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6.1 Introduction
Sediments blanketing oceanic igneous basement rocks control the communication between
fluid within the crust and the oceans. Seafloor sediments have low permeability (e.g. Pearson
and Lister, 1973; Bryant et al., 1975; Marine Geotechnical Consortium, 1985; Saffer et al.,
2000) relative to the extrusive basalt that comprises the upper permeable portion of the
basaltic basement (Fisher, 1998; Chapter 7). Therefore, sediments can be viewed as a leaky
confining layer that hydrologically isolates the basement from the overlying ocean. As
sediments gradually accumulate on oceanic crust, they change the nature of fluid circulation. Where sediment cover on basaltic basement is not continuous, fluid often flows
laterally in the upper portion of the basement between basalt outcrops (e.g. Williams et al.,
1979; Langseth et al., 1984). Where sediment cover is continuous, the sediment hydraulic
impedance (resistance to fluid flow) exerts an important control on the degree to which the
basement aquifer and the ocean remain coupled (Karato and Becker, 1983; Fisher et al.,
1994; Snelgrove and Forster, 1996; Giambalvo et al., 2000).
In changing the nature of hydrothermal circulation, sediment accumulation potentially
affects the transition from advective to conductive heat flow through the seafloor (Anderson
and Hobart, 1976; Sclater et al., 1976; Stein and Stein, 1994a; Chapter 10), the nature of
hydrothermal alteration of the crust (Alt and Teagle, 1999; Chapter 15), the evolution of
crustal properties such as seismic velocity (Jacobson, 1992; Chapter 5), and the chemistry
of the ocean via the exchange of solutes (e.g. Mottl and Wheat, 1994; Chapters 19 and 21).
The degree to which sediments isolate the basement influences basement fluid temperature,
circulation patterns, and residence time (Chapters 8 and 11) – each of which affect the
exchange of reactive solutes (e.g. Ca, Mg, Na, and K) between the crust and ocean (e.g.
Maris and Bender, 1982; Mottl, 1989; Wheat and Mottl, 1994; Chapters 19 and 21). Fluids
that react with sediment while entering or exiting the crust, modify the sediment and affect
the exchange of additional reactive solutes (e.g. SiO2 , SO4 , PO4 , and NH4 ; (Williams
et al., 1979; Mottl, 1989; Wheat and McDuff, 1994, 1995; Wheat and Mottl, 1994; Davis
et al., 1997a, b; Giambalvo et al., 2002; Chapter 16).
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The permeability of typical seafloor sediments ranges over at least seven orders of magnitude, from ∼10−19 to ∼10−12 m2 (e.g. Bryant and Rack, 1990), depending on sediment
type and porosity. Sediment permeability (the capacity of the sediment to transmit fluid)
is controlled by size and interconnectedness of interstitial pores, and the tortuosity of fluid
flow paths; such factors are in turn controlled by the grain-size distribution, grain shape,
and porosity. Sediment hydraulic impedance, which controls the rate of fluid flow through a
sediment column, is a function of both sediment permeability and thickness. For sediment
columns ranging from 10 to 100 m thick, the hydraulic impedance can vary by five orders of
magnitude for typical sediment types (Section 6.5.2). As a result, the nature of fluid circulation in partially or continuously sedimented regions can depend strongly on the distribution
of sediment thickness, which varies laterally, and on sediment type, which can vary both
laterally and with depth in the section (e.g. Snelgrove and Forster, 1996; Giambalvo et al.,
2000). The general influence of sediments on fluid and heat exchange between the crust
and the ocean has been recognized for many years (e.g. Lister, 1972). Corresponding trends
of increasing sediment thickness with increasing lithospheric age, and increasing observed
heat flux relative to a reference conductive cooling model with increasing lithospheric age,
suggest that as their thickness increases, sediments hydraulically seal the crust and limit
thermally significant fluid flow (Anderson and Hobart, 1976). Some controversy exists over
the nature of sealing, for while average heat flux at some young well-sedimented sites are
in agreement with conductive cooling models (e.g. Sclater et al., 1976; Davis and Lister,
1977; Langseth et al., 1983, 1988; Davis et al., 1999), in a global average sense there is no
clear difference between heat flux in well-sedimented and poorly sedimented areas (Stein
and Stein, 1994b). Nevertheless, it is clear that sediments affect crustal fluid flow in two
ways: (1) by impacting the rate of diffuse fluid flow (and therefore heat transport) through
the seafloor, and (2) by controlling the pattern of fluid flow from the basaltic basement,
including the focusing of fluid discharge to outcrops.
In this chapter, we will discuss the distribution of marine sediments, explain how sediment
permeability measurements are made, and define sediment characteristics that influence
hydraulic properties. We place sediment distribution and property variations in perspective
of global and local flow by estimating limits on fluid, heat, and chemical fluxes through
sediments of various types and thicknesses. Finally, we discuss the potential influence of
sediments on the nature of fluid circulation in the basement aquifer.

6.2 Distribution of sediment in ocean basins
6.2.1 Global distribution by type
The pattern of ocean sediment deposition and accumulation is a function of the location
of sediment sources, the nature of sediment transport, and the effects of weathering and
diagenesis. We discuss the distribution of six general sediment types: three types of pelagic
sediment that accumulate in most ocean areas (calcareous sediments, biogenic siliceous
sediments, and pelagic red clays), two sediment types that are locally significant (terrigenous
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and volcanogenic sediments), and one sediment type restricted to high latitudes (ice-rafted
sediments).
Calcareous sediments represent 74% of the mass of pelagic sediments, and approximately 41% of the mass of all ocean sediments (Hay et al., 1988). Calcareous sediments
are composed primarily of calcium carbonate tests (invertebrate shells or skeletal remains).
The regional distribution of calcareous sediments is controlled by surface productivity and
the preservation of material at depth (Barron and Whitman, 1981). Surface production of
carbonate is controlled by the supply of limiting nutrients, and therefore by ocean circulation patterns. High productivity is found in areas of intense upwelling (e.g. along western
continental margins) and divergent ocean currents (e.g. the equatorial Pacific; Millero,
1996). Because calcium carbonate solubility increases with depth (i.e. with increasing pressure, decreasing temperature, and increasing partial pressure of CO2 ) the oceans become
undersaturated with respect to calcium carbonate at great depth (Millero, 1996). Below
the carbonate compensation depth (the CCD, typically lying at about 4,000 m) the rate
of carbonate dissolution exceeds the supply of carbonate into the system. Well-preserved
calcium carbonate tests in surface sediments above the CCD indicate that most carbonate
dissolution occurs at the seafloor; there is little dissolution of particles as they settle through
the water column (Parker and Berger, 1971; Edmond, 1974).
Calcareous sediments are the dominant pelagic sediment type where the seafloor is above
the CCD, generally close to mid-ocean ridge axes (Fig. 6.1; Barron and Whitman, 1981).
They also accumulate along the Hawaii–Emperor seamount chain, which rises above the
surrounding north Pacific basin. As young crust moves away from the mid-ocean ridge,
it cools and subsides; the seafloor passes below the CCD and the accumulation of noncarbonate sediment dominates. The combination of subsidence and the depth-dependence
of carbonate stability results in the base of many sediment columns throughout the ocean
being dominated by calcareous sediment.
Siliceous sediment, composed of biogenic silica, is the dominant sediment type where
surface plankton productivity is high and the seafloor lies below the CCD. Siliceous sediments are composed mostly of opaline silica tests, primarily from diatoms and radiolarians.
High surface productivity areas for plankton with siliceous tests are generally the same
as those for carbonates. Radiolarians dominate equatorial belts in the Pacific and Indian
Oceans, and both radiolarians and diatoms are common in coastal upwelling zones (Kastner,
1981). High diatom productivity extends further into high latitudes than the zones of high
carbonate productivity, resulting in a continuous belt of siliceous sediments at ∼60◦ S latitude (Fig. 6.1; Kastner, 1981). The shape of the Atlantic Ocean prohibits the development
of equatorial current divergence. As a result, biogenic silica production is relatively low,
and there is no Atlantic equatorial belt of siliceous sediments (Barron and Whitman, 1981).
Siliceous sediments make up approximately 6% of pelagic sediments by mass, and 3% of
the mass of all seafloor sediments (Hay et al., 1988).
Pelagic red clays make up the remainder (∼19% by mass) of the pelagic sediments,
or ∼10% of the mass of all seafloor sediments (Hay et al., 1988). Pelagic red clay is
derived from the settling of airborne dust into the oceans. Large dust sources are located in
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Fig. 6.1 Distribution of dominant seafloor sediment types (data from Barron and Whitman, 1981).
Sediment hydrologic properties vary with sediment type, therefore the distribution of sediment types
influences the fluid communication between the ocean and lithosphere. Carbonates primarily accumulate in relatively shallow waters near mid-ocean ridges, where the seafloor is above the carbonate
compensation depth. Belts of siliceous sediments accumulate in the equatorial Pacific and Indian
Oceans and in the southern ocean, where biological productivity is high. Pelagic red clays accumulate
in relatively deep water near 30◦ N and 30◦ S.

