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12. MORPHOLOGY AND ALTERATION OF THE UPPER OCEANIC CRUST FROM IN-SITU

ELECTRICAL EXPERIMENTS IN DSDP/ODP HOLE 504B!

Philippe A. Pezard and Roger N. Anderson?

ABSTRACT

During ODP Leg 111, the drillship JOIDES Resolution returned to DSDP Hole 504B, on the south flank of the
Costa Rica Rift. The main objective of Leg 111 was the study of the physical and chemical structure of young oceanic
crust in the deepest hole yet drilled into the oceanic crust. In addition to the drilling of an additional 212.3 m into the
massive units of Layer 2C, Leg 111 provided the opportunity to conduct an extensive suite of in-sifu experiments, in-
cluding the recording of a continuous electrical resistivity profile, from which total and fracture porosity estimates were
computed. This allowed us to discriminate the large-scale layers of the crust, to isolate individual lithologic units (such
as pillows and massive flows), and to describe the overall morphology of the upper crust.

In the extrusive part of the crust, certain massive flows (=10 m thick) appear to be permeability barriers that subse-
quently constrain fluid circulation. We interpret the flows of Unit 2D as the upper limit of an underpressured aquifer
located within Layer 2A and Unit 27 as the boundary between low-temperature, seawater alteration facies of basalt and
higher temperature alteration phases. This relationship between morphology and hydrological regime, and therefore al-
teration of the basaltic basement, might be viewed as related to the accretion process of the upper oceanic crust. The
presence of fractures can be attributed in most cases to thermal stresses from the cooling of a nearby unit or to tectonic
features such as the inferred listric fault at about 4300 m below rig floor (825 m below seafloor). The porosity estimate
obtained from the analysis of in-sitw measurements is (1) reduced in accounting for clay conduction via cation exchange
mechanisms, (2) constant over long sections of the drill hole, and (3) observed to decrease by steps with increasing
depth. The extremely low values of porosity computed in the dikes indicate a slow regime of hydrothermal circulation

deep into the crust and correlate with the low values of in-situ permeability deduced from packer experiments.

INTRODUCTION

A main objective of Legs 69, 70, 83, and 92 of the Deep Sea
Drilling Project (DSDP) and Leg 111 of the Ocean Drilling Pro-
gram (ODP) was the study of the physical and chemical struc-
ture of young oceanic crust through drilling Hole 504B, which
is located in the eastern equatorial Pacific (Fig. 1), on the south
flank of the Costa Rica Rift (Costa Rica Rift United Scientific
Team, 1982; Cann, Langseth, et al., 1983; Anderson, Honno-
rez, et al., 1985; Becker, Sakai, et al., 1988). After five drilling
campaigns at Hole 504B, a total depth of 1562.3 m below sea-
floor (mbsf), or 1287.8 m into basement, has been achieved
(Fig. 2). Hole 504B is thus the deepest borehole yet drilled into
the oceanic crust. In addition to drilling another 212.3 m into
the massive units of Layer 2C, ODP Leg 111 provided the op-
portunity to conduct an extensive suite of in-situ experiments,
including the recording of continuous electrical resistivity pro-
files over the entire length of the penetrated basement.

The extreme sensitivity of electrical properties to a large
number of parameters makes electromagnetic methods both a
complex and powerful technique with which to study large- and
small-scale structures of rock formations. Although the electri-
cal properties of rocks and minerals have been observed to vary
over 24 orders of magnitude in the Earth (Olhoeft, 1981), the
measurements made thus far in the oceanic crust have covered
less than six orders of magnitude. /n-situ measurements of elec-
trical resistivity respond directly to conductivity changes in the
rock surrounding the borehole. The presence of pores, cracks,
and microcracks, either fluid-filled or plugged with precipitated
conductive minerals such as chlorite and smectite, creates a path
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for current flow. The electrical conduction is a combination of
electrolytic mechanisms for the pore spaces and the fluid-filled
fractures and surface-mediated ion-transport mechanisms for
conductive alteration minerals. Because an order of magnitude
separates the resistivity of clays (a few ohm-m in situ) from that
of seawater (about 0.2 ohm-m at 25°C), the in-situ electrical re-
sistivity of the basaltic basement reflects the progressive sealing
of the oceanic crust with alteration products.

The resistivity of a saturated rock depends not only on pore
space geometry, but also on the connectivity of the pores, the
distribution of alteration products, and the connectivity of their
active surfaces. As a consequence, the difficulty of precisely de-
scribing the topology of the pore space and the distribution of
alteration products has led several authors to use empirical for-
mulas such as Archie’s law to relate resistivity and porosity.
Such power laws have been used in widely differing cases, such
as clastic sediments (Archie, 1942; Jackson et al., 1978; Lovell,
1985), basalt (Drury and Hyndman, 1979; Kirkpatrick, 1979;
Rai and Manghnani, 1981; Becker, 1985; Broglia and Moos,
1988: Pezard et al., this volume), or even partly melted crustal
rocks (Waff, 1974; Shankland and Waff, 1977; Hermance, 1979).
A similar type of power law was derived in the laboratory from
the study of pressurized samples for a large collection of rocks
(Brace et al., 1965; Brace and Orange, 1968a, 1968b).

