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Permeability is a fundamental sediment property influencing fluid flow, hence fluid 

pressures in the subsurface.  Because elevated fluid pore pressures play a critical role in 

the development of accretionary complexes, including the development of the 

décollement zone, it is important to simulate pore pressures based on a systematic 

relationship of permeability and porosity.  Based on laboratory permeability 

measurements of Northern Barbados, Costa Rica, Nankai and Peru subduction zones 

sediments, a high correlation between permeability and porosity was found for 

argillaceous sediments while little correlation was found for carbonate dominant 

sediments.  Classification based on location and grain size distribution provided greater 

correlation between permeability and porosity than the depositional environment of the 

sediment alone.  In the second part of the research, a one-dimensional loading and fluid 

flow model near the toe of the Nankai subduction zone was used to examine the effects of 

lower bulk permeability (sensitivity to a permeability-porosity relationship), lateral stress 
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in the prism, and addition of a low-permeability barrier to the décollement.  The results 

predicted significant increase in pore pressures below the décollement zone with lower 

bulk permeability, or when a low-permeability barrier is added at the décollement.  Both 

simulations with lateral stress and a low-permeability barrier at the décollement resulted 

in sharp increases in porosity at the décollement, similar to that observed in measured 

porosities.  In addition, these two scenarios predict maximum excess pore pressure ratios 

at the décollement suggesting that either of these factors would contribute to stable 

sliding along the décollement.  In the third part of the research, results from a two-

dimensional prism growth and flow model indicate pore pressures close to lithostatic 

pressures at the décollement when décollement was given the same permeability as the 

surrounding sediments.  However, these pore pressures were unable to reach lithostatic 

pressures thus not allowing horizontal hydrofracture in the décollement zone.  Addition 

of vertical hydrofractures in the underthrust sediments did not increase pore pressures to 

lithostatic pressures in the décollement.  When a bulk permeability-vertical stress 

relationship was assigned to the décollement, pore pressures reach values close to 

lithostatic pressures, suggesting that high pore pressures can be sustained at the base of 

the prism while fluid is expelled at the toe of the complex.   
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CHAPTER 1 
GENERAL INTRODUCTION 

Examining the fluid flow of the deep hydrosphere is extremely important because 

fluid flow alters the physical and chemical properties of the Earth’s crust, which in turn 

affects the ocean and the atmospheric chemistry that is vital for human existence 

(COMPLEX, 1999).  At active plate margins, fluid flow can influence movement along 

faults and thus the nature of the earthquake cycle.  Several research projects have recently 

been focused on studying fluid flow along active plate margins.  The Ocean Drilling 

Program (ODP) has contributed valuable information on fluid behavior by sampling the 

sediments and oceanic crust at shallow ends of the subduction zones. 

At convergent margins, the incoming sediments and lithosphere are fed into the 

subduction factory where processes such as compaction and dewatering, diagenesis, 

dehydration, metamorphism, melting, melt migration and mantle convection result in 

hazardous seismicity, explosive volcanism as well as the formation of ore deposits and 

new continental crust (Moore, 1998).  A large number of the world’s greatest earthquakes 

are associated with subduction zones.  A small portion of the plate contact, known as the 

seismogenic zone, is responsible for generating these large earthquakes.  Understanding 

the processes of the seismogenic zone provides valuable information on earthquake 

generation, but requires studying many aspects of geology.   

Shallowly dipping subduction zones provide a large fault surface that is accessible 

to study by allowing sampling of the incoming sediments.  In such localities, accretionary 

complexes are formed if sediments are scraped off the subducting oceanic plate and 
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accreted on the upper plate.  Many accretionary complexes grow above sea level and 

even until they form mountain belts.  One such example of a partially exposed 

accretionary complex is the Barbados Island located in the Caribbean.  Examples of 

ancient complexes include the Shimanto Belt of southwest Japan, the Franciscan complex 

of California, and the Kodiak accretionary complex of Alaska.   

Even though more than half of the world’s convergent plate boundaries are forming 

accretionary prisms (von Huene and Scholl, 1991) there are margins where all of the 

sediments riding on the oceanic plate are underthrust beneath the upper plate of the 

subduction zone (e.g., Costa Rica).  Particularly in the western Pacific, trenches lack 

accretionary sediments because the terrigenous sediment supply reaching the trench floor 

is insufficient to accrete (von Huene and Scholl, 1991).  Thus, typically non-accreting 

margins are bordered by sediment-starved trenches such as the Mariana and Tonga.    

Deformation Processes of Subduction Zones 

At convergent boundaries, sediments can be either offscraped as a series of thrust 

sheets at the frontal edge of the accretionary prism or underthrust with the subduction 

plate to great depths (Moore, 1989).  Accreted sediments form a series of imbricate thrust 

sheets that extend from the surface to the basal detachment fault or the décollement.  

Accretionary prisms grow volumetrically by two main processes (Figure 1-1).  On the 

surface, accretionary prisms grow by frontal accretion while on the subsurface they grow 

by underplating (von Huene and Scholl, 1991).  According to von Huene and Scholl 

(1991) the division of these two processes refers to the seaward position of the margin’s 

resistive rock structure (backstop), which also acts as the mechanical backstop of the 

seaward part of the margin.  Frontal accretion takes place in front of the backstop by 

offscraping the upper part of the oceanic sediment while the lower parts of the oceanic 
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sediment are underthrust.  Sediment subducted beneath the backstop is subsequently 

accreted by underplating or transported to greater depths (von Huene and Scholl, 1991).  

During frontal accretion, thrust slices will detach the upper part of the incoming 

sediments.  When sediments move from the oceanic plate to the accretionary prism, the 

state of stress changes from gravitational to that of a thrust belt (Moore, 1989).  On the 

oceanic plate the maximum principal stress is oriented vertically and as sediments get 

accreted the maximum principal stress gradually inclines (Davis et al., 1983).  With the 

stacking and upward rotation of these thrust slices, the accreted material will thicken and 

shorten (von Huene and Scholl, 1991).  

 
Figure 1-1. Diagram of accretionary prism and the processes of frontal accretion and 

underplating (modified from von Huene and Scholl, 1991). 

Role of the Décollement Zone 

The décollement zone is the principal boundary that separates the upper and lower 

converging plates (von Huene and Scholl, 1991).  The sediments above the décollement 

are highly deformed while the sediments below remain coherent (Moore et al., 1982).  

Change in structural style across the décollement suggests that this zone marks a major 

shift in the orientation of the stresses (Moore, 1989).  This has been supported by the 

presence of extensional veins observed in the underplated sediments that are interpreted 

as hydrofractures with near vertical orientation of the maximum principal stress (Fisher 

and Byrne, 1987).  An important question that has not yet been answered is how the 
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décollement initiates.  It has been proposed by many studies that elevated fluid pressures 

are necessary for the initiation and sliding of the décollement (Davis et al., 1983; 

Westbrook and Smith, 1983).  If the décollement steps down within a packet of 

subducted sediments, then the material of the lower plate can be transferred to the upper 

plate, effecting underplating and volumetric growth of the prism (von Huene and Scholl, 

1991).  Furthermore, if the décollement moves upward, accreted material will be 

transferred to the lower plate promoting subduction erosion (Charlton, 1988). 

At some accretionary prisms such as Cascadia, southern Chile and eastern Alaska, 

the décollement lies at the base of the incoming sedimentary section suggesting that all 

incoming sediments are frontally accreted (von Huene and Scholl, 1991).  Furthermore, 

Davis and Hyndman (1989) inferred that large accretionary prisms such as Barbados or 

the Makran prism of southern Pakistan have achieved their exceptional size due to 

efficient offscraping favored by slow convergence and thick incoming sediments, 

although the décollement is located well above the igneous basement.   

Critical Taper Theory 

The critical taper theory has been widely used to explain the shape of accretionary 

prisms as well as to estimate excess pore pressures.  Davis et al. (1983) used Coulomb 

failure theory to demonstrate that homogeneous wedges reach a stable critical taper that 

remains constant as long as the controlling parameters do not change.  Once it reaches the 

maximum thickening and shortening, the accretionary prism will maintain its taper by 

adding material either by underplating or by new thrust faults that cut the accretionary 

prism at shallow angles, which are known as the out of sequence thrusts (von Huene and 

Scholl, 1991).  The critical taper is defined by α +β, where α and β are the topographic 
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slope and the décollement dip respectively (Figure 1-2). The parameters that control the 

taper angle are the internal (φ) and basal friction angles (φb) and the pore fluid pressure 

ratios of the wedge (λ) and the base (λb).  The λ is given by  

seafloorlitho

seafloorf

PP
PP

λ
−

−
=          

where Pf is the pore pressure in the sediments, Pseafloor is that pressure in the water column 

above the seafloor, and Plitho is the total pressure of the overlying water column and 

sediments. The internal (µ) and basal friction (µb) coefficients are given by 

µ=tanφ and µb=tanφb 

According to critical wedge theory (Davis et al., 1983; Dahlen, 1984) the wedge 

taper gives an indication of either the material properties of the wedge or the friction at 

the base of the wedge.  A large critical angle indicates either a weak material, which 

needs to deform before stable sliding could occur, or high basal friction (Davis et al., 

1983).  In contrast a small critical angle indicates either a strong material, which need not 

deform for stable sliding to occur, or very little basal friction (Davis et al., 1983).   

 
Figure 1-2. Schematic of an ideal coulomb wedge (modified from Hatcher, 1995).  

Using the concepts presented by Davis et al. (1983), Bernstein-Taylor et al. (1992) 

interpreted that a large change in basal friction could result from a change in fluid 
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pressure from an overpressured décollement zone to hydrostatic fluid pressure beneath 

the toe.  If the material is different from the toe to arcward, then the material at the toe 

can be relatively weak and can deform until a large critical taper is achieved.  Arcward of 

the toe, stronger material need not deform internally for stable sliding and thus, will have 

a small critical angle (Davis et al., 1983).   

Role of Fluid Flow at Convergent Margins 

Approximately 40% of the sediment section entering the world’s subduction zones 

is composed of water in pore spaces (Moore et al., 2001).  Fluid flow at accretionary 

complexes is due to a number of different driving forces, including gravitational loading, 

tectonic compression, fluid density gradients, and dehydration reactions.  During both 

gravitational loading and tectonic compression, sediments will generally compact.  

However, if the rate of loading or compression is sufficiently high, then fluids cannot 

escape fast enough, which causes pore pressures to rise.  These localized excess pore 

pressures generate a pressure gradient and hence fluid flow.  Density variations can result 

from differences in solute concentrations or due to the introduction of heat sources.  

Mineral dehydration is another method where fluids are released during the reaction, 

hence increasing the fluid pore pressures.  A common example of a dehydration reaction 

found in accretionary complexes is the smectite to illite transition.   

Evidence for Fluid Flow and Pressures 

At many active accretionary prisms (e.g., Japan, Barbados, Oregon-Washington, 

Marianas) evidence for fluid expulsion has been observed, including the presence of 

biological communities, heat flow and geochemical anomalies, and mud volcanoes and 

diapirs (Peacock, 1990).  Each of the evidence types is summarized in the following 

paragraphs.   
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One of the most interesting indicators of fluid expulsion from accretionary prisms 

is the presence of biological communities (Le Pichon et al., 1987).  Studies have shown 

that the range of biomass found in colonies is related to the fluid chemistry and flow rate 

(Sibuet et al., 1990).  Thus, studying the nature and distribution of the colonies provide 

valuable information on qualitative fluid flow.  Such examples of ancient seep 

communities have been identified in accretionary prisms.  These biological communities 

were formed as concentrations of macrofossils in deepwater rocks (Moore and Vrolijk, 

1992).  If flow continues at seeps for a longer time the biomass can grow beyond the 

limits of the calcite compensation depth (depth below which calcite is dissolved in the 

deep-sea) developing into reef like structures that eventually could transform into 

hydrocarbon reservoirs (Hovland, 1990).   

Fluid transport has been inferred from fluid inclusions from veins that show 

anomalously high temperatures at shallow depths in ancient accretionary complexes 

(Vrolijk et al., 1988).  At modern accretionary complexes, the age of the oceanic crust 

can be used to predict conductive heat flux and therefore, anomalies from the conductive 

heat flux that might be due to fluid flow can be identified.  The best evidence for deeply 

derived warm fluids comes from the Northern Barbados accretionary prism (Davis and 

Hussong, 1984).  It is interpreted that the observed heat flow anomalies were caused by 

advection of heat during channelized fluid flow along faults (Moore and Vrolijk, 1992).  

At the Barbados accretionary complex, both borehole temperatures and marine heat flow 

measurements demonstrate thermal gradients approximately twice that expected for the 

age of the subducting crust (Fisher and Hounslow, 1990).  Heat flow values that are 

lower than predicted by conductive cooling of the oceanic crust have been reported 
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offshore of Peru (Langseth and Silver, 1996).  One possible explanation for this low heat 

flow is the rapid sedimentation at Peru, which may prevent equilibrium (Moore and 

Silver, 2004).  Similarly, heat flow measurements at Cocos Plate off the Nicoya 

Peninsula have revealed significantly low heat flow values (Langseth and Silver, 1996).  

It has been suggested that hydrothermal cooling of the oceanic basement occurs from the 

flow of seawater into the upper crust of the subducting plate (Langseth and Silver, 1996).   

Furthermore, evidence for possible fluid migration comes from observed low 

chloride anomalies (concentrations less than seawater), found in many modern prism 

sediments (Kastner et al., 1991).  One of the widely used explanations for the observed 

low chloride anomalies is the dehydration reaction of smectite to illite.  Smectite is a 

common and abundant type of clay found in subduction zones (Moore and Vrolijk, 

1992).  The dehydration of smectite to illite is a kinetic reaction that depends on 

temperature and time (Elliott et al., 1991).  The reaction takes place in temperatures 

above 60ºC and the amount of water released during the reaction is estimated to be 20% 

by weight (Bekins et al., 1995).  Smectite is replaced by fluid plus illite, which has 

greater volume than smectite, thus resulting in an increase in pore pressures (Bekins et 

al., 1995).  At Barbados, low-chloride anomalies were observed along the décollement 

(Kastner et al., 1993) and it is inferred that pore fluids generated from smectite 

dehydration migrate toward the toe of the prism mainly through faults or fractures 

lowering the chloride concentration at the toe of the prism (Bekins et al., 1995).  A broad 

low chloride anomaly was also observed above and below the décollement at the Nankai 

accretionary complex.  Because the smectite contents at the Nankai sites are low, it has 

been inferred that freshening of pore fluids may be related to the in situ dehydration 
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caused by high temperature regimes (Brown et al., 2001).  The high temperature regimes 

are believed to be related to the fossil spreading ridge (Kinan Seamount) that ceased 

spreading ~ 15 Ma ago located on the Philippine Sea Plate (Shipboard Scientific Party, 

2001).   

Mud volcanoes and diapirs are also common features found in accretionary 

complexes.  They form due to increased pressure at depth and transport overpressured 

mud to the surface.  In areas where serpentine diapirs or volcanoes are present, it requires 

fluids to hydrate basalt in order to form serpentine and these structures become conduits 

of fluid flow from depth (Fryer et al., 1990).  During diapirism and mud volcanism rock 

sequences are disrupted and mélanges are formed (Brown and Westbrook, 1988).  Mud 

diapirs and mud volcanoes are often observed along thrust faults, suggesting thrusting as 

a mechanism that triggers mud diapirism (Behrmann, 1992).   

All the evidence for fluid flow from accretionary complexes implies fluid pressure 

gradients in excess of hydrostatic because pressures gradients drive fluid flow.  Indirect 

evidence for elevated fluid pressures includes the presence of extensional veins (Moore 

and Vrolijk, 1992).  Crack-seal textures in veins indicate repeated pulses of high fluid 

pressure (Vrolijk, 1987; Fisher and Byrne, 1990).  Repeated events of vein growth 

suggest that fluid pressure evolve throughout the growth of the accretionary complex 

(Labaume et al., 1997).  Fluid pressure in accretionary prisms can vary from hydrostatic 

(equivalent to the weight of the overlying column of water) to nearly lithostatic 

(equivalent to the weight of the overlying column of sediments).  Variation in fluid 

pressures from hydrostatic to lithostatic has been observed in wells at the eastern 

Aleutian Trench where the fluid pressures are at hydrostatic at 2-3 km from the surface 
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and increasing to more than 80% of lithostatic pressures at total depth (Moore and 

Vrolijk, 1992).   

Basics of Fluid Flow Related to Subduction Zone 

Although sediments found in accretionary prisms are highly deformed during 

subduction, it is assumed that the high density and interconnectedness of the fractures in 

accretionary prisms approximate Darcian flow (Moore and Vrolijk, 1992).  The fluid 

produced during the accretionary process can be evaluated using the two principles that 

govern fluid flow in the subsurface.  They are the principle of conservation of mass and 

Darcy’s law.  The principle of conservation of mass states that for an arbitrary control 

volume, the rate of mass accumulation within the volume plus the net mass flux out of 

the volume must equal the rate of mass generation within the volume (Bird et. al., 1960).  

If we consider a very small volume of the aquifer known as a control volume, we can 

approximate the flow through the matrix using Darcy’s law.  The most basic form of 

Darcy’s law states 

Q/A=-K dh/dl 

where Q/A is flow per area or linear velocity [LT-1], K is hydraulic conductivity [LT-1], 

and dh/dl is hydraulic gradient.  The hydraulic conductivity (K), which is a 

proportionality constant, represents both properties of the fluid and the porous media.  It 

is given by 

K= kρg/µ 

where k is intrinsic permeability [L2], which is representative of the properties of the 

porous medium, ρ is the fluid density [ML-3], µ is the fluid viscosity [L-1 T-1] and g is the 

gravitational constant [L T-2].  Intrinsic permeability depends on variables such as grain 
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size, sorting, and roundness of the sediment through which fluid flowing.  Hereafter, 

intrinsic permeability will be referred to as permeability.   

Permeability 

Sediment permeability is the most important factor that controls pore pressures as 

permeability can vary by many orders of magnitude (e.g., Bruckmann et al., 1997; Saffer 

and Bekins, 1998).  Therefore, the use of a systematic relationship between porosity and 

permeability is valuable for approximating the permeability structure in an accretionary 

wedge fluid flow model (Saffer and Bekins, 1998).  Processes in subduction zones such 

as loading, compaction and cementation of sediments lead to reductions in permeability.  

When permeability is reduced and reaches some critical value, rocks can no longer 

transmit significant amounts of fluid, but new permeability can be created in the form of 

a fracture or a fault.  If fractures are formed then they can significantly affect the 

permeability of the accretionary complex and, thus, large-scale field measurements of 

permeability would be more appropriate than core scale permeability measurements to 

determine large-scale fluid flow (Moore and Vrolijk, 1992).  Unfortunately only a few 

large-scale field measurements of permeability have been made in accretionary settings.  

These include shipboard packer tests and submersible-based tests conducted at a sealed 

borehole at the Oregon accretionary complex (Screaton et al., 1995) and shipboard packer 

tests (Fisher and Zwart, 1996) and submersible slug tests and discharge tests (Screaton et 

al., 1997) in the décollement of the Barbados accretionary complex.  Because of 

difficulties in conducting large-scale field measurements, permeability measurements are 

primarily from core samples that are retrieved from the frontal part or shallow depths of 

the accretionary complex.  Even though these core sample measurements do not represent 

the large-scale variations in permeability due to faults, they provide valuable estimates 
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for the matrix permeability that is critical in approximating permeability structures in the 

accretionary complex for modeling studies.   

Hydrogeologic Modeling  

Mathematical models used in hydrologic modeling are derived from the governing 

principles of fluid flow and specifications such as formation geometry, boundary 

conditions and initial conditions.  These models help quantify conceptual models of sub-

seafloor hydrogeologic flow system.  These models can be extremely useful and cost 

effective in providing possible explanations for known or hypothesized conditions.  They 

can also be used to assess whether or not a conceptual model is feasible.  As a starting 

point, with limited data it is best to use one or two-dimensional analytical solutions 

derived from simple well-defined boundary problems (Anderson and Woessner, 1992).  

However, in sub-seafloor settings, numerical models are often necessary in order to 

account for parameters such as complex geometry, variable density fluid flow, and 

variations in heat flow. 

Due to limited access to convergent margins, models are essential for integrating 

the field observations with laboratory results.  It has also been recognized that numerical 

models are required in order to extend observations made at shallow parts of the 

subduction system to greater depths such to the seismogenic zone (COMPLEX, 1999).  

Most previous modeling studies have focused on coupled compaction-fluid flow and 

diffusion-advection models of pore fluid chemistry and heat for Barbados, Nankai and 

Cascadia accretionary prisms (e.g., Bekins et al., 1995; Saffer and Bekins, 2002; Screaton 

and Ge, 1997).  However, recent data collection allows significantly improved 

characterization of permeability, which is a major component that affects modeled fluid 

pressures in accretionary complexes.  Furthermore, previous modeling studies at Nankai 
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have largely focused on estimating pore pressures with little focus on examining the 

causes of excess pore pressures (Le Pichon and Henry, 1992; Screaton et al., 2002; 

Saffer, 2003).  At Barbados, modeling studies were focused on pore pressure generation 

either at the toe of prism (Henry and Wang, 1991; Shi and Wang, 1994; Stauffer and 

Bekins, 2001) or in a steady-state approach instead of examining pore pressure 

generation through the subduction process.  

Statement of Problem 

The objective of this investigation was to expand the knowledge of fluid flow and 

the development of pore pressures based on both laboratory measured permeability 

values and numerical models at selected accretionary complexes.  This study benefits our 

current understanding of fluid flow in accretionary complexes in several ways.  One of 

the primary benefits of this research is the contribution and synthesis of permeability 

measurement of subduction zone sediments, which provides new insight to flow 

simulations in convergent margins.  This study also provides valuable information on 

fluid flow paths, areas of excess pore pressures, degree of importance of lithology and 

sediment thickness in fluid flow, the initiation of décollement, and factors that contribute 

to the initiation of the décollement.  These results further provide valuable information 

for future drilling projects such as the Seismogenic Zone Experiment (SEIZE) that is 

focused on understanding the relationship between earthquakes, deformation, and fluid 

flow.  The following were the specific objectives of this study:  

• To synthesize permeability data and predict permeability-porosity relationships at 
four major convergent margins.  The four locations are the Northern Barbados, 
Costa Rica, Nankai and Peru subduction zones, which represent a variety of marine 
sediments.   