sub-tropical dry zones (centered on the descending branches of Hadley cells, ∼30◦ N and
30◦ S latitudes) and leeward of large mountain ranges. The composition of pelagic red
clays can vary depending on the composition of the source area, but they frequently contain
large amounts of illite and quartz (products of arid mechanical weathering; Barron and
Whitman, 1981). Their distribution on the seafloor is controlled by wind patterns, wind
strength, particle size, and precipitation patterns. Pelagic red clay is the dominant sediment
where the seafloor is below the CCD and biogenic silica productivity in the surface water is
relatively low, generally in deep water near 30◦ N and 30◦ S (Fig. 6.1; Barron and Whitman,
1981).
Terrigenous sediments constitute the largest mass fraction (47%) of seafloor sediments
(Hay et al., 1988), but they cover a limited area relative to pelagic sediments. Terrigenous
sediments are the products of mechanical and chemical weathering input to the oceans by
rivers. Their composition varies with the lithology and climate of the source area. Thick
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accumulations of terrigenous sediments are concentrated on and adjacent to continental
margins, near the mouths of major rivers (Fig. 6.1). The amount of sediment input from
rivers depends on topography, climate, and the efficiency of erosion (Vail et al., 1991).
For example, as sea level fell periodically throughout much of the Pleistocene (Shackleton,
1987), rivers incised their valleys in response to lowered base levels (Vail et al., 1991). As a
result, average Pleistocene sediment discharge from rivers was large relative to the present
(Barron and Whitman, 1981). Sediment discharge varied dramatically between high and
low sea level stands, and times of transgression and regression; modern rates are relatively
low. In the discussion of sediment physical properties that follows (Section 6.4), terrigenous
sediments are sub-divided into turbidites and hemipelagic sediment. The turbidites that we
discuss are generally fine-grained (silty) sediments deposited from turbidity currents or
surges, but can include coarse, highly permeable intervals. The fine-grained turbidites tend
to have a much lower permeability than the sandy turbidites (see Section 6.4.2). For vertical
fluid flow through layered sediments, the effective permeability of the sediment column is
controlled by the low-permeability layers; high-permeability sand layers have very little
impact on vertical fluid flow (e.g. Giambalvo et al., 2000). Hemipelagic sediment is fine
grained with a significant terrigenous component that is shed off the continental margin and
is transported by means other than turbid gravity flow.
Ice-rafted sediments are mechanically weathered sediments transported by icebergs.
Their composition varies with the source rocks; they often contain lithic fragments, quartz,
chlorite, and illite (products of mechanical weathering; Barron and Whitman, 1981).
Because their distribution is restricted to areas of the ocean commonly containing icebergs, the accumulation of ice-rafted sediment is limited in both time and space. Significant
deposition of ice-rafted sediment occurs only when continental glaciers reach the ocean;
the oldest ice-rafted ocean sediments are Miocene (Barron and Whitman, 1981). Ice-rafted
sediments are the dominant sediment type poleward of ∼60◦ N and 60◦ S (Fig. 6.1).
Volcanogenic sediments, primarily ash and glass, are derived from both subaerial and
submarine volcanoes. They are concentrated near subduction zones and mid-ocean ridges.
Volcanogenic sediments are predominantly glass, which alters to smectite and zeolites
(Kastner, 1981). Because of the large number of volcanoes surrounding the Pacific and
Indian Oceans, their sediments have higher smectite content than Atlantic sediments. Subaerial volcanoes can distribute ash regionally or globally, but volcanogenic sediments are
generally a minor component of marine sediments.
6.2.2 Global distribution by thickness
Sediment thickness complements sediment type as a major control on the hydraulic behavior and function of seafloor sediments. Oceanic sediment thickness varies widely, from
effectively zero on most mid-ocean ridges to accumulations occasionally >10,000 m in sedimentary basins on continental margins (Fig. 6.2). In general, sediment thickness increases
systematically with increasing lithospheric age, and thus with distance from mid-ocean
ridges. The thickest sediment accumulations are on or adjacent to continental margins that
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Fig. 6.2 Global distribution of sediment thickness (data from Divins, 2002). Sediment thickness data
are compiled from ocean drilling results and reflection seismic profiles, and gridded with a spacing of
5 × 5 . Sediment thickness varies as a function of lithospheric age (distance from mid-ocean ridge),
proximity to zones of high biological productivity, and proximity to terrigenous sediment sources.
Sediment greater than 2,000 m thick, primarily on continental margins, is shown in black.

are proximal to large sediment sources, where high-volume supply combined with tectonic
deformation and/or isostatic compensation allow for the development of deep sedimentary
basins.
While sediment thickness generally increases with lithospheric age, there is significant
variability in this trend resulting from variations in the proximity of the seafloor to large
terrigenous sediment sources, the distribution of high-biological-productivity zones, and
the nature of sediment transport. We compare the global distribution of sediment thickness
(Divins, 2002) and lithospheric age (Muller et al., 1997) in Fig. 6.3a. The data (grouped
into 5 Ma bins) tend to be skewed, with most of the values concentrated at smaller sediment thickness and very few relatively large sediment thickness values. In the Atlantic,
lithospheric age increases monotonically from the center of the ocean basin to the continents. The resulting trend of sediment thickness versus age reflects both the greater time
for sediment accumulation on older lithosphere and the large terrigenous sediment input to
old lithosphere on passive margins (which has been adjacent to the continents throughout
the opening of the Atlantic Ocean basin). The trend in the Pacific is more complex. On
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Fig. 6.3 Sediment thickness (data from Divins, 2002) versus lithospheric age (data from Muller
et al., 1997). Pairs of sediment thickness and lithospheric age values are determined on a grid with
a spacing of 1.67 × 1.67◦ , then grouped by age into 5 Ma bins. The box plot for each 5-Ma age bin
shows the median sediment thickness (bold horizontal line), the 25th and 75th percentile (bottom
and top of the box, respectively), and the 10th and 90th percentile (end of the vertical bars extending
from the bottom and top of the boxes). For the global sediment thickness plot (a), the 5 Ma bins
between 0 and 35 Ma have ∼500 data points, with the number of points per bin gradually decreasing
to ∼100 for bins >120 Ma. The global sediment thickness (a) reflects both the relatively simple trend
of increasing sediment thickness with age in the Atlantic (b) and more complex relationships in the
Pacific (c), Indian, and Southern Oceans (not shown).

young lithosphere (<50 Ma), generally in the eastern Pacific and on the Philippine Plate,
sediment thickness is comparable to the Atlantic (note different vertical scale). Sediment
thickness remains relatively uniform with age in the central Pacific (∼65–105 Ma), where
the plate is far from terrigenous sediment sources or coastal zones of high biological productivity. Sediment thickness increases with age on very old (>125 Ma) lithosphere, as a
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result of proximity to western Pacific continental margins, although not nearly as much as
the increase on older lithosphere of the Atlantic.