In order to study how the electrical resistivity of basalts is re-
lated to both porosity and alteration through possible surface
conduction of clays (Drury and Hyndman, 1979; Olhoeft, 1981;
Becker, 1985; Karato, 1985), a series of 32 basaltic cores from
Hole 504B was analyzed in the laboratory. A companion paper
in this volume (Pezard et al.) focuses on these measurements
made on cores, tests the power law generally accepted as relating
resistivity to porosity in basalt (Brace and Orange, 1968b; Drury
and Hyndman, 1979; Becker, 1985), and tries to evaluate whether
clays might play a significant role in the electrical resistivity
measured during in-situ experiments. The purpose of this paper
is to analyze the resistivity measurements obtained with a down-
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Figure 1. Location of Site 504 on the south flank of the Costa Rica Rift and other DSDP sites in the Panama Basin. Bathymetry

from Lonsdale and Klitgord (1978). Contour interval = 1000 m.

hole sensor and to compare them to those measured on cores in
the laboratory. Taking into account the presence of conductive
minerals resulting from the alteration of igneous phases through
hydrothermal circulation, a porosity profile is derived from this
analysis. The results obtained from this 5.9-m.y.-old crust are
compared to previous measurements (Becker, 1985) and ana-
lyzed in the context of structural and alteration studies.

IN-SITU ELECTRICAL EXPERIMENTS

The Schlumberger dual laterolog (DLL) tool was run over
the entire length of the basement in Hole 504B to measure with
optimum vertical definition the “deep” and “shallow” electri-
cal resistivities of the rock surrounding the borehole (Ellis,
1987; Shipboard Scientific Party, 1988). An estimate of total po-
rosity and fracture porosity was computed aboard ship. In pre-
vious measurements, a Gearheart deep-resistivity laterolog was
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recorded down to 836 mbsf, but did not allow fracture porosity
evaluation from its single scale of measurement (Cann and Von
Herzen, 1983). During Leg 83, a large-scale resistivity experi-
ment yielded excellent resistivity data from which a porosity
profile for the basement was extracted (Becker, 1985).

A schematic of the DLL sonde run during Leg 111 is given in
Figure 3, with an idealized sketch of the current flow within the
rock. The principle of the DLL is to measure the intensity of
a variable current focused in a 60-cm-thick cylindrical beam,
while flowing from a downhole electrode to a remote return un-
der a fixed difference of potential (Serra, 1984; Ellis, 1987;
Shipboard Scientific Party, 1988). The intensity of the measured
current is inversely proportional to the formation resistivity.
This sensor has the advantages of remaining accurate at high re-
sistivity values (error less than 1.0% up to 40,000 ohm-m) and
providing two measurements of resistivity (usually referred to as
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Figure 2. Schematic of Hole 504B drilling history and lithostratigraphy
through the end of Leg 111.

“deep” and “shallow,” in reference to their respective depth of
horizontal penetration into the rock). On ODP Leg 111, the
measurements made with the DLL covered depths from 5003 to
3758 m below rig floor (mbrf), or 1529 to 284 mbsf, with a da-
tum acquired every 15 cm. The resistivity values range from 3.0
ohm-m at the top of basement to about 1500.0 ohm-m at the
bottom of the penetrated section (Fig. 5A). Besides having a dif-
ferent vertical resolution, these measurements are similar to
those obtained by Becker (1985) with a long-spacing resistivity
device. In both cases, an increase of about two orders of magni-
tude in resistivity values occurs across the interval from highly
porous and altered Layers 2A and 2B, where the average value
in the pillows is about 10.0 ohm-m, to the sheeted dikes of
Layer 2C, where the average value is about 250.0 ohm-m (Fig.
5A).

As a comparison, recent electromagnetic sounding of the
seafloor has provided independent estimates of the bulk electri-
cal conductivity of the upper part of the oceanic crust (Cox,
1971; Young and Cox, 1981; Cox et al., 1986), with a series of
measurements conducted off-ridge axis on the East Pacific Rise.
These measurements were best modeled with a 1.5-km-thick up-
per layer of high conductivity (about 0.1 S/m, which equates to
10.0 ohm-m) and an underlying region with lower conductivity
values (0.04 S/m, or 250.0 ohm-m), extending downward to
about 6 or 7 km. Whereas an excellent correspondence is found
between electromagnetic sounding experiments and in-situ mea-
surements in Hole 504B for the electrical resistivity, the evalua-

tion of the thickness of the upper section (the extruded part of
the volcanic edifice) has somewhat different results. This differ-
ence might be attributed either to an overestimate of the thick-
ness of this upper layer from electromagnetic data (which is
commonly the case in this type of modeling) or to variability of
the large-scale structure of the oceanic crust (due to a different
spreading rate controlling accretion in these two cases). In addi-
tion, the value of 250.0 ohm-m derived as an average to a depth
of 6 to 7 km is reached at a depth as shallow as 1200 mbsf in
Hole 504B. It is therefore reasonable to assume that such resis-
tivity values would be obtained from future downhole experi-
ments made in Hole 504B in the lower part of Layer 2 and in
Layer 3. These low values of resistivity can be contrasted with
measurements made with the same downhole sensor in granite
at Cajon Pass, California, or in metamorphic rocks at Moodus,
Connecticut (P. Pezard and R. N. Anderson, unpubl. data). In
these two cases, values beyond 100,000 ohm-m were commonly
measured. This large difference tends to suggest that the oceanic
crust might be (or might have been) quite permeable and that
fluids might have permeated well within Layer 3 during the ini-
tial cooling phase.

DATA ANALYSIS

An estimate of total and fracture porosity was computed
aboard ship from the DLL resistivity data. The relationship be-
tween porosity and resistivity for basaltic rocks was discussed at
length by Becker (1985), who concluded, after Brace and Or-
ange (1968a), Drury and Hyndman (1979), Karato (1985), and
others, that the use of Archie’s formula witha = 1.0and m =
2.0 was a reasonable compromise to relate resistivity to porosity
in basaltic rocks. However, the use of Archie’s formula in basal-
tic rocks has not yet been rigorously justified, and a single rela-
tionship, with @ and m considered as constants, cannot realisti-
cally be thought to hold throughout the entire length of the hole
(Becker, 1985). In spite of these limitations, we used the same
reasoning to obtain a first-order porosity estimate from the re-
sistivity data. The deep resistivity of the rock corrected for bore-
hole effect (LLd,) was used to compute this first estimate of po-
rosity (¢) with

¢* = (R,/LLd,),

where R, is the resistivity of the pore fluid, considered identical
to that of seawater (Mottl et al., 1983) and corrected for the ef-
fect of temperature (Becker, 1985).

