. R. Cann, Building the basement at the Mid-Atlantic Ridge, Nature, 

365, 707-715, 1993. 

Speed, R., G. Westbrook, A. Mascle, B. Biju-Duval, J. Ladd, J. Saunders, S. Stein, J. 

Schoonmaker, and J. Moore, Lesser Antilles Arc and adjacent terranes: Woods 

Hole, Massachusetts, Ocean Margin Drilling Program, Regional Atlas Series, 

Marine Science International, Atlas 10, 27 sheets, 1984. 

Stauffer, P., Coupled deformation and fluid flow in the toe of the Barbados accretionary 

prism (abstract), Eos, 78, 687, 1997. 

Steiger, T., Miocene radiolarian biostratigraphy of the decollement zone (northern 

Barbados ridge): in T.H. Shipley, Y. Ogawa, P. Blum, and J.M. Bahr (Eds.), 

Proc. ODP, Sci. Results, 156, College Station, TX (Ocean Drilling Program), 33-

44, 1997. 

Taylor, E, and J. Leonard, Sediment consolidation and permeability at the Barbados 

forearc, Proc. Ocean Drill. Program, Sci. Results, 110, 287-308, 1990. 

135 



Tomblin, J. F., The lesser Antilles and Aves Ridges, in Nairn, A.E.M. and Stehli, F.G., 

The ocean basins and margins, the Gulf of Mexico and the Caribbean, 3, Plenum 

Press, New York, 1-64, 1975. 

Vernik, L., M. Bruno, and C. Bovberg, Empirical relations between compressive strength 

and porosity of siliciclastic rocks: International Journal of Rock Mechanics and 

Mineral Science, 30, 677-680, 1993. 

von Huene, R., and D. W. Scholl, Observations at convergent margins concerning 

sediment subduction, subduction erosion, and the growth of continental basement, 

Rev. Geophys, 29, 279-316, 1991. 

Westbrook, G. K., The Barbados Ridge Complex: tectonics of a mature forearc system, 

in, J.K. Leggett, ed., Trench-Forearc Geology, Geol. Soc. London Spec. Puhl. 10, 

275-290, 1982. 

Westbrook, G. K., The structure of the Crust and Upper Mantle in the region of Barbados 

and the Lesser Antilles, Geophys. J. R. Astron. Soc., 43, 1-42, 1975. 

Westbrook, G. K., A. Mascle, and B. Biju-Duval, Geophysics and the structure of the 

Lesser Antilles forearc, in Biju-Duval, B. , J.C. Moore, et al., DSDP /nit. Rpts., 

78A, Washington, D.C. , U.S. Government Printing Office, 23-38, 1984. 

Zhao, Z. , G. F. Moore, Physical properties of the decollement zone under the northern 

Barbados accretionary prism: insight from a seismic inversion, to be submitted to 

Proc. ODP, Sci. Results, 171A. 

136 