6.2.3 Local distribution by thickness
Like regional variations, local sediment thickness variations can also be large, especially in
areas of rough basement topography. Local variations are important hydrologically because
of the strong tendency for seafloor fluid flow to be focused through sections where sediments
are thin or absent. The exchange allowed by focused flow can affect large volumes of
surrounding igneous crust that is well sedimented. Local sediment thickness is influenced
by original depositional processes and by sediment redistribution, and both are controlled
by local seafloor topography. Seafloor topography in ocean basins is commonly expressed
as seamounts produced by localized volcanic activity, or linear basaltic ridges generated by
normal faulting and temporally variable volcanic supply at seafloor spreading centers (e.g.
Kappel and Ryan, 1986; Chapter 3). Seafloor roughness is greater in slow-spreading ocean
basins than in fast-spreading basins (200–300 versus ∼120 m, respectively; Malinverno,
1991; Chapter 3). Therefore, on lithosphere <65 Ma, where average sediment thicknesses
in the Atlantic and Pacific might be comparable, seafloor topography may create greater
sediment thickness variability and less continuity of coverage in the Atlantic than in the
Pacific.
Both terrigenous and pelagic sediment accumulation are affected by seafloor topography.
Turbidity currents tend to flow into topographic lows and deposit relatively flat turbidites
that onlap local topographic highs (e.g. Pickering and Hiscott, 1985; Kneller et al., 1991;
Pickering et al., 1992; Alexander and Morris, 1994; Haughton, 1994). In pelagic depositional
environments, seafloor topography may influence sediment depositional patterns by causing
variations in fluid shear velocity in the bottom boundary layer (Lister, 1976; Mitchell et al.,
1998) or by providing conditions for the redistribution of sediments by local gravity flows
(Mitchell et al., 1998).
Terrigenous deposition environment
In terrigenous depositional environments, the interaction of turbidity currents with topography can cause local variations in both sediment thickness and type. Basaltic basement highs
that rise above surrounding basins (i.e. seamounts or ridges) are often sediment free or thinly
draped with sediment (Chapter 8). Dense turbidity currents preferentially fill low areas
between topographic highs, concentrating turbidite deposition in basins. While turbidity
currents are typically blocked or diverted by topography, hemipelagic sediment accumulation can be relatively uniform. The resulting pattern of thin drapes of hemipelagic sediment
on basement highs and thicker blankets of mixed terrigenous sediment (hemipelagic and
turbidite) in local basins is found in many locations, including the Alarcon Basin within
the Gulf of California (Fig. 6.4a–c). Thus, local variations in sediment thickness and type
in terrigenous environments can be dramatic.
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Fig. 6.4 Local variability in sediment thickness in the Alarcon Basin, Gulf of California (a–c), and
in the Panama Basin (d). In the Alarcon Basin (a – line drawing; b – 3.5-kHz seismic profile; c –
single-channel seismic profile), a terrigenous depositional environment, basement relief affects sediment accumulation patterns. Turbidites accumulate between and onlap basement highs. Hemipelagic
sediments drape basement topography uniformly. In the Panama Basin (d – high-resolution reflection
seismic profile from Davis, personal communication), a pelagic depositional environment, sedimentation is inhibited on large topographic features, possibly by the interaction of bottom currents with
the topography, or by remobilization and mass wasting.
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Pelagic deposition environment
In areas dominated by pelagic sedimentation, topography can also impact sediment accumulation patterns, despite the relatively uniform rain of particles from above. A high-resolution
reflection seismic line across a seamount in the Panama Basin shows sediment cover on the
seamount to be extremely thin (Fig. 6.4d). Local variability in pelagic sediment thickness
like this is common, and may be due to tidal current interactions with topography or redistribution by gravity driven flow. On the East Pacific Rise, where topography is generally
subdued, sediment thickness increases uniformly with distance from the ridge crest, but
where topographic features are present that are greater than 300 m high (and slopes on the
sides of the topographic highs are ∼5–7◦ ), they are bare or thinly covered with sediment.
These large topographic features may magnify the peak boundary velocity (and therefore
shear stress) associated with internal waves due to diurnal and semi-diurnal tides, and
effectively inhibit the deposition of settling particles on topographic highs (Lister, 1976).
Another mechanism for redistributing pelagic sediment is mass wasting. Young oceanic
crust (<2 Ma) on the Mid-Atlantic Ridge at 29◦ N is uniformly draped with sediment
(Mitchell et al., 1998), but as sediment continues to accumulate, ponded turbidites become
more common. Pelagic material on local highs and steeper slopes may become unstable,
resulting in sediment failures which redistribute sediments locally. Local depressions collect and pond sediments transported from surrounding steep slopes by mass movements
(Mitchell et al., 1998). The resulting discontinuous burial of basement becomes similar
to that produced in terrigenous settings, with high-standing basement structures remaining
relatively thinly sedimented. In both cases, caution must be used when applying the average sediment thickness distributions presented in Figs. 6.2 and 6.3 to models for crustal
hydrogeology. Locally thicknesses are likely to be highly variable, and cover is likely to be
discontinuous.

6.3 Methods for determining the permeability of sediments
6.3.1 Definitions
The permeability of marine sediments, a function of sediment type and burial depth, controls the nature of fluid flow through sediments and the degree to which sediments can
hydraulically isolate the basement aquifer. The volumetric flux of fluid through a porous
medium is related to the gradient in non-hydrostatic pressure (often expressed as hydraulic
head) through a constant of proportionality known as hydraulic conductivity:
q = −K h

dh
dL

(6.1)

where q (L T−1 ) is volumetric fluid flux (often referred to as Darcy velocity, or specific
discharge), Kh (L T−1 ) is hydraulic conductivity, and dh/dL is head gradient (for a review
of basic hydrogeology terminology see Chapter 12 of this volume and references therein).
Hydraulic conductivity is a function of both fluid properties and properties of the porous
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medium:
Kh = k

ρg
µ

(6.2)

where k (L2 ) is permeability, ρg is the specific weight of the fluid, and µ is fluid dynamic
viscosity. Permeability describes the intrinsic capacity of sediment (or other porous media)
to transmit fluid. In general, sediment permeability varies with direction and thus must be
expressed as a tensor. Permeability is usually determined as a single value, but this is strictly
correct only in the isotropic case, where kx = ky = kz (Bear, 1972). Both consolidation
and permeability testing are usually done in one dimension, with the direction of strain
and fluid flow oriented perpendicular to bedding. Multi-directional laboratory tests have
found no permeability anisotropy in consolidated clays, despite the presence of anisotropic
grain fabric (Dewhurst et al., 1996). Sheared silty clays have large permeability anisotropy
(kx up to 16 times larger than kz ; Dewhurst et al., 1996). When considering fluid flow from
the oceanic crustal basement aquifer through sediments in hydrothermal systems, vertical
permeability is likely the most relevant parameter.
The vertical hydraulic impedance (Karato and Becker, 1983) describes the resistance to
fluid flow through an entire sediment column:
 z
dz
I =
(6.3)
0 k(z)
where z is depth. Low-permeability layers dominate the vertical hydraulic impedance. In
a section of uniform lithology, sediment permeability decreases with depth, and the bulk
permeability (effective permeability) of a sediment column,
z
kbulk =
(6.4)
I
decreases with increasing sediment thickness. When comparing resistance to fluid flow
between sediment sections of different lithologies, hydraulic impedance and bulk permeability are more useful than permeability at a point (or points) in the sediment column.