• To investigate the effects and magnitudes of parameters such as bulk permeability, 
lateral stress, and the presence of a low-permeability barrier at the décollement on 
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the generation of excess pore pressures at the toe of the Nankai accretionary 
complex.   

• To investigate the evolution of pore pressures and implications for episodic fluid 
flow at the Barbados accretionary complex using a two-dimensional growth and 
flow model.   

The following chapters include detailed methodology and discussions of the results 

of the proposed research.  Chapter 2 is titled “A comparative study of permeability 

measurements from the subduction zones of northern Barbados, Costa Rica, Nankai and 

Peru” and a modified version of this chapter will be submitted for publication to Marine 

Geology.  This chapter is a contribution to the permeability data of marine sediments at 

subduction zones.  The major results of this chapter include relationships among 

permeability and porosity for different types of marine sediments.  The constraints 

provided by these relationships will allow realistic estimation of fluid flow and pore 

pressures in marine settings.  Furthermore, the laboratory measured permeability data 

from Nankai and Peru contributes to the general knowledge of marine sediments.  The 

permeability data of this work has been published as two data reports (Gamage and 

Screaton, 2003; Gamage et al., 2005).  A modified version of Chapter 3, titled 

“Characterization of excess pore pressures at the toe of the Nankai accretionary complex, 

Ocean Drilling Program sites 1173, 1174, and 808: Results of one-dimensional 

modeling” has been accepted for publication by the Journal of Geophysical Research, 

authored by Gamage and Screaton.  This chapter contributes to the understanding of the 

development of pore pressure at the toe of the Nankai accretionary complex.  This study 

was based a one-dimensional model and uses the permeability-porosity relationship 

developed for Nankai hemipelagic sediments in the previous study.  The sensitivity of 

pore pressures to bulk-permeability, lateral stresses within the prism, and a low-
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permeability barrier at the décollement was also tested.  The results of this simplified 

model assess parameters that significantly affect pore pressures in subduction zones.  

Furthermore, the results of this study provide insight on the initiation of the décollement 

zone.  Chapter 4 contributes to the understanding of the development of pore pressures 

through space and time at the Barbados accretionary complex.  This study is based on a 

two-dimensional model that allows tracing the development of pore pressures as 

sediments subduct beneath the prism.  The model allows examination of the effect of 

hydrofracture and a décollement with varying permeability based on a relationship of 

bulk permeability -vertical effective stress.  Results indicate the spatial and temporal 

variations of excess pore pressures and provide insight to possible mechanics for episodic 

fluid flow.  This chapter will be adapted for submittal to the Earth Planetary Science 

Letters.  Chapter 5 summarizes the principal findings of chapters 2 through 4.    
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CHAPTER 2 
A COMPARATIVE STUDY OF PERMEABILITY MEASUREMENTS FROM THE 
SUBDUCTION ZONES OF NORTHERN BARBADOS, COSTA RICA, NANKAI, 

AND PERU 

Introduction 

Marine sediments have been widely studied for their physical properties both in 

academic and industrial research.  With the introduction of the Deep Sea Drilling Project 

(DSDP) and the Ocean Drilling Program (ODP), a new level of understanding has been 

added to the knowledge of marine sediments during the past few decades.  Physical 

properties of submarine sediments have been studied largely through recovered cores, 

down-hole logging, and also by in situ instrumentation.  Permeability is one such 

physical property that has been closely studied for its importance in fluid flow and pore 

pressures in the subsurface.  Previous studies based on permeability measurements of 

marine sediments have suggested that correlation between permeability and porosity 

could provide insight to a large range of sediments in nature (Bryant, 2002).   

Investigations based on numerical modeling have shown that permeability is a 

crucial parameter in accretionary complex hydrology (e.g., Bekins et al., 1995; 

Bruckmann et al., 1997; Saffer and Bekins, 1998).  According to Saffer and Bekins 

(1998) sediment permeability is the most important factor that controls modeled pore 

pressures because it can vary by several orders of magnitude.  Thus, using a systematic 

relationship between porosity and permeability is a powerful way to approximate the 

permeability structure in an accretionary wedge model (Saffer and Bekins, 1998).  

Results from modeling studies have shown that pore pressures are highly sensitive to the 
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permeability-porosity relationship (e.g., Gamage and Screaton, 2006).  Prior to the 

availability of core samples of marine sediments, many studies extrapolated 

permeabilities from fine-grained terrigenous sediments found on-shore and in many cases 

these values produced ambiguous results (Bryant et al., 1981).  With the availability of 

more samples, the quantity of permeability data has significantly increased. However, 

difficulties in laboratory measurements and finding undisturbed cores have limited the 

amount of permeability measurements representative of different lithologies and 

structural domains at subduction zones.   

The focus of this study is to synthesize available permeability data from four 

different subduction zones with the aim of predicting permeability-porosity relationships 

for a number of sediment types found in modern accretionary complexes and to examine 

what parameters affect the relationship between permeability and porosity.  The samples 

used in this study represent sediments from Northern Barbados, Costa Rica, Nankai, and 

Peru.  Samples representative of the Northern Barbados and Nankai subduction zones 

mainly consist of fine-grained clays and silts that are commonly grouped as 

hemipelagics.  Samples from Costa Rica consist of both hemipelagics and calcareous 

oozes while samples from Peru consisted of calcareous oozes and siliceous oozes.  Using 

existing permeability data, permeability-porosity relationships were developed based on 

depositional environment, grain size distribution and structural domain.  These 

relationships were compared and examined to evaluate the relative importance of each 

variable.  



18 

 

Background 

Barbados  

The Barbados accretionary complex is located in the Caribbean where the north 

American Plate (Figure 2-1) is being subducted beneath the Caribbean Plate at a rate of 

about 2 cm/yr in an east-west direction (DeMets et al., 1990).  Active accretion of 

sediments at the Barbados accretionary complex takes place at the eastward end of the 

complex.  The complex is partially exposed above sea level at Barbados Island (Figure 2-

1).  At the location of DSDP and ODP drilling, the incoming sediments are 

predominantly clay and claystones.   

 
Figure 2-1. A) Map of large-scale regional setting location of the drill sites at the 

Barbados accretionary complex.  B) Cross section from the seismic depth 

N 
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section extending from west of Site 949 (ODP Leg 156) to Site 672 (ODP Leg 
110), (Shipboard Scientific Party, 1998).   

This study used core permeability measurements from ODP Leg 156 Sites 948 and 

949 and ODP Leg 110 Sites 671, 672 and 676.  Site 948 is located 4.5 km west of the 

deformation front and coincides with the location of Site 671 while Site 949 is located 2 

km northeast of Site 948 (Shipley et al., 1997).  Site 676 was drilled 0.25 km arcward of 

the deformation front and Site 672 was drilled 6 km east of the deformation front to 

provide an undeformed reference site (Mascle et al., 1988).  

Costa Rica 

The Middle American Trench (MAT) is formed by the eastward subduction of the 

Cocos Plate beneath the Caribbean Plate (Figure 2-2) at a rate of about 8.8 cm/yr (Silver 

et al., 2000).  At Costa Rica the incoming sedimentary sequence is about 380 m thick and 

consists of approximately160 m of siliceous hemipelagic sediments overlying about 220 

m of pelagic carbonates (Silver et al., 2000).  As indicated by drilling on DSDP Legs 67 

and 84, this stratigraphy is regionally continuous between the Leg 170 transect and 

offshore Guatemala (Aubouin and von Huene, 1985; Coulbourn, 1982).  During ODP 

Leg 170, two locations penetrated the décollement zone. Site 1043 is located 0.5 km 

landward of the trench and Site 1040 is located 1.6 km seaward of the trench.  The 

incoming sediments at Site 1039, which is located at 1.5 km seaward of the deformation 

front, were also drilled during ODP Leg 170.  In a more recent visit to the MAT, ODP 

Leg 205 drilled Sites 1253, 1254 and 1255 (Figure 2-2).  Site 1253 is located 0.2 km 

seaward of the deformation front while Sites 1254 and 1255 are located coincident with 

Sites 1040 and 1043, respectively. 
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Figure 2-2. A) Map showing location of ODP drilling along the Costa Rica subduction 

zone.  B) Cross-section indicating ODP Leg 170 and 205 drilling sites used 
for this study (Silver et al., 2000). 

Nankai  

The Nankai accretionary complex is formed by the subduction of the Shikoku 

Basin on the Philippine Sea Plate beneath the southwest Japan arc on the Eurasian plate 

(Figure 2-3) at a rate of about 4 cm/yr (Seno et al., 1993).   
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Figure 2-3. A) Location map of ODP Leg 190 (solid circles) and previous ODP/DSDP 

drill sites (solid squares) in the Nankai Trough.  B) Seismic reflection profile 
through the Muroto Transect reference (Site 1173) and prism toe sites (Site 
1174 and 808).  C) Seismic reflection profile through Ashizuri Transect 
showing the reference Site 1177 (Shipboard Scientific Party, 2001). 

During ODP Leg 190, Sites 1173 and 1174 were drilled along the Muroto Transect 

while Site 1177 was drilled approximately 100 km west of Muroto along the Ashizuri 

Transect (Figure 2-3).  Site 1173 was drilled 11 km seaward of the deformation front and 
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provides an undeformed reference site of the incoming sedimentary sequence (Shipboard 

Scientific Party, 2001).  Site 1174 is located about 1.8 km landward of the deformation 

front and penetrates the décollement within the proto-thrust zone (Figure 2-3).  Site 1177 

was drilled approximately 18 km seaward of the deformation front as the reference site 

for the Ashizuri Transect (Shipboard Scientific Party, 2001).  At both Sites 1173 and 

1174, the hemipelagic sediments of the upper and lower Shikoku Basin are overlain by 

the turbidite-rich trench-wedge facies, which was not tested for permeability.  At Site 

1177, the trench-wedge facies was not cored.  

Peru 

The Peru accretionary complex is formed by the northeastward subduction at 

approximately 6.1 cm/yr of the Nazca plate (Hampel, 2002) below the Andean 

continental margin along the Peru Trench (Figure 2-4).  During ODP Leg 201, seven sites 

were drilled into a wide range of subsurface environments in both open-ocean (Sites 

1225, 1226 and 1231) and ocean-margin provinces (Sites 1227 and 1230) of the eastern 

tropical Pacific Ocean.  These subsurface environments include carbonates and siliceous 

oozes typical of the equatorial Pacific, clays and nannofossil-rich oozes of the Peru 

Basin, biogenic and terrigenous-rich sediments of the shallow Peru shelf, and clay-rich 

deepwater sequences of the Peru slope (Shipboard Scientific Party, 2003).   
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Figure 2-4. A) Map showing general locations of drill sites occupied during ODP Legs 

138 (rectangle B) and 112 (rectangle C) at Peru subduction zone.  B) Location 
map of equatorial Pacific primary sites.  ODP site designations are in 
parentheses.  C) Location map of Peru margin primary sites.  Previous 
DSDP/ODP site designations are in parentheses (Shipboard Scientific Party, 
2003). 

Laboratory Permeability Data 

Laboratory measured permeability data were provided by several sources for each 

of the four subduction zones.  Two widely used methods for permeability measurements 

are through direct flow tests (e.g., falling or constant head, constant flow) and 

consolidation tests.  Bryant et al. (1981) cited that results of calculated permeability from 

consolidation tests are one order of magnitude less than from direct measurements using 

direct flow methods.  Because Bryant et al. (1981) observation was based on an 

individual direct flow method, it cannot be confirmed that all direct flow methods are 

incompatible with consolidation tests.  However, to be consistent, I limited the 

permeability data only to those obtained from direct flow methods and excluded data 
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obtained from consolidation tests.  Permeability data that were reported without porosity 

or void ratio information were also excluded from this study, which examines 

permeability as a function of porosity.  Methods of permeability measurements used in 

this study are briefly discussed in the following section.  Where only hydraulic 

conductivity was provided, permeability was calculated using (Fetter, 1994) 

k = K µ/ρg         (1) 

where k is intrinsic permeability [L2], K is hydraulic conductivity [L T-1], ρ is fluid 

density [M L-3], g is the gravitational constant [L T-2] and µ is the kinematic viscosity [M 

L-1 T-1].  Values of fluid density and viscosity were determined based on temperature 

values reported for the experiment and the salinity of the permeant used.  In cases where 

temperature and/or permeant used were not reported, I assumed a temperature of 25º C 

and a salinity (for permeant) of 35 kg/m3.  

Barbados 

Vrolijk et al. (unpubl. data, cited in Zwart et al., 1997) used a sample from ODP 

Leg 156 Site 948 to measure permeability using a constant-head permeameter at an 

effective stress of 241 kPa.  A sample with 2.5 cm in diameter and about 5 cm high was 

contained in a triaxial cell.  The sample was backpressured at 350 kPa to dissolve any 

trapped air in the system.  The permeant was saline whereas the confining fluid was oil.  

Bruckmann et al. (1997) measured permeability using three whole round core samples of 

size 6.2 cm in diameter and about 2 cm high from Leg 156, Site 949.  Permeability was 

measured at individual load steps using low gradient flow tests as described in Olsen et 

al. (1985).  Fresh water was used as both the permeant and the confining fluid.  Maltman 

and others (presented in Zwart et al., 1997) measured permeability of a cylindrical 
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subsample from Leg 156, Site 949 using low gradient (~ 25 kPa), constant-rate flow tests.  

The sample was 3.8 cm in diameter and 7.6 cm in height.  Two sets of permeability 

measurements were obtained.  During the first set, the effective stress was varied by 

maintaining a constant confining pressure while varying the pore pressures within the 

sample.  In the second set, effective stress was varied by maintaining a constant pore 

pressure and varying the confining pressure.   

Taylor and Leonard (1990) used the falling head method to measure permeabilities 

of samples from Leg 110.  Samples were backpressured to ensure complete saturation 

according to Lowe et al. (1964).  Permeabilities were obtained at least 24 hr after the 

application of each new load, yielding a distribution of permeabilities at incremental void 

ratios.  Although both vertical and horizontal permeabilities were measured, I only used 

the vertical permeability values in this study for consistency with the other samples.  

Permeabilities were estimated based on hydraulic conductivities reported in Taylor and 

Leonard (1990).  

Nankai and Peru 

Gamage and Screaton (2003), Gamage et al., (2005), and Hays (unpublished data) 

used the constant flow method, which induces a hydraulic gradient across the sample 

where the measurements of the pressure difference allow determination of permeability.  

The samples measured by this method were from ODP Leg 190 Sites 1173, 1174 and 

1177 at the Nankai margin and ODP Leg 201 Sites 1225, 1226, 1227, 1230 and 1231 at 

the Peru margin.  Samples had a minimum diameter of 5.84 cm and a height that ranged 

from ~ 5.84 to10 cm.  Samples were backpressured prior to flow tests.  Several 

consolidation steps were run with the confining fluid pressure used for the consolidation. 

Permeability was measured at the end of each consolidation step.  An idealized solution 
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of seawater was used as the permeant while deionized water was used as the confining 

fluid in the cell.  Corresponding porosities for estimated permeability were calculated 

using the change in volume of fluid contained in the cell after each consolidation step.   

Masters and Christian (1990) used constant head tests on two Peru samples from 

ODP Leg 112 Sites 679 and 681.  Whole-round samples of 10 cm in height were 

backpressured to ensure complete saturation.  Constant head tests were performed at 

different hydraulic gradients at varying stress levels.  All flow tests were performed in the 

upward vertical direction.  De-aired, filtered seawater with a salinity of 35 kg/m3 was 

used as the permeant.   

Permeability measurements of Nankai sediments conducted by Taylor and Fisher 

(1993), Byrne et al. (1993), Bourlange et al. (2004) and Adatia and Maltman (2004) were 

not used in this study due to insufficient data presented and/or inconsistencies found in 

the methodology.  For example, Byrne et al. (1993), Bourlange et al. (2004) and Adatia 

and Maltman (2004) failed to report porosity/void ratios.  Although Bourlange et al. 

(2004) include amounts of void ratio decrease at certain confining pressures the data did 

not include an initial porosity to estimate porosities at each effective stress.  Taylor and 

Fisher (1993) used air in permeability testing and also failed to backpressure their 

samples prior to flow tests.  According to Saffer and Bekins (1998) samples that are not 

reconsolidated could overestimate permeabilities due to fabric expansion, and the use of 

air in permeability testing would further overestimate the permeability measurements. 

Costa Rica 

Saffer et al., (2000) performed constant flow tests on samples measuring 6.25 cm in 

diameter and 1.5 to 1.6 cm in length from ODP Leg 170, Sites1039 and 1040.  

Permeabilities were measured at several stages during the sample consolidation to 
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acquire permeability values at varying void ratios.  Multiple flow tests were conducted at 

each void ratio.  McKiernan and Saffer (2005) performed flow through permeability tests 

on samples that were 2cm tall and 5cm in diameter of ODP Leg Sites 1253, 1254 and 

1255.  During flow tests, fresh water was pumped into the top of the sample at a constant 

rate while pressure was maintained at the cell base.  The pressure difference was 

determined by monitoring the pressures at the top of the cell during each flow rate.  

Varying flow rates were used to produce varying pressure difference across the sample.  

Distilled, de-aired water was used both as the permeant and confining fluid.   

Screaton et al. (2005) used constant flow permeability tests and constant pressure 

difference tests on samples from ODP Leg 170 Sites 140 and ODP Leg Sites 1253 and 

1255. Testing conditions were the same as described in Gamage and Screaton (2003) and 

Gamage et al. (2005).  The only exception to this method was using a constant pressure 

difference to induce flow through the sample rather than applying a constant flow rate for 

several of the samples.   

Permeability-Porosity Relationship  

Bryant et al. (1975) and Neuzil (1994) observed that permeability of argillaceous 

sediments follows a log-linear relationship with porosity.  The log linear relationship is 

given by 

log (k) = log (k0)+bn        (2) 

where k0 is the projected permeability at zero porosity, b is a parameter describing the 

rate of change of the logarithm of permeability with porosity, and n is the porosity. 

Description of Statistical Methods 

The coefficient of correlation (R2) of the regression equation describes the 

variability of the estimates around the mean.  However, it inherits the problem of small 
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sample size.  Thus, in such situations the derived statistics are not necessarily the best 

indicator of “goodness of fit”.  Examination of residuals helps to reaffirm the “goodness 

of fit” of the regression equation in conjunction with the R2 value.  This examination 

involved plotting the residuals vs. the dependent variable.  If the residuals exhibit a 

random distribution and have a more or less even split above and below the zero line then 

it is possible to say that the equation describes the relationship well (Kirkup, 2002) 

The other test requires formulating a null hypothesis and an alternate hypothesis, 

which are then tested using ANOVA and t-statistic.  This test helps to access the 

suitability of the best-fit equation that describes the relationship between the variables 

(Kirkup, 2002).  The hypothesis test utilize in this analysis is a one-tailed ANOVA.  In 

this case the null and alternate hypotheses are, 

H0: the equation has a zero slope; 

Ha: the equation has non-zero slope.   

Since the linear regression equation relates porosity to permeability using the slope 

and the intercept of the equation, the null hypothesis is that of zero slope, which yields a 

constant function.  The hypothesis tests were performed at the 95% confidence interval.   

Results 

Permeability values were plotted on an outline of Neuzil’s (1994) compiled range 

of permeabilities as a function of porosity for argillaceous sediments (Figure 2-5).  The 

majority of permeability values were enveloped within Neuzil’s (1994) plot.  However, 

several samples from Site 1231 of Peru and Sites 1039 and 1040 of Costa Rica plotted 

outside Neuzil’s (1994) plotted area.  These include non-argillaceous sediments of 

calcareous oozes and few samples containing siliceous oozes.   
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Figure 2-5. Plot of laboratory derived permeability measurements from Barbados, Costa 

Rica, Nankai, and Peru subduction zones superimposed on outline of Neuzil’s 
(1994) plot for argillaceous sediments. As compared to Neuzil's (1994) paper, 
the axes have been transposed. 

Effects of Depositional Environment 

According to Boggs (2001) there is little agreement regarding the classification of 

deep-sea sediments and thus, suggested classifications range from those that are largely 

genetic to those that are largely descriptive.  Unfortunately there is no single 

classification that take into account both genesis and descriptive properties of all kinds of 

deep-sea sediments (Boggs, 2001).  Thus, here I used generalized descriptions used by 

Boggs (2001) to categorize hemipelagic and pelagic sediments.  Hemipelagic muds are 

defined as mixtures of fine-grained terrigenous mud with biogenic remains that are 

deposited under very low current velocities.  According to Stow and Piper (1984), 

hemipelagic muds contain more than 5% biogenic remains and a terrigenous component 

of more than 40%.  The terrigenous component of the hemipelagic muds are commonly 

composed of fine terrigenous quartz, feldspar, micas, and clay minerals while biogenic 
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remains include siliceous organisms such as diatoms and calcareous organisms such as 

foraminifers and nannofossils (Boggs, 2001).   

Following Boggs (2001), I subcategorized the pelagic sediments into two basic 

groups based on the abundant type of biogenic remains present in the sediment.  Pelagic 

sediments may be composed mainly of clay-size particles of terrigenous or volcanogenic 

origin or it may contain significant amounts of silt to sand-size planktonic biogenic 

remains (Boggs, 2001).  Pelagic sediments that contain significant amounts of biogenic 

remains are called oozes.  However, little agreement exists with regards to the amount of 

biogenic remains required to qualify a sediment as an ooze (Boggs, 2001).  Boggs (2001) 

suggested that oozes have more than two-thirds of biogenic components.  Thus, 

depending on which biogenic component is dominant, a sediment can be classified either 

as a calcareous or a siliceous ooze.  The pelagic sediments that are predominantly of 

calcium carbonate tests were grouped as calcareous oozes while sediments that are 

predominantly of diatom tests were grouped as siliceous oozes. 

In situations where similar lithological descriptions based on depositional 

environments are used, sediments from different locations were grouped together.  For 

example, Northern Barbados, Nankai and Costa Rica all provide samples of hemipelagic 

sediments. Because even slight differences in permeability-porosity relationships could 

affect results of fluid flow models (e.g., Gamage and Screaton, 2006), it is worthwhile 

comparing the permeability-porosity relationships based on depositional environment 

between individual locations.   