Similarly, a semiempirical method based on DLL data was
used to estimate the fracture porosity of the basaltic basement.
This method was initially developed to study fractured-carbon-
ate hydrocarbon reservoirs (Boyeldieu and Winchester, 1982;
Boyeldieu and Martin, 1984; Sibbit and Faivre, 1985) and is
based on the comparison of deep and shallow laterolog mea-
surements. For this, the DLL is considered as a deep-penetrat-
ing sensor of the fracture pore space (¢g), and the estimate of
fracture porosity is computed assuming that rock and fracture
resistivities are measured in parallel by the DLL (Fig. 4). Because
of the electrode arrangement, the deep measurement (LLd) is
representative of mostly the horizontal resistivity of the rock
formation (Serra, 1984), and hence is hardly affected by the
presence of vertical conductive events such as fractures. The
shallow measurement (LLs) is sensitive to both horizontal and
vertical resistivity of the rock and is consequently reduced by
the occurrence of both types of fractures. Thus, the presence of
horizontal conductive fractures decreases the deep measurement
more than the shallow one. As the estimate of fracture porosity
(¢p) is related to the difference between LLd and LLs, it might
be considered as a minimum value because the presence of both
types of networks might have conflicting effects.
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Figure 3. Sketch of the dual laterolog sonde (DLL) and idealized current flow into the rock, with the “shallow” current (LLs) to the right and

the “deep” current (LLd) to the left. The electrode arrangement is

When the porosity structure of a hydrocarbon reservoir is be-
ing analyzed, a large resistivity contrast is present between wa-
ters located in and around the borehole (usually saline and con-
ductive) and hydrocarbons located in the reservoir. In the case
of the upper oceanic crust drilled with seawater, borehole and
pore fluids have similar salinities (Mottl et al., 1983), and the in-
vasion of the fractures by a fluid of a different salinity than that
of seawater can be ignored. The difference between LLs, and
LLd, is then attributed solely to an anisotropic distribution of
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labeled in the middle of the split sonde.

the pore space in the rock. In addition, the fact that drilling-re-
lated fractures do not extend more than a few decimeters away
from the borehole (Kirsch, 1898), far less than the rock volume
investigated with the DLL, suggests that they contribute little to
the overall signal.

The sketch of two extreme types of fractured rocks in Figure
4 shows that subhorizontal conductive fractures are seen in par-
allel with the basaltic matrix for the deep measurement, which
consequently reduces the value of LLd more than that of LLs
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Figure 4. A. Resistivity model for matrix and fractures seen by the laterolog measuring currents, with an analogy to electrical cir-

cuits in parallel. C = conductivity; Rma = matrix resistivity; Rfr
Idealized horizontal fracture network.

(LLd < LLs). In the case of a subvertical network, the relation-
ship is reversed (LLs < LLd), and the equation derived by Boy-
eldieu and Winchester (1982) can be rewritten as

VFRPHI > VFRPHI(min) = ([1/LLs, — 1/LLd)/
(/R V™,

where VFRPHI is the “subvertical” fracture porosity,
VFRPHI(min) the estimate for vertical fracture porosity, and
mf the exponent in Archie’s formula for the fracture network.
As an estimate of fracture porosity, this computation defines
only a lower limit because the presence of any horizontal frac-
tures decreases LLd., significantly, which consequently tends to
reduce the estimate for vertical fracture porosity VFRPHI(min).
Similarly, a subhorizontal distribution of fractures would give

HFRPHI > HFRPHI(min) = ([1/LLd, — 1/LLs)/
(/R ™,

fracture resistivity. B. Idealized vertical fracture network. C.

where HFRPHI is the “subhorizontal” fracture porosity and
HFRPHI(min) the estimate for horizontal fracture porosity.
These two estimates of fracture porosity are plotted in Figure
5B. The remaining area between fracture porosity (computed as
VFRPHI(min) + HFRPHI(min); Fig. 5B) and total porosity
(¢) is therefore a measurement of residual porosity. This resid-
ual is supposed to equate to intergranular pore space, as no ve-
sicular pore space was observed in the cores for these tholeiitic
submarine basalts.

One of the main shortcomings related to the use of constant
parameters for Archie’s formula over the entire length of the
drill hole (here @ = 1.0 and m = 2.0), however, is that the varia-
tions of rock type, pore space distribution, or alteration facies
are not accounted for. Particularly, the presence of conductive
clay minerals, such as smectites and chlorites, should be consid-
ered in order to avoid misinterpreting them as pore space. In or-
der to account for this, the surface conduction associated with
the presence of clays was first mentioned as playing an impor-
tant role in decreasing the electrical resistivity of sedimentary
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Figure 5. A. Resistivity data recorded in Hole 504B during Leg 111 (Shipboard Scientific Party, 1988). B. Total porosity and fracture porosity (blue),
derived from Archie’s formula (Becker, 1985; Shipboard Scientific Party, 1988). C. Simplified mineralogy derived from the analysis of the geochemi-
cal log data (Anderson et al., this volume). D. CEC profile estimated from the geochemical log data; the solid dots are the CEC measurements made
on cores (Pezard et al., this volume). E. Clay-corrected porosity profile (green) compared to Archie-derived profile (purple); the solid dots are the po-
rosity measurements made on cores (Karato, 1985; Christensen and Salisbury, 1985; N. . Christensen, pers. comm., 1988; Pezard et al., this volume).
The locations of breccias observed in cores (from Shipboard Scientific Party, 1988), alteration boundaries (from Alt et al., 1985), and large-scale seis-
mic layers (from Anderson et al., 1985b) are plotted for reference.
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rocks by Winsauer and McCardell (1953), and then Hill and
Milburn (1956), and associated to an electrical circuit located in
parallel to the pore space (Waxman and Smits, 1968) with

FF" = (C, + BQ,)/CLLd,,

where

FF” = formation factor of the rock corrected for clay
conductivity,

C,. = conductivity of the pore fluid,
B = equivalent conductance of the sodium ions ab-
sorbed onto the clays,
Q, = cation exchange capacity of the rock normalized

to unit pore volume,
CLLd. = conductivity of the fluid-bearing rock measured
by the deep laterolog.