6.3.2 Laboratory tests
The permeability of samples of seafloor sediments can be determined in the laboratory
by direct or indirect methods. Direct methods entail forcing water through a sediment
sample and monitoring the volumetric flux and pressure gradient in order to solve Darcy’s
Law (6.1) for permeability (via hydraulic conductivity). Three types of direct laboratory
permeability tests have been commonly employed: constant head, falling head, and constant
flux tests. Tests can be performed in conjunction with consolidation testing to estimate the
effect of porosity (and equivalent burial depth) on permeability as an alternative to testing
samples from a given lithology that have been collected over a range of depths. Sediment
permeability can be derived from consolidation tests by monitoring the rate at which water is
expelled during consolidation. Consolidation tests can be performed either by incrementally
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increasing the load on a sediment sample and monitoring its thickness or by deforming the
sediment at a constant rate and monitoring the effective stress (σ e ):
σe = σ1 − P

(6.5)

where σ 1 is the axial load and P is the pore pressure.
In a constant-head permeability test, a confined sediment sample is subject to a constant
head that is maintained by a replenished column of water. The volume flux of water through
the sample is measured, allowing the hydraulic conductivity (and permeability, given the
fluid properties) to be determined. Simple constant-head permeability tests are not backpressured (i.e. fluid flows out of the sample to atmospheric pressure). Non-back-pressured
constant-head permeability tests are best suited for sediments with high permeability
(>1 × 10−13 m2 , i.e. within the typical range of permeabilities for silty sand; Freeze and
Cherry, 1979). Simple constant-head permeability tests require long times and/or high head
gradients to determine the permeability of fine-grained sediments. This causes complications associated with possible evaporation (affecting q), variations in temperature (affecting
ρ, µ), and sediment particle creep induced by high-pressure gradients (changing k). Fallinghead permeability tests (in which the column of water driving flow is not replenished; Remy,
1973; Freeze and Cherry, 1979) suffer the same problems as non-sealed constant-head tests,
and provide reliable results only for high-permeability samples. Sealed, back-pressured
constant-head permeability systems have been developed to prevent effects of evaporation
and of trapped air bubbles within sediment pores. Lower heads can be used to force water
slowly through a fine-grained sample. Back pressured constant-head tests can be used to
test samples with lower permeabilities (1× 10−15 to 1 × 10−18 m2 ; Silva et al., 1981).
In constant-flow permeability tests, water is forced through a confined sample at a known
rate and the head induced across the sediment sample is measured (Olsen, 1966; Olsen et al.,
1985). The constant flow is maintained by a smoothly moving piston or syringe. Two flow
pumps, one on either side of the sample pushing water in opposite directions at equal speeds,
can be used to ensure conservation of fluid storage in the system (e.g. Taylor and Fisher,
1993; Fisher et al., 1994), and if desired the system can be back-pressured.
In a typical one-dimensional consolidation test, a laterally confined sediment sample is
subjected to an incrementally increasing effective stress (via one-dimensional axial loading)
and the sample thickness is monitored (ASTM, 1989). Porosity is calculated for each
increment of effective stress. Standard consolidation testing involves doubling the effective
stress every 24 hours. During each 24-hour period the sediment undergoes both primary and
secondary consolidation. Primary consolidation occurs during the initial transient drainage
of pore fluid in response to the increased load. It is usually completed in seconds or minutes,
with the time constant depending on permeability (Lowe et al., 1964; Lambe and Whitman,
1969; Mitchell, 1993). In most standard laboratory tests, primary consolidation accounts for
the bulk of the change in porosity. Secondary consolidation occurs under drained conditions
as soil particles slowly creep under constant load. The relative importance of primary and
secondary consolidation depends on the sediment type, the thickness of the sample, and the
magnitude of the applied load (Lambe and Whitman, 1969). After primary consolidation is
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complete, a permeability test can be performed to determine permeability at a new porosity.
Consolidation tests should be back-pressured to avoid trapped interstitial air which can
impede fluid flow and alter the sediment consolidation behavior through its extremely high
compressibility (Lowe et al., 1964).
Sediment permeability can be estimated from the results of one-dimensional consolidation tests by using the change in sample thickness with time during primary consolidation as
a proxy for the expulsion of water from the sediment (Lambe and Whitman, 1969; Mitchell,
1993). Although this is efficient, direct permeability measurements are generally preferable
for two reasons. First, the porosity and permeability of sediment samples change during
primary consolidation. The calculated permeability is an effective permeability over the
duration of primary consolidation, rather than the permeability at a fixed porosity. Second,
the time dependence of consolidation depends on both elastic properties (consolidation
coefficient) and permeability, and the partitioning cannot be determined uniquely. This
leads to inherent errors in the determination of permeability from consolidation behavior
(Lambe and Whitman, 1969).
Continuous deformation tests can also be used to estimate the dependence of permeability on porosity. In this test a sample is consolidated at a constant rate; the effective
stress is monitored and both consolidation parameters and permeability are determined
(The Geotechnical Consortium, 1984). Constant deformation rate tests can be completed
rapidly (hours per test) relative to incremental consolidation tests (∼15 days per test; The
Geotechnical Consortium, 1984; Marine Geotechnical Consortium, 1985), but transientstate behavior is difficult to detect and take into account.
6.3.3 Estimates of permeability from inversion of field data
A variety of techniques have been used to estimate sediment permeability in situ at a broad
range of scales greater than that of laboratory core samples. One uses the transient decay of
excess pore fluid pressure generated by penetrating sediments with a probe (e.g. Schultheiss
and McPhail, 1986; Davis et al., 1991; Langseth et al., 1992; Fang et al., 1993). In this
method the consolidation coefficient of the sediment is estimated from the magnitude of
the insertion pressure pulse, and the permeability is estimated from the time constant of
the subsequent decay. This provides an estimate of permeability in the radial direction over
a scale of roughly tens of centimeters, depending on elastic properties and permeability.
Probes that are left in sediments over a number of days record pressure variations in response
to tidal fluctuations. The tidally induced pore pressure variations can also be used to estimate
sediment compressibility and permeability in the vertical direction over a scale that also
depends on permeability, typically a few meters (Fang et al., 1993; Wang and Davis, 1996;
Chapters 7 and 12).
Sediment-column-scale (tens to hundreds of meters) permeability estimates can be made
where both the fluid flow rate and driving force are known or can be estimated (e.g. Langseth
et al., 1988; Davis and Becker, 2002; Chapter 8; Section 6.5.1). This provides an excellent
means of permeability determination at a very appropriate scale for seafloor hydrologic
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processes. Unfortunately very few locations on the seafloor have both flow rate and driving
force data available. On an even larger scale of kilometers, inverse modeling has been used
to estimate permeability, for example of the décollement zones of the Barbados (Bekins
et al., 1995) and Nankai accretionary prisms (Saffer and Bekins, 1998). In these cases, the
permeability (including transient permeability variations) of modeled décollement zones
are determined by matching modeled and observed fluid chemistry anomalies within the
décollement, fluid pressures within the décollement, or fluid flow rates at seafloor cold seeps
(Bekins et al., 1995; Saffer and Bekins, 1998). Inverse modeling of sediment permeability
has also been applied to large shale units in terrestrial basins (e.g. Neuzil, 1994). Permeability
estimates from regional models like these apply to lateral scales of a few to hundreds of
kilometers.