Based on the depositional classification described above all samples from Northern 

Barbados and Nankai were grouped as hemipelagic sediments.  Samples from Costa Rica 
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represented both hemipelagic sediments as well as calcareous oozes.  Samples from Peru 

consisted of both calcareous and siliceous sediments.  Unfortunately the only quantitative 

data available for the biogenic component of these sediments are from smear slide 

analyses.  As a result it was difficult to determine a representative percentage of the 

biogenic component.  The nannofossil rich samples were grouped as calcareous oozes. 

The most problematic was to classify the diatom-rich sediments.  Lithological 

descriptions and smear slide analysis favored them in the “siliceous ooze” category, and 

quantitative data on the components were lacking.  However, it should be noted that these 

samples could contain considerable amounts of biogenic and terrigenous components and 

may fall in between hemipelagic and pelagic sediments.   

Peru samples from Site 1227 were rich in organic carbon and did not fit either of 

the pelagic sediment categories identified in this study.  Thus they were excluded from 

this study.  It should be noted that the samples from Sites 1225 and 1226 represents the 

sediments of the equatorial Pacific where the direction of plate movement carries them 

away from the trench.  Thus, these two sites do not represent the sediments of the Peru 

subduction zone.  However, they consist dominantly of calcareous oozes, which can be 

compared to the calcareous oozes of Costa Rica, and for that purpose were included in 

this study.  The two main lithological groups of hemipelagics and pelagics were plotted 

separately in Figures 2-6.   

Based on the calculated R2 value for the Barbados hemipelagics, the equation 

explains only 20% of the correlation between permeability and porosity.  Although the 

analysis of residuals showed randomness, the hypothesis testing did not support the 

existence of a statistically significant correlation between permeability and porosity for 
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the Barbados hemipelagics.  When six of the data points, which were obtained from 

Taylor and Leonard (1990), were removed from the regression, the R2 value of the 

remaining 19 samples increased from 0.20 to 0.50, predicting a permeability-porosity 

relationship of log (k)=-24.24 + 11.31n.  Although statistically this makes the six data 

points outliers, a closer look at the lithological descriptions, grain size data and CaCO3 

percentages suggest that the hemipelagics samples used by Taylor and Leonard (1990) 

are likely to be different from the rest of the hemipelagics sediments representative of 

Barbados because samples used by Taylor and Leonard (1990) represented calcareous 

muds whereas other samples represented claystones.  

Even though many of the samples from Barbados, Nankai, and Costa Rica fall in 

the depositional classification of “hemipelagics”, they are not well represented by the 

same permeability-porosity relationship (log (k) = -19.91+4.9n, R2 = 0.5).  The Barbados 

permeability-porosity relationship predicts similar values of permeability to Nankai and 

Costa Rica relationships at porosities between 0.55-0.70 (Table 2-1).  However, at lower 

porosities the Barbados permeability relationship predicts lower values than those of 

Costa Rica and Nankai.  Because Barbados permeabilities are constrained by a small 

range of porosities, one should be cautious outside the porosity range of the laboratory 

results.  The log-linear relationships for Nankai and Costa Rica plot roughly parallel to 

each other with slightly lower permeabilities at Costa Rica for a given porosity than at 

Nankai (Figure 2-6).  The R2 value obtained for Nankai was 0.79 while for Costa Rica it 

was 0.70 suggesting reasonable correlation between permeability and porosity at these 

two locations.  The R2 value obtained for the log linear relationships for the calcareous 

oozes were less than 0.5 while for the siliceous oozes it is greater than 0.5 (Figure 2-6).  



33 

 

The calcareous oozes of Costa Rica plot approximately in the same permeability range as 

those from Peru, near the upper boundary of Neuzil’s (1994) plot.   

Table 2-1. Log linear permeability-porosity relationships predicted for varying 
depositional environments at Barbados, Costa Rica, Nankai and Peru. 

Location and Depositional environment Permeability-porosity relationship 
Barbados hemipelagics log (k) = -22.02 + 8.25n (R2 = 0.20) 
Costa Rica hemipelagics log (k) = -20.84 + 6.27n (R2 = 0.70) 
Nankai hemipelagics log (k) = -19.80 + 5.37n (R2 = 0.79) 
Costa Rica calcareous oozes log (k) = -18.09 + 4.83n (R2 = 0.33) 
Peru calcareous oozes log (k) = -20.87 + 7.79n (R2 = 0.40) 
Peru siliceous oozes log (k) = -18.64 + 3.55n (R2 = 0.67) 
 

 
 
Figure 2-6. Permeabilities classified based on depositional environment and location.  A) 

Predicted log-linear permeability-porosity relationships for hemipelagic 
samples.  B) Permeabilities and predicted log-linear permeability-porosity 
relationships for pelagic samples.  

Peru calcareous oozes lie at a higher porosity range (0.55-0.80) while Costa Rica 

calcareous oozes represent porosities between 0.45 and 0.70.  The Peru siliceous oozes 

plot between the lower permeability values of calcareous oozes and the higher 

permeability values of hemipelagic sediments for porosities ranging from 0.45-0.8.  

Although the predicted R2 values were fairly low for the two calcareous oozes, a linear 

relationship between the logarithm of permeability and porosity for those two groups was 
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not rejected based on the residual distribution and hypothesis testing.  Relative to 

relationships predicted for hemipelagic sediments, the permeability-porosity relationship 

predicted for the siliceous oozes show similar permeabilities at porosities >0.7 and higher 

permeability values at porosities <0.7.   

Effects of Grain Size  

Bryant et al. (1981) stated that grain size is the most important characteristic of a 

sediment that determines permeability as it affects the porosity of the sediment.  This 

contention has been supported by studies such as by Koltermann and Gorelick (1995), in 

which grain size distribution was used to predict permeability and porosity in various 

sediment mixtures.  Ninety percent of their predicted hydraulic conductivities matched 

the hydraulic conductivities estimated from field tests within one order of magnitude 

(Koltermann and Gorelick, 1995).  Accordingly, I categorized the sediment samples in 

this study based on a grain size classification described by Bryant (2002).  In contrast to 

Bryant's (2002) study, which exclusively used sediments from the Gulf of Mexico, I 

combined samples from all four subduction zones due to limited variation in grain size 

data found at any single location.   

Bryant (2002) noted that fine-grained marine sediments with low amounts of 

carbonate did not affect the permeability-porosity relationship, but did not specify what 

percent of carbonate was considered.  Based on our calcareous pelagic samples I used 45 

CaCO3 wt% as the limit between the high and low carbonate content.  The 45 wt% was 

used because majority of the samples contained either distinctively high (>> 45 wt% 

CaCO3) or low (<<45 wt% CaCO3) amounts of CaCO3.  For samples that did not have 

CaCO3 wt% data, I used information from other methods such as X-ray diffraction and 
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inorganic carbon percentages to infer whether samples were likely to contain greater than 

45 wt% of carbonates.  Although grain size data were available for samples from ODP 

Leg 112 Sites 679 and 681 (Peru), the scale used for the particle size criteria (Masters and 

Christian, 1990) was different from the rest of the grain size data used in this study.  

Thus, I excluded grain size data from Sites 679 and 681 in this part of the study.  All 

samples used in the grain size classification (marked with an asterisk) and values of 

available weight percentages of CaCO3 are tabulated in Appendix A.   

All samples were categorized into the following four groups based on their grain 

size distribution:  

• Group 1, sediment containing more than 80% clay size material. 

• Group 2, sediment containing 60-80% clay-size material. 

• Group 3, sediment-containing silty-clays with less than 60% clay and less than 5% 
sand.   

• Group 4, sediment-containing sandy-silts with less than 60% clay and more than 
5% sand. 

The following particle size criteria were used for classification: sand (>63 µm), silt 

(63-4 µm) and clay (<4 µm).  The log linear relationships for each of the groups obtained 

by least squares regression fit are given in Table 2-2.  Group 4 was excluded from the 

grain size classification as it only contained a total of four samples.   

Table 2-2.  Permeability-porosity relationships based on grain size analyses.   
Group Description Permeability-porosity 

relationship 
Permeability-porosity relationship 
for Gulf of Mexico (Bryant 
2002)* 

1 > 80% clay  log (k) = -24.28 + 11.32n 
(R2 = 0.53) 

log (k) = -20.9 + 6.54n  

2 60-80% clay log (k) = -19.73 + 4.49n (R2 

= 0.56) 
log (k) = -20.53 + 6.16n  

3 Silty-clays with 
<60% clay and 
<5% sand 

log (k) = -19.91 + 5.45n (R2 

= 0.43) 
log (k) = -20.59 + 6.77n  
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Bryant (2002) used hydraulic conductivity instead of intrinsic permeability.  Thus, 

the hydraulic conductivities were converted to permeability (Table 2-2) using a viscosity 

of 0.000966 Pa·s and density of 1023 kg/m3 at a temperature of 25ºC and a salinity of 35 

kg/m3.   

Based on the grain size classification, Group 1 consists only of hemipelagic 

samples that are representative of Barbados.  Group 2 consists of hemipelagic samples 

from Barbados, Nankai and Costa Rica while Group 3 consists of Nankai and Costa Rica 

hemipelagics.  In general the permeability-porosity relationship obtained from grain size 

classification suggests an increase in permeability with a decrease in clay size particles.  

The R2 values predicted from the permeability-porosity relationships show R2 > 0.5 for 

Groups 1 and 2 and 0.48 for Group 3 (Figure 2-7).  It should be noted that the 95% 

confidence intervals for the grain size groupings show an overlap, suggesting that the 

permeability-porosity relationships are not statistically significantly different from each 

other.  This overlap is probably caused by the difficulties in permeability measurements, 

and the likelihood that sediments with slightly varying grain size percentage (e.g., 79% 

clay versus 81% clay) may not have distinguishable values of permeability, despite being 

classified in different categories.  Although the R2 values predicted from grain size 

classification were higher than the ones predicted by depositional environment only, it 

predicted lower R2 values than those predicted from classification based on location 

except for Barbados.  This may suggest that varying deformational processes at different 

locations may affect sediment properties at varying degrees.   
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Figure 2-7. Permeabilities classified based on grain size distribution.  Solid lines 
represent permeability-porosity relationship predicted for samples used in this 
study.  Dashed line represents permeability-porosity relationships of Bryant 
(2002).   

In order to understand the general trend of permeability-porosity relationships 

based on grain size distribution, I compared my data with that of Bryant’s (2002) Gulf of 

Mexico data, which were obtained through consolidation tests.  The dashed lines in 

Figure 2-7 represent the relationships of Bryant (2002) and solid lines represent predicted 

relationships from this study.  For Group 1, the predicted permeability from this study 

matched the permeabilities of Bryant’s (2002) at porosities around 0.6 to 0.7.  As 
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porosities decrease our relationship for Group 1 predicted lower values of permeability 

than Bryant’s (2002) permeability-porosity relationship.  The large discrepancy between 

Bryant’s (2002) and this study’s relationship in Group 1 might be caused by the narrow 

range of porosities (0.50-0.70) represented by the Group 1 data.  In contrast Groups 2 and 

3 represent a larger range of porosities between approximately 0.25-0.70.  Group 3 shows 

fairly similar permeability-porosity relationships to those of Bryant’s (2002) while our 

Group 2 relationship crosses Bryant’s (2002) permeability-porosity relationship at a 

porosity of 0.5. 

Effects of Structural Domain 

Samples that were used for the grain size analyses were further categorized based 

on the structural domains of each sample to test the effect of deformation on the 

permeability-porosity relationship.  Samples that represented the underthrust sediments 

and the incoming sediments at reference sites were grouped together as they represented 

the undeformed or minimally deformed sediments of the subduction complex.  Prism 

sediments and sediments that represented the décollement zone were grouped together as 

these samples generally are highly deformed during the accretionary process.  Only grain 

size Group 2 of our samples had a considerable amount of samples that represent both the 

underthrust/incoming sediments and the prism/décollement sediments.  Using the data 

from Group 2, I fitted linear regression lines for both the underthrust/incoming sediment 

and the prism/décollement sediment groups (Figure 2-8).   
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Figure 2-8. Permeabilities classified based on structural domain.  Permeability-porosity 

relationships only shown for underthrust/incoming samples (dashed line) and 
prism/décollement samples (solid line) of Group 2.   

The prism/décollement sediments group only contained eight samples and thus, 

gave a relatively high R2 value of 0.91.  The underthrust/incoming sediment group 

contained twenty-two samples and showed moderate correlation between permeability 

and porosity with a R2 value of 0.64.  Even with the limited data available, the two 

relationships exhibited similar permeabilities at lower porosity values (0.2-0.3).  With 

increasing porosities the two relationships predicted permeabilities that diverge from each 

other.  For example, the permeability-porosity relationship of prism/décollement group 

predicted a permeability value of 1 x 10-16 m2 at a porosity value of 0.50 while at the 

same porosity level the underthrust/incoming group predicted a lower permeability value 

of 1 x 10-18 m2.  The differences exhibited in these two permeability-porosity 

relationships, while inconclusive, suggest that it might be useful to study more samples 

representing each group, particularly the prism/décollement group, to test the predicted 

relationships.  
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Discussion 

The hemipelagic samples used in this study were well confined within the limits of 

Neuzil’s (1994) plot of argillaceous sediments.  Although hemipelagic samples plotted in 

the same region, the predicted permeability-porosity relationships varied with location.  

In the case of Barbados, the permeability-porosity relationship showed scatter even 

within an individual location due to variations found in the hemipelagic sediments.  

These varying relationships suggest that samples categorized as “hemipelagics” could 

have different permeability-porosity relationships at different locations.  Thus, combined 

classification of both depositional environment and location may provide better 

correlation between permeability and porosity.   

In general the observed differences in the log permeability-porosity relationship 

appears correlated to the amount of clay and silt size particles present in the sample.  

Except for Group 1, our predicted permeability-porosity relationships based on grain size 

distribution are in good agreement with the relationships of Bryant (2002).  Groups 2 and 

3 exhibited similar trends as those predicted by Bryant’s (2002). This similarity suggests 

that even though samples were taken from different subduction zones, samples classified 

based on their grain size distribution exhibit similar trends between permeability and 

porosity compared to those samples that were taken from a single location (e.g., Bryant’s 

(2002) samples from Gulf of Mexico).  Thus, it could be concluded that the permeability-

porosity relationships obtained based on grain size distribution are generally applicable to 

samples from marine settings.  However, additional data, particularly in Group 1, would 

further test this conclusion.   

At high porosities, the relationship predicted for the siliceous oozes suggests 

similar permeabilities to those predicted for hemipelagic sediments.  However, there were 
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no samples that represent lower porosities (less than 0.45) of the siliceous oozes and 

therefore the predicted relationship should be used with caution at lower porosities.  

The lack of correlation exhibited between permeability and porosity in calcareous 

oozes suggest that one should consider other variables such as depth, consolidation rates 

and relative age of the sediment to obtain meaningful relationships for pelagic sediments.  

According to Bryant et al. (1981), unlike grain size, the influence of calcium carbonate is 

more pronounced with increasing depth because as burial increases less reduction of 

porosity is observed for calcareous sediments compared to non-calcareous sediments.  

Mechanical compression tests conducted by Terzaghi (1940) and Robertson (1967) 

demonstrated that calcareous muds compact less than non-calcareous muds.  A similar 

study by Bryant et al. (1981) demonstrated that under a similar load, carbonate sediments 

do not consolidate to as low a void ratio as non-carbonates.  Based on this finding they 

speculated that the resistance towards consolidation in carbonates could be a result of the 

relative age of the sediment or the differences in particle shape or the structural strength 

of the individual particles.   

Even though comparison of underthrust/incoming and prism/décollement structural 

domains from Group 2 suggested the possibility of different varying permeability-

porosity relationships, it is recommended to further investigate these relationships using 

more samples; the results presented here are based on a limited number of samples 

especially those represented by the prism/décollement group.  It would be worthwhile to 

further test the effects of structural domain on permeability-porosity relationship, as this 

information will allow future studies based on permeability-porosity relationships to 

more realistically represent fluid flow.   
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This study used a large number of data from many different sources to investigate 

the relationship between permeability and porosity.  Assembling data for this study 

highlighted the importance of documenting detailed methodology including critical data 

such as the temperature during permeability testing and the type of permeant used in the 

flow test.  It is also important to have porosity and grain size data available for 

documented permeability values, as these parameters are valuable estimating 

relationships between permeability and porosity.  This study also identified gaps in 

available data.  For example, only a few sediment samples were available from the 

structural domain representing the prism/décollement and few samples from Barbados 

were tested at low porosities.  Thus, future data collections should focus on collecting 

samples representing the prism and the décollement as well as deeper parts of the 

underthrust sediments, where much remains to be learned.   

Conclusions  

I examined permeability-porosity relationships for sediments from four different 

subduction zones based on their depositional environment, grain size distribution, and 

structural domain.  Greater correlation was observed between permeability and porosity 

for hemipelagic sediments and for siliceous oozes while relatively low correlations were 

predicted for calcareous oozes.  Based on the hemipelagic samples used in this study, it is 

clear that permeability-porosity relationships vary among hemipelagics at different 

locations and thus, classification based on depositional environment should be used with 

caution when applied at different locations.  Grain size predicts more meaningful 

correlation between permeability and porosity than depositional environment only, and 

these relationships are generally consistent with results from other marine settings.  

However, grain size classification shows less correlation between permeability and 
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porosity relative to the relationships predicted by location.  Due to lack of data, the effect 

of structural domain on permeability-porosity relationship could not be evaluated.  To 

predict meaningful relationships for permeability of carbonaceous sediments, one should 

consider other factors such as depth, consolidation rates, and relative age of the sediment.   
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CHAPTER 3 
CHARACTERIZATION OF EXCESS PORE PRESSURES AT THE TOE OF THE 
NANKAI ACCRETIONARY COMPLEX, OCEAN DRILLING PROGRAM SITES 

1173, 1174, AND 808: RESULTS OF ONE-DIMENSIONAL MODELING 

Introduction 

Examining the fluid flow of the deep hydrosphere is extremely important because 

fluid flow alters the physical and chemical properties of the Earth’s crust, affecting the 

ocean and the atmospheric chemistry that is vital for human existence (COMPLEX, 

1999).  At active plate margins, fluid pressures can influence movement along faults and 

thus, the nature of the earthquake cycle (Moore and Vrolijk, 1992).  Pore fluid pressures 

build up in areas where sediment permeabilities are low enough to prevent pore fluid 

escape at a rate comparable to the rate of loading due to tectonic and gravitational 

stresses.  These elevated fluid pore pressures play an important role in the development 

of accretionary complexes.  It is speculated that high pore pressures control the formation 

of the décollement, which separates highly deformed overlying wedge sediments from 

slightly deformed underthrust sediments (Westbrook and Smith, 1983). Furthermore, 

pore pressures affect deformation within and the taper angle of the accretionary wedge 

(Davis et al., 1983).  

At the Nankai accretionary complex, a thick terrigenous sequence rapidly deposits 

over a low-permeability hemipelagic sequence.  Previous studies have used indirect 

estimates to document the development of pore pressures within the underthrust 

sediments at the toe of the Nankai accretionary complex.  For example, Screaton et al. 

(2002) estimated depth-averaged excess pore pressures using porosity-depth profiles.  
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The estimated overpressures within the underthrust sediments suggest insufficient 

permeability for fluid escape at a rate comparable to sediment loading.  Saffer (2003) 

used shipboard observations of porosity and laboratory measurements of consolidation to 

estimate pore pressures and evaluate their variations down section.  His results indicate 

undrained conditions in the underthrust sediments that may have been caused by rapid 

sedimentation and loading due to underthrusting.  A modeling study conducted by Le 

Pichon and Henry (1992) suggested that trench sedimentation and rapid accretion at the 

toe of the prism could generate excess pore pressures in the underthrust sediments at and 

even seaward of the deformation front. However, that study did not have permeability 

data, and used estimates based on lithologies. 

In this study, I used laboratory permeability data to investigate porosity reduction 

and the generation of excess pore pressures at the toe of the Nankai accretionary 

complex.  Based on measured permeabilities I developed a permeability-porosity 

relationship for hemipelagic sediments at the Nankai accretionary prism.  I then used this 

permeability-porosity relationship in a one-dimensional numerical model to simulate the 

excess pore pressures and porosities that would result from sedimentation and loading by 

the prism at the toe of the accretionary complex.  Finally I tested the sensitivity of excess 

pore pressures and porosities to bulk permeability, lateral stresses within the prism, and a 

hypothetical low-permeability barrier at the décollement.  

Background 

Geologic Setting 

The Nankai accretionary complex is formed by the subduction of the Shikoku 

Basin on the Philippine Sea Plate beneath the southwest Japan arc on the Eurasian plate 

(Figure 3-1) at a rate of 4 cm/yr (Seno et al., 1993).  This study focused on the Muroto 
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Transect (Figure 3-1) where the thickness of the complex varies from 750 m at the toe to 

~4500 m at 50 km arcward.  Along the Muroto Transect, the prism toe has a taper angle 

of 4°-5° (Shipboard Scientific Party, 2001).  Based on this low taper angle, it has been 

inferred that the Muroto Transect has high décollement pore pressures or low intrinsic 

décollement strength (Saffer and Bekins, 2002).   

During ODP Leg 131, Site 808 was drilled on the Muroto Transect approximately 3 

km landward of the deformation front.  A 560 m thick sequence of turbidites was found 

above the hemipelagic muds of the upper and lower Shikoku Basin facies.  The 

décollement zone was identified by intense brittle deformation at 945 to 964 meters 

below seafloor (mbsf), and develops from a homogeneous interval of hemipelagic 

mudstones within the lower Shikoku Basin facies (Shipboard Scientific Party, 2001).  

During ODP Leg 190, Sites 1173 and 1174 were drilled seaward of Site 808 along the 

Muroto Transect (Figure 3-2).   

 
 
Figure 3-1. Location map of the study area in the Nankai accretionary complex and sites 

used for this study (modified from Moore et al., 2001). 



47 

 

Site 1174 penetrated the décollement within the proto-thrust zone (Figure 3-2).  

The décollement was observed between 808 and 840 mbsf and was marked by fractures 

and brecciation in the lower Shikoku Basin facies (Shipboard Scientific Party, 2001).  

