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Figure 3. Void ratio versus log of vertical stress results (e log g)
pertaining to the three biogenic samples analysed (KNR 73-4, 7PC, 345-350 cm,
carbonate-siliceous ooze; 692-699 cm and 832-838 cm, carbonate ooze) and a
fourth sample (KNR 73-4, 7PC, 792-796 cm, carbonate ooze) studied using a
standafd consolidometer. Maximum preconsolidation stress and the calculated

overburden stresses are indicated by'oc and oo respectively.
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852-859 cm samples are both normally consolidated, that is, the observed
maximum preconsolidation stress, o, » is approximately equal to the calculated
overburden, O This is typical of deep sea sediments deposited in tranquil
environments and suggests that secondary consolidation occurring during the
direct permeability tests does not obscure the determination of the maximum
preconsolidation stress. The shallowest sample, 345-350 cm is slightly
overconsolidated, which is also a well observed phenomenon in deep-sea
sediments (Miller and Richards, 1969; Silva, 1979). The sample at 696-699 cm
indicates appreciable underconsolidation which is unexpected. According to
Terzaghi's concept of effective stress, this only occurs in the presence of
excess po}e pressures. The reason for this anomalous zone of
underconsolidation can not be determined from the available information. The
degree of disturbance determined from the consolidation curves in Figure 3
suggests that our samples are of low disturbance.

Permeability as a function of void ratio and sediement type is summarized
in Figure 4. Also included in this figure are results pertaining to the
second phase of our experimentation discussed later. The illite anﬁ smectite
data sets in Figure 4 each consist of the combined permeability versus void
ratio curves of over twenty samples of similar mineralogical composition,
differing only slightly in grain-size distribution and in-situ void ratios.
Collectively they form a self-consistent data set representing the range of
permeability for North Pacific clays. For the three biogenic samples studied,
data obtained from each individual measurement are plotted (large circles) to
demonstrate tne self-consistency of these tests. It is clear from Figure 4

that at similar void ratios there is approximately one order of magnitude



Figure 4. Permeability as a function of void ratio for the biogenic and clay
sediments from the North and Equatorial Pacific Ocean. The data for the
biogenic sediment consists of the results of three analyses. The individual
values from the biogenic sediment study are plotted as large solid circles.
The clay data is from Silva et al., (1980) and the cumulative results of a
series of analyses of samples of similar mineralogy. The results of the four
tests run to evaluate the effects of back-pressure and vertical stress are

also plotted and are grouped together by dashed lines.
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difference between the permeabilities of smectite and illite. At high void
ratios the permeabilities of illite and the biogenic sediments are within an
order of magnitude but differ by an order of magnitude at smaller void

ratios. From the results of the three biogenic samples studied, it appears
that a broad range of permeabilities and void ratios may characterize biogenic
sediments reflecting the complex effect on pore size resulting from the large
variations in grain-size and carbonate content that are possible.

In our measurements we cannot account for the effects of time (i.e. slow
chemical reactions, diagenesis) or effects due to the difference in
temperature and hydrostatic pressure between the laboratory and in-situ
environments. If it is valid for us to assume these effects are of second
order, the measurements allow some insight into the variation of sediment
permeability as the process of consolidation progresses. The values of void
ratio and permeability shown in Figure 4 correspond to results obtained at
applied vertical stresses ranging from in-situ sample conditions to that
corresponding to approximately 200 meters of overburden (8 kg/cmz), based on
our consolidation measurements and the core descriptions of the Deep Sea
Drilling Project. We can speculate that within the thick accumulations of
carbonate-rich sediments of the equatorial Pacific (Ewing et al., 1968),
permeability will vary by only a factor of two (roughly between 0.6 -
1.2x1076 cm/sec) over a depth of 200 meters. To visualize the effect of
consolidation on the microstructure of the biogenic samples, we examined cross
sections of the pore structure of these specimens under a scanning electron

microscope (SEM), using the technique of Goreau and Honjo (1980). The pores

of all three specimens can be characterized by thin elongated vents, less than
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1.5 microns wide, within a flocculated structure of clay-silt sized
particles. As consolidation progresses, these elongated vents tend to close
bringing the flocculated particles closer together. Figures 5, a and b, are
SEM photographs of the microstructure of the 345-350 cm sample before and
after consolidation (0 and 8 kg/cmz). These photographs were chosen as
examples because of the large changes in void ratio occurring during this
consolidation test, clearly demonstrating the nature of the changes occurring
in pore structure. Unlike the sample at 345-350 cm, the other two biogenic
specimens studied contained a large component bf forams. SEM photographs
suggest that although large voids are included within these forams, their
contribution to permeability is minor, as they are completely isolated within

the matrix of finer sized particles.