6.3.4 Sediment permeability estimates from borehole testing
Estimates of the in situ permeability of sediments have been made in Ocean Drilling Program
(ODP) boreholes on the active margins of Barbados (Fisher and Zwart, 1996; Screaton et al.,
1997, 2000) and Oregon (Screaton et al., 1995). These in situ sediment permeability tests
have been performed in the décollement zone (Barbados) and along a thrust fault within
the accretionary prism (Oregon), where sediments are subjected to numerous processes
(e.g. faulting, deformation, rapid vertical loading) not typical of most seafloor sediments on
mid-ocean ridge flanks or in abyssal settings. However, the techniques used to determine
sediment permeability in these instances may be applied in more quiescent settings.
Borehole determinations employ both slug and continuous pumping tests. During a slug
test, a section of the borehole is isolated (usually an interval from an inflated packer seal to the
bottom of the hole), a discrete pulse of fluid is injected into that section, and the permeability
of the surrounding sediment is estimated from the decay of the pressure pulse (e.g. Screaton
et al., 1995; Fisher and Zwart, 1996). Slug tests characterize the hydraulic properties of the
sediment within a relatively small radius around the borehole. The hydraulic properties of
a larger volume around the borehole can be determined by sustained pumping of fluid into
a borehole (e.g. Screaton et al., 1995; Fisher and Zwart, 1996) or releasing overpressured
fluids from the borehole to the overlying ocean (e.g. Screaton et al., 1997). In one case,
the drilling of an ODP site into the Barbados décollement zone perturbed the fluid pressure
within a nearby monitored ODP borehole (∼45 m away). The recorded pressure perturbation
was used to estimate the sediment permeability along the décollement between the two sites
(Screaton et al., 2000). Two-hole experiments such as this can characterize the permeability
of larger volumes of sediment than either slug or pumping tests in single holes. The results
of a variety of these tests indicate that the permeability of sediment within décollement
or thrust-fault zones increases with increasing fluid pressure (decreasing effective stress;
Screaton et al., 1995; Fisher and Zwart, 1996; Screaton et al., 1997, 2000), and that the
values determined in situ at near-hydrostatic fluid pressures are comparable to laboratory
permeability measurements of samples from the same ODP sites (Taylor and Leonard, 1990;
Moran et al., 1995).
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6.3.5 Applicability of laboratory-derived consolidation and permeability data
to natural settings
Sediment consolidation tests are important for predicting the response of sediment to burial,
although there are natural limitations in applying laboratory results to in situ sediment
consolidation. At the slow increases in stress that occur in nature, secondary consolidation
plays a larger role than it does in the laboratory (Mitchell, 1993). For thick sediment columns
deposited at high rates, undrained conditions may be present, and primary consolidation
takes longer and probably occurs concurrently with secondary consolidation (Mitchell,
1993). In natural settings, the development of interparticle bonds and cementation may also
increase the strength of sediment and impede consolidation.
Despite these uncertainties, permeability as a function of depth can be predicted by
applying permeability versus porosity relationships to either measured porosity versus depth
profiles (e.g. Giambalvo et al., 2000), or to porosity versus depth profiles predicted from
consolidation behavior (e.g. Spinelli et al., 2003). Differences between measured porosity–
depth profiles and predicted porosity profiles from consolidation behavior can be less than
5% (e.g. Davis et al., 1997; Giambalvo et al., 2000; Spinelli et al., in press), although they
can be larger for very shallow (<1 m) extremely high-porosity sediments (which are difficult
to load into a consolidation cell) or for sediments that undergo significant strengthening
due to cementation. Estimated permeability versus depth profiles can then be integrated to
determine hydraulic impedance and bulk permeability, which can be used to compare the
resistance to vertical fluid flow at different sites.
Estimates of the basin-scale (up to a few kilometers) permeability of shales are similar
to laboratory measurements of shale and clay permeability (Neuzil, 1994). This suggests
that fracture permeability is not important at the scale of a few kilometers (Neuzil, 1994).
The presence of fractures appears to affect estimates of shale permeability only at larger
scales (Bredehoeft et al., 1983; Neuzil, 1994). Because shale permeability measured in the
laboratory can be applied to the regional scale (up to a few kilometers), it is reasonable to
apply laboratory determinations of permeability for soft sediment to regions where sediment is fairly homogeneous. Soft sediments are even less likely to be affected by fractures
than shale, although within overpressured environments or extensional settings, fracturing
of soft material is possible, potentially increasing the effective permeability greatly (e.g.
Brown and Behrmann, 1990; Moore et al., 1995; Fisher and Zwart, 1996). Applying coresample measurements of sediment permeability to larger areas should be done cautiously
in any case, but particularly in layered depositional systems or regions where depositional
processes create lateral heterogeneity.

6.4 Sediment permeability data
6.4.1 Data summary
The permeability of typical marine sediments varies from ∼ 10–19 to 10−12 m2 generally
according to porosity and sediment type. More than 600 measurements of sediment permeability are summarized in Fig. 6.5. The compiled data include both direct measurements
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Fig. 6.5 Sediment permeability versus porosity (see Table 6.1 for references and information about
measurement methods). Permeability tends to decrease with decreasing porosity; the trend is weaker
in calcareous sediments than in other types. Bold lines on the summary plot are best fit functions
to permeability versus porosity relationships; they are used to estimate the hydraulic impedance for
sediment columns of each sediment type.
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of permeability (e.g. constant flow rate and constant head tests) and estimates of permeability determined from consolidation tests (see Table 6.1 for a summary of references and information about the data). The permeability measurements are grouped by
sediment type: calcareous, siliceous, pelagic red clay, and terrigenous (sub-divided into
hemipelagic and turbidite). In each group permeability decreases with decreasing porosity. This trend is least prominent for calcareous sediments. The tendency for permeability to increase with grain size can be seen by comparing pelagic red clays (finest) to
hemipelagic sediments and turbidites (coarsest). There is considerable overlap between
the sediment types, but permeability at a given porosity (see summary plot on Fig. 6.5) typically increases from pelagic red clay (red) to hemipelagic sediments (green) to turbidites
(yellow).
Relationships between permeability and porosity have been proposed for sub-sets of
the data plotted in Fig. 6.5 (e.g. Bryant et al., 1975; Morin and Silva, 1984; Giambalvo
et al., 2000). For each sediment type, we fit globally representative trends of permeability
as a function of porosity to the compiled data (bold lines on summary plot on Fig. 6.5;
equations in Table 6.2). The forms of the equations that provide the best fits to the data
have previously been used to summarize permeability–porosity data (e.g. exponential of
porosity, Bryant et al., 1974; exponential of void ratio, Giambalvo et al., 2000; void ratio
power law, Morin and Silva, 1984). For most sediment types there are strong trends of both
decreasing sediment permeability with decreasing porosity, and decreasing porosity with
depth (Fig. 6.6; equations and references in Table 6.2). Differences in permeability as a
function of depth between sediment columns of different types can be greater than three
orders of magnitude (Fig. 6.7).