Rink and Schopper (1974) and Clavier et al. (1977) devel-
oped more sophisticated models (reviewed in Pape and Worthing-
ton, 1983; Serra, 1984; Ellis, 1987). These models refer as well
to the analogy of resistors in parallel used by Waxman and
Smits (1968) to describe the conductance of clay-bearing rocks.
In order to account for the presence of clays, these authors em-
phasize the need to determine the intrinsic formation factor of
each analyzed core sample, with measurements made using dif-
ferent fluid salinities, rather than the apparent formation factor
(FF) obtained from one point only (see, in particular, Worthing-
ton, 1985). Here again, the behavior of the rock-clay-fluid as-
semblage at low-fluid conductivity depends considerably on the
pore space distribution. For example, Clavier et al. (1977) showed
that the apparent formation factor decreases to values near zero
at low resistivity for shaly sands, whereas Pape et al. (1985)
found that it rises to infinity in slightly altered granites (in fact,
1/FF goes to zero). In both cases, they concluded that conduc-
tion at low fluid salinity is primarily due to the interlayer con-
ductivity of the clays. Such opposite behavior stresses the need
to consider each assembly age individually in order to be able to
study the appropriate small-scale conduction mechanism.

In the case of basaltic rocks, the influence of clay conductiv-
ity on resistivity was studied and discussed by Drury and Hynd-
man (1979), Olhoeft (1981), and Karato (1985). In particular,
Olhoeft (1981) showed that surface conduction of clays, usually
negligible at low temperature, becomes as important as pore
conduction at about 80°C and predominant at higher tempera-
tures. This temperature dependence might then play an impor-
tant role in controlling the resistivity of in-situ measurements in
deep, hot boreholes such as Hole 504B. The derivation of a
more accurate resistivity-porosity transform seems therefore re-
lated first to a precise estimation of the conducting clay fraction
and second to the study of the temperature dependence of con-
duction on clay surfaces.

The cation exchange capacity (CEC) is used to characterize
the ability of a clay-rich rock sample to absorb electrolytic cat-
ions onto pore surfaces, hence creating an additional path for
current conduction in parallel to the pore space. The CEC of a
rock sample is related to the mobility of the cations (which is
equivalent to the adsorption capacity of the clay mineral for a
given type of cation), the charge density per unit area, and the
specific surface area of the clays distributed on pore surfaces.
However, the CEC of rocks cannot be directly and continuously
measured at present in a borehole. Measurements of CEC are
therefore limited to either in-situ complex resistivity experiments
or chemical analysis in the laboratory. Such difficulty has con-
sequently required the reconstruction of synthetic CEC profiles
from other continuous measurements, on the basis of the cali-
bration points obtained in the laboratory. In particular, the re-

cent development of geochemical logging has provided a way to
extract petrophysical parameters such as the CEC from the de-
rived mineralogy (Herron, 1986). Assuming that the relative
proportions of each clay mineral of known CEC is provided
from the mineralogy derived from the geochemical log, an esti-
mate of the CEC of the rock assemblage can be computed using
a linear summation.

The mineralogical inversion of the geochemical data recorded
in Hole 504B during Leg 111 is discussed in detail by Anderson
et al. (this volume), and the results are presented in Figure 5C.
The elemental composition was solved for the presence of smec-
tite (50 meq/100 g) and chlorite (10 meq/100 g) and then used
as input to obtain the reconstructed CEC curve (Fig. 5D). In ad-
dition, a total of 61 samples selected from Hole 504B was ana-
lyzed in the laboratory and measured for CEC (Pezard et al.,
this volume). In the cores, the quasiuniform presence of smec-
tites as an alteration phase of olivine is reflected by high values
of CEC in the extrusive part of the crust (Fig. 6). In the massive
flows of Layers 2A and 2B, the average CEC is high (5.8 meq/
100 g). Because low initial porosity constrains a low permeabil-
ity and, in turn, a low water/rock ratio during hydrothermal cir-
culation, a small amount of alteration might be expected from
the low average porosity (1.4%) and the absence of fractures in
most of these samples selected from massive units. To the con-
trary, the more porous and fractured pillows have an average
CEC value of 10.2 meq/100 g (Pezard et al., this volume). In
the massive units of Layer 2C where greenschist facies of altera-
tion are observed, the average CEC value decreases to 2.3 meq/
100 g. The CEC laboratory measurements and the reconstructed
CEC profile plotted for comparison in Figure 5D are in excel-
lent agreement throughout the hole, although more measure-
ments in the extremely altered upper part of the basement
would be desirable.

A new estimate of porosity (¢,) was consequently computed
from the equation of Waxman and Smits (1968) and the con-
servative approach followed by Becker (1985), in which @ and m
are set to 1.0 and 2.0, respectively:

¢2 = CLLd./(C, + BQ)),

where B reflects the sodium charge mobility and is estimated
from Serra (1984) as

B = 4.6(1.0 — 0.6e — 0.077/R,),

and Q, is the CEC normalized to unit pore volume, obtained
from

0, = CEC(°)[1 — ¢l/9),

with (°) representing the bulk density of the material.