(B) Analysis of the Effects of Back-Pressure and Vertical Stress

The use of back-pressure and in-situ vertical stresses requires a
substantial increase in the complexity of the experimental apparatus as well
as the amount of time needed to conduct individual measurements. A series of
tests were conducted to evaluate the necessity of insuring essentially
complete pore fluid saturation and a stable sediment structure. These tests
consisted of conducting direct permeability measurements under conditions of
negligible vertical stress (4 gm/cmz) and back-pressure varying from O to
150 psi. Low hydraulic gradients (2-5) were used as a precaution against
altering flow paths by disturbing the sediment fabric (channeling) and thereby
increasing the observed permeability.

Four samples were used in this study summarized in Table 2. Table 3 is
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Figure 5. Scanning electron microscope photographs of KNR 73-4, 7PC, 345-350
cm sample (a) prior to emplacement in the consolidation unit and (b) after

completion of consolidation test run to vertical stress aof 8 kg/cm?.

Magnification is 3000x.
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Table 2. Summary of Properties: Biogenic and Clay Samples

Measured At Variocus Back-Pressures and 4 gm/cmé Vertical Stress

Station Latitude Longitude Sample Initial Grain Sizel Specific Mineralagy
Depth Void Gravity
(cm) Ratio %£Sand %511t %Clay
PLDS 3 B4pPY 0 57.7'N 126 37.3'W B8R2-88F 2.99 N w5 34 2.60 Calcium Carbonate Onze
PLDS 4 119PC (11 00.0'N) (1741 00.0'W) 290-294 1.94 2 84 14 2.67 Carbonate-Siliceous Ocze
MARA 02 GC 04 30 07.0'N 157 52.5'W 115-119 3.24 0.1 18 g2 2.9 11%ite
LL-44 GPC 3 30 19.9'N 157 49.4'W 2185-2191 4.26 1 43 56 2.78 Smectite

1 Sand greater than 0.065mwm diameter, clay less than 0.002mn diameter.

261
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Table 3. Summary of Measurements Run With Variable
Back-Pressure and Negligible Vertical Stress

Sample Back-Pressure N Permeability S.D.
(psi) (cm/sec) (cm/sec)
LL-44 0 13 3.9E-5 3.6E-5
GPC 3 50 8 7.2E-5 2.6E-5
2185-2191cm 150 8 7.1E-5 2.3E-5
MA 02 0 8 3.0E-8 2.8E-8
GC 04 50 1 1.1E-5 1.1E-5
115-119%cm 150 10 4,1E-6 1.7E-6
PLDS 4 0 12 4.5€-7 5.96-7
119 PC 25 8 3.4C-6 9.3E-7
290-294cm 50 8 3.3E-6 9.6E-7
150 10 3.8E-6 7.4E-7
PLDS 3 0 8 2.96-6 2.8E-6
84 PV 25 6 3.86-6 1.3E-6
882-886¢cm 50 8 3.3E-6 5.4E-7
100 9 1.4E-6 1.1E-6
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a sunmary of the results of these tests as a function of back-pressure (0-150
psi). The table lists the average and standard deviation of the observed
permeabilities for the back-pressures as well as the number of measurements
conducted at that back-pressure.