The turbidites extended 431 m above the hemipelagic muds of the upper and lower 

Shikoku Basin facies (Shipboard Scientific Party, 2001).   

 
 
Figure 3-2. Schematic interpretation of the Muroto Transect showing tectonic domains 

and location of Leg 190 drill sites used in this study (modified from Moore et 
al., 2001). 

Site 1173 was drilled 11 km seaward of the deformation front providing an 

undeformed reference site of the incoming sedimentary sequence (Shipboard Scientific 

Party, 2001).  The turbidite layer at Site 1173 is much thinner (~102 m) than at Site 1174, 

because it is farther away from the trench.  At Site 1173, the age equivalent of the Site 

1174 décollement zone occurs between 390 and 420 mbsf, within the lower Shikoku 

Basin facies (Shipboard Scientific Party, 2001).   

At the Nankai accretionary complex, heat flow values ranging from 180 mW/m2 at 

Sites 1173 and 1174 to 130 mW/m2 at Site 808 have been estimated (Shipboard Scientific 

Party, 2001).  These measured high heat flow values are related to the fossil spreading 

ridge represented by the Kinan Seamount on the Philippine Sea Plate which ceased 

spreading ~ 15 Ma ago (Shipboard Scientific Party, 2001).  Previous studies have 
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suggested that high temperatures at the Muroto Transect could affect in situ dehydration 

reactions such as the smectite to illite transition (Kastner et al., 1993) as well as observed 

cementation by authigenic clays (Ujiie et al., 2003).  

Previous Hydrologic Studies 

Previous workers have examined several aspects of fluid flow and pore pressure 

development at the Nankai accretionary complex.  Le Pichon and Henry (1992) used a 

one-dimensional model of sedimentation representing the stratigraphic sequence at Site 

808.  Their model consisted of a coarser terrigenous sediment layer with permeability 

values of 10-16 to 10-17 m2, rapidly depositing over a less permeable hemipelagic sequence 

(10-19 to 10-17 m2).  Because permeability data for Nankai sediments was not available, 

they used permeabilities that are representative of uncompacted terrigenous and 

hemipelagic sediments.  Their modeling results showed that this stratigraphic succession 

could potentially form a low mechanical resistance horizon within the upper portion of 

the low permeability sediments, but testing of their model requires permeability data. 

Taylor and Fisher (1993) performed permeability measurements on subsamples of 

Site 808 cores using two methods.  One method directly measured flow under known 

head values and the other method indirectly measured flow from the rate of consolidation 

due to a known applied stress.  Their measured permeabilities ranged from 10-14 to 10-19 

m2 in horizontal and vertical directions.   

Saffer and Bekins (1998) used a log-linear permeability-porosity relationship and 

an assumed porosity distribution in a two-dimensional numerical model to match pore 

pressures estimated from the critical taper theory of Davis et al. (1983).  The critical taper 

is the shape for which the wedge is on the verge of failure under horizontal compression 

and to maintain a small critical taper it requires high basal pore pressures (Davis et al. 
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1983).  For varying assumptions about permeability and porosity distribution within the 

underthrust sediments, Saffer and Bekins (1998) simulated λ∗values between 0.2-0.4 in 

the region of Sites 1174 and 808.  It should be noted that these simulations assumed a 

constant décollement permeability of 10-16
 m2. 

The estimated permeability-porosity relationships of Saffer and Bekins (1998) fall 

within the range for argillaceous rocks defined by Neuzil (1994), but was approximately 

two orders of magnitude lower than the direct permeability measurements given by 

Taylor and Fisher (1993).  Saffer and Bekins (1998) suggested that direct permeability 

measurements by Taylor and Fisher (1993) were overestimates due to fabric expansion, 

because these measurements were performed on samples that were not reconsolidated 

under pressure.  Moreover, Saffer and Bekins (1998) argued that the use of air in the 

Taylor and Fisher (1993) permeability tests would tend to further overestimate 

permeabilities.   

Screaton et al. (2002) used porosity measurements of core samples from Sites 808 

(Shipboard Scientific Party, 1991), 1174, and 1173 (Shipboard Scientific Party, 2001) to 

estimate pore pressures in the underthrust sediments.  In this study, Screaton et al. (2002) 

assumed that the solid volume is constant thus relating the change in volume to change in 

porosity.  Site 1173 was assumed to provide a reasonable proxy for conditions of the 

Sites 1174 and 808 sediments when they were seaward of the trench.  The average 

porosities of the underthrust (or equivalent) sediments of the lower Shikoku Basin facies 

decrease landward from 0.42 at Site 1173 to 0.34 and 0.33 at Sites 1174 and 808, 

respectively (Screaton et. al., 2002).  The porosity profile from Site 1173 shows steadily 

decreasing porosity with increasing depth (Figure 3-3).   
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Figure 3-3. Porosity profiles of Sites 808, 1174, and 1173.  Light shading shows lower 

Shikoku Basin facies.  Darker shading represents the décollement zone at 
Sites 808 and 1174 and at Site 1173 the age-equivalent level of Site 1174 
décollement zone.  

At Sites 1174 and 808 the porosities below the décollement increase relative to the 

porosities above.  Comparison between the porosity profiles of the underthrust sediments 

from Sites 1174 and 808 with the reference site (Site 1173) suggest excess pore pressure 

ratio (λ∗) of 0.42 at Site 1174 and 0.47 at Site 808 (Screaton et al., 2002), where λ∗ 

represents the magnitude of excess fluid pressure relative to sediment overburden 

pressure and is defined as 

λ∗ = (P - Ph)/(Pl - Ph)        (1) 

where P is pore fluid pressure [M L-1T-2], Ph is hydrostatic pressure [M L-1T-2], and Pl is 

lithostatic pressure [M L-1T-2].  The excess pore pressure ratio removes the effect of the 

overlying water column, and describes excess fluid pressures within the sedimentary 

sequence relative to the overburden load minus hydrostatic pressure.  For lithostatic pore 

pressures, λ∗  = 1, whereas at hydrostatic pressures, λ∗  = 0. 



51 

 

Saffer (2003) integrated measurements of logging-while-drilling (LWD), physical 

properties data, and laboratory consolidation tests to compare pore pressure development 

and progressive dewatering in the underthrust sediments.  Calculations of λ∗ based on 

Saffer’s (2003) results indicate values of 0.30 and 0.44 at 15 m below the décollement at 

Sites 1174 and 808, respectively.  These values are slightly lower than the average values 

over the entire underthrust profile inferred from porosity data by Screaton et al. (2002).  

The estimated λ∗ values calculated from results of Saffer (2003) generally decrease with 

depth below the décollement at both Sites 1174 and 808. 

Evidence concerning possible lateral fluid flow is ambiguous.  Broad low chloride 

anomalies were observed within the lower Shikoku Basin facies (Kastner et al., 1993; 

Gieskes et al., 1993; Spivack et al., 2002).  Controversial ideas have been suggested as 

possible explanations for the observed low chloride anomalies.  Kastner et al. (1993) and 

Underwood et al. (1993) suggested that smectite dehydration is the most likely 

mechanism for the observed low-chloride anomaly.  On the basis of geochemical 

analyses, Kastner et al (1993) suggested lateral fluid flow along the décollement or along 

a deeper conduit within the underthrust sediments while Spivack et al. (2002) suggested 

continuous lateral fluid flow between Sites 808 and 1174 within the underthrust 

sediments.  Brown et al. (2001) suggested that in situ dehydration of ~10-15 wt% of 

smectite could generate most of the freshening observed at Site 808 and therefore, 

provides a possible explanation for pore fluid freshening.  However, if the initial amount 

of smectite is less than 10-15 wt% then the low-chloride anomaly could reflect the 

combined effects of both in situ and lateral flow at depth (Brown et al., 2001).  This in 

situ dehydration hypothesis has been further supported by a recent study by Henry et al. 
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(2003) using cation exchange capacity.  Henry et al. (2003) showed that there are 

sufficient amounts of smectite to explain the chlorinity anomalies by in situ reactions, and 

thus, lateral fluid flow is not required.  Although fluid from dehydration greatly affects 

pore water chemistry, Saffer and Bekins (1998) suggest that fluid sources from 

dehydration of smectite are 10-1000 times smaller than the compaction fluid sources.  

Thus, dehydration fluid sources are unlikely to be significant in generating pore fluid 

pressures at the toe of the prism.   

Laboratory Permeability Measurements 

Although previous studies have provided evidence for excess pore pressures at the 

Nankai accretionary complex, the causes of it were not sufficiently characterized due to 

lack of well-constrained data in sediment properties.  Because sediment permeability is 

the most important factor in controlling modeled pore pressures, it is important to 

establish a systematic relationship between permeability and porosity to approximate 

permeability in the accretionary complex (Saffer and Bekins, 1998).  Thus, as the first 

step of the study I used laboratory measured permeability data from nine core samples at 

varying depths to establish a permeability-porosity relationship.  Gamage and Screaton 

(2003) provide detailed information about test methods. Vertical permeability tests were 

performed using the constant flow method on nine core samples taken from the Shikoku 

Basin facies at Sites 1173 and 1174.  The constant flow permeability method induces a 

hydraulic gradient across the sample, and measurement of the pressure difference allows 

determinations of permeability.  To determine porosities for the permeabilities presented 

by Gamage and Screaton (2003), I calculated change in porosity during consolidation 

based on the change in volume of fluid [L3] contained in the cell at the end of each 
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consolidation step, and used shipboard porosity measurements for the initial porosities 

(Table 3-1).  

Table 3-1. A summary of laboratory measured permeabilities for samples from ODP Leg 
190 Sites 1173 and 1174.  Permeability values were recalculated (as compared 
to Gamage and Screaton, 2003) based on a viscosity value of 0.0008 kg/s.m 
and a density of 1020 kg/m3, based on laboratory temperatures during testing 
(Lide, 2000).  Values for Sample 1174B-84R-3, which are included in 
Gamage and Screaton (2003) are not presented here due to insufficient data to 
calculate porosities at measured permeability values. 

Sample Effective Stress 
(MPa) 

Porosity Permeability 
(m2) 

1173A-22H-2, 199.9 mbsf, Silty clay 0.24 0.57 5.14 x 10-17 
 0.42 0.56 4.02 x 10-17 
 0.54 0.55 3.90 x 10-17 
1173A-31X-1, 284.59 mbsf, Silty claystone to 0.27 0.62 1.98 x 10-17 
 0.42 0.60 1.28 x 10-17 
1173A-39X-5, 367.07 mbsf, Silty claystone, 0.26 0.41 2.46 x 10-18 
 0.39 0.36 2.18 x 10-18 
 0.83 0.33 1.51 x 10-18 
1173A-41X-cc, 388.75 mbsf, Silty claystone, 0.29 0.45 2.48 x 10-18 
 0.41 0.43 1.66 x 10-18 
 0.55 0.43 1.18 x 10-18 
1173A-46X-1, 428.59 mbsf, Silty claystone 0.25 0.45 1.90 x 10-18 
 0.40 0.43 1.52 x 10-18 
 0.51 0.41 1.24 x 10-18 
1174B-42R-3, 538.23 mbsf, Silty claystone, altered 0.19 0.37 7.84 x 10-18 
 0.48 0.34 2.00 x 10-18 
 0.62 0.32 1.52 x 10-18 
1174B-59R-5, 704.95 mbsf, Silty claystone 0.55 0.32 5.18 x 10-19 
 0.69 0.30 3.53 x 10-19 
 0.83 0.28 2.94 x 10-19 
1174B-69R-2, 795.17 mbsf, Silty claystone, 0.55 0.29 8.48 x 10-19 
 0.69 0.28 5.78 x 10-19 
 0.83 0.26 2.83 x 10-19 
1174B-74R-1, 842.75 mbsf, Silty claystone- 0.55 0.30 6.40 x 10-19 
 0.69 0.28 6.16 x 10-19 
 0.83 0.27 4.70 x 10-19 
 

For clay-rich sediments, Bryant et al. (1975) and Neuzil (1994) established that 

logarithm (base 10) of permeability (k) decreases systematically with decreasing porosity 

(n) and thus, k can be represented as a function of porosity,  
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log (k) = log (k0)+ϕn        (2) 

where k0 is the projected permeability at zero porosity and ϕ is a parameter describing the 

rate of permeability change with porosity.   

With respect to Neuzil’s (1994) compilation of permeability data for argillaceous 

sediments, most of the Nankai core permeability values fall in the central portion of the 

data range (Figure 3-4), while a few permeability values with porosities between 0.2 and 

0.3 fall closer to the higher-permeability margin of the data range.  The measured 

permeability values are best fit by the following relationship: 

log (k) = -19.82+5.39n        (3) 

 
 

Figure 3-4. Permeability data measured for samples from ODP Leg 190 (solid diamonds) 
superimposed on a large-scale permeability versus porosity outline for 
argillaceous sediments compiled by Neuzil (1994). Solid line represents the 
best-fit line for the measured permeabilities. The dashed line with + mark 
represents the permeability-porosity relationship for the lower range of 
measured permeability values.  The shaded area represents the range of 
permeability-porosity relationships established by Saffer and Bekins (1998), 
with the dashed line (log (k)=-20+5.25n) indicating a mid-range value. 

The permeability-porosity relationship obtained from this study has a similar slope 

to the relationships used by Saffer and Bekins (1998) (log (k) = -20+5.25 n) but predicts 

slightly higher permeability values (Figure 3-4). The lower range of permeability values 
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are near the bottom of the range used by Saffer and Bekins (1998) relationship, and can 

be represented by a line with the relationship, log (k) = -20.15 + 5.39n (Figure 3-4). 

Modeling Methods 

Theoretical Background 

As sediments are loaded, the sediment column beneath will compact if the pore 

fluid can escape at a rate comparable to the loading rate.  However, if the permeability of 

the sediment column is low, dewatering will be inhibited, excess pore pressures will 

build, and compaction will be prevented.  Darcy’s Law expresses the relationship 

between pore pressures, sediment properties, and fluid velocities.  For constant density 

saturated flow, Darcy’s Law can be written in terms of the hydraulic head (Voss, 1984). 

h
n
Kv ∇⎟

⎠
⎞

⎜
⎝
⎛−=          (4a) 

where z
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h
g

Ph +=
ρ

        (4b) 

where v is pore fluid velocity [L T-1], K is hydraulic conductivity [L T-1], n is porosity, h 

is hydraulic head [L], ρf is fluid density [M L-3], g is gravitational acceleration [L T-2], 

and hz is elevation head [L].  Hydraulic conductivity is defined by K=kρf g/µ, where k is 

intrinsic permeability [L2] and µ is dynamic viscosity [M L-1 T-1].  Intrinsic permeability 

is a function of the porous medium while fluid density and viscosity depend on the 

properties of the fluid and may change with temperature, salinity, and to a lesser extent 

with pressure.  

Combining the mass conservation of fluid with Darcy’s law (Eq. 4a), the following 

equation can be written for diffusion of head in porous media for saturated fluid flow.   

Q
t
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∂
∂

=∇∇− )(         (5) 
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where Ss is specific storage [L-1], and t is time [T].  Specific storage is a measure of the 

volume of formation fluid per unit volume of media per unit head of a saturated 

formation that is stored or expelled from storage due to compressibility of the matrix and 

change in fluid pressure.  Specific storage is defined as Ss=ρf g(α+nβ) where α is matrix 

compressibility [M-1 L T2], and β is the compressibility of the formation fluid [M-1 L T2].  

Matrix compressibility (α) is defined by α = [1/(V)](dV /dσe) where V is the bulk 

volume [L3] and σe is the effective stress [ML-1T-2].  The second term on the right hand 

side is a source term representing changes to fluid volume or pressure, such as due to 

loading, per time per unit volume of media [T-1].  

During loading, the stress added from the sediment load is partitioned between the 

pore fluid and the matrix.  The loading efficiency, γ, denotes the fraction of the stress 

added to the pore fluid pressure and, assuming the sediment grains are incompressible 

relative to the matrix, is defined as follows (after Neuzil, 1986) 

γ = α / (α + nβ)         (6) 

For highly compressible sediments, the loading efficiency is near 1.   

The increase in pore pressure caused by loading drives fluid flow.  When initial 

conditions, boundary conditions and the controlling hydrogeologic parameters k and α 

are known, Equation 5 can be solved for hydraulic head at any point at any time, and 

thus, pore fluid velocity relative to the sediment framework can be calculated using 

Equation 4a.  

The pore pressure is related to effective stress (σe) by 

σe = σt – P         (7) 
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where σt is the total stress.  As fluid escapes, pore pressure decreases and effective stress 

increases, causing porosity to decrease.  For sediments that are normally compacting 

(sediments at hydrostatic pore pressure), porosity has been observed to decrease 

exponentially with depth, as suggested by Athy (1930) 

n = noexp[-bz]         (8) 

where no is initial porosity, b is a constant [L-1], and z is burial depth [L].  For hydrostatic 

conditions, the change in effective stress, σe, with depth is given by 

(dσe / dz) = (ρs - ρf) (1-n) g       (9) 

where ρs is grain density.  Combining Equations 8 and 9 results in 

(dn / dσe ) = (-bn) / [(ρs - ρf ) (1 - n) g]      (10) 

Equation 10 is only applicable for sediments undergoing compaction.  For this 

investigation, it is assumed that sediments cannot decompact or expand when the 

effective stress is reduced.  Thus, porosities will remain constant unless the effective 

stress exceeds the previous maximum effective stress value.  The change in volume (dV) 

can be related to (dn) by 

dV / V = (dn) / (1 – n)        (11) 

In one dimension, the volume change represents only the change in vertical 

thickness and thus the horizontal dimension of the sediment column stays constant.  As 

porosity decreases with depth, matrix compressibility (α) is also reduced.  Based on 

Equations 10 and 11, the matrix compressibility is calculated as 

α = (bn)/[(ρs - ρf) (1-n)2 g]       (12) 
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Model Implementation 

This modeling study focused on Sites 1173, 1174, and 808 to examine the 

development of pore pressures along the Muroto Transect during early subduction.  

Modeling is one-dimensional, and thus, lateral fluid flow cannot be included.  However, 

as discussed above, evidence for lateral fluid flow at this Transect is inconclusive.  A 

method previously described by Screaton and Ge (2000) and Kemerer and Screaton 

(2001) was modified for this investigation to add the permeability-porosity relationship 

(Eq. 2).  The modeling method combines a loading program to simulate pore pressure 

increases due to sedimentation and initial subduction with an existing fluid flow and 

transport code, SUTRA (Voss, 1984).  

Based on the rate of sedimentation or thickening of the overriding prism for each of 

the segments, the loading program calculates the additional thickness of each added 

sediment layer.  As new sediment layers are added to the top of the model, the layers 

beneath were moved down one row, and their pore pressures were incremented with the 

additional pore fluid pressure due to the load of the new layers multiplied by γ (Eq. 6).  

The additional load is calculated from the thickness and bulk density of the new layer, 

with the hydrostatic pressure subtracted.  

The updated pore pressures were used as inputs to SUTRA as initial conditions to 

perform transient fluid flow simulations.  Once the pore pressures (P) at the end of each 

loading step were calculated by SUTRA, they were transferred back into the loading 

program, in which effective stress was calculated using Equation 7.  If effective stress 

increased relative to the previous loading step, the porosity decrease was determined 

using an iterative method to solve Equation 10 for change in porosity.  Vertical spacing 
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was reduced to maintain constant solid volume and to ensure mass balance (Eq. 11).  The 

new porosity values were then used to calculate the matrix compressibility for the next 

sedimentation step (Eq. 12).  SUTRA was modified to calculate specific storage for each 

node based on the compressibility and porosity calculated by the loading program.  

Model Dimensions, Boundary Conditions, and Initial Conditions 

The geometry and hydrogeology of the Nankai accretionary complex were 

simplified into three hydrogeologic units including the turbidites, upper Shikoku and 

lower Shikoku Basin hemipelagic sequences.  The model domain was discretized into 

200 rows.  Because the model is one-dimensional, lateral flow along the décollement 

could not be simulated and thus, special physical properties such as higher permeabilities 

were not assigned to the décollement.   

The upper and lower Shikoku Basin layers were assigned similar porosity and 

permeability parameters as the two layers were mainly composed of hemipelagic muds.  

The physical properties for hemipelagic units were assigned based on geological 

observations and laboratory measurements.  The lithology of the turbidite unit at Nankai 

is composed of a variety of thick to thin bedded sand and silt turbidites with some 

hemipelagic muds (Shipboard Scientific Party, 2001).  Values of no (0.77) and b (1.1 x 

10-3 m-1) for hemipelagic sediments were obtained from Screaton et al. (2002) while for 

turbidites (no=0.65, b = 7 x 10-4 m-1), the porosity-depth relationship of Bekins and Dreiss 

(1992) was used.  To test the sensitivity of the b coefficient for hemipelagic sediments, I 

used the porosity data from Site 1173 to estimate the standard deviation for the b values 

as 3 x 10-4 m-1.  Using the standard deviation, I checked the sensitivity of b values at the 

minimum possible value of 1.4 x 10-3 m-1 and a maximum possible value of 8 x 10-4 m-1.  

For the turbidites, I used b values of 1.0 x 10-3 m-1 and 4 x 10-4 m-1 as the maximum and 
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minimum based on the b values used by Bekins and Dreiss (1992).  The estimated λ∗ 

values were only increased by 0.04 at the maximum b value while λ∗ values decreased by 

the same amount at the minimum b value, suggesting the sensitivity to the b value is 

small. 

The permeability-porosity relationship for the hemipelagic sediments was obtained 

from the laboratory permeability measurements (Equation 3).  Generally, the sandy 

portions of the turbidites would be expected to have higher permeabilities than the 

hemipelagic sediments.  However, because the lowest permeability layer generally 

controls vertical fluid flow (e.g., Bear and Verruijt, 1987), I used the same permeability-

porosity relationship for both turbidites and hemipelagics.  I examined the effects of the 

permeability-porosity relationship by varying the log (k0) value for both hemipelagics and 

turbidites during the sensitivity analyses.   