As porosity (¢,) is the estimated parameter, an initial guess
for porosity (¢) was necessary as an input to the previous equa-
tion in order to start to iterate toward a solution constrained by
core measurements. The initial value of porosity (¢) obtained
from Archie’s formula was subsequently used to normalize Q,
and, therefore, estimate ¢.. Whereas the estimate of porosity
() derived from Archie’s formula proposes relatively high val-
ues of total porosity (Fig. SE), the clay-corrected estimate (¢.)
obtained after the first iteration reduces the previous estimate by
half in Layers 2A and 2B and to almost zero in the transition
zone and the dikes of Layer 2C. This first clay-corrected esti-
mate (shaded green Fig. SE) appears to be in good agreement
with the core measurements throughout the hole. Such an agree-
ment would be expected if the samples analyzed in the labora-
tory were fully representative of in-situ physical properties. Un-
fortunately, large-scale features such as cracks and voids, for ex-
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ample, are notoriously not sampled in the coring process and
consequently not analyzed in the laboratory. In any case, the
laboratory measurements should be considered as a lower limit
of porosity estimates derived from in-situ measurements.

Within Layer 2C, the good agreement between the core mea-
surements and the model at porosity values of the order of
0.1% is compatible with the low values of permeability mea-
sured in situ (Anderson et al., 1985b; Becker, 1985, this vol-
ume). At the base of Layer 2B (600 to 850 mbsf), however, the
agreement at values around 3.0% becomes questionable, as
similar low values of permeability were obtained in situ. An ex-
planation for this apparent contradiction might arise if the po-
rosity measured in the laboratory equates to water molecules ad-
sorbed onto clay surfaces (referred to as “bound water”). Such
water would be measured as porosity when the samples are
heated in the laboratory, but would offer shear resistance to
free-water flow in the pore space during in-situ permeability ex-
periments. The fit of the model to laboratory measurements
would in this case be fortuitous, and this clay-corrected porosity
profile should hence be considered only as a first-order approxi-
mation (knowing that @ and m were chosen arbitrarily). A more
precise evaluation must await an adequate correction of the neu-
tron porosity log for the massive basaltic units, from which in-
situ values for @ and m can be determined (Broglia and Ellis,
1988).

DISCUSSION

Alteration and Morphology of the Upper Oceanic Crust

The boundaries between the three major regions of altera-
tion obtained from the analysis of thin sections in Hole 504B
(Alt and Emmermann, 1985; Emmermann, 1985; Alt et al.,
1985, 1986) are shown in Figure 5. The upper alteration zone (1)
is characterized by reactions of basalt with seawater occurring at
low temperature (below 60°C) and by the presence of iron hy-
droxides, celadonite-nontronite, or saponite as a replacement
for olivine throughout the rock. The middle section (2) is char-
acterized by reactions at higher temperatures (60° to 110°C),
with evolved fluids possibly reacted already within the crust,
and the presence of dominantly pyrite and saponite as alteration
products. This boundary is abruptly outlined by the geochemi-
cal log data (Fig. 5C), and the strong mineralogical zonation in-
dicates the presence of a permeability barrier between these two
alteration zones. This permeability barrier is shown on the cor-
rected porosity profile (Fig. SE) by a 15-m-thick low-porosity
(0.5% on average) section that equates to lithostratigraphic Unit
27, described from the cores as a moderately phyric massive
flow (Cann, Langseth, et al., 1983). This morphological feature
therefore constitutes the boundary between two distinct hydro-
logical regimes in the immediate vicinity of the drill hole. In a
similar way, the transition from suboxic alteration facies (altera-
tion zone 2; Fig. 5) to greenschist facies (zone 3) is at 4372 mbrf
(898 mbsf; Alt and Emmermann, 1985; Emmermann, 1985) or
4364 mbrf (889 mbsf; A. Adamson, pers. comm., 1988), where
a pair of low-porosity units of intrusive origin are located (prob-
ably Units 57 and 61). Thus, a strong lithologic control of the
alteration distribution is observed in this hole.

Whereas certain massive units appear to constitute permea-
bility barriers (such as Unit 2D; Shipboard Scientific Party,
1988) or alteration boundaries (Unit 27) in the extrusive part of
the crust, they surprisingly appear rather altered throughout
their groundmass. This alteration was observed both directly in
thin sections or from CEC measurements made on cores (Fig. 6;
Pezard et al., this volume). These thick, poorly porous units
might consequently be viewed as “valves” in the hydrothermal
system of young oceanic crust. These valves remain closed dur-
ing most of the life of the plate, but might open themselves to

pervasive alteration via fluid circulation during dilatancy events
or the initial cooling of the crust. It is equally interesting to no-
tice that the three major peaks of alteration reflecting intense
smectite precipitation found at 4165, 4330, and 4380 mbrf (690,
855, and 905 mbsf, respectively; Fig. 5C), are each located be-
low a massive unit (Units 34, 53, and 61, respectively). The lat-
ter two massive units, described as intrusive units (Adamson,
1985), might as well be related to the stockworklike section (An-
derson, Honnorez, et al., 1985) only a few meters underneath
the base of Unit 61 (4380-4400 mbrf, or 905-925 mbsf; Fig. 5).
This indicates again a strong relationship between small-scale
crustal morphology, structure, and hydrothermal circulation
patterns.

While alteration appears uniform and widespread in the ex-
trusive part of the crust (i.e., down to 4365 mbrf, or 890 mbsf),
with high and uniform values of CEC measured on cores (Pe-
zard et al., this volume), the transition zone (4375-4610 mbrf,
or 900-1135 mbsf) provides large and rapid variations with
depth of CEC measurements. Such rapid variations suggest an
extreme segmentation of the crust in this transition zone and the
underlying dikes of Layer 2C, as proposed by Alt et al. (1985).
These conditions were also observed in the Semail ophiolite
complex of Oman (T. Juteau; pers. comm., 1988). Besides the
extreme segmentation of the crust in the lower part of the drill
hole, the extremely low CEC values recorded on four samples
(selected from Units 59, 63, and 74) point to units intruded
within a different alteration environment than the host rock.