The results of the first few direct permeability tests for all four
specimens, conducted without back-pressure, showed unusually Tow
permeabilities. This is reflected in Table 3 by the large standard deviations
at zero back-pressure. After a length of time amounting to several hundred
minules of testing time and several days of specimen residence in the
consolidation unit, the measured values of permeability increased, in some
cases by orders of magnitude. In Figure 4 these results are plotted as a
funclion of void ratio {the samples are identified in the upper left hand
curner). Tnis figure demonstrates both the magnitude of the scatter in the
measurements and the relationship of these results to that obtained with
in-situ vertical and suitable values of back-pressure. All of the low
permeability values were measured without back-pressure. Two samples, LL-44
and PLSDS-3, underwent drastic changes in permeability during the testing at
zero back-pressure which we interpret as due to channelling, resulting in the
cnormous standard deviations listed in Table 3. The larger values measured
for the MA-02 and PLDS-4 samples did not occur until back-pressure was
applied, however, the values measured were not reproduceable. Tnese values
are also interpreted as resulting from channelling. In contrast to these
measurements, the results obtained using vertical stress and back-pressure are
sclf-consistent and highly reproduceable, exhibiting little scatter.

It is our oninion that the initial low permeability measurements are not
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representative of the true permeability at the calculated void ratio for the
fowr samples studied in Lhis second experiment. We attribute these low values
to tne effects of incomplete saturation. In tests where back-pressure is
applied across samples before testing begins, this phenomenon is not

observed. It can be argued that for the samples chosen for this study it
unlikely that a supersaturated gas phase such as methane or carbon dioxide

exists in the pore fluids in-situ which would release gas bubbles under the

conditions existing in the laboratory. However, the process of sampling and
emplacement into the consolidation unit certainly introduces gas into the
system. Most important is the exposure of the faces of the specimens, of
which the surface area is very large, to the atmosphere trapping within it a
layer of air which may account for the observed initial Tow values of
permeability.

Direct measurements of deep-sea sediment permeability such as those
reported by Pearson and Lister (1973) and Abbott et al. (1979, in press) are
measuremants in which the effects of back-pressure and vertical stress are
assumed negligible. Without the complete saturation of the pore fluid and the
stability of tne soil structure, direct permeability measurements may not
reflect ig;gigg values.

CONCLUSIONS:

Direct measurement of the permeability of carbonate-rich biogenic
sediments resulted in permeabilities within the range of 2-6 x 10-6 cm/sec
for calcium-carbonate contents ranging from 55 to 90%. Complete saturation of

the pore fluids and a stable microstructure was ensured by the use of
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back-pressure (hydrostatic) and vertical stress respectively. The study of
the relationship between permeability and consolidation suggested that within
the thick sequences of carbonate sediment in the equatorial Pacific, changes
in permeabltiy of only a factor of two occur over 200 meter of depth. SEM
photographs of sediment microstructure suggest that the observed changes in
perincability can be accounted for by the gradual closing of individual
elongated pores occurring within a structure consisting of flocculated clay
and silt sized particles.

The results of direct measurements made without back-pressure and
vertical stress showed great scatter. This variability is attributed to both
the presence of gas at the boundaries of the sample and the response of a weak
sediment structure to applied hydraulic gradients. Unless complete saturation
of the pore fluid and stability of the soil structure is assured, direct

permeability measurements may not reflect in-situ values.

ACKNOWLEDGEMENTS:

Greqgory Chirello provided invaluable assistance with the instrumeﬁtation
and the permeability testing. We are grateful to Margaret Goreau for her help
during the SEM study. H. Lee and J. Matsuda aided with the shipboard piston
core sampling. We also wish to thank T. Walsh and K. Green for their
assistance. R. P. Von Herzen, J. G. Sclater and D. I. Calnan critically
reviewed the manuscript and made valuable suggestions. This work was

supported by NSF Grant 79-02792 0CE.



197

BIBLIOGRAPHY:

Abbott, D. H., M. A. Hobart, W. Menke and R. N. Anderson, Permeability and
heat flow results from the Southwest Indian Ocean, AGU abstract, EQS, 60, 382,
1979,

Abbott, D. H., W. Menke, M. A. Hobart and R. N, Anderson, Evidence for excess
pore pressures in Southwest Indian Ocean sediments, submitted to J. Geophys.
Res,

Anderson, D. R., Nuclear waste disposal in subseabed geologic formations: the
scabed disposal program, 40p., SAND78-2211, Sandia Laboratories, May, 1979.

Anderson, R. N., M. G. Langseth and J. G. Sclater, The mechanisms of heat
transfer through the floor of the Indian Ocean, J. Geophys. Res., 82,
3391-3409, 1977.

