The Journal of the Oceanological Society of Korea
Vol. 21, No. 2, p. 92-100, June 1986.

Application of electrical resistivity in determining diagenetic
stage of deep-sea carbonate sediments: A new variable
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Abstract

Laboratory investigations of physical (density and porosity), acoustic (velocity and velocity
anisotropy), and electrical (resistivily and resistivily anisotropy) properties in deep-sea carbonate se-
quences at DSDP sites 288 and 289 in the western equatorial Pacific were made and correlated as a func-
tion of diagenesis. Profile of resistivity shows almost a mirror image of velocity indicating that electrical
resistivity can be a useful variable to determine the diagenetic stage. Some fluctuations in acoustic and
electrical properties near the zones of cherty and siliceous limestones for both sites imply significant
changes in pore geometry due to interbedded silica. The significantly reduced pore throat size by the
presence of silica which provides excess calcium carbonate 10 adjacent pore spaces is partly responsible
for several jumps in acoustic and electrical properties of the zones. These observed geophysical data are

interpreted as the result of silica diagenesis influencing carbonate diagenesis.
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INTRODUCTION

Since the beginning of the Deep Sea Drill-
ing Project (DSDP) diagenetic studies of
deep-sea carbonate sediments as well as other
types of marine sediments have been accel-
erated primarily due to the availability of a
large number of cores. The continuous cores
of various types of marine sediments provided
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a good opportunity to study the progressive
diagenetic changes in terms of sediment depth
and age. Efforts have been made to recognize
the diagenetic stage as a quantity utilizing
geochemical or geophysical parameters. For
example, the amount of magnesium Mg*?)
and strontium (Sr*?), and stable isotope ratios
(**0/'¢0, *C/"*C) in carbonate grains, as
well as interstitial water are documented with
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increasing depth and age. These parameters
are used as indicators to determine the
diagenetic stage (Matter et al., 1975;
Manghnani et al., 1980; Garrison, 1981;
Baker et al., 1982; Elderfield et al., 1982).

Various attempts have been made to cor-
relate the geophysical parameters (i.e.,
physical, acoustic, and electrical properties) to
sediment diagenesis. The general increases in
density ( #), compressional and shear veloc-
ities (V,, V), and electrical resistivity (R), and
decrease in porosity ( ¢ ) with depth and age
are reported as a function of diagenesis
(Boyce, 1976, 1980; Mayer, 1979; Hamilton,
1980). A number of studies have been con-
ducted to correlate the physical and acoustic
properties of deep-sea carbonate sediments to
the degree of lithification (Schlanger and
Douglas, 1974; Milholland et al., 1980).

Velocity anisotropy became an interesting
topic since Hamilton (1970) predicted that
marine sedimentary rocks are anisotropic. It is
a phenomenon that an acoustic wave travels
faster parallel to the bedding plane than the
perpendicular to the bedding plane. In accord-
ance with availability of DSDP cores increas-
ing number of papers documented that the
acoustic anisotropy is a common feature in
marine sediments (van der Lingen and
Packham, 1975; Boyce, 1976, 1980; Tucholke
et al., 1976).

In order to understand the possible cause of
anisotropy and its general increase with depth
many researches have been carried out de-
pending on different point of view (Carlson
and Christensen, 1979; Kim et al., 1983,
1985). In many models, however, diagenesis is
considered as a main mechanism in develop-
ing anisotropy with depth. Numbers of prefer-
rably oriented flat and/or horizontally
elongated pores and cracks are increased with
progressive diagenesis (i.e., dewatering,
cementation and recrystallization processes).

Anisotropy studies in the electrical proper-
ty, i.e., resistivity of marine sediments are
very rare. Recently, Schoonmaker et al.,
(1985) related the acoustic and electrical pro-
perties to the mineralogy and diagenesis of
DSDP clay-rich sediments. If the pore orien-
tation is a main cause of acoustic anisotropy
as indicated by Kim et al., (1983, 1985), it is
also a main mechanism that can generate re-
sistivity anisotropy because pore geometry

determines the flow characteristics of electrical
current in a saturated rock (Walsh and Brace,
1984). This paper relates the profiles of the
electrical and acoustic properties of deep-sea
carbonate sediments with depth and age and
investigates the idea of pore orientation as an
important cause of acoustic and electrical
anisotropy.