Large-Scale Layers of the Oceanic Crust

Layer 24

The distribution of fracture porosity in the first few hundred
meters of basement (Figs. 5B and 6) changes at 3880 mbrf (406
mbsf) from an overlying zone of both horizontal and vertical
networks to a regime of mainly vertical fractures beneath. This
boundary is also the site of a decrease in total porosity (Figs. 5B
and 6), which fits with previous definitions of the limit between
Layers 2A and 2B in Hole 504B (CRRUST, 1982; Anderson et
al., 1985a; Newmark et al., 1985) and the original concept of a
fractured, low-velocity Layer 2A (Houtz and Ewing, 1976; Fran-
cheteau, 1983). The upper 130-m section of the basaltic base-
ment has the highest porosities of the entire hole, with an aver-
age of 7.0% in the pillows, and appears as the most intensively
altered interval both in the thin sections and from the analysis
of geochemical log data (Anderson et al., this volume; Fig. 5C).
The section of most intense fracturing observed within Layer 2A
is bounded on top by a 14-m-thick massive flow (Unit 2D; from
3785 to 3799 mbrf, or 311 to 325 mbsf), to which it might be ge-
netically related.

The set of temperature profiles recorded during successive
scientific legs in Hole 504B (Fig. 7A; Gable et al., this volume)
shows that the bottom of Unit 2D precisely defines the depth at
which the temperature starts to increase rapidly as the ocean wa-
ter enters the underpressured aquifer (Anderson and Zoback,
1982; Anderson et al., 1985b), which is the upper limit of the
zone of water intake into the crust. The temperature gradient re-
corded during Leg 111 (Fig. 7B) indicates that the interval of
water inflow is 30 m thick, which equates to the section of high-
est porosity exactly below Unit 2D (Figs. 5B and 5SE). This rela-
tionship has several possible implications. First, it suggests that
the structure allowing the underpressured aquifer to develop was
created at the ridge axis, where Unit 2D was emplaced. Second,
an underpressured zone possibly appeared in this high-permea-
bility conduit during sealing of the upper part of the crust re-
lated to the diagenesis of diatom oozes into chert, about 1 m.y.
ago (Hobart et al., 1985). Third, it means that hydrothermal
waters already circulated once through the crust might be trapped
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at shallow depth below such thick units close to the ridge axis.
These waters may then cool and circulate laterally through to
the large horizontal fracture porosity before being eventually re-
cycled into the crust (Alt et al., 1985). Specific types of altera-
tion minerals should be expected from the reaction of basement
rocks with such evolved water, already reacted once at high tem-
peratures. This process could consequently explain the second
stage of alteration described for the dikes of Hole 504B (Alt et
al., 1985), with formation of quartz, epidote, and sulfides from
more evolved (Mg-depleted and metal-, Si-, and '*O-enriched)
fluids.

Similar borehole in-flows have been encountered in other
deep-sea drill holes, although never studied as extensively as
Hole 504B. A kilometer away from Hole 504B, DSDP Hole 501
penetrated 73 m into basement. Two massive flows, comparable
in size to Unit 2D in Hole 504B, were drilled through halfway
into the hole (Fig. 7C). Here again, in-situ temperature mea-
surements indicated the presence of a downward water flow in a
zone below a massive unit (Becker et al., 1983; Fig. 7C). DSDP
Hole 395A, located in the North Atlantic, provides an excellent
point of comparison with Hole 504B, with probably the most
puzzling example of the relationship between aquifers and mas-
sive units. The drill hole penetrated 93 m of sediments and 571
m of basaltic basement (Melson, Rabinowitz, et al., 1979; Fig.
8). The sequence of increasing electrical resistivity (or decreas-
ing porosity) with depth was interpreted as magma cycles (Hynd-
man and Salisbury, 1984; Fig. 8), with each sequence proposed
to represent a single eruptive cycle. These cycles start at the bot-
tom with high electrical resistivity, low-porosity massive flows
and then gradually evolve to low electrical resistivity, high-po-
rosity breccias toward the top, representing the last phase of the
eruptive sequence. Each of these sequences is truncated at its
top by an abrupt change in physical properties corresponding to

the onset of the next volcanic cycle. These decreasing porosity
trends are emphasized by a dashed line on the resistivity record
(Fig. 8), and each section with resistivity values in excess of 30
ohm-m at the base of these sequences is indicated on the tem-
perature record. The downward flow of seawater, as indicated
on the successive temperature logs recorded during DSDP Leg
78B, appears to enter the basement below the base of the previ-
ously defined massive units (3A and 4A, Fig. 8). The tempera-
ture log recently recorded during ODP Leg 109 provides evi-
dence for seawater flow into Unit 5A (Fig. 8; Detrick, Honno-
rez, et al., 1988). These successive observations indicate the
presence of several underpressured aquifers located at different
depths in Hole 395A, as opposed to the single in-flow zone
found at present in Hole 504B. Such a structural and hydrologic
contrast emphasizes the differences in morphology of the basal-
tic basement between two plates accreted at different spreading
rates.