The top boundary of the model was set as hydrostatic to simulate the effect of the 

water column above the complex.  I assume that the hydraulic connection between the 

sediments and the oceanic crust is low due to an ash layer that would be expected to alter 

to low-permeability clays (Saffer and Bekins, 1998).  Thus, permeability of 10-23 m2 was 

assigned to all elements below the lower Shikoku basin facies.  The ocean crust consisted 

of sufficient rows at the beginning of the simulation so that only “ocean crust” rows 

would be dropped from the base of the model as the sediment layers are added, to 

maintain a constant number of elements throughout the simulation.  Matrix 

compressibility of the ocean crust was set at 1.0 x 10-11 Pa-1.   

To approximate the effects of in situ temperature on viscosity, I applied 

temperature and heat flow boundary conditions, and used SUTRA to calculate 
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temperature distribution.  Both the seafloor and oceanic crust boundaries were treated as 

specified temperature boundaries.  The seafloor boundary was set at 2o C while the heat 

flow at the base of the model was assigned to produce temperatures consistent with those 

obtained from shipboard measurements.  Thermal conductivities and specific heat values 

for both fluid and solid matrix are given in Table 3-2.  SUTRA then calculated fluid 

viscosity as a function of temperature using the following relationship (Voss, 1984) 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

− +∗≈ 133.15)(T
248.37

)1010(239.4µ(T) 7        (13) 

where µ is pore fluid viscosity [kg m-1s-1] and T is temperature in °C.   

Table 3-2. Fluid and solid matrix properties used for numerical simulations. 
Parameter Value 
Fluid compressibility [Pa-1] 4.40E-10

Fluid density [kg m-3] 1035 
Fluid specific heat [J kg-1°C-1] 4180 
Fluid thermal conductivity [J s-1 m-1 °C-1] 0.7 
Solid grain density [kg m-3] 2650 
Solid grain specific heat [J kg-1°C-1] 1000 
Solid grain thermal conductivity [J s-1 m-1 °C-1] 3.0 
 
Sedimentation and Prism Thickening Rates 

Sedimentation seaward of the deformation front and loading due to the over-riding 

prism were applied separately in two different phases (Table 3-3).  During phase one, 

sedimentation rates calculated from the biostratigraphy were used to build the sediment 

columns at Sites 808, 1174, and 1173.  At Site 808 and 1174, the sediment columns were 

built using 137 time steps of 100,000 years and at Site 1173, 140 time steps were used.  

The average initial sedimentation rate for each unit was based on the initial thickness of 

that unit and its corresponding deposition time as provided by the Shipboard Scientific 

Party (2001).  The initial thickness of each unit (i.e., the thickness of the sediment layer 

prior to consolidation) was calculated based on an assumed initial porosity of 0.77 and 
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0.65 for hemipelagics and turbidites respectively, and a final porosity based on core 

measurements of shipboard porosity (Shipboard Scientific Party, 2001).  During phase 

two, prism thickening rates for Sites 1174 and 808 were calculated using change in prism 

thickness and a convergence rate of 4 cm/yr.  The convergence rate was used to calculate 

the time needed for the incoming sediments to underthrust to Sites 1174 and 808.  In 

phase two, each stress step was 50,000 years, and Site 1174 was loaded for 6 stress steps 

while Site 808 was loaded for 7 stress steps.   

Table 3-3. Summary of sedimentation rates calculated from biostratigraphy at Sites 1173, 
1174 and 808 and prism thickening rates calculated from prism geometry and 
convergence rate. 

Site Unit Thickness 
(m) 

Time 
(Ma) 

Vertical loading 

    Initial 
sedimentation rate 
(m/yr) 

Prism 
thickening rate 
(m/yr) 

1173 Turbidites 120 Present-0.25 5.07 x 10-4  
 upper Shikoku 220 0.25-2.85 7.42 x 10-5  
 lower Shikoku 50 2.85-3.75 1.21 x 10-4  
 Proto-décollement 25 3.75-4.95 4.55 x 10-5  
 lower Shikoku 290 4.95-14.00 8.08 x 10-5  
1174 Turbidites 420 Present-0.30  1.9 x 10-3 
 Trench-wedge facies 50 0.3-0.90 1.91 x 10-4  
 upper Shikoku 190 0.90-2.5 2.61 x 10-4  
 lower Shikoku 149 2.5-6.25 1.12 x 10-4  
 Décollement 25 6.25-7.15 7.85 x 10-5  
 lower Shikoku 256 7.15-14.30 1.20 x 10-4  
808 Turbidites 550 Present-0.35  3.6 x 10-3 
 Trench-wedge facies 75 0.35-0.95 4.28 x 10-4  
 upper Shikoku 188 0.95-2.85 2.20 x 10-4  
 lower Shikoku 125 2.85-5.35 1.46 x 10-4  
 Décollement 25 5.35-6.35 7.30 x 10-5  
 lower Shikoku 265 6.35-14.35 1.03 x 10-4  

 
Results  

Model Results 

Results of the base run using the one-dimensional loading and fluid flow model are 

summarized in Table 3-4.  For the base run, values of k0 and ϕ  were assigned according 
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to the permeability-porosity relationship determined from laboratory measurements 

(Equation 3).  The simulated porosity profiles at all three sites decrease smoothly with 

depth in the lower Shikoku Basin facies.  At Site 1173, the simulated porosity profile 

indicates a small overestimate of porosities compared to the observed porosity profile 

(Figure 3-5).  This reflects that Site 1173 is slightly overpressured (λ*=0.04) in the 

simulation (Figure 3-5), whereas the porosity-depth relationship assumed hydrostatic 

conditions at Site 1173 (Screaton et al., 2002).  This would imply that λ* estimated based 

on the assigned b value would be an underestimate.  

It should be noted that results of Screaton et al. (2002) and Saffer (2003) make a 

similar assumption of hydrostatic conditions at Site 1173.  As a result, their pore pressure 

results may also underestimate actual pore pressure ratios.  At both Sites 1174 and 808, 

the simulated porosities reasonably match the observed porosities above the décollement 

while underestimating the porosities below the décollement (Figure 3-6).  The estimated 

λ* values below the décollement at Site 1173 slightly increase with depth while at Sites 

1174 and 808, λ* values slightly decrease with depth below the décollement.  Simulated 

excess pore pressure ratios, λ*, observed at 15 meters below the décollement increase 

landward from 0.04 at Site 1173, to 0.14 and 0.22 at Sites 1174 and 808 respectively 

(Figure 3-5 and Figure 3-6), but are less than that inferred by Screaton et al. (2002) and 

Saffer (2003).  Thus, using the permeability-porosity relationship from Equation 3, the 

simulations suggest that sedimentation and prism loading alone is not sufficient to 

generate excess pore pressures as large as predicted from previous studies.  
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Table 3-4. Summary of simulation runs at Site 1174 and 808.  Values of λ∗ and porosity 
for each simulation are given at 15 m below the décollement (855 mbsf at Site 
1174 and 979 mbsf at Site 808).  At these depths, shipboard measurements 
indicate porosities of 0.37 at Site 1174 and 0.36 at Site 808 (Shipboard 
Scientific Party, 1991; 2001). Italics indicate parameters that were changed 
from the base run.  

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Run Unit log 
(k0)  

ϕ Lat-
eral 

Stress 
Ratio 

10-m 
Low k 

Barrier 
(m2) 

Site 
1174 

λ∗ 

Site 
1174 

n 

Site 
808 
λ∗ 

Site 
808 
n 

Base 
run 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0 NA 0.14 0.31 0.20 0.28 

Saffer and 
Bekins 
(1998) 

Turbidites 
Hemipelagics 

-20.00 

-20.00 
5.25 
5.25 

0 NA 0.20 0.33 0.31 0.33 

Raise 
turbidite k 

Turbidites 
Hemipelagics 

-16.82 

-19.82 
5.39 
5.39 

0 NA 0.10 0.30 0.15 0.28 

Raise  
bulk k 

Turbidites 
Hemipelagics 

-18.82 

-18.82 
5.39 
5.39 

0 NA 0.06 0.29 0.10 0.25 

Lower 
bulk k 

Turbidites 
Hemipelagics 

-20.82 

-20.82 
5.39 
5.39 

0 NA 0.47 0.45 0.47 0.42 

Lower 
bulk k 

Turbidites 
Hemipelagics 

-20.15 

-20.15 
5.39 
5.39 

0 NA 0.23 0.34 0.29 0.32 

Vary 
lat.stress 

Turbidites 
Hemipelagics 

-19.82 

19.82 
5.39 
5.39 

0.1 NA 0.13 0.31 0.20 0.29 

Vary 
lat.stress 

Turbidites 
Hemipelagics 

-19.82 

19.82 
5.39 
5.39 

0.3 NA 0.15 0.31 0.21 0.29 

Vary 
lat.stress 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0.5 NA 0.18 0.32 0.23 0.30 

Vary 
lat.stress 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0.7 NA 0.21 0.32 0.26 0.30 

Vary 
lat.stress 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0.9 NA 0.24 0.32 0.29 0.31 

Lower 
bulk k + lat 

stress 

Turbidites 
Hemipelagics 

-20.15 

-20.15 
5.39 
5.39 

0.3 NA 0.26 0.35 0.32 0.34 

Low k 
barrier 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0 10-19 0.15 0.31 0.21 0.29 

Low k 
barrier 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0 10-20 0.28 0.35 0.34 0.32 

Low k 
barrier 

Turbidites 
Hemipelagics 

-19.82 

-19.82 
5.39 
5.39 

0 10-21 0.45 0.40 0.52 0.39 
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Figure 3-5. Simulated porosity and λ∗ profiles for base run at Site 1173.  A) Comparison 

of observed porosity to simulated porosity at Site 1173.  B) Simulated λ∗ 
profile at Site 1173.  Shading represents the age-equivalent level of Site 1174 
décollement zone.   

Sensitivity to Bulk Permeability 

Because sediment permeability is the most important factor that controls modeled 

pore pressures (Saffer and Bekins, 1998), here I conducted a sensitivity analysis to test its 

effects on porosities and excess pore pressures.  Bulk permeabilities of hemipelagics and 

turbidites were changed separately.  Results indicate that simulated λ* values were not 

very sensitive to an increase in turbidite permeability.  For example, when turbidite 

permeability was increased 3 orders of magnitude by changing log (k0) from -19.82 to –

16.82, the simulated λ* decreased by only 0.05 at Site 808 and by 0.04 at Sites 1174 

(Figure 3-6).   
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Figure 3-6. Simulated porosity and λ∗ profiles with varying bulk permeability at Sites 

1174 and 808.  A & C) Comparison of observed porosity to simulated porosity 
at Sites 1174 and 808.  B & D) Simulated λ∗ profiles at Sites 1174 and 808.  
Shading represents the décollement zone.  The λ∗ values estimated by Saffer 
(2003) were based on LWD (Site 1174) and Shipboard data (Site 808).  
Vertical lines represents estimate by Screaton et al. (2002). 

When the bulk permeability of both turbidites and hemipelagics was lowered by an 

order of magnitude (from log (k0) =-19.82 to –20.82) the pore pressures below the 

décollement significantly increased compared to the base run (Table 3-4, Figure 3-6).  

The simulated λ* values reached above 0.45 at both Sites 808 and 1174 and the simulated 

porosities above and below the décollement were overestimated compared to the 

observed porosity values (Figures 3-6).  As bulk permeability was lowered, the steepness 

of the slope of the λ* profile gradually increased (Figure 3-6).   

The λ* profile for log (k0) = -20.15 represents the relationship shown in Figure 3-4 

for the lower range of permeability values.  The λ* profile of this simulation shows higher 

values for λ* compared to the results obtained for the base run.  The estimated porosities 
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below the décollement at both sites were less than observed values.  The simulated 

porosities above the décollement were higher at Site 1174 than observed, while at Site 

808 they reasonably matched the observed porosities.   

I also examined the sensitivity of porosity and λ* to a permeability relationship (k=-

20+5.25n) in the range used by Saffer and Bekins (1998) (Table 3-4, Figure 3-6).  The 

simulated λ* values using this relationship predicts greater λ* values than those predicted 

from the base run suggesting that simulated λ* values are very sensitive to even slight 

changes in the log-linear permeability-porosity relationship (Eq. 2).  The predicted λ* 

using this relationship were greater by 0.06 (Site 1174) and 0.11 (Site 808) compared to 

the λ* values predicted from the base run (Table 3-4).   

In comparison to the λ* profile of Saffer (2003), the values of λ* predicted for log 

(k0) = -20.82 is in the same range as the λ* values predicted by Saffer (2003).  The 

general trend of the λ* profile matches values predicted by Saffer (2003) best in the upper 

(Site 808) and mid (Site 1174) portions of the underthrust and with depth the λ* profile 

gradually deviates to lower values than predicted by Saffer (2003).  

Sensitivity to Lateral Stress 

In reality, the prism sediments are structurally deformed by lateral stresses caused 

by tectonic compression.  To examine the effects of tectonic compression on excess pore 

pressures and porosities, I included lateral stress within the prism sediments as an 

additional fraction of the vertical loading (Jaeger and Cook, 1969).  Following Domenico 

and Schwartz (1998) the ratio of horizontal to vertical stress becomes greater than one in 

areas of tectonic compression.  I varied the lateral stress factor from 0.1 to 0.9 (i.e., the 
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total stress at any point in the prism was assumed to be 1.1 to 1.9 times the vertical stress, 

Table 3-4).   

 
 

Figure 3-7.  Simulated porosity and λ∗ profiles with added lateral stress at Sites 1174 and 
808.  A & C) Comparison of observed porosity to simulated porosity at Sites 
1174 and 808.  B & D) Simulated λ∗ profiles at Sites 1174 and 808.  Shading 
represents the décollement zone.  The λ∗ values estimated by Saffer (2003) 
were based on LWD (Site 1174) and Shipboard data (Site 808).  Vertical lines 
represents estimate by Screaton et al. (2002). 

When lateral stress was added to the prism sediments, the porosities smoothly 

decreased with depth above the décollement, and abruptly increased to a maximum at the 

décollement (Figure 3-7).  Below the décollement, the porosities gradually decreased 

with depth.  The sharp change in porosity at the décollement is due to the added lateral 

stress increasing effective stress and lowering porosities within the prism sediments.  The 

simulated λ* values with added lateral stress show a gradual increase of pore pressures 

above the décollement while reaching the maximum λ* within the décollement (Figure 3-

7).  Below the décollement, λ* values gradually decreased with depth.   

Even though lateral stress is added only in the prism, the λ* values beneath the 

prism increased because the vertical fluid flow from the underthrust is restricted by the 
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elevated pressures within the prism.  Thus, when the lateral stress was increased, both λ* 

and porosity values were slightly increased below the prism (Table 3-4).  However, the 

effect of prism lateral stress on pore pressures in the underthrust is relatively small 

compared to the sensitivity to bulk permeability.  Although it may be possible to have 

greater values of the lateral stress factor than 0.9, simulations suggest that they would 

have little additional affect on pore pressures in the underthrust sediments. 

Increasing the lateral stress factor results in a greater offset in porosity across the 

décollement zone. For example, the simulated porosity profile with a lateral stress factor 

of 0.5 underestimated observed porosity values both above and below the décollement 

(Figure 3-7).  Raising the lateral stress factor increases porosities in the underthrust 

sediments (Table 3-4), yielding a better match to observed, but decreases porosities in the 

prism, yielding a poorer match. Thus, by itself, changing lateral stress (with the porosity-

permeability relationship obtained in this study) cannot generate porosities that matched 

observed porosities.   

When lateral stress was combined with lower bulk permeability, the pore pressures 

were significantly increased with respect to lateral stress alone.  For example, when the 

bulk permeability of the hemipelagic sediments were lowered to a log (k0) of -20.15 (the 

lower boundary to permeability data in Figure 3-4) with a lateral stress factor of 0.3, the 

λ∗ at 15 m below the décollement at Site 808 reached 0.32.  The simulated porosity 

profile for this combination well matched the observed porosity profile above the 

décollement while the porosities below the décollement were very slightly 

underestimated at both Sites 808 and 1174 (Figure 3-7).   
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Sensitivity to a Low-Permeability Barrier 

Previous accretionary complex studies have suggested the idea of a low-

permeability barrier at the décollement as a possible cause of excess pore pressures.  For 

example, at the Barbados accretionary prism, Bekins et al. (1995) simulated a 15-m thick 

low-permeability cap above the top of the décollement based on an anomalously low 

permeability value (6.5 x 10–21 m2) measured by Taylor and Leonard (1990).  In a more 

recent study based on inferred porosity variations obtained from inverted seismic 

reflection data at Nankai, Bangs and Gulick (2005) argued that consolidation of the 

uppermost lower Shikoku Basin strata forms a barrier blocking the fluid flow from 

below.  Because the barrier lies just above the projected level of the décollement, they 

suggest that higher-porosity, underconsolidated, and overpressured sediment below forms 

a surface of potential décollement propagation.   

To test the effects of a low-permeability barrier at the décollement at Nankai, I ran 

simulations with a 10-m thick low-permeability barrier above the top of the décollement 

zone.  This barrier was implemented after the initial sedimentation steps and prior to the 

loading by the prism (Table 3-4).  As expected, when the low-permeability was added, 

the λ∗ values below the barrier abruptly increased to a maximum because the fluids in the 

underthrust could not migrate through the barrier fast enough to keep pace with loading.  

The simulated λ∗ values at both Sites 1174 and 808 gradually decrease with depth below 

the décollement (Figure 3-8).   
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Figure 3-8. Simulated porosity and λ∗ profiles with added low-permeability barrier at 

Sites 1174 and 808.  A & C) Comparison of observed porosity to simulated 
porosity at Sites 1174 and 808.  B & D) Simulated λ∗ profiles at Sites 1174 
and 808.  Shading represents the décollement zone.  The λ∗ values estimated 
by Saffer (2003) were based on LWD (Site 1174) and Shipboard data (Site 
808).  Vertical lines represents estimate by Screaton et al. (2002). 

The simulated porosities smoothly decrease both above and below the décollement 

while reaching a maximum at the décollement (Figure 3-8).  The porosity profiles 

generated by the low-permeability barrier with a permeability of 1 x 10–21 m2 were 

slightly higher below the décollement at both Sites 808 and 1174 than the observed 

porosities.  Above the décollement, the porosities closely matched the observed values at 

Site 1174 while slightly underestimating the observed values at Site 808.  The simulated 

λ∗ values at both sites were similar to the values presented by Screaton et al. (2002).  In 

comparison to the λ* profile of Saffer (2003), the values of λ* predicted for the low-

permeability barrier is roughly in the same range as those predicted by Saffer (2003).  

However, the general trend of the λ* profile of the low-permeability barrier is different 

from that of Saffer (2003).  The low-permeability barrier predicts a sharp decrease in 
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λ∗  with increasing depth while the profile of Saffer (2003) predicts a gradual decrease of 

λ∗ with increasing depth.   

Although modeling results indicate high λ∗ values at and below the décollement 

due to the added low-permeability barrier, core samples immediately above the 

décollement are not available for laboratory-measurements to assess the presence of a 

low-permeability barrier.  Although I do not have any independent evidence suggesting 

that the permeability is low in the direction perpendicular to the plane of décollement, 

previous studies have suggested the formation of a low-permeability barrier during the 

accretionary process due to shearing of sediments below the wedge as it moves above the 

underthrust sediments.  For example, Maltman et al., (1992) suggested that at the Nankai 

accretionary complex, high stresses at the depth of the décollement could seal fractures 

lowering its permeability despite the presence of highly brecciated and fractured material.  

This idea is further strengthened by lack of evidence for fluid flow such as veins, 

mineralized surfaces or clastic dykes at the décollement (Maltman et al., 1992).  If a low-

permeability barrier does exist, then it is more likely to form at the base of the wedge 

where the high shearing is present increasing the pore pressures below the barrier.  The 

presence of a low-permeability barrier is likely to generate excess pore pressures below 

the barrier, as shown in Figure 3-8.   

The affects of lateral fluid flow on pore pressures are difficult to predict.  Lateral 

fluid flow could allow pore pressures to be lowered, if fluids can escape to the seafloor 

near the toe of the prism.  However, if the décollement transmits fluids to near the toe of 

the prism, and these fluids cannot escape, pore pressures will be increased at the updip 

end of the lateral flow path.  Lateral fluid flow within the décollement could decrease the 



73 

 

significance of the low-permeability barrier, if fluid could escape along the décollement 

zone.  Similarly, lateral fluid escape along the décollement may decrease the impact of 

lateral stresses within the prism on λ∗ values within the underthrust sediments.  Because 

the décollement has been speculated as a possible, yet controversial, pathway for lateral 

flow it will be valuable to address in future investigations.  

Implications  

Both simulations using the added lateral stress and low-permeability barrier show a 

sharp increase in λ∗  near the décollement zone at both Sites 1174 and 808 (Figure 3-7 

and Figure 3-8).  However, each scenario generated a distinct λ∗ profile.  The λ∗ profile 

generated by the added lateral stress demonstrate a gradual increase in pore pressures 

both above and below the décollement, and the λ∗  value peak at the décollement.  The 

maximum λ∗ corresponds to the maximum simulated porosity found near the top of the 

décollement zone (Figure 3-7).  In contrast, the λ∗  profile generated by the low-

permeability barrier shows an abrupt increase of pore pressures at the lower part of the 

décollement.  Above the décollement, the λ∗  profile shows a very slight decrease with 

depth while below the décollement λ∗ decreases more gradually.  As observed in both 

scenarios, the maximum λ∗ is located near the décollement, consistent with previous 

inferences (e.g., Hubbert and Rubey, 1959) that pore fluid pressures play a major role in 

the mechanics of thrust faulting.   

The excess pore pressures observed near the décollement can also be related to the 

sliding of the décollement as proposed by the critical wedge theory (Davis et al., 1983).  

Critical wedge theory predicts that pore pressures significantly greater than hydrostatic 

are needed to maintain small taper angles such as at the Muroto Transect of Nankai.  



74 

 

Generally a small critical taper is an indication of very little basal friction, due either to 

low intrinsic strength or elevated pore pressures, or that the wedge consists of a strong 

material, which need not deform for stable sliding to occur (Davis et al., 1983).  Thus, it 

can be speculated the maximum λ∗ values observed in the profiles at the décollement 

could represent the level of least mechanical resistant that promotes stable sliding.  It is 

possible that a permeability barrier would also affect fault zone initiation, if elevated pore 

pressures are transmitted seaward of the deformation front.  A two-dimensional model 

would be needed to fully examine this possibility. 