STRATIGRAPHY OF SITES 288 and 239

Two DSDP sites (288 and 289) on the
Ontong-Java Plateau in the western equa-
torial Pacific were chosen for this study (Fig.
1). These pelagic sediment sequences display
one of the thickest and most complete ooze-
chalk-limestone transition along the sediment
column (Andrews et al., 1975; Berger et al.,
1977). The CaCO; content is very high (usual-
ly higher than 90%) over most of the se-
quence. Biogenic calcite produced by
calcareous nannofossils and foraminifera is a
major component. Amount of other minor
components such as interbedded biogenic
silica and volcanogenic materials increases with
increasing sediment depth (Andrew et al.,
1975).

Site 288 was drilled on the eastern salient of
the plateau (water depth 3,000 m). The oldest
cored sediment is the Aptian cherty limestone
(subbottom depth 988.5 m). The seismic base-
ment is, however, pretty close 1o the core in-
dicating that the oldest sediment is Early
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Fig. 1. Locations of DSDP Sites 288 and 289 in the
Ontong-Java Plateau, western equatorial Pacific (depths
in fathoms).
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Cretaceous.

The sediment sequence is divided into two
lithologic units (Fig. 2). The boundary cor-
responds tu transition from ooze to chalk at
around 500 m subbottom depth. Unit 1 can be
subdivided into two subunits depending on the
degree of induration and lithologic charac-
teristics. Consolidation increases downward
from soft ooze to semi-indurated chalk.

The major composition-of Unit 2(533-988.5
m) is chalks and limestones interbedded with
cherts and vitric siltstones. This unit is also
subdivided into four subunits. Subunit 2A is
nannofossil chalk and ooze with increasing
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Fig. 2. Stratigraphic column of DSDP Site 288 (from
Andrews et al., 1975).

amount of interbedded chert with depth.
Subunit 2B is characterized by abundant
volcanic materials and subunit 2C is similar to
subunit 2A. Subunit 2D is dominated by the
rhythmic sequences of partially silicified
limestone interlaminated with vitric siltstone
and interbedded chert.

Site 289 was drilled on the northern part of
the plateau (water depth 2,206 m). The Early
Cretaceous basaltic basement was encountered
at 1,265.5m subbottom depth (Andrews et al.,
1975). This anomalously thick, pelagic car-
bonate sequence is divided into three lithol-
ogic units (Fig. 3). Compared to Site 288 the
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lithology is rather simple. Unit 1 is nanno-
foram ooze and chalk. Unit 2 is limestone,
siliceous limestone, nanno-foram chalk,
nodular chert, and wuff, and Unit 3 is basaltic
basement. The sediment sequence is further
divided into five units for the convenience of
interpreting the physical properties.

EXPERIMENTAL TECHNIQUES

The magnitude of complex resistivity of
specimen was measured by applying of the
four-electrode technique similar to that
described by Olhoeft (1980). This technique
has an advantage of eliminating electro-
chemical polarization. Two pairs of current
and potential electrodes therefore employed.
To monitor the current a sinusoidal voltage
source (HP 3325A synthesizer) was applied
both to a sample and to a variable standard
resistance (General Radio 1433H). The
voltage across the sample and the standard
resistor were measured using a digital process-
ing oscilloscope (Nicolet 4094). The two
digitized signals were processed by a mini-
computer (HP 9920) which calculates the
complex ratio of the Fourier amplitudes and
phases of two signals (Fig. 4).

The measurements were made on two or-
thogonal directions of the sediment samples
{i.e., parallel and perpendicular to the core
axis) to observe differences in resistivity
values (resistivity anisotropy). The resistivity
anisortropy is definded by (Schoonmaker et
al., 1985)

L
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5 | |
o9 | 79
{

— l

_H

l Sample Holder

Fig. 4. Schematic diagram of 4-electrode method for
electrical resistivity measurement.

where R, is vertical resistivity (parallel to the
core axis), R, is horizontal resistivity
(perpendicular to the core axis) and R, is
mean sample anisotropy. Usually R, is greater
than R, (i.e., Ry >R).

Sample holder was designed to measure
resistivity for different size and shape of
samples. Platinum electodes were used on the
sample holders. Although the measured fre-
quency range was 100 Hz to 18 KHz, the
resistivily values at 100 Hz were used as data.

The velocity was measured using the pulse
transmission technique under ambient condi-
tion similar to that of Birch (1960). Ultrasonic
frequency (1 MHz) was applied to improve the
accuracy of measurement (Kolsky, 1953).
Measurement errors less than 2% possibly
arise from variations in sediment tempe-
ratures (Hamilton, 1974) and poor coupling
between transducers and the soft sediment.