Layer 2B

Analysis of the resistivity data has outlined the presence of
dominantly vertical fractures from the top of Layer 2B (3880
mbrf, or 405 mbsf) to the bottom of the hole (Shipboard Scien-
tific Party, 1988). The low values of clay-corrected porosity in
the massive units (less than 2.0%) provide a means to discrimi-
nate the flows and sills from the more porous pillow units (Fig.
5E). The fracturing in the penetrated flows is mainly restricted
to the cooling edges (4055, 4158, and 4200 mbrf; Shipboard Sci-
entific Party, 1988), whereas the intensity of fracturing within
pillow units is observed as being of two possible origins: (1)
thermal, due to stresses applied during cooling of a contiguous
massive unit (4045, 4065, and 4160 mbrf; Fig. 5B), or (2) tec-
tonic, due to basement faulting (3970 and 4280 mbrf).
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Surprisingly, some of the total porosity of the small-to-me-
dium size flows constitutes series with depth (Fig. 5B; Ship-
board Scientific Party, 1988). These trends, visible as well on
other logs used to derive porosity profiles (such as density, epi-
thermal neutron, or compressional-wave velocity), build sequences
in which the porosity is in some cases inversely related to unit
thickness (4090 to 4150 mbrf; Fig. 5B). Such a sequence could
reflect variations in flow energy, possibly linked to a decrease in
the magma supply from a particular source. Consequently, it is
necessary to check whether these units have been petrologically
related and whether such systematics, if present, can be traced
in the geochemical data. In contrast to these sequences, the
massive units thicker than 10 m (3790, 4055, and 4155 mbrf;
Fig. 5) do not have porosities related to other units and may
therefore be interpreted as isolated magmatic events.

One of these thick flows (Unit 27) constitutes one of the
most striking features of the porosity profile derived from resis-
tivity data. This low-porosity unit (0.05%) coincides with a ma-

jor alteration boundary revealed by thin-section analysis (Alt
and Emmermann, 1985; Emmermann, 1985; Alt et al., 1985,
1986) and confirmed by geochemical log data (Fig. 5C). Below
this boundary, the most intensively altered zones (Fig. 5C) are
confined to pillow sections located directly below massive units
(4160, 4330, and 4380 mbsf). The high CEC measurements
within these low-porosity units indicate that the entire crust was
permeated by fluids and altered. As a consequence, the clay-
corrected porosity profile provides a better fit to core measure-
ments (Fig. SE) than the initial interpretation of Archie’s law
(Fig. 5B). An exception to the accuracy of this model is found in
the Na-Ca zeolites zone (3995-4025 mbrf, or 520-550 mbsf) de-
scribed by Alt et al. (1985), where the porosity is clearly under-
estimated with respect to core measurements. This discrepancy
might originate in the mineralogical inversion derived from the
geochemical log, where the low resistivity of zeolites is misinter-
preted as high-resistivity smectites (Fig. 5C). This is likely be-
cause potassium enrichment within this zone is included in the
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mineralogy inversion as smectite, instead of the more appropri-
ate potassium-rich zeolites. A more accurate porosity profile
should therefore be obtained (1) from a more accurate mineral-
ogical inversion and (2) by taking into account the temperature
dependence of clays. Clay conduction was reported to be the
dominant conduction mechanism in basalt at temperatures greater
than 80°C (Olhoeft, 1981), and such a correction requires a se-
ries of laboratory experiments in order to relate CEC and acti-
vation energy for each major alteration facies (P. Pezard, un-
publ. data). Such a correction should further reduce the poros-
ity estimate from 4000 m downward, where temperatures higher
than 80°C have been measured (Fig. 7A). This improved poros-
ity estimate should help to eliminate the paradox of low perme-
ability and high apparent porosity in Layer 2B (Becker, 1985).

Transition Zone and Layer 2C

The transition zone is shown on the DLL as a region of con-
tinuously increasing values of electrical resistivity toward values
higher than 50 ohm-m in the dikes. The high-frequency charac-
ter of the porosity profile in this zone reflects alternating se-
quences of intrusive and extrusive (more porous) units. In this
zone, the total porosity decreases gradually with depth to be-
come as low as a fraction of a percent at the top of Layer 2C,
and it remains as low to the bottom of the penetrated section
(Figs. 5C and SE). Another good correspondence is observed
here between the computed values of porosity and the core mea-
surements, once clay conduction is taken into account (Fig. SE).
The only important anomaly in this profile of otherwise con-
stant resistivity occurs at the bottom of the hole (1497 mbsf),
with a tight zone characterized by an increase of one order of
magnitude in electrical resistivity values and where the slowest
drilling of Leg 111 was recorded. At the top of the transition
zone, the estimate of fracture porosity (Fig. 5B) is in good
agreement with that observed in the cored breccias (Fig. 5). This
correlation contrasts with a weaker correlation observed shal-
lower in the hole, where the locations of intensely fractured ba-
salt were obviously not sampled in the coring process.

Morphology and Accretion of the Upper Oceanic Crust

From the previous study of the resistivity-derived porosity
profile, the penetrated section can be divided into four main
zones, from the top of the basement down.

1. A 130-m-thick zone of high porosity (averaging 7.0%)
has a large amount of fracturing, both horizontal and vertical in
nature. This zone equates to the seismically defined Layer 2A.

2. The underlying 400-m-thick zone of lower porosity (aver-
age 4.0%) consists of flows and pillows and is equivalent to
Layer 2B. The regime of mainly vertical fractures in this second
zone might reflect the overall cooling of the lithosphere by hy-
drothermal fluids (Lister, 1972, 1974).

3. The transition zone from Layer 2B to the sheeted dikes of
Layer 2C begins at approximately 4280 mbrf (806 mbsf) and ter-
minates at 4620 mbrf (1146 mbsf).

4. In the zone below 4620 mbrf, the porosity decreases grad-
ually to values as small as a fraction of a percent in the dikes
(0.1%), and the fracturing distribution is again mostly vertical.

The transition from dikes to pillows and flows was largely
documented previously from ophiolite studies (Gass and Sme-
wing, 1973; Kidd, 1977; Stern and Elthon, 1979). The contrast
between the intrusive and the extrusive origin of these basalts is
widely accepted as related to the way new oceanic crust is
formed at mid-ocean ridges. On the other hand, the relation to
the large-scale structure of the crust of the mineralized stock-
work in the transition zone (4380-4400 mbrf, or 905-925 mbsf)
is not yet understood. The location of this hydrological feature
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was proposed to be related to the mixing of cold, downgoing
seawater with hot, already reacted fluids coming from the un-
derlying dike section (Anderson et al., this volume). Similarly,
no definite explanation has been given for the existence of the
“seismically slow™ Layer 2A, as opposed to a “faster” Layer
2B, although it was related to a possible zone of intense altera-
tion of the basaltic crust after studies at DSDP Sites 417 and
418 (Donnelly, Francheteau, et al., 1980; Salisbury et al., 1980).
Such a velocity decrease (to a value of 2.0 to 3.0 km/s) was no-
ticed for a zone about 100 m thick within a few kilometers of
the East Pacific Rise (E. Vera, pers. comm., 1988), which im-
plies that Layer 2A might be of morphological origin.