Many previous studies based on the critical taper theory have assumed the pore 

pressure ratios (pore fluid pressure/lithostatic pressure) at the base of the wedge and 

within the wedge to be equal.  The results from simulations with the low-permeability 

barrier demonstrate a mechanism for basal pore pressure ratios to be significantly greater 

than those in the wedge which could increase taper angle for a given basal pore pressure.  

Lateral stresses in the prism may also result in basal pore pressure ratios to be higher than 

in the wedge, but the difference is not as great as with the low-permeability barrier.   

Conclusions 

I examined the effects of different parameters on excess pore pressures at the toe of 

the Nankai accretionary complex.  Using a permeability-porosity relationship based on a 

best fit to laboratory data, simulations suggest that sedimentation and prism thickening 

generate excess pore pressures, but not as high as predicted from previous studies.  

Results from this study demonstrated significant increase in pore pressures at the 

décollement with lower bulk permeability, such as obtained by using the lower boundary 

of permeability-porosity data.  Because the lowest permeabilities generally control 
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vertical flow, this relationship may be more appropriate for the simulations than the best 

fit equation.  However, if the high excess pore pressures suggested by Screaton et al. 

(2002) or Saffer (2003) are correct, permeabilities must be even lower, requiring either a 

bulk permeability represented by log (k0) = -20.82, a low permeability (<10-20 m2) barrier 

above the décollement, or a combination of lower bulk permeability and permeability 

barrier.  Alternatively, other factors must contribute, such as recent prism growth rates 

greater than the time-averaged rates simulated here. 

The magnitude of pore pressures in the underthrust sediments demonstrated only 

slight sensitivity to added lateral stresses in the prism, although the profile of the pore 

pressure ratio is affected.  Results further illustrated that the simulations with low-

permeability barrier and lateral stress both produced a sharp increase in porosities below 

the décollement zone, as is observed in the measured values.  Furthermore, in both 

scenarios, maximum excess pore pressure ratios were found at the décollement, which 

could contribute to stable sliding of the décollement zone.
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CHAPTER 4 
EVOLUTION OF HIGH PORE PRESSURES AND IMPLICATIONS FOR EPISODIC 
FLUID FLOW AT THE NORTHERN BARBADOS ACCRETIONARY COMPLEX 

Introduction 

Variations in fluid flow pressures and its distribution within subduction zones 

regulate the mode of deformation, affecting the evolution of the accretionary complex.  It 

has been speculated that excess pore pressures play a major role in the mechanics of 

thrust faulting (Hubbert and Rubey, 1959), thus, allowing the weak semilithified 

sediments in accretionary complexes to glide over the subducting plate along a low-angle 

detachment surface (Davis et al., 1983).  Excess pore fluid pressures are also responsible 

for increasing sediment permeability associated with reduction in effective stress (Yeung 

et al., 1993; Fisher and Zwart, 1996).  In addition, pore pressure has been claimed to 

influence seismogenic faulting, through its control on effective stress and consolidation 

state (e.g., Moore and Saffer, 2001; Scholz, 1998).  Thus, an understanding of the 

development of excess pore pressures will provide valuable insight to the evolution of 

accretionary complexes as well as to subduction zone processes such as fault mechanics.   

The abundant evidence for excess pore pressures at Barbados accretionary complex 

provides an excellent opportunity for the study of evolution of pore pressure generation.  

The distribution of mud volcanoes (Gretener, 1976) and the overall shape of the 

accretionary prism (Davis et al, 1983) suggest the existence of excess pore pressures at 

the Barbados accretionary complex.  In addition, elevated pore fluid pressures have been 

inferred at the Barbados accretionary complex from fluid flow modeling (e.g., Shi and 
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Wang, 1988; Screaton et al., 1997; Bekins et al., 1995; Henry, 2000) and direct borehole 

measurements along the décollement (Foucher et al., 1997; Becker et al., 1997).   

Studies have speculated that fault zones play a major role in focusing fluid 

expulsion (e.g., Bekins et al., 1995; Moore et al., 1998; Henry, 2000).  Indirect evidence 

for transient fluid flow along the décollement is provided by geochemical and thermal 

anomalies (e.g., Bekins et al., 1995; Fisher and Hounslow, 1990).  A widely held 

hypothesis relating elevated pore pressures and evidence for fluid flow is that flow must 

be episodic, although the mechanisms producing the episodic fluid flow events are not 

fully understood.  Field evidence for episodic fluid flow includes the presence of multiple 

episodes of fracturing and vein filling in accreted sediments (Labaume et al., 1997).  

However, the time scales of these events are difficult to estimate (Knipe et al., 1991).   

Several mechanisms have been put forward to explain the time-variable 

permeability in the fault zone.  One mechanism is that the permeability in the 

décollement is enhanced by the episodic opening of horizontal hydrofractures when pore 

pressures reach values above lithostatic (e.g., Behrmann, 1991; Moore and Vrolijk, 1992; 

Brown et al., 1994).  Similarly, numerical modeling by Bekins et al. (1995) predicted 

results with observed chloride anomalies within the décollement of the Barbados 

accretionary complex by assuming an instantaneous permeability increase within the 

décollement.  Another mechanism for episodic fluid flow is based on in situ bulk 

permeability measurements that were made at a variety of fluid pressure conditions.  

According to Fisher and Zwart (1996), this relationship between bulk permeability and 

effective stress may explain the dynamics of fluid-fault interactions and the transient 

nature of hydrologic processes at convergent margins.  Additional hydrologic tests that 
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were conducted at a sealed borehole penetrating the décollement at the Barbados 

accretionary complex support the conclusion by Fisher and Zwart (1996) that significant 

permeability increase can occur within the décollement at pore pressures below lithostatic 

pressures (Screaton et al., 1997).  Studies based on fluid budgets shows that fluid flux 

varies with both arcward distance and through time (Saffer and Bekins, 1999).  In 

addition, fluid budget studies suggest that initiation of connected flow conduits is delayed 

with respect to the time of accretion and may be related to burial below a critical depth, 

where channelized fluid escape is more efficient than diffuse flow to the sea floor or 

where sediments may behave brittlely (Saffer and Bekins, 1999).  Even though previous 

modeling studies have investigated the production of overpressures, these models did not 

indicate when the overpressures are generated in the evolution of the complex and thus, 

the connectivity between excess pore pressures and episodic fluid flow is not well 

understood.  Models used by Henry and Wang (1991), Shi and Wang (1994), and 

Stauffer and Bekins (2001) focused on processes that take place at the toe of the prism 

during initial offscraping.  Bekins et al. (1995) focused on steady-state pore pressures and 

transient fluid flow assuming instantaneous décollement permeability after the entire 

prism had grown.  However, to fully understand the development of pore pressures and 

thus, hypothesized episodic fluid flow, one should examine the development of pore 

pressures both at the toe and deeper parts of the accretionary complex through both space 

and time.  Thus, in this study I modeled 50 km of the accretionary complex as a time-

dependent evolving prism.  A combined prism growth and fluid flow model was used to 

examine the development of pore pressures.  Mechanisms for episodic fluid flow were 

examined during the evolution of the accretionary complex by including hydrofracture or 
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a décollement with varying permeability based on a relationship of bulk permeability -

vertical effective stress. 

Background 

The Barbados accretionary complex is located in the Caribbean where the 

Atlantic Plate (Figure 4-1) is being subducted beneath the Caribbean Plate at a rate of 2 

cm/yr in an east-west direction (DeMets et al., 1990).  At Barbados, active accretion of 

sediments takes place at the eastward end of the complex as the more stabilized portion 

lies westward, where the complex is partially exposed above sea level at the Barbados 

Island (Figure 4-1).  The complex varies in thickness from 200 km south of Tiburon Rise 

at 14°N, to approximately 10 km north of Tiburon Rise at 16°N (Bangs and Westbrook, 

1991).  The variation in thickness of the complex is related to the distance from the 

terrigenous sediment source from South America (Underwood and Deng, 1997), as well 

as the affect of local barriers such as the Tiburon Rise (Figure 4-1), which slows the 

influx to the complex.   

The northern Barbados accretionary complex is rich in hemipelagic sediments 

(Bekins et al., 1995), whereas the southern part is dominated by turbidites (Langseth et 

al., 1990).  The age of the sediments at the Barbados accretionary complex varies from 

Late Eocene to Late Cretaceous (Underwood and Deng, 1997).  Mud volcanoes and mud 

diapirs, which indicate excess pore pressures, are abundant in the southern part of the 

complex where the sediment sequence is thicker (Moore et al., 1982).   

Based on seismic reflection images the décollement was estimated to be ~14 m 

thick at the northern Barbados accretionary complex (Shipley et al., 1994).  It was 

inferred as a high-porosity zone with undercompacted sediments and high-fluid pressures 
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(Moore et al., 1995).  During Deep Sea Drilling Project (DSDP), Leg 78A high pore 

pressures were encountered at the toe of the northern Barbados accretionary complex 

while attempting to drill through the décollement (Biju-Duval et al., 1984).  The seismic 

profiles show prism sediments being subjected to high lateral strain while sediments in 

the underthrust remain undeformed (e.g., Westbrook et al., 1988), possibly due to the 

presence of excess pore pressures on the décollement.   

 

 

Figure 4-1.  Location map and cross-section of the Barbados accretionary complex.  A) 
Map of the eastern Caribbean showing the deformation front.  B) Cross-
section of the Barbados accretionary complex (Shipboard Scientific Party, 
1998). 
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Ocean Drilling Program (ODP) Leg 110 revisited northern Barbados and three sites 

were drilled (Sites 671, 672 and 676).  Sites 671 and 676 (Figure 4-1) were drilled 

arcward of the deformation front at a distance of 4.5 km and 0.25 km respectively 

(Mascle et al., 1988).  Site 672 was drilled 6 km east of the deformation front to provide 

an undeformed reference site (Mascle et al., 1988).  The core samples from Leg 110 were 

analyzed for structural features, chemical signals, permeability, consolidation behavior, 

and bulk composition.  Taylor and Leonard (1990) inferred near-lithostatic pore pressures 

directly above the proto-décollement zone based on consolidation tests on core samples.  

In contrast several other studies (e.g., Shi and Wang, 1985; Screaton and Ge, 2000) 

concluded that sedimentation rates alone were not sufficient to produce excess pore 

pressures.   

During Leg 156 Logging While Drilling (LWD) was performed at Site 948, which 

coincides with the location of Site 671 (Shipley et al., 1997).  Site 949 was drilled 2 km 

northeast of Site 948 (Shipley et al., 1997).  During Leg 156, a hydrologic borehole 

packer was successfully deployed and fluid flow experiments were conducted at Sites 

948 (671) and Site 949 (Leg 171A, Site1046) (Fisher and Zwart, 1996).  Results of 

packer experiments further supports the presence of excess pore pressures at the 

décollement, although perturbations from drilling and testing were difficult to separate 

from natural pore pressures.  Estimated values for fault zone permeability from in situ 

packer tests vary from 10-12 m2 when fluid pressure is at lithostatic to 10-18 m2 when fluid 

pressure is at hydrostatic (Fisher and Zwart, 1996).  Results of hydrogeologic tests that 

were performed at a sealed borehole (949C) penetrating the décollement support the idea 
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of significant permeability increase within the décollement with increasing pore pressure 

(Screaton et al., 1997).   

Fluid Flow and Pore Pressures  

Evidence for fluid flow at the Barbados accretionary complex comes from the 

presence of low-chloride anomalies observed along the décollement (Kastner et al., 

1993).  It has been suggested by Bekins et al. (1995) that smectite dehydration is the most 

likely mechanism for low-chloride anomalies.  In contrast, Fitts and Brown (1999) 

suggested that low-chloride anomalies occur as a result of artificial squeezing of 

sediments released from smectite interlayers during pore water sampling.  However, even 

after accounting for the effects of sample squeezing process, the low-chloride anomaly is 

still 12% fresher than seawater (Fitts and Brown, 1999) supporting the clay dehydration 

as a possible explanation for low-chloride anomalies.  The clay dehydration reaction 

takes place at temperatures between 60-160º C (Perry and Hower, 1970).  Based on 

kinetic modeling of clay dehydration in the Barbados accretionary complex, Bekins et al. 

(1995) estimated the peak reaction window to be at 50 km arcward of the deformation 

front.  Thus, if the fluid released from smectite dehydration is responsible for the 

observed low-chloride anomalies at the toe of the prism (Site 948), then pore fluids must 

migrate over 46 km to reach Site 948 (Bekins et al., 1994).   

Heat flow anomalies have also been observed at the Barbados accretionary 

complex from temperature measurements (Fisher and Hounslow, 1990) and surface heat 

flow surveys (Foucher et al., 1990).  Seafloor heat flow values near the toe of the 

complex range from 96 to 192 mW m-2 (Fisher and Hounslow, 1990) and are well above 

the 53-55 mW m-2 expected for 90 Ma oceanic lithosphere (Ferguson et al., 1993).  One 

of the possible explanations for the observed heat flow anomalies is fluid flow along the 
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décollement (Langseth et al., 1990).  In contrast, Fisher and Hounslow (1990) and Moore 

et al. (1998) suggest possible lateral fluid flow along turbidites in the underthrust 

sequence.  Muller and Smith (1993) argued that the uniformly high background heat flow 

in the ODP drilling area could be due to crustal thinning of the Tiburon Rise.  Based on 

both steady state and transient state models, fluid fluxes needed to explain the observed 

heat flow anomaly are approximately one order of magnitude higher than the fluxes 

needed to explain the low-chlorinity anomaly (Henry, 2000).  Similarly several other 

studies (Foucher et al., 1990; Saffer and Bekins 1999; Cutillo et al., 2003; Bekins and 

Screaton, 2006) have noted that the outflow from the underthrust necessary to create a 

thermal anomaly (greater than 60 mW m-2) seems excessive compare to the in flow thus, 

suggesting that the hypothesis on crustal thinning under Tiburon Rise should be further 

explored.   

In addition to low-chloride and heat flow anomalies, the presence of mineralized 

veins supports the idea of transient fluid flow along the décollement.  Mineral veins were 

found in the upper part of the décollement (Labaume et al., 1997).  The orientations of 

the veins suggest that pore fluids around the fault zones is at near lithostatic pressure 

during vein formation (Labaume et al., 1997).  Veins that were formed during several 

growth phases reflect the episodicity of fluid flow along the décollement (Labaume et al., 

1997). 

Bekins et al. (1995) used low chloride anomalies as constraints on a transient 

model.  In their model they raised permeabilities from 10-12 -10-15 m2 along the entire 

décollement zone to match observed low-chloride anomalies.  To justify this, they 

hypothesized that pressures in the accretionary complex build until it reaches values that 
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are close to lithostatic.  These high pore pressures lower the effective stress along the 

décollement creating fractures or dilating existing fractures, raising the permeability 

along the décollement.  To simulate this hypothesized scenario based on a steady –state 

model, they assigned varying values of décollement permeability (kd) until sublithostatic 

pressures were simulated.  Once the appropriate kd value was determined they assumed 

that the pressures estimated from this solution represent those immediately before a slip 

event that increases kd and used these pressures as initial conditions in the transient 

simulation.  When décollement permeability was suddenly raised the pore pressures 

along the décollement reached values that are closer to lithostatic during the first few 

thousand years supporting the concept of pressure build-up and release cycles or episodic 

fluid flow.   

In another study, Henry (2000) modeled the episodicity of fluid flow in a slightly 

different manner.  In his model he started a pressure pulse at the arcward boundary of the 

complex and allowed it to propagate along the décollement.  The décollement was 

assigned a permeability that increased continuously as pore pressure increased following 

the relationship of Fisher and Zwart (1996).  Also it is assumed that all fluid flow occurs 

either along the décollement or along sandy layers at 200 m below the décollement within 

the underthrust sequence.  Thus, a bulk permeability of 3 x 10-13 m2 is assigned either to 

the décollement or to the sand layer to simulate fluid flow.  According to this simulation, 

significant fluid flow persists for several thousands to 10,000 years and it is in agreement 

with a diffusion-advection model of the chlorinity anomaly (Henry, 2000). 

Based on long term monitoring at Holes 948D and 949C during ODP Leg 156, the 

estimated λ* values (where λ* = (P-Ph)/(Pl-Ph), P = pore pressure, Ph = hydrostatic 



85 

 

pressure and Pl = lithostatic pressure) were 0.50 (Foucher, et al., 1997) and 0.36 (Becker 

et al, 1997), respectively.  These results were similar to those previously obtained using a 

steady state model with a permeability-depth relation for clay-rich sediments (Bekins et 

al; 1995).  Moreover, the increase of λ* by 0.15 between Sites 949 and 948 over a lateral 

distance of 2.2 km was also estimated by Stauffer and Bekins (2001) based on inferred 

consolidation state. 

In addition, constraints for pore pressure distribution also follow from an analysis 

of the mechanical force balance in accretionary wedges presented by Davis et al. (1983).  

According to Davis et al. (1983), in order for the sediments of the wedge to move over 

the underthrust sequence along a low-angle décollement, high pore pressures (λ = 0.92 

for the overall taper, where λ is the ratio of pore fluid pressures to the vertical normal 

traction exerted by the lithostatic overburden) must be present along the décollement.  

The presence of lower pressures would result in a steeper taper angle than that observed 

at Barbados (Bekins et al., 1995).   

Hydrofractures  

Behrmann (1991) suggested that hydrofracturing enhances permeability in 

argillaceous rock sequences.  According to Behrmann (1991) the capability of rocks to 

hydrofracture depends on the mode of faulting and the effective mean stress.  He also 

noted that the depth to which hydrofracture could occur is a function of both the faulting 

mode and the ratio of fluid and lithostatic pressures.  Thus, wrench and normal faults 

hydrofracture even at ratios of fluid and lithostatic pressure is less than one.  In contrast 

thrust faults always require ratio of fluid and lithostatic pressure to be greater than one to 

hydrofracture.  Vertical fluid flow has been indicated by 3 –D seismic images at the 
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northern Barbados accretionary complex which shows at least 50 m offset in the 

turbidites along the normal faults extending upward from the basement (Zhao and Moore, 

1998) suggesting that vertical hydrofracture could occur in the underthrust.  According to 

Behrmann (1991), the criteria requires λ* to be > 0.8 for vertical hydrofracturing in soft 

rocks.  Vertical hydrofractures occur perpendicular to the least principle stress axis.  

According to Price (1975), when sediments hydrofracture, the hydraulic properties are 

expected to change dramatically. 

Modeling Methods 

Model Implementation 

A model developed by Screaton and Ge (2000) was modified to simulate the effects 

of subduction beneath a prism.  This model builds the accretionary complex in segments 

through time.  The prism growth/flow model consists of two sub programs.  The first sub 

program is a modified loading program (Gamage and Screaton, 2006), which builds the 

initial sediment column that enters the accretionary complex at the deformation front.  

The second sub program (prism loading) advances the accretionary complex over the 

subducting sediments in segments through time at a convergence rate of 2 cm/yr.  It is 

assumed that the taper of the prism is constant.  The prism-growth/flow model calculates 

the time necessary for prism to advance one column by dividing the horizontal dimension 

of the column by the convergence rate.  The vertical dimension is calculated using the 

prism thickening rates.  As the prism advances seaward the loading program adds 

sediments on each advanced column according to the assigned prism thickening rates.  

Based on the calculated increase in overburden and sediment properties, the prism-

growth/flow model calculates the pore fluid pressures.  These pore pressures are then 

input into SUTRA (Voss, 1984), a finite-element code that simulates transient two-
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dimensional fluid and thermal transport.  SUTRA simulates the fluid flow and the pore 

pressure changes with time.  Once the pore pressures were calculated in SUTRA they 

were transferred back into the prism-growth/flow model, which calculates effective 

stress, porosity, and permeability before beginning the next loading step.   

During hydrofracture, the model checks for regions that have reached the criteria 

for vertical hydrofracture after every seaward advancement of the prism.  If pressures 

meet the vertical hydrofracture criteria, then the model increases vertical permeability 

from the point of lithostatic pressure up to the décollement.  If pressures are less than the 

assigned criteria for hydrofracture the permeability values are assigned according to 

permeability-porosity relationship.   

SUTRA uses a backwards finite-difference scheme which enhances numerical 

stability.  The large permeability contrast during the introduction of hydrofractures into 

the model was challenging for the iterative solver, especially for the thermal transport 

simulations.  However, by reducing the contrast between the highest and the lowest 

permeabilities and increasing upstream weighting for the transport, convergence was 

obtained.   

Model Equations 

Combining the mass conservation of fluid with Darcy’s law, the following equation 

can be written for two-dimensional transient flow: 
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where Ss is specific storage [L-1], h is hydraulic head [L], x and y are spatial 

coordinates, Q is a source term reflecting processes such as loading that affect fluid 

volume or pressure [T-1].  The left hand side term accounts for fluid flow into and out of a 
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given element in two dimensions.  The right hand side terms account for changes in 

storage of fluid mass due to change in hydraulic head and addition or removal of fluid or 

pressure.  When initial conditions, boundary conditions and the controlling hydrologic 

parameters are known, Equation (1) can be solved for head at any point in a two-

dimensional field at any given time.  The equations present here are changes made to 

those in Chapter 3.  For a complete explanation of the model equations refer to the 

“Model Equations” in chapter 3. 