6.4.2 Factors that determine sediment hydraulic properties
A number of physical attributes, including sediment grain size, grain shape, fabric, and
cementation, can affect sediment consolidation and permeability. Attempts have been made
to define relationships between relatively easy-to-determine parameters (e.g. grain-size
distribution, or formation factor) and permeability, which is much more time-consuming
and labor-intensive to measure (Eggleston and Rojstaczer, 2001). No simple set of such
relations can provide accurate results, although approximate estimates can be made through
the two general relationships between porosity and permeability observed in Fig. 6.5. First,
for a given sediment type, permeability decreases with decreasing porosity. This, coupled
with increasing consolidation with burial, results in a general decrease in permeability with
depth in sections of uniform lithology (Fig. 6.7). Second, permeability varies with lithology.
For example, nannofossil ooze sediments from the Lau Basin have porosities of 72–78%
and permeabilities of 4.2 × 10−17 to 5.6 × 10−16 m2 , while vitric sandy silt from the same
area has a lower porosity (66%), but permeability more than two orders of magnitude higher
(1.5 × 10−13 m2 ; Fischer and Lavoie, 1994). This dependence is due primarily to the size
and shape of interstitial pore space.
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Table 6.1 References and information for permeability data plotted in Fig. 6.5.
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Fig. 6.6 Typical sediment porosity profiles for common seafloor sediment types (see Table 6.2 for
equations and references). Porosity decreases with depth; the trend is strongest for shallow, finegrained, terrigenous sediments.

Factors affecting consolidation behavior
Laboratory consolidation test results can be used to estimate sediment properties in locations
where mechanical compaction is the primary contributor to sediment consolidation with
burial (i.e. where sediments are still “soft,” and cementation has not occurred). The degree
of cementation in sediments varies with time, temperature, pressure, sediment composition,
fluid chemistry, and fluid flux; the depth at which significant diagenetic reactions occur varies
accordingly. For example, in siliceous sediments, the transition from opal A (amorphous
silica) to opal CT (porcelanite) results in a dramatic change in physical properties, including
a drop in porosity from 70–80% to 35–45% (Kastner, 1981). This transition occurs at
temperatures of 15–56 ◦ C (Kastner, 1981), and over a wide range of depths (100–1100 mbsf)
depending on geothermal gradient and fluid flow rate (Wheat and Tribble, 1994). Similarly,
the depth at which carbonate sediment transforms to chalk can vary widely with location
(Kastner et al., 1986; Mottl, 1989). As a result, the accuracy with which a mechanical model
of sediment consolidation can be applied will vary widely.
Where a mechanical model of sediment compaction is valid, sediment fabric, grain size,
and mineralogy are the primary factors that affect sediment consolidation. Sediment fabric
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Fig. 6.7 Sediment permeability profiles derived from porosity versus depth and permeability versus
porosity relationships (see Table 6.2 for equations and references). Permeability decreases with depth,
weakly within siliceous and calcareous oozes, and most dramatically in shallow, fine-grained, terrigenous sediments.

impacts consolidation behavior by influencing the interaction between particles as grains
are rearranged and realigned. In the central equatorial Pacific, carbonate sediments have relatively low porosity, as platy nannofossils are easily aligned during consolidation, whereas
siliceous sediments at the same sites have relatively high porosity due to the open structure
of the constituent radiolarians (Wilkens and Handyside, 1985). Throughout consolidation,
platy clay particles progress from random orientations, providing numerous open spaces
and high porosity, to tightly packed, well-aligned arrangements with low porosity (e.g.
Bennett et al., 1981; Mitchell, 1993). Grain size can also affect sediment consolidation,
with finer sediments generally consolidating more easily (Lambe and Whitman, 1969;
Mitchell, 1993). Less consolidation in silts than in clays may result from a greater strength
of the framework of silty sediments, due to the way the larger (and more rounded) silt
grains interact (Dewhurst and Aplin, 1998). Within terrigenous (turbidite and hemipelagic)
sediments on the Juan de Fuca Ridge flank, the ease of consolidation increases with increasing proportion of hemipelagic sediment, which is characteristically finer grained (Spinelli
et al., 2003).
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Factors affecting permeability at a given porosity
Sediment permeability can vary by orders of magnitude, independent of variations in porosity (Fig. 6.5). These permeability variations, which occur both between and within sediment
types, can result from differences in sediment fabric or grain size. Carbonate tests often
contain large void spaces within them (i.e. large intraparticle porosity), and their packing
arrangement can control sediment permeability (Bennett et al., 1989). Vitric sandy silt and
nannofossil oozes in the Lau Basin have similar grain size, but due to variations in sediment
fabric the sandy silt has larger interconnected pore spaces and larger connections between
pores. As a result the permeability of the sandy silt is more than two orders of magnitude
larger (Fischer and Lavoie, 1994). Sandy and silty sediments have larger pores and connections between pores than clays at the same porosity, which leads to higher permeability
for the sandy and silty sediments (Dewhurst and Aplin, 1998). In Juan de Fuca Ridge flank
sediments, permeability (at 50% porosity) decreases approximately two orders of magnitude with a decrease in grain size from primarily silt-sized particles to clay-sized particles
(Spinelli et al., 2003).