Based on the analysis of topographic profiles and seafloor
images recorded on the Juan de Fuca Ridge, Kappel and Ryan
(1986) discussed previous models of crustal accretion at me-
dium- to fast-spreading mid-ocean ridges (Luyendyk and Mac-
donald, 1977; Spiess et al., 1980; Ballard et al., 1981; Franche-
teau, 1983; Macdonald, 1983) and proposed a non-steady-state
model, by which excessive volcanism periodically builds a cres-
tal ridge along the axis of seafloor spreading, with an elongated
summit depression (ESD) typically observed in the spine of this
crestal ridge. The variable dimensions of the ESD and the rela-
tion among flow morphologies have lead Kappel and Ryan
(1986) to the following model of oceanic crustal accretion: (1)
extrusive volcanic construction that widens the crestal ridge
prior to the collapse of the summit depression, (2) collapse
within the summit region of the crestal ridge to form an ESD
during a phase of volcanic inactivity, and (3) renewed magmatism
in the ESD as the floor widens by extension.

The crustal area studied by Kappel and Ryan (1986) in the
active volcanic zone (from the axis of the ridge outward) equates
in a way to the section sampled in Hole 504B from the bottom
of Layer 2B upward. Large flood events, such as Unit 2D in
Hole 504B, or similar features in other DSDP Holes 501, 505,
332, or 395A, are usually observed on the seafloor to be associ-
ated with the presence of an ESD, as lavas extruded in massive
quantities tend to fill this topographic low. If each massive flow
found at shallow depth in the oceanic crust is associated with an
ESD and if the volcanic construction was emplaced prior to the
collapse of the ESD, it should be found on top of the previous
volcanic construction in vertical cross section. Lava morpholo-
gies have been found to be dependent on temperature, viscosity,
phenocryst content, or spreading rate at eruption (Bonatti and
Harrisson, 1988), evolving from sheet flow to pillow lava as a
volcanic construction develops and the magma source weakens.
The upper part of such a construction should consequently con-
sist mainly of fractured pillows and lava tubes (Hekinian et al.,
1983; Hekinian, 1984). These weak structures are thus excellent
candidates, after collapsing into the ESD and being capped by a
10-m-thick flow, to give birth to the highly porous and heteroge-
neous structures like those found in Hole 504B (Anderson et al.,
1985a). Such a model might mean that Layer 2A might not be
continuous away from the ridge axis and therefore may be later-
ally limited, as implied by the progressive filling of the reservoir
observed since initial drilling (Becker et al., 1983; Becker, Sakai,
et al., 1988). It implies, in addition, that some of the “slow” hy-
drothermal circulation, as opposed to the “fast” circulation re-
lated to the black smokers, might start close to the ridge axis,
controlled by near-axis lava and seafloor morphologies. The as-
sociated alteration would therefore exist from the axis onward,
allowing for higher temperatures of metamorphism at an early
stage. In that respect, it is interesting to remember that the tran-
sition from low-temperature seawater alteration to suboxic/an-
oxic alteration at higher temperatures (Alt et al., 1985) was
found exactly at the base of the second massive flow penetrated
by drilling (the top of Unit 27 is located at 4060 mbrf, or 585
mbsf). Consequently, this example of morphological control on
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hydrothermal circulation might be thought of as the remains of
an earlier ESD, below which horizontal fractures have been
plugged entirely. Only a few vertical ones might remain open
within this paleoreservoir, under stresses associated with the
cooling of the oceanic lithosphere.

CONCLUSIONS

The measurement of deep and shallow resistivities allowed us
to estimate total and fracture porosity in Hole 504B, the deepest
borehole yet drilled into the oceanic crust. The resistivity and
geochemical logs were used to define a 1200-m-long porosity
profile that permitted us (1) to discriminate the large-scale lay-
ers of the oceanic crust, (2) to discriminate individual lithologic
units (such as pillow units and massive flows), and (3) to de-
scribe the overall morphology of the upper crust. In that re-
spect, the two massive flows of lithologic Unit 2D, penetrated at
about 50 m within basement, may be associated with the under-
lying high-porosity, underpressured aquifer that must have orig-
inated at the ridge axis, a location of intense hydrothermal cir-
culation.

The fracture porosity can be related in most cases to thermal
stresses coming from the direct cooling (1) of the unit or (2) of
nearby extrusions or intrusions. The remaining fractures may be
attributed to tectonic features such as the inferred listric fault at
about 4300 mbrf (825 mbsf; Shipboard Scientific Party, 1988).
The matrix porosity is constant for long sections of the hole and
decreases by steps with depth. Exceptions to this general trend
are found at 4000 mbrf, where a zone of resistive zeolites is rep-
resented by low apparent values of porosity. The extremely low
value of porosity in the dikes indicates a slower regime of hydro-
thermal circulation deeper into the crust.

The comparison of the clay-corrected porosity profile to (1)
the alteration of the basalts observed in thin sections and (2) the
analysis of the geochemical logs indicates a strong correlation
between alteration and morphology. Although it is difficult to
know whether this observation is valid elsewhere in the oceanic
crust, the lateral continuity of morphological features such as
Layer 2A or hydrological processes such as the underpressured
reservoir might be checked with a series of closely spaced holes
drilled perpendicular to the ridge axis.
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