Model Dimensions, Boundary Conditions, and Initial Conditions 

The cross-section model consists of four zones: the upper hemipelagics that form 

the wedge, the décollement, the turbidites and the underthrust hemipelagic sequence 

(Figure 4-2).  The properties for the four hydrogeologic units were assigned based on 

geological observations and laboratory measurements.  The model domain was 

discretized into finite element grid consisting 8100 nodes and 7920 quadrilateral elements 

(Figure 4-2).  Horizontally the model extends to a maximum of 50 km arcward of the 

deformation front during the total simulation time.  Vertically the model extends from the 

seafloor to a maximum depth of 3 km at full growth.  At the deformation front the 

incoming sediment sequence was divided into 470 m of underthrust sediments, 15 m of 

décollement zone and 173 m of accreted sediments.  Values of no (0.7) and b (8 x 10-4 m-

1) for hemipelagic sediments were obtained from Screaton and Ge (1997) while for 

turbidites (no=0.6, b = 7 x 10-4 m-1), the porosity-depth relationship of Bekins and Dreiss 

(1992) was used.  The n0 and b values used for turbidites were similar to those values 

used by Screaton and Ge (1997) for Barbados sediments south of Tiburon Rise, as these 

sediments are rich in turbidites.   
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Permeability for the hemipelagic units were assigned based on the permeability-

porosity relationship used by Bekins et al. (1995) (log (k) = -22.0+8.44n).  This 

relationship was based on laboratory permeability measurements of ODP Leg 110 

obtained by Taylor and Leonard (1990).  Because these permeability measurements only 

represented samples from less than 500 m of depth, to estimate the permeability-porosity 

relationship, Bekins et al. (1995) extended the ODP data to depth by visually placing a 

line, which roughly bisects the outline for argillaceous sediments compiled by Neuzil 

(1994).  Because there were no permeability measurements at lower porosities, the 

constraints for permeability are limited.  Thus, it should be noted that the permeability-

porosity relationship predicted by Bekins et al. (1995) might not necessarily represent 

permeability values at lower porosities.  If the true permeability at lower porosities is 

lower than what is given by the permeability-porosity relationship, then the estimated 

pore pressure values will be underestimated.  For turbidites, permeabilities were assigned 

based on the permeability-porosity relationship (log (k) = -20.0+5.25n) used by Screaton 

and Ge (1997) and Saffer and Bekins (1998).  Permeabilities in the décollement were 

assigned using the hemipelagic permeability-porosity relationship, unless otherwise 

noted.  

The top boundary of the model was specified to be at hydrostatic pressure (λ* = 0) 

while the landward and bottom boundaries were set at no-flow.  The landward boundary 

was treated as no flow to prevent loss of fluids across the boundary.  The bottom 

boundary was treated also as a no-flow boundary, based on the assumption that the 

permeability of the oceanic crust is low compared to the sediments above.  This assumes 

that most fractures are filled in the 82 m.y old crust (Bekins et al., 1995).  The seaward 
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boundary was set at hydrostatic constant pressure to accommodate fluid flow through 

décollement during periods of hydrofracture.  The model builds up from the ocean crust 

above.  The ocean crust was assigned a permeability value of 10-23 m2, a porosity of 0.1 

and a matrix compressibility of 1.0 x 10-11 Pa-1.   

 

Figure 4-2. Grid and boundary conditions for the prism growth/flow model. 

To incorporate the effects of in situ temperature on viscosity, I applied temperature 

and heat flow boundary conditions, and used SUTRA to calculate temperature 

distribution.  The seafloor boundary was set at of 2o C (Bekins et al., 1994) while the heat 

flow at the base of the model was assigned as 55 mW m-2 (Ferguson et al., 1993) to 

produce temperatures consistent with those given in Davis and Hussong (1984) and 

Bekins et al. (1994).  The arcward and seaward boundaries were set as no heat flow 

boundaries.  Thermal conductivities and specific heat values for both fluid and solid 

matrix are given in Table 4-1.   
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Table 4-1. Fluid and solid matrix properties used for numerical simulations.  
Parameter Value 
Fluid compressibility [Pa-1] 4.40E-10

Fluid density [kg m-3] 1035 
Fluid specific heat [J kg-1°C-1] 4180 
Fluid thermal conductivity [J s-1 m-1 °C-1] 0.7 
Solid grain density [kg m-3] 2650 
Solid grain specific heat [J kg-1°C-1] 1000 
Solid grain thermal conductivity [J s-1 m-1 °C-1] 3.0 
 
Sedimentation and Loading Rates 

Sedimentation seaward of the deformation front and loading due to the over-riding 

prism were applied separately in two different phases (Table 4-2).  Sedimentation rates 

for phase one were calculated based on the biostratigraphy of Site 672.  During phase 

one, the incoming sediment column was built using 25 time steps of 2,680,000 years.  

The average initial sedimentation rate for each unit was based on the initial thickness of 

that unit and its corresponding deposition time as provided in the biostratigraphy of Site 

672.  The initial thickness of each unit (i.e., the thickness of the sediment layer prior to 

consolidation) was calculated based on an initial porosity of 0.70 and 0.60 for 

hemipelagics and turbidites respectively.  Final porosity was estimated based on bulk 

density data from Leg 171A, Site 1044 (Shipboard Scientific Party, 1998).  Porosity was 

estimated using a solid grain density of 2.65 g/cm3 and a fluid density of 1.035 g/cm3 as 

used in Screaton and Ge (2000).  According to Screaton and Ge (2000) the largest error 

associated in this conversion is due to the presence of smectite interlayer water, which 

will overestimate porosity values.  During phase two, prism-thickening rates were 

calculated using prism thickness at Site 671 and a convergence rate of 2 cm/yr.  Because 

the prism was built in segments, the number of loading steps used in phase two varied 

from 10 to 40 with a constant loading step size of 67,500 years. 
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Table 4-2. Summary of sedimentation and prism thickening rates calculated from 
biostratigraphy at Site 672. 

Site Unit Thickness 
(m) 

Time 
(Ma) 

Vertical loading 

    Initial sedimentation 
rate (m/yr) 

Prism thickening 
rate (m/yr) 

672 Accreted sediments  Present-5 2.60 x 10-3 3.90 x 10-5 
 Hemipelagics 173 5-18 1.50 x 10-6  
 Décollement 15 18-25 1.70 x 10-6  
 Turbidites 285 25-43 1.45 x 10-5  
 Hemipelagics 187 43-50 1.70 x 10-5  

 
According to Bekins et al. (1995), in deeper parts of the accretionary complex, fluid 

released from clay dehydration becomes important and had been used to explain the 

observed low-chloride anomalies at the toe of the prism.  Moreover, if the rate of fluid 

released during the dehydration reaction is high enough this mechanism could also 

contribute to the generation of excess pore pressures.  However, studies have not shown 

that fluids released during smectite dehydration are large enough to affect pore pressures.  

A fluid flow and budget study by Saffer and Bekins (1998) concluded that dehydration 

fluid sources are 10-1000 times smaller than fluid released from compaction sources and 

thus, calculated pore pressures are largely independent of the clay content.  Because the 

model used here only extends to 50 km from the deformation front while based on 

previous studies (e.g., Bekins et al., 1994) the smectite dehydration is important at 

distances >50 km from the deformation front, thus fluid sources from dehydration were 

not included in this study.   

Studies based on fluid budget modeling show that prism fluids do not contribute 

significantly to the décollement flow (Bekins and Screaton, 2006), thus prism fluid 

reaching the underthrust should be even be smaller.  However, elevated pore pressures 

within the prism due to sources could inhibit upward migration of fluid from the 
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décollement and underthrust sediment. Because prism sources were not included in this 

model, low permeabilities were assigned to the prism to compensate.  This approach was 

tested as part of the modeling. 

Results and Discussion 

In all of the model runs, the absence of prism sources was compensated for by 

assigning a very low permeability (1 x 10-26 m2) to the prism sediments.  This assumption 

creates a barrier between the bottom of the prism and the top of the décollement zone, 

which inhibits fluid flow in and out of the underthrust and thus predicting the maximum 

possible λ* value within the décollement and underthrust sediments.  To examine the 

validity of this approach, I performed a simulation with the same parameters as used by 

Bekins et al. (1995), except instead of including sources in the prism as they did, a 

permeability of 1 x 10-26 m2 was assigned to the prism sediments (Table 4-3).  The 

estimated λ* values from this simulation at 2.7 million years were in good agreement 

with those simulated in the underthrust sediments by Bekins et al. (1995).  Furthermore, 

the simulated λ* values at Site 949C and 948D were consistent to those values obtained 

from long term monitoring, as were the results from Bekins et al. (1995).  Modeled λ∗ 

values along the décollement were 0.31 at Site 949C and 0.48 at Site 948D while λ∗ 

values obtained from long term monitoring were 0.36 at Site 949C and 0.50 at Site 948D.  

This suggests that assigning a low permeability to the prism is a reasonable compensation 

for omitting prism sources.  The temperature distribution of the accretionary complex in 

this simulation is also in good agreement with that used by Bekins et al. (1994).   

For the base run simulation, there were several significant differences from the 

parameters used in Bekins et al. (1995).  The base run simulation contained both 
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hemipelagic and turbidite units whereas in Bekins et al. (1995), all sediment units were 

treated as hemipelagics.  In the base run, for hemipelagics, the same permeability-

porosity relationship (log (k) = -22.0+8.45n) as in Bekins et al. (1995) was used.  For 

turbidites a relationship with higher permeability was used (log (k) = -20.0+5.25n).  In 

addition, the décollement was assigned the same permeability-porosity relationship as for 

the hemipelagic sediments instead of using a higher permeability value as in Bekins et al. 

(1995) simulation.  The results of the base run indicate that maximum λ* extends from 

about 4 km arcward from the deformation front and laterally extends arcward with time 

(Figure 4-3).  At all four time periods, the maximum λ* value is contained in the area 

directly below the prism.  During the first 0.6 million years, the maximum λ* reached a 

value of 0.89 in the underthrust sediments and 0.9 in the décollement.  Both values 

increased by 0.03 between 0.6 and 1.3 million years.  After reaching a maximum λ* 

values of 0.93 in the underthrust and 0.94 in the décollement at the end of 2 million years 

the maximum λ* values decreased to 0.90 at 2.7 million years.  This decrease in λ* value 

with time may have result from the dissipation of pore pressures during the 2.7 million 

years of subduction.  It may be possible that some fluid will flow arcward within the 

turbidite layer (although it cannot flow out of the arcward boundary) thus, decreasing the 

peak pore pressures in the décollement and underthrust with time.  Calculations by 

Hanshaw and Bredehoeft (1968) shows that even if a high pore pressure region is 

surrounded by a low-permeability (10-21 m2) material the pore pressures cannot be 

maintained above 75 percent of the lithostatic stress for more than 10,000 years.  Based 

on these calculations, the excess pressures bleed off with time because the specific 

storage, which is a function of the pore volume and the compressibility of water and rock 
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is so low that only a very small amount of water needs to escape to drastically to lower 

the pore pressure (Byerlee, 1990).  However, it is difficult to confirm flow in the arcward 

direction based on the results of this study.   

The results of the base run has λ* values lower than the results of Bekins et al. 

(1995) by 0.1 at the deformation front, while having λ* values 0.2-0.3 higher 50 km 

arcward from the deformation front.  These differences are caused by the different 

parameters (permeability-porosity relationships in the décollement and turbidite unit) 

used in the two simulations.   

The λ* values of the base run provides the upper limit values of λ* within the 

décollement and the underthrust sediments because the sediments in the décollement and 

underthrust would not lose fluid to the prism sediments above.  Based on the estimated λ* 

values from the base run, the λ* values does not reach lithostatic during 2.7 million years 

of prism growth, and thus does not meet the criteria for horizontal hydrofracture in the 

décollement (λ* = 1).  However, it should be noted that it may be possible that at greater 

depths, addition of pressure due to smectite dehydration might be important, and may 

even increase pore pressures above lithostatic.  

Based on the results of the base run it was not possible to reach lithostatic pore 

pressures resulting in horizontal hydrofracture in the décollement.  However, according 

to the criteria given by Behrmann (1991), the λ* values needed for vertical hydrofracture 

is less than 1.  Furthermore, vertical focusing of flow has been observed by 3-D seismic 

images, which shows normal faults extending upward within the turbidite unit (Zhao and 

Moore, 1998).  If vertical hydrofracture could increase pore pressures in the décollement 

then it is possible for the pressures in the décollement to reach lithostatic.  To simulate 
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this scenario, I used the same parameters as used in the base run, and introduced vertical 

hydrofractures to the model within the underthrust unit.  The model assigned a higher 

vertical permeability value (1 x 10-13 m2) relative to the background bulk permeability, to 

those elements that have met the vertical hydrofracture criteria of λ* < 0.8.  Horizontal 

permeabilities were kept at the background bulk permeability.  The hydrofractures were 

vertically extended to the base of the décollement by assigning higher vertical 

permeability values to all elements above any element that meets the criteria.  This allows 

fluids to flow towards the décollement through the vertical hydrofractures.  The λ* values 

at the décollement were examined to see whether it has reached values greater than 

lithostatic, allowing horizontal hydrofracturing.   

The estimated λ* values in the décollement and in the underthrust sediments were very 

similar to those predicted from the base run.  Results indicate that adding vertical 

hydrofractures in the underthrust does not increase pore pressures in the décollement to 

lithostatic, causing horizontal hydrofracture.  One possible explanation would be that the 

amount of fluids entering the vertical hydrofracture is not sufficient to increase pore 

pressures to lithostatic.  The criterion for vertical hydrofracture was met within the 

turbidite unit, which has been previously suggested as a possible pathway for lateral flow 

(e.g., Henry, 2000).  It may also be possible that pore pressures reach lithostatic pressures 

and dissipate at smaller time frames than the loading step size used in this study (< 

67,500 yrs).   
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Figure 4-3.  Simulated λ* values for base run at 0.6, 1.3, 2.0, and 2.7 million years.   

Because vertical hydrofractures in the underthrust sediments did not increase pore 

pressures in the décollement to lithostatic, an alternative to hydrofracture was tested in 

which the décollement was assigned permeabilities based on a bulk permeability-

effective stress relationship.  The bulk permeability and vertical effective stress 

relationship was obtained from in-situ bulk permeability measurements that were made at 

varying effective stress values in a borehole that intersected the décollement zone (Fisher 

and Zwart, 1996).  This scenario tests the possibility of episodic fluid flow in the 

décollement while maintaining pore pressures that are close to lithostatic pressures at the 

base of the décollement.  The relationship is given by: log kbulk = -12.3-1.6σv where σv is 

the vertical effective stress in MPa [ML-1T-2] (Fisher and Zwart, 1996).  Based on this 

relationship, the upper extreme bulk permeability approaches 10-12 m2 when fluid 

pressure reaches lithostatic while the lower extreme of 10-18 m2 was predicted at 
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hydrostatic pressures (Fisher and Zwart, 1996).  All other sediment units were assigned 

permeabilities based on the permeability-porosity relationships for hemipelagics and 

turbidites.  The estimated maximum λ* value of 0.87 was reached at 2 million years 

(Figure 4–4).  During the first 0.6 million years the maximum λ* value was 0.69 and λ* 

gradually increased to 0.82 at 1.3 million years and to 0.87 at 2 million years.  At 2.7 

million years the maximum λ* value decreased to 0.85 from 0.87.  The décollement 

permeability at 4 km arcward of the deformation front (Site 948) is about 1 x 10-15 m2.   

Due to the bulk-permeability-vertical effective stress relationship, the bulk 

permeability increases with an effective stress decrease.  Thus, estimated λ* at shallow 

depths closer to the deformation front were lower than those estimated at the arcward 

end.  Because permeability in the décollement is higher at shallow depths, the 

overpressured fluids will escape through the high permeability décollement at the toe of 

the prism, reducing pore pressures.  At Site 949C the estimated λ* is 0.28 while the λ* at 

Site 948D is 0.48.  Compared to the values obtained from the long term monitoring, at 

Site 948D the λ* values fairly matched while at Site 949C the λ* value was 

underestimated by 0.08.  The lower λ* value at Site 949C can be explained by the higher 

permeabilities in the décollement (at low effective stress) relative to the décollement 

permeabilities at Site 948D which is located 4 km arcward of the deformation front.  In 

comparison to the results of the base run, the λ* values estimated here were only slightly 

lower.  This suggests that assigning a bulk permeability-vertical effective stress 

relationship into the décollement not only allows fluid to expel at the toe of the complex 

where effective stress is relatively low and permeability is high, but also maintains 
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relatively high pore pressures along the base of the prism thus, maintaining its narrow 

taper.    

To investigate the combined effect of both vertical hydrofracture and the 

décollement with the bulk permeability-effective stress relationship the two parameters 

were combined.  The maximum λ* (0.87) estimated from the combined simulation is 

similar to the maximum λ* estimated from bulk permeability-effective stress relationship 

in the décollement and in the underthrust (Table 4-3).   

Table 4-3. Summary of simulation runs with the estimated values of maximum λ∗ (λ∗max) 
in the underthrust and the décollement.  The location of the λ∗max is given seaward from 
the arcward end of the model during 2.7 million years of prism growth.   

 
However, the combined simulation indicate a slight variation in the λ* profile 

closer to the deformation front relative to those estimated using only the bulk 

permeability-effective stress relationship in the décollement (Figure 4-4).  The combined 

simulation predicts slightly higher values (by 0.02) of λ* ~28 km seaward from the 

arcward end (Figure 4-4).  This slightly high λ* may represent the minor effect of vertical 

hydrofracture.  The observed sudden increase in the λ* profiles closer to the deformation 

of both in the bulk permeability-effective stress simulation and the combined simulation 

may suggest a possible transient response.  However, these transient events probably 

Underthrust Décollement Run Unit log 
(k0)  

ϕ Vertical 
Hydro-
fracture 
(m2) 

kd 
(m2)  λ∗ 

max locati
on 

λ∗ 
max location 

Base Run Turbidites 
Hemipelagics 

-20 
-22 

5.25 
8.44 

NA NA 0.93 15.0 0.94 10.8 

Bekins et al. 
(1995)  

Turbidites 
Hemipelagics 

-22 
-22 

8.44 
8.44 

NA 10-15 0.64 39.0 0.64 0.40 

Vertical 
hydrofractur
e 

Turbidites 
Hemipelagics 

-20 
-22 

5.25 
8.44 

10-13 NA 0.93 15.0 0.94 10.8 

Varying kd Turbidites 
Hemipelagics 

-20 
-22 

5.25 
8.44 

10-13 kbulk-
σv 

0.87 10.0 0.87 12.0 

Vertical 
hydrofractur
e+ varying kd 

Turbidites 
Hemipelagics 

-20 
-22 

5.25 
8.44 

10-13 kbulk-
σv 

0.87 10.0 0.87 10.8 
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occur at smaller time periods than the time step used in this study and thus, examining the 

pore pressures at smaller time steps may provide insight to possible episodic flow events 

in the décollement.   
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Figure 4-4. Estimated λ* values in the décollement at 0.6, 1.3, 2.0 and 2.7 million years 
of prism growth for all simulations.   
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Conclusions 

The prism growth and flow model used in this study allows examination of pore 

pressure development as sediments subduct beneath the accretionary prism.  Simulations 

with the décollement given the same permeability as surrounding sediments predicted a 

maximum possible λ∗ value of 0.94 in the décollement.  Although the predicted λ∗ value 

was close to lithostatic pressures it was unable to reach lithostatic as speculated by 

previous studies, and thus would not produce horizontal hydrofracture in the décollement 

zone.  To test the effects of vertical hydrofractures on episodic fluid flow, vertical 

hydrofractures were introduced in the underthrust sediments based on a criteria presented 

by Behrmann (1991).  The results indicate that vertical hydrofractures were unable to 

increase pore pressures in the décollement, either due to lack of fluids entering the 

fracture increasing pore pressures or because pore pressures reached lithostatic pressures 

and were dissipated within a smaller time frame compared to the loading step used in this 

study.   

Another mechanism for episodic fluid flow was tested by assigning a bulk 

permeability-vertical stress relationship to the décollement.  The results of this simulation 

indicate that excess pore pressures close to lithostatic can be sustained at the base of the 

prism while fluid is expelled at the toe of the complex.  The results suggest that the 

décollement may not need to hydrofracture to generate transient lateral fluid flow.  With 

the bulk permeability-vertical effective stress relationship the décollement could 

potentially propagate fluid pulses towards the toe of the complex releasing fluids at the 

toe.  The effects of vertical hydrofracture and assigning the bulk permeability-effective 



103 

 

stress relationship in the décollement should be further investigated at smaller time steps 

to examine if possible episodic events occur in the décollement.
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CHAPTER 5 
SUMMARY AND CONCLUSIONS  

In fluid flow modeling studies, sediment permeability is the most important factor 

that controls modeled pore pressures.  In such studies, permeability is approximated 

based on a systematic relationship of permeability and porosity.  Marine sediments from 

Northern Barbados, Costa Rica, Nankai and Peru subduction zones were used in this 

study to examine permeability-porosity relationships based on depositional environment, 

grain size distribution and structural domain.  Results suggest moderate to high 

correlation between permeability and porosity for argillaceous sediments and little 

correlation for carbonate dominant sediments.  For argillaceous sediments, the 

classification based on location and grain size distribution provides greater correlation 

between permeability and porosity than the depositional environment of the sediment 

alone.  The effects of structural domain on permeability-porosity relationship could not 

be evaluated due to limited data.   

Elevated fluid pore pressures play a critical role in the development of accretionary 

complexes, including the development of the décollement zone.  A one-dimensional 

loading and fluid flow model was used to simulate excess pore pressures and porosities.  

Simulated excess pore pressure ratios (as a fraction of lithostatic pressure – hydrostatic 

pressure) using the best-fit permeability-porosity relationship were lower than predicted 

from previous studies.  The model was also used to test the sensitivity of excess pore 

pressure ratios in the underthrust sediments to bulk permeability, lateral stress in the 

prism, and a hypothetical low-permeability barrier at the décollement.  Results 
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demonstrated significant increase in pore pressures below the décollement with lower 

bulk permeability, such as obtained by using the lower boundary of permeability-porosity 

data, or when a low-permeability barrier is added at the décollement.  In contrast, pore 

pressures in the underthrust sediments demonstrated less sensitivity to added lateral 

stresses in the prism, although the profile of the excess pore pressure ratio is affected.  

Both simulations with lateral stress and a low-permeability barrier at the décollement 

resulted in sharp increases in porosity at the décollement, similar to that observed in 

measured porosities.  Furthermore, in both scenarios, maximum excess pore pressure 

ratios were found at the décollement suggesting that either of these factors would 

contribute to stable sliding along the décollement. 

Changes in fluid flow pressures and its distribution regulate the mode of 

deformation affecting the evolution of the accretionary complex.  To fully understand the 

development of pore pressures and thus, hypothesized episodic fluid flow, one should 

examine the pore pressure development through both space and time.  A two-dimensional 

prism growth and flow model was used to examine the pore pressure development 

through the evolution of the accretionary complex and mechanics of episodic fluid flow.  