6.5 Fluid and advective heat fluxes through sedimented seafloor
6.5.1 Typical observed flow rates through sediment
Fluid flow rates through seafloor sediments have been determined at several locations on the
basis of curvature in pore-water chemistry profiles (e.g. Maris and Bender, 1982), curvature
in sediment temperature profiles (Bredehoeft and Papadopulos, 1965), and results from
seepage meters (e.g. Tryon et al., 2001). Fluid flow rates vary with sediment type, sediment
thickness, deep heat flux, and hydrologic structure. Lithology and thickness control the bulk
permeability of the sediment column. The deep-seated heat flux (a function of lithospheric
age; Parsons and Sclater, 1977; Chapter 10), and the local hydrologic structure control the
thermal-buoyancy-derived driving force for sediment pore-fluid flux (Chapter 8).
Relatively rapid fluid flow rates have been determined from shallow sediment temperature and pore-water chemistry profiles collected from ∼30-m-thick calcareous sediments at
the 0.7 Ma Galapagos Mounds (Williams et al., 1979; Becker and Von Herzen, 1983; Maris
and Bender, 1982; Maris et al., 1984), a site that is notable for yielding highly complementary chemical and thermal constraints. Seepage rates through the gravel-bearing mounds
themselves (200–300 mm/yr) are 20–30 times larger than rates through the surrounding
finer calcareous sediments (10 mm/yr). Fluid flux through terrigenous sediments overlying
3.5 Ma crust on the Juan de Fuca Ridge flank vary inversely with sediment thickness, from
<1 mm/yr where sediments are greater than about 160 m thick up to 80 mm/yr over buried
basement edifices where sediments are ∼10 m thick (Davis et al., 1992; Wheat and Mottl,
1994, 2000). This systematic variation is probably a result of the combination of decreasing pressure differential (Chapter 8) and increasing hydraulic impedance with increasing
sediment thickness and basement depth. On older (5.9 Ma) crust of the Costa Rica Rift
flank, flux through calcareous and siliceous sediments also varies inversely with sediment
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thickness, ranging from <1 to about 7 mm/yr through sections ranging from over 200 m
to about 120 m thick (Langseth et al., 1988; Mottl, 1989). For a given sediment thickness,
fluxes through the sediments on the Costa Rica Rift flank are higher than through those
on the Juan de Fuca Ridge flank; if the nature and magnitude of driving forces are similar,
this suggests a contrast in permeability between the pelagic and terrigenous sections that
is consistent with the results summarized in Fig. 6.7. Very low values of fluid flux (up to
0.2 mm/yr) through carbonate sediments blanketing 40 Ma crust of the flank of the East
Pacific Rise have been estimated on the basis of pore-water strontium (Richter, 1993).
Whether these low rates are associated with the relatively great age of the lithosphere, the
thickness of the section (∼500 m), or peculiarities of local hydrologic structure, is not
possible to determine. Extremely large fluxes (up to 2 m/yr) have been estimated from
corer–outrigger temperature profiles in sediments of the Indian Ocean (Anderson et al.,
1979; Abbott et al., 1981; Geller et al., 1983). Unfortunately, these have not been confirmed with geochemical observations, and local hydrologic structure is poorly defined.
Except for the highest fluxes through the thinnest sediment sections, the rates of flow
estimated in these examples are insufficient to carry a significant quantity of heat. In order
to account for the difference between heat expected from cooling oceanic lithosphere and
the average conducted through the seafloor (Stein and Stein, 1994; Chapter 10), rates of
fluid flow are required that are much greater than those observed. For example, Wheat and
Mottl (1994) have pointed out that in order to account for the conductive heat flow deficit
on ridge flanks with seepage of <20 ◦ C fluid distributed over as much as 30% of seafloor
<65 Ma in age, rates must average ∼100 mm/yr. Fluxes this large are extremely rare, and
it is unlikely that sediment-hosted flow contributes significantly to the global heat deficits
observed. Well-documented examples of flow at any rate are sparse, however, so to examine
the role of sediments in hosting flow further, we turn next to implications that can be drawn
from sediment permeability measurements.

6.5.2 Sediment thickness required to prevent thermally significant vertical fluid flow
For a given driving force, the fluid seepage rate through a sediment column and the associated advective chemical and heat fluxes are functions of sediment thickness and type or,
more explicitly, of sediment hydraulic impedance. The impedance of sediment columns of
different types can be calculated from permeability–depth profiles by numerically integrating Eq. 6.3. For a given thickness, the hydraulic impedance of different sediment types can
range over roughly three orders of magnitude (Fig. 6.8).
For terrigenous sediments, the hydraulic impedance has been estimated for hemipelagic
and fine-grained turbidite sediment columns, but not layered sand-bearing turbidites. For
vertical fluid flow through layered turbidites, the relatively low-permeability fine-grained
constituent is the dominant contributor to the total hydraulic impedance. This is illustrated
in Fig. 6.9, where the impedance is shown for a 100-m-thick sediment column comprising
interbedded fine-grained and sandy layers of varying proportion (porosity and permeability
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given in Table 6.2 and Fig. 6.5). As the cumulative thickness of sandy layers increases, the
total hydraulic impedance of the sediment column decreases, but the effect is relatively small
for a wide range of sand-layer fraction. High-permeability sandy layers can significantly
enhance the horizontal permeability of a layered sediment section, but not the vertical
(Davis and Fisher, 1994). The same can be said for a layered section of other contrasting
constituents such as siliceous and carbonate oozes; the collective vertical impedance will
be strongly controlled by the most resistive, lowest permeability component.
Hydraulic impedance can be combined with estimates of the force driving fluid flow
through sediments to obtain estimates of fluid seepage rate as a function of sediment thickness for each sediment type (pure end members are considered here). In ridge flank settings
the driving forces for fluid flow through sediments (i.e. basement overpressure) result from
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line; right axis) is less than 1% until the sand fraction exceeds 90%. Some 10 m of fine-grained
turbidites account for 99% of hydraulic impedance through the 100-m-thick sediment column.

differences in buoyancy of water columns at different temperatures (and therefore different
densities) arising to a large degree from basement topography. Non-hydrostatic basement
fluid pressures (relative to local sediment geotherm hydrostats) measured in four boreholes
on the Juan de Fuca Ridge flank range from a few to roughly 25 kPa (Davis and Becker,
2002; Chapter 8). Basement overpressure at another site, inferred from fluid seepage rate
and sediment hydraulic impedance, is ∼13 kPa (Spinelli et al., 2003). We use a differential
pressure of 20 kPa to estimate rates of flow, and compare these to the limiting thickness
of sediment sections that can support chemically detectable and thermally detectable fluid
flow (Fig. 6.10). For a given sediment thickness, estimated fluid flow rates through different
sediment types vary by more than two orders of magnitude.
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Fig. 6.10 Fluid seepage rate versus sediment thickness for the major sediment types of Fig. 6.8
calculated with a differential pressure of 20 kPa. With this driving force, fluid flux is chemically
detectable (above dot–dash line) through all sediment types up to 250 m sediment thickness. Flux at
thermally detectable rates (above dashed line) is restricted once a few tens of meters of sediment have
accumulated except in the case of highly permeable siliceous oozes. Chemical and thermal detection
thresholds are defined by Peclet numbers (the ratio of advective flux relative to diffusive flux in the
absence of advection; see Chapter 12) of 0.2 and 0.1, respectively, assuming chemical and thermal
diffusivities of 6.3 × 10−6 cm2 s−1 and 2 × 10−3 cm2 s−1 , respectively (see text).