Similar to the case of electrical resistivity
the velocily measurements were carried out
two orthogonal directions of the specimens.
The velocity anisotropy for compressional
waves (A,) is defined by (Kim et al., 1983)

Vo=V
VPM
where V,,, represents compressional velocity
in the horizontal direction, V,, represents
compressional velocity in the vertical direc-
tion, and V,, is the mean for the two
velocities. Beacuse horizontal velocities are
generally faster than vertical velocities (i.e.,

Ve < Veg)s A, is usually positive.

Porosity and bulk density were measured
using mercury injection porosimetry (Micro-
meritics 9300). This technique, however, is ac-
curate only for consolidated or semi-
consolidated specimens such as chalk and
limestone because of volume loss in uncon-
solidated samples during the drying step of the
preparation process. Thus, porosity data on
shallowly buried soft sediments were obtained
from DSDP.

Ay x 100 (%)

RESULTS AND DISCUSSION

Figure S shows the profiles of age, bul.k
density (), porositly (¢), compressional ve19c1-
ty (V,), velocity anisotropy (Ap), electrical
resistivity (R), and resistivity anisotropy (Ay)
for Site 288 in terms of depth of burial. A
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Fig. 5. DSDP Site 288 physical properties: age, densi-
1y, porosily, compressional velocily, velocity anisotropy,
electrical resistivity, and resistivity anisotropy. Solid lines
for Vp and log R indicate horizontal direction and dotted
lines indicate vertical direction. Note the fluctuations at
subunit 2D.

small fluctuation in physical properties near
the bottom of subunit 1B appears to be
related to the increasing bioturbation and ap-
pearance of nodular chert. Except for subunit
2D, however, generally »,V, and R in the
stratigraphic column increase more or less
systematically with depth.

The lithologic composition of subunit 2D is
dominated by the rhythmic sequences of par-
tially silicified limestone and interbedded
chert. The several jumps in velocity (2.6-3.8
km/s) and resistivity (1.3 - 3.8 ohm-m) as well
as density (2.1 - 2.3 g/cm® and porosity (35
-23%) in the subunit imply the strong correla-
tion between physical and acoustic properties
and sediment composition. The very high
velocity and resistivity values in the layers of
siliceous limestone and chert near the top and
bottom of subunit 2E can be interpreted as the
same idea.

In the light of the foregoing observations
the behavier of velocity profile matches very
well with that of resistivity. The result is more
encouraging in Site 289 (Fig. 6). The mirror
image exists between velocity and resistivity in
the zones of complicated lithology (Units 4
and 5). Similar (o Site 288 the several jumps in
density, velocity, and resistivity at the top of
Unit 4 and at the boundary between Units 4
and 5 are correspond to the occurrence of
cherty and siliceous limestone.

These abrupt jumps in physical and
acoustic properties in layers of cherty and/or
siliceous limestone are result of diagenetic ef-
fect rather than the composition itself. Van
der Lingen and Packham (1975) suggested the
possibility of silica diagenesis affecting car-
bonate diagenesis. In their model the surplus

sy pihmtu) i) 105 & Pes)
(ohm-a) ® LitHaLOGY
0.5 1.03.5

I/ SR ¥ A

2.5 7.03.0¢.05.0

PR TR VL. S ]“

) ‘

200

300 4 %

b [
| o 1400-56% =

-~

Tnie 1 (200-400 m)
Nanuo-foram ovze

DEPTH.

L

600 |

Fig. 6. DSDP Site 289 physical properties: symbols
and lines are the same as in Fig. 5. Note the fluctuations
at Units 4 and 5.
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calcium carbonate released from the chert
nodules by replacement of calcite by silica is

precipitated the adjacent pore spaces. Recent-
ly, Kim et al., (1985) found a supporting
evidence of the idea by observing dramatic
changes in pore geometry in zones of high
silica content (i.e., siliceous and cherty
limestones) which result in fluctuations of
velocity and velocity anisotropy in deep-sea
carbonate sequences.

It is interesting to compare the profiles of
velocity and resistivity anisotropy (A, Ag) in
terms of possible causes. It is not an accident
that both A, and A; follow the similar pro-
files if the anisotropies originate from the
same mechanism. Preferred vertical orienta-
tion of calcite ¢ axes was considered the
main cause of velocity anisotropy after the
high pressure experiment of Carlson and
Christensen (1979). Kim et al., (1983) were
skeptical about the result because they did
not control the pore pressure accurately.
Using the improved high pressure technique,
which means newly designed sample holder
that can control both confining and pore
pressure independently, and ultrasonic at-
tenuation (Q; ', Qg '), Kim et al., (1983) con-

cluded that the horizontally elongated flat
pores (i.e., pore orientation) are the main
cause of the observed anisotropy. Recently,
Kim et al., (1985) further support this idea by
observing the flat pores which aligned

dominantly in horizontal direction in the
Scaning Electron Microscope (SEM) photo-
graphs.