Results indicate λ* values (0.94) close to lithostatic pressures.  However, estimated λ* 

values were unable to reach lithostatic pressures thus not allowing horizontal 

hydrofracture in the décollement zone.  Vertical hydrofractures were introduced in the 

underthrust sediments to examine whether they would increase pore pressures in the 

décollement.  The results indicate that vertical hydrofractures were unable to increase 

pore pressures in the décollement zone, either due to lack of fluids entering the fracture 

increasing pore pressures or pore pressures reached lithostatic pressures and were 
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dissipated within a smaller time frame compare to the time step used in this study.  To 

examine another possible mechanism for episodic fluid flow, a bulk permeability-vertical 

stress relationship was assigned to the décollement.  Results indicate that excess pore 

pressures close to lithostatic can be sustained at the base of the prism while fluid is 

expelled at the toe of the complex.  This further suggest that décollement may not need to 

hydrofracture initiating transient lateral fluid flow because the bulk permeability-vertical 

effective stress relationship could propagate fluid pulses towards the toe of the complex 

releasing fluids at the toe of the prism.  However, the effects of vertical hydrofracture and 

assigning the bulk permeability-effective stress relationship in the décollement should be 

further investigated at smaller time steps to examine if episodic events occur in the 

décollement.  



 

APPENDIX 
LISTING OF PERMEABILITY, POROSITY, GRAIN SIZE DATA WITH 

REFERENCES USED IN THIS STUDY  
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Table A-1. Listing of permeability, porosity, grain size data with references used in this study.  † Grain size and carbonate data were 
assigned based on the grain size data available for similar samples from Screaton et al. (2005) for Costa Rica 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

Barbados     log k (m2)       
Sand       

(>63 µm) 
Silt        

(63-4 µm)
Clay       

(<4 µm)     

156-948C-13X-3*  

Vrolijk et al. in 
Zwart et al. 
(1997) 530.4 -18.3098 4.9000E-19 0.55 Underthrust Gray claystone 0 8 92   

Meyer and Fisher 
(1997) 

                          

156-949C-2X-1*  

Maltman et al.  
in Zwart et al. 
(1997) 254.08 -17.3279 4.7000E-18 0.62 Prism Gray claystone 0 9 91   

Meyer and Fisher 
(1997)  

      -17.3468 4.5000E-18 0.61               
      -17.7799 1.6600E-18 0.59               
      -17.7852 1.6400E-18 0.59               
      -17.8386 1.4500E-18 0.59               
      -17.8861 1.3000E-18 0.58               
      -17.8665 1.3600E-18 0.57               
      -18.0000 1.0000E-18 0.57               
      -18.5229 3.0000E-19 0.56               
                          

156-949C-15X-5* 
Bruckmann et al. 
(1997) 366.23 -15.0937 8.0600E-16 0.70 Prism 

Light olive-
gray claystone 0 9 91   

Meyer and Fisher 
(1997)  

      -16.3788 4.1800E-17 0.69               
      -17.4855 3.2700E-18 0.69               
                          

156-949C-19X-1*   399.2 -16.9508 1.1200E-17 0.62 Decollement 

Yellowish 
brown 
claystone 3 12 85   

Meyer and Fisher 
(1997)  

      -17.4855 3.2700E-18 0.62               
      -17.7878 1.6300E-18 0.61               
                          

156-949C-22X-1*   428.75 -17.1046 7.8600E-18 0.55 Decollement 
Light brownish 
gray claystone 1 7 92   

Meyer and Fisher 
(1997)  

      -17.4353 3.6700E-18 0.55               

 



 

 

109

Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference
      -17.9508 1.1200E-18 0.54               
                          

110-671B-9H-2* 
Taylor and 
Leonard (1990) 76.8 -16.0836 8.2492E-17 0.57 Prism Marl 7 18 76 29.7 

Taylor and 
Leonard (1990) 

                        

110-672A-2H-3   7.7 -14.5933 2.5508E-15 0.67 

Reference site 
(incoming 
sediments) 

Calcareous 
Mud 20 35 44 35 

Taylor and 
Leonard (1990)  

             

110-672A-19X-3*   165.8 -15.6186 2.4064E-16 0.67 

Reference site 
(incoming 
sediments) 

Calcareous 
Mud 0 33 67 0 

Taylor and 
Leonard (1990)  

             

110-672A-19X-3*   165.9 -16.2622 5.4674E-17 0.67 

Reference site 
(incoming 
sediments) 

Calcareous 
Mud 0 33 67 0 

Taylor and 
Leonard (1990)  

                          

110-676A-9H-3*   77.2 -15.7134 1.9348E-16 0.56 Prism 
Calcareous 
Mud 13 44 43 38.01 

 Taylor and 
Leonard (1990)  

                          

110-676A-12X-3*   105.6 -15.8234 1.5016E-16 0.49 Prism 
Calcareous 
Mud 2 23 75 22.23 

 Taylor and 
Leonard (1990)  

                          
Nankai                         

190-1173A-22H-2*  
Gamage and 
Screaton (2003) 199.9 -16.2857 5.1793E-17 0.57 

Reference site 
(incoming 
sediments) Silty clay  1 48 51   

Steurer and 
Underwood 

(2003) 

      -16.3924 4.0516E-17 0.56               

      -16.4064 3.9227E-17 0.55               

                          

190-1173A-31X-1*   284.59 -16.7012 1.9896E-17 0.62 

Reference site 
(incoming 
sediments) 

Silty claystone 
to clayey 
siltstone 2 39 59   

Steurer and 
Underwood 

(2003)  

      -16.8898 1.2888E-17 0.60               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

190-1173A-39X-5*   367.07 -17.6054 2.4809E-18 0.41 

Reference site 
(incoming 
sediments) 

Silty 
claystone, 
moderate 
biotuebation 1 55 44   

Steurer and 
Underwood 

(2003)  

      -17.6594 2.1909E-18 0.36               

      -17.8175 1.5224E-18 0.33               

                         

190-1173A-41X-
CC*   388.75 -17.6026 2.4970E-18 0.45 

Reference site 
(incoming 
sediments) 

Silty 
claystone, 
mottled due to 
moderate 
bioturbation  1 51 48   

Steurer and 
Underwood 

(2003)  

      -17.7780 1.6674E-18 0.43               

      -17.9266 1.1841E-18 0.43               

                          

190-1173A-46X-1*   428.59 -17.7192 1.9090E-18 0.45 

Reference site 
(incoming 
sediments) Silty claystone 0 31 69   

Steurer and 
Underwood 

(2003)   

      -17.8152 1.5304E-18 0.43               

      -17.9036 1.2485E-18 0.41               

                          

                          

190-1174B-42R-3*    538.23 -17.1027 7.8938E-18 0.37 Prism 

Silty 
claystone, 
altered ash 1 44 56   

 Steurer and 
Underwood 

(2003)  

      -17.6960 2.0137E-18 0.34               

      -17.8152 1.5304E-18 0.32               

                          

190-1174B-59R-5*   704.95 -18.2824 5.2196E-19 0.32 Prism Silty claystone 1 32 68   

 Steurer and 
Underwood 

(2003)  

      -18.4495 3.5522E-19 0.30               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

      -18.5281 2.9642E-19 0.28               

190-1174B-69R-2*   795.17 -18.0686 8.5382E-19 0.29 Prism 

Silty 
claystone, 
bioturbated 
throughout, 
scattered worm 
tubes 1 37 62   

Steurer and 
Underwood 

(2003)   

      -18.2354 5.8156E-19 0.28               

      -18.5449 2.8514E-19 0.26               

                          

190-1174B-74R-1*   842.75 -18.1909 6.4439E-19 0.30 Underthrust 

Silty 
claystone-
carbonate 
cemented 0 26 74   

Steurer and 
Underwood 

(2003)   

      -18.2074 6.2023E-19 0.28               

      -18.3246 4.7363E-19 0.27               

                          

190-1177A-25R-2* 
Hays (unpubl. 
data) 533.2 -17.7878 1.6300E-18 0.45 

Reference site 
(incoming 
sediments) 

Silty 
claystone, 
moderate 
bioturbation 0 30 70   

Steurer and 
Underwood 

(2003)    

      -17.9700 1.0715E-18 0.42               

      -18.0850 8.2224E-19 0.40               

                          

190-1177A-46R-2*   732.54 -17.8133 1.5371E-18 0.37 

Reference site 
(incoming 
sediments) 

Silty 
claystone, 
local carbonate 
cementation 38 27 32   

Steurer and 
Underwood 

(2003)    

      -18.2880 5.1523E-19 0.36               

                          

Costa Rica                         
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

170-1039B-10H-2 
Saffer et al. 
(2000) 80.85 -16.4000 3.9811E-17 0.62 

Reference site 
(incoming 
sediments) 

Upper 
hemipelagic 
sec: diatom 
ooze with ash           

      -16.4000 3.9811E-17 0.68               

      -16.0000 1.0000E-16 0.75               

      -15.9000 1.2589E-16 0.75               

                          

170-1039B-16X-8   141.54 -17.6000 2.5119E-18 0.67 

Reference site 
(incoming 
sediments) 

Upper 
hemipelagic 
section: 
calcareous clay           

      -17.1000 7.9433E-18 0.68               

      -16.4000 3.9811E-17 0.76               

      -15.5000 3.1623E-16 0.79               

      -14.8000 1.5849E-15 0.80               

                          

170-1039B-26X-6   237.25 -15.5000 3.1623E-16 0.53 

Reference site 
(incoming 
sediments) 

Pelagic 
section: 
siliceous 
nannofossil 
ooze           

      -15.2000 6.3096E-16 0.56               

      -15.3000 5.0119E-16 0.58               

      -15.0000 1.0000E-15 0.59               

      -14.8000 1.5849E-15 0.61               

      -14.2000 6.3096E-15 0.62               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

170-1040C-30R-4     -15.1000 7.9433E-16 0.79 Underthrust 

Upper 
hemipelagic 
section: silty 
clay stone with 
ash layers           

      -15.8000 1.5849E-16 0.78               

      -16.8000 1.5849E-17 0.69               

      -16.9000 1.2589E-17 0.72               

                          

205-1253-2R-4*  
McKiernan and 
Saffer (2005) 380.07 -15.9889 1.0260E-16 0.46 

Reference site 
(incoming 
sediments) 

Calcareous 
mudstones †1 49 50 57.41 

Screaton et al. 
(2005) 

                          

205-1253-3R-2*   386.83 -16.2952 5.0680E-17 0.50 

Reference site 
(incoming 
sediments) 

Calcareous 
mudstones  †2 43 55 47.41 

Screaton et al. 
(2005) 

                          

205-1253-4R-1*   394.91 -16.9024 1.2520E-17 0.47 

Reference site 
(incoming 
sediments) 

Calcareous 
mudstones  †8 50 42 _ 

 Screaton et al. 
(2005) 

                          

205-1254-16R-4    366.74 -18.5810 2.6240E-19 0.39 Decollement 
Hemipelagic 
mudstones †6 39 55 1.43 

 Screaton et al. 
(2005) 

                          

205-1255-2R-CC*    134.89 -19.0337 9.2540E-20 0.32 Underthrust 
Hemipelagic 
mudstones †3 46 51 4.67 

Screaton et al. 
(2005) 

      -15.3177 4.8120E-16 0.50               

      -17.1045 7.8620E-18 0.47               

      -17.8170 1.5240E-18 0.44               

      -18.3405 4.5660E-19 0.39               

      -18.8283 1.4850E-19 0.32               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

205-1255-3R-CC*   146.48 -19.0201 9.5480E-20 0.41 Underthrust 
Hemipelagic 
mudstones †1 34 65 1.59   

                          

205-1255-4R-CC*   152.38 -19.1157 7.6610E-20 0.26 Underthrust 
Hemipelagic 
mudstones  †1 34 65 1.77 

Screaton et al. 
(2005) 

      -17.0106 9.7580E-18 0.65               

      -17.0708 8.4950E-18 0.65               

      -17.7881 1.6290E-18 0.57               

             

170-1040C-38R-2 
Screaton et al. 
(2005) 518 -14.8827 1.3100E-15 0.57 Underthrust 

Pelagic 
section: 
siliceous 
nannofossil 
chalk 1 54 46 89.66 

Screaton et al. 
(2005) 

      -14.9208 1.2000E-15 0.55               

      -14.9706 1.0700E-15 0.54               

                          

170-1040C-46R-4*   598 -14.9957 1.0100E-15 0.60 Underthrust 

Pelagic 
section: 
calcareous 
diatomite and 
breccia 1 58 41 69.75 

Screaton et al. 
(2005)  

      -15.0400 9.1200E-16 0.59               

      -15.0526 8.8600E-16 0.58               

                          

205-1253ª-02R-3*   379 -15.1656 6.8300E-16 0.66 

Reference site 
(incoming 
sediments) 

Pelagic 
section: 
nannofossil 
chalk with 
diatom 1 49 50 57.41 

 Screaton et al. 
(2005) 

      -15.2255 5.9500E-16 0.64               

      -15.2660 5.4200E-16 0.62               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

 
205-1253A-03R-1*   386 -15.0177 9.6000E-16 0.71 

Reference site 
(incoming 
sediments) 

Pelagic 
section: 
nannofossil 
chalk with 
diatom 2 43 55 47.41 

Screaton et al. 
(2005) 

      -15.2652 5.4300E-16 0.69               

      -15.3872 4.1000E-16 0.67               

                          

205-1255A-02R-
CC*   135 -17.5129 3.0700E-18 0.57 Underthrust 

Lower 
hemipelagic 
section 3 46 51 4.67 

Screaton et al. 
(2005) 

      -17.6216 2.3900E-18 0.56               

      -17.7721 1.6900E-18 0.53               

                          

205-1255A-03R-
CC*   147 -17.7570 1.7500E-18 0.49 Underthrust 

Lower 
hemipelagic 
section 1 34 65 1.59 

Screaton et al. 
(2005)  

      -17.7595 1.7400E-18 0.47               

      -17.7852 1.6400E-18 0.46               

                          

205-1255A-04R-
CC*   152 -17.4425 3.6100E-18 0.66 Underthrust 

Lower 
hemipelagic 
section 1 34 65 1.77 

Screaton et al. 
(2005) 

      -17.5229 3.0000E-18 0.64               

      -17.6421 2.2800E-18 0.59               

                          

Peru                         

201-1231B-3H* 
Gamage et al. 
(2005)  17.1 -16.5031 3.1400E-17 0.89 Peru Basin 

Diatom rich 
clay and 
Diatom ooze  22 67 11   

Aiello (unpubl. 
data) 

      -16.9914 1.0200E-17 0.87               

      -17.1694 6.7700E-18 0.86               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

      -17.4634 3.4400E-18 0.85               

                          

201-1231B-6H*   44.1 -15.8268 1.4900E-16 0.85 Peru Basin 
Silt with some 
volcanic glass 11 46 43   

Aiello (unpubl. 
data) 

      -16.2708 5.3600E-17 0.83               

      -16.6038 2.4900E-17 0.82               

      -16.8210 1.5100E-17 0.80               

                          

201-1231B-9H   75.7 -15.1107 7.7500E-16 0.59 Peru Basin 
Nannofossil 
ooze 54 46 0   

Aiello (unpubl. 
data) 

      -15.2472 5.6600E-16 0.58               

      -15.3420 4.5500E-16 0.57               

      -15.3706 4.2600E-16 0.56               

                          

201-1231B-13H   112.1 -15.3344 4.6300E-16 0.66 Peru Basin 
Nannofossil 
ooze 38 62 0   

Aiello (unpubl. 
data) 

      -15.3883 4.0900E-16 0.65               

      -15.4225 3.7800E-16 0.64               

      -15.4365 3.6600E-16 0.63               

                          

201-1230A-4H   31 -16.7328 1.8500E-17 0.68 
Lower slope of 
Peru trench 

Diatom ooze 
with some clay 
and silt       

      -16.7696 1.7000E-17 0.67               

      -16.8861 1.3000E-17 0.66               

      -16.9393 1.1500E-17 0.64               

                          

201-1230A-9H   70.7 -16.2403 5.7500E-17 0.68 
Lower slope of 
Peru trench 

Diatom ooze 
with some clay 
and silt       
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

      -16.3726 4.2400E-17 0.68               

      -16.4698 3.3900E-17 0.67               

      -16.5100 3.0900E-17 0.67               

                          

201-1230A-31X*   230.8 -16.4789 3.3200E-17 0.53 
Lower slope of 
Peru trench 

Diatom ooze 
with some clay 
and silt 13.74 59.41 17.86  

Aiello (unpubl. 
data) 

      -16.7122 1.9400E-17 0.49               

      -16.7878 1.6300E-17 0.48               

      -16.8327 1.4700E-17 0.45               

                          

201-1230A-35X*   252.1 -16.6946 2.0200E-17 0.58 
Lower slope of 
Peru trench 

Diatom ooze 
with some clay 
and silt 0.01 80.97 19.02  

Aiello (unpubl. 
data) 

      -16.7471 1.7900E-17 0.55               

      -16.8508 1.4100E-17 0.53               

      -16.9031 1.2500E-17 0.51               

                          

201-1227A-3H   19.3 -15.6216 2.3900E-16 0.71 
Shallow Peru 
trench Silt           

      -15.7471 1.7900E-16 0.69               

      -15.8125 1.5400E-16 0.67               

      -15.9469 1.1300E-16 0.64               

                          

201-1227A-12H   101.9 -15.6091 2.4600E-16 0.70 
Shallow Peru 
trench 

Diatom ooze/ 
nannofossil/silt           

      -15.7447 1.8000E-16 0.68               

      -15.7959 1.6000E-16 0.67               

      -15.9788 1.0500E-16 0.66               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

201-1226B-4H   24.8 -15.1694 6.7700E-16 0.76 
Equatorial 
pacific 

Nannofossil 
oozes and 
diatom oozes 18 64 18   

Aiello and Kellett 
(unpubl. data) 

      -15.2708 5.3600E-16 0.74               

      -15.3288 4.6900E-16 0.73               

      -15.3726 4.2400E-16 0.73               

                          

201-1226B-26H   239.6 -15.5171 3.0400E-16 0.67 
Equatorial 
pacific 

Nannofossil 
oozes and 
diatom oozes 33 57 10   

Aiello and Kellett 
(unpubl. data) 

      -15.5143 3.0600E-16 0.67               

      -15.5346 2.9200E-16 0.66               

      -15.5436 2.8600E-16 0.65               

                          

201-1226B-43X   381.2 -16.8041 1.5700E-17 0.62 
Equatorial 
pacific 

Nannofossil 
oozes and 
diatom oozes 14 67 19   

Aiello and Kellett 
(unpubl. data) 

      -16.8539 1.4000E-17 0.58               

      -16.9066 1.2400E-17 0.57               

      -16.9914 1.0200E-17 0.56               

                          

201-1226B-46X   409.4 -17.7328 1.8500E-18 0.58 
Equatorial 
pacific 

Nannofossil 
oozes and 
diatom oozes 13 71 16   

Aiello and Kellett 
(unpubl. data) 

      -17.8508 1.4100E-18 0.56               

      -17.8761 1.3300E-18 0.53               

      -17.9031 1.2500E-18 0.52               
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

201-1225A-4H   24.7 -15.4425 3.6100E-16 0.78 
Equatorial 
pacific 

Nannofossil 
ooze and some 
diatom, 
radiolarian and 
foram oozes 26 62 12   

Aiello and Kellett 
(unpubl. data) 

      -15.5498 2.8200E-16 0.75               

      -15.7878 1.6300E-16 0.73               

      -15.7011 1.9900E-16 0.71               

                          

201-1225A-10H   83.2 -15.6180 2.4100E-16 0.68 
Equatorial 
pacific 

Nannofossil 
and some 
diatom oozes 31 58 11   

Aiello and Kellett 
(unpubl. data) 

      -15.6757 2.1100E-16 0.66               

      -15.7721 1.6900E-16 0.65               

      -15.8447 1.4300E-16 0.64               

                          

201-1225A-26H   242.7 -15.1688 6.7800E-16 0.68 
Equatorial 
pacific 

Nannofossil 
and diatom 
oozes 21 79 0   

Aiello and Kellett 
(unpubl. data) 

      -15.2211 6.0100E-16 0.66               

      -15.2807 5.2400E-16 0.65               

      -15.3478 4.4900E-16 0.64               

                          

201-1225A-34H   309.7 -15.6253 2.3700E-16 0.64 
Equatorial 
pacific 

Nannofossil 
and diatom 
oozes 17 73 10   

Aiello and Kellett 
(unpubl. data) 

      -15.6596 2.1900E-16 0.63               

      -15.7212 1.9000E-16 0.62               

   -15.7423 1.8100E-16 0.61        
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Table A-1. Continued 

Location 
Permeability 

Reference 
Depth 
(mbsf) Permeability Porosity

Structural 
domain Lithology Grain Size (wt %) 

Carbonate 
(wt%) 

Grain Size and 
Carbonate 

(wt%) Reference

                
Sand (>75 

µm) 
Silt (75-5 

µm) 
Clay  

 (<5 µm)     

112-679C-8H-2 
Masters and 
Christian (1990) 68.9 -16.5394 2.8880E-17 0.69 Peru shelf 

Diatomaceous 
silty soils 9 65 26   

Masters and 
Christian, 1990 

      -16.2384 5.7756E-17 0.69               

      -16.3176 4.8128E-17 0.69               

      -15.9791 1.0493E-16 0.74               

      -16.1135 7.7002E-17 0.74               

      -16.1189 7.6050E-17 0.74               

      -15.5394 2.8880E-16 0.79               

      -15.5852 2.5990E-16 0.79               

      -15.2384 5.7756E-16 0.81               

      -15.4725 3.3690E-16 0.81               

      -15.5394 2.8880E-16 0.81               

      -15.6943 2.0216E-16 0.81               

      -15.7378 1.8289E-16 0.81               

      -15.9026 1.2514E-16 0.81               

                          

112-681C-2H-3   10.3 -16.5694 2.6953E-17 0.57 
Peru upper 
slope 

Diatomaceous 
silty soils 35 61 4   

Masters and 
Christian, 1990  

      -16.4145 3.8503E-17 0.57               

      -16.3538 4.4279E-17 0.57               

      -16.6364 2.3099E-17 0.59               

      -16.3831 4.1390E-17 0.59               

      -16.3176 4.8128E-17 0.59               

      -16.2457 5.6794E-17 0.64               

      -16.1777 6.6420E-17 0.64               

      -16.1028 7.8922E-17 0.64               
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