For these calculations, the thresholds for thermally and chemically detectable flow
(dashed lines) are defined by thermal Peclet numbers of 0.1 and 0.2, respectively. These
fluxes cause Mg concentrations to deviate by up to 1.2 mM from a diffusive profile between
constant concentration boundaries at 4 and 52 mM (typical Mg concentrations in warm
ridge flank basement water and ocean bottom water, respectively; e.g. Davis et al., 1997;
Chapters 19 and 21), and temperatures to deviate by up to 0.6 ◦ C from a diffusive profile between constant temperature boundaries at 2 and 50 ◦ C . The threshold for thermally
detectable flow is almost three orders of magnitude greater than that for chemical detectability because values of thermal diffusivity are ∼1000 times larger than values of ion diffusion coefficients (e.g. thermal diffusivity κ ∼ 2 × 10−3 cm2 s−1 , and for pore-water Mg,
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Dsed ∼ 6 × 10−6 cm2 s−1 ; Li and Gregory, 1974). These calculated chemically and thermally
significant fluid flow thresholds are somewhat arbitrary, but reasonable. Thresholds shown
in Fig. 6.10 can be scaled by the Peclet number for particular situations (e.g. higher values
for detectability where observational errors are large or the depth of observations is small,
and much higher values where the threshold for advective dominance is to be considered)
but the position of the curves will change little.
These calculations demonstrate quantitatively what has been noted previously from studies in several specific settings – a relatively thin sediment layer reduces fluid seepage
sufficiently so as to limit advective heat loss greatly. With the assumed basement overpressure of 20 kPa, only siliceous ooze is sufficiently permeable to allow fluid flow at rates
that are thermally significant for the range of sediment thickness shown (up to 250 m). The
seepage rate estimate of 100 mm/yr (through 30% of the seafloor <65 Ma) of Wheat and
Mottl (1994) cited above, could be supported by flow through 135 m of siliceous ooze,
35 m of pelagic clay, or <15 m of calcareous ooze or terrigenous sediment. While the
median sediment thickness for most (∼80%) ocean lithosphere <65 Ma is less than 135 m
(Fig. 6.3), only a small fraction of those sediments are siliceous ooze. Thus, the potentially
high seepage rates through siliceous ooze will be realized rarely. Very little of the seafloor
has less than 35 m or 15 m of sediment cover (∼5 and ∼2%, respectively). Therefore, it
is clear that only a small fraction of advective heat loss on ridge flanks can occur through
sediments; the vast majority of advective heat loss must occur by fluid flow directly from
basement rocks to the ocean.
In contrast, all sediment types can support chemically detectable flow over the range of
thickness shown, which means that a “calibration” of the impedance–thickness–lithology
relationships shown in Fig. 6.10 should be possible. Unfortunately, estimates of fluid flow
rates through sediment sections where driving forces are constrained are rare, so such a
calibration is not currently possible.
6.5.3 Influence of sediment type and thickness on the nature of
circulation in basement
In addition to impeding flow through the seafloor and limiting the exchange of water between
the crust and ocean, sediment cover – especially discontinuous sediment cover – exerts a
major influence on fluid circulation patterns within the basement aquifer. Heat flow observations indicate that fluid can enter and escape the basement aquifer where sediments are
absent or very thin, and can flow laterally for long distances where sediments have accumulated in ponds and small basins (Langseth and Herman, 1981; Langseth et al., 1992;
Davis et al., 1999; Fisher et al., 2003). Furthermore, model results suggest that in the presence of strong lateral flow, local cellular convection may be suppressed (Wang et al, 1997;
Giambalvo, 2001). This is illustrated in Fig. 6.11, where the effects of accumulation in a
3.5-km-wide sediment pond are simulated. Where the hydraulic impedance of sediment
cover is small, cellular convection dominates flow in basement, and exchange between the
crust and ocean is unrestricted (Fig. 6.11a). As sediment accumulates and its hydraulic
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Fig. 6.11 Model results showing the possible effect of sediment cover on circulation in basement.
The upper portion of each panel shows the conductive seafloor heat flux (after Giambalvo, 2001).
The lower portion of each panel shows a cartoon of the basement circulation pattern. Sediment covers the seafloor from near the left side of the model (where a permeable window permits exchange
with the ocean) to 3,500 m. From 3,500 to 5,000 m the seafloor has no sediment cover. At the
left edge of the model, the upper basement is connected to the seafloor by a column of high permeability nodes, which facilitates recharge or discharge. The heat flux into the base of the model is
500 mW m2 (horizontal line on heat flux plots). As the hydraulic impedance of the sediments increases
(b and c), fluid circulation within the basement changes from primarily cellular to lateral flow.
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impedance increases, both the dimension of convection cells within basement and the
degree to which fluid flows through the sediments and around the convection cells change
(Fig. 6.11b; Snelgrove and Forster, 1996). When the impedance of the sediment cover
becomes large, flow in basement beneath the sediment becomes predominantly lateral,
with water flowing from one basement outcrop to the other (Fig. 6.11c; Giambalvo, 2001),
or between areas of contrasting basement topography and sediment burial in regions of
completely buried basement (Fisher and Becker, 1995; Wang et al., 1997). Ultimately, as
sediments become thicker and more continuous, exchange of crustal and ocean water will be
diminished, the conductive insulation provided by the sediments will increase, and average
temperatures in basement will increase. Thus by controlling the nature of basement fluid
flow (cellular convection versus lateral flow) and the degree of communication between the
basement aquifer and the overlying ocean, sediments will affect the transport of both heat
and solutes within and from the oceanic lithosphere, and change the conditions under which
water–rock reactions occur.
6.6 Summary and recommendations
It is well known that marine sediments, generally characterized by low permeabilities relative to the upper igneous crust on which they accumulate, play an important role in ocean
crustal hydrothermal circulation. In this chapter we have provided a review of measured
sediment permeabilities and their variation with lithology and consolidation state, as well
as a summary of the global distribution of sediments by average thickness and type, in
order to understand more quantitatively the role of sediments in ocean crustal hydrogeology. Sediment type varies regionally in a coherent way, but variations with depth are less
well characterized. Sediment thickness generally increases with lithospheric age, although
commonly large local sediment thickness variations make the relationship between average
thickness and lithospheric age difficult to apply hydrologically in a general way because of
the extreme importance of sediment cover continuity.
Sediment permeabilities vary over many orders of magnitude with lithology and burial
depth, and as a result, the rate of fluid flow through sediments is strongly dependent on
sediment type and thickness. For most sediment types, a few tens of meters of sediment
cover is sufficient to inhibit thermally significant fluid flow. Although there is no clear
difference within the global heat flow data set between well and poorly sedimented areas
(Stein and Stein, 1994b), specific examples where sediments have accumulated rapidly on
young crust (e.g. the flanks of the Costa Rica Rift, Juan de Fuca Ridge, and southern East
Pacific Rise) show that sediment thickness, type, and continuity do exert a dominant control
on the exchange of water between the crust and the oceans, and on the nature of circulation
within the crust. Where sediment cover is not continuous, sediment thickness and properties
are probably not as important as the availability and distribution of permeable basement
outcrops in determining seafloor heat and fluid fluxes.
While the general influence of sedimentation on hydrothermal circulation is well established, a number of uncertainties remain. For example:
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(1) Typical permeabilities measured for siliceous ooze suggest that thermally significant flow may
be permitted through up to 200 m or more of these sediments under differential pressures of a
few tens of kilopascals. However, it is rare for sections to be mono-lithologic; silicate sections
commonly include significant carbonates, particularly at depth (where sediments were deposited
before the seafloor subsided below the CCD), and thus the extreme rates suggested in Fig. 6.10 for
siliceous oozes are probably never realized. Conversely, carbonate sections commonly contain
silicates and thus may permit flow at rates higher than estimated in Fig. 6.10. For rates to be
estimated in the manner described here more accurately, the lithologic details of the sections must
be considered.
(2) Rapid rates of flow suggested by thermal data at sites in the Indian Ocean fall at the extreme
end of the range suggested in Fig. 6.10, and would require large driving forces and very high
permeabilities. Confirmation of these rates with geochemical data, and determination of the cause
of such rapid flow with good site characterization are called for.
(3) If the results of Fig. 6.10 are taken at face value, most of the field of predicted fluid flux falls
more than an order of magnitude above the geochemically detectable threshold. Geochemical
constraints are relatively rare, but existing data suggest that such rates of flow are not common. It
is likely that pressures of the magnitude assumed (20 kPa, based on observations in the high-relief,
warm basement of the Juan de Fuca Ridge flank) are atypical. It is also possible that the bulk
permeabilities of actual mixed lithologies are lower than the mono-lithologic sections assumed.

To address these and other questions better, studies are needed that allow direct bulk permeability determinations for full sediment sections based on observed pressure differentials
and geochemically constrained flow, along with complementary laboratory permeability
determinations using samples collected from the same sections.
Further study is also required to determine whether there is significant feedback between
fluid flow and sediment properties, i.e. to determine whether a significant history of flow
can enhance or decrease the permeability of a seepage pathway. Taken to an extreme, for
example, sediment alteration caused by seepage may strengthen the sediments to the point
where brittle failure and consequent channelized fluid flow can occur. This is known to
happen in high-temperature environments in sedimented ridge-axis settings (e.g. Davis and
Fisher, 1994), and it may be possible in cooler sections on ridge flanks and accretionary
prisms.
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