Quantification of diagenesis by physical,
acoustic, and electrical properties is based on
the concept that changes in pore geometry are
related with progressive diagenesis. Pores and
pore connections (throats) become flatten and
elongated horizontally due to the overburden
pressure. In deep-burial diagenesis solid solu-
tion process can intensify development of the
sheet-like pore connections (Wardlaw, 1976;
Scholle, 1979). This variation in pore
geometry determines both acoustic and elec-
trical properties because narrow pore connec-
tions not only decrease elastic moduli but also
prevent the flows of electrical current.

Figures 7 and 8 plot log resistivity versus
velocity for Sites 288 and 289 separating ac-
cording to lithology (ooze-chalk-limestone).
On one hand, strong positive correlations be-
tween velocity and resistivity for both sites
suggest the possibility that resistivity can be a
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Fig. 7. Log resistivity versus compressional velocity for
DSDP Site 288. Solid lines represent the least-squares fits
for each lithologic group (ovze-chalk-limesione). Square
represent ooze, triangles represent chatk, and diamonds
indicate limestone. Solid diamonds represent siliceous or
cherty limestones.
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good indicator to determine the diagenetic
stage as well as acoustic velocity. On the other
hand, the relatively scattered data points for
limestones of high silica content at Site 289
can arise an argument because the high values
of velocity and resistivity can be considered
due to differences in lithologic composition
rather than silica diagenesis affecting car-
bonate diagenesis. By synthesizing laboratory
data on deep-sea carbonate sediments, how-
ever, recently Kim et al., (1985) concluded
that diagenesis is a primary factor controlling
elastic moduli which govern acoustic pro-
perty. They used the plots between different
parameters such as porosity, pore geometry
{modal pore size), velocity, and ultrasonic at-
tenuation. The results consistently support
the importance of pore geometry determining
physical and acoustic properties.

However, this effect of silica diagenesis on
the resistivity and velocity is weaker at Site
288 than at Site 289 because of relatively
smaller amount of silica content at Site 288.
Figure 9 compares log porosity-log resistivity
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+ -— OOZE /
% —— CHALK # J/
—— LIMESTONE 4
T 4 -
A #
/
g
£
z
[} -
5
[ =
I~ ;
Z !
2] |
@ |
oy
-9 i
§ -
SITE 288 ‘
—— |
|
D —— O0ZE N
& ~——- CHALK
© —— LIMESTONE
b

!
0 ~-0.5 -1
LOG POROSITY

Fig. 9. Log porosity versus log resistivity for DSDP
Sites 288 and 289. Solid line indicates the least-squares fits
for Site 288 and brocken line represents the least-squares
fits for Site 289.

for Sites 288 and 289. Note the differences in
the slopes of least-square fit lines. For Site 288
the linear fit match well with the estimated sea
water resistivity (—~ 0.70) whereas the linear fit
for Site 289 crosses a high value. Probably the
abnomally high resistivity in cherty and
siliceous limestones caused by their thin pore
connections results in higher Y-intercept value
for Site 289 because both the Y-intercept and
slope are function of cementation, textures,
and mineralogy of sediment (Winsauer et al.,
1952). However, the flowage of electrical cur-
rent is primarily controlled by the pore
geometry rather than the rock matrix (Walsh
and Brace, 1984).

CONCLUSIONS

Electrical resistivity as well as other
physical and acoustic properties reveal as an
important variable to determine the diagenetic
stages of deep-sea carbonate sediments. The
good correlations for velocity versus resistivi-
ty, and/or velocity anisotropy versus resistivi-
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ty anisolropy are very encouraging.

Along the sediment column geophysical
parameters such as density, velocity, velocity
anisotropy, resistivity, and resistivity an-
isotropy increase with depth of burial and age.
These overall changes are interpreted in terms
of progressive diagenesis. In order io explain
the several fluctuations in physical, acoustic,
and electrical properties, the idea of silica
diagenesis enhancing carbonate diagenesis is
introduced. The exceptionally high values in
velocity and resistivity reflect the dramatic
decrease of pores and pore connections which
cannot be explained by simple progressive car-
bonate diagenesis. Although the possibility of
the influence of mineralogical change on
resistivity cannot be ruled out, the accerlera-
tion of carbonate diagenesis induced by inter-
bedded silica is considered as the major
mechanism for the observed high resistivity
values in the zones of cherty and siliceous
limestones.
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