Anderson, R. N., M. A. Hobart and M. G. Langseth, Geothermal cohvection
through oceanic crust and sediments in the Indian Ocean, Science, 204,
828-832, 1979.

Averjanov, S. F., About permeability of subsurface soils in case of incomplete
saturation, Engineering Collection, 7, 1950, discussed by P. Ya Polubarinova,
Theory of Ground Water Movement, EngTish translation by J. M. R. Deliest,
Princeton University Press, 1962.

Black, D. A. and K, L. Lee, Saturating laboratory samples by back pressure,
JSMFD, ASCE, 99, 75-93, 1973.

Brooks, R. H. and A. T. Corey, Properties of porous media affecting fluid
flow, JIDD, ASCE, 92, 61-88, 1966,

Brownscombe, E. R., R. L. Slobod and B. H. Caudle, Laboratory determination of
relative permeability, Parts 1 and 2, 0il & Gas J., 48, 68-69, 81-82, 98-102,
123, 1950. ‘

Carman, P. C., Flow of Gas Through Porous Media, Academic, New York, 1956.

Casagrande, A., The determination of the pre-consolidation load and its
practical significance, Proc. 1st Int. Conf. on Soil Mech., Harvard, 3, 60-64,
1936.

Crowe, J., R. P. Von Herzen and K. E. Green, The eastern equatorial Pacific
Ocean heat flow low: evidence of hydrothermal circulation within 15 to 40 Ma
crust, submitted to J. Geophys. Res.

Darcy, H. P. G., Les fontaines publiques de 0ijon, Victor Delmont, Paris,
France, 1856.




198

Fwing, J., M. Ewing, T. Aitken and W. J. Ludwig, North Pacific sedimenl Tayers
measured by seismic profiling, Geophysical Monograph No. 12, ed. L. Knopolf,
C. L. Drake and P, J. Hart, American Geophysical Union, Washington, D.C.,
147-173, 1968.

Goreau, M. and S. Honjo, A freeze fracture method: observation of fresh marine
sediment under SEM, submitted to Marine Geology.

Irmay, S., On the hydraulic conductivity of unsaturated soils, AGU Trans., §§;
463-467, 1954.

Jambu, N., Consolidation of clay layers based on non-linear stress strain,
Proc. 6th Int. Conf. on Soil Mech. & Foundation Engr., Montreal, 2, 83-87/,
1965.

Langseth, M. G. and B. M. Herman, Heat transfer in the oceanic crust of the
Brazil Basin, submitted to J. Geophys. Res.

Lee, K. L. and D. K. Black, Time to dissolve air bubble in drain line, JSMFD,
ASCE, 98, 181-194, 1972.

Lowe, J. and T. C. Johnson, Use of back pressure to increase degree of
saturation of triaxial test specimens, ASCE, Res. Conf. on Shear Strength of
Cohesive Soils, Boulder, CO, 819-836, 1960.

Miller, D. G. and A. F. Richards, Consolidation and sedimentation-compression
studies of a calcareous core, Exuma Sound, ASCE, Res. Conf. on Shear Strength
of Cohesive Soils, Boulder, CO, 819-836, 1960.

Mitchell, J, K., Fundamentals of Soil Behavior, Wiley, New York, 1976.

fualem, Y., Hydraulic conductivity of unsaturated porous media: generalized
wacroscopic approach, Water Resources Res., 14, 325-334, 19/8.

Muskat, M. and M. W. Meres, The flow of heterogeneous fluids through porous
media, Physics, 7, 346-363, 1936.

Pearson, W. C. and C. R. B. Lister, Permeability measurements on a deep-sea
core, J. Geophys. Res., 78, 7786-7787, 1973.

Schmertmann, J. H., Estimating the true consolidation behavior of clay from
laboratory test results, Proc. ASCE, 79, Seperate No. 311, 1-25, 1953.

Silva, A. J., Marine geomechanics: overview and projections, In A. L.
Inderbitzen, ed., Deep-Sea Sediments, N. Y., Plenum Press, 45-62, 1974.

Sitva, A. J., J. R. Hetherman and D. I. Calnan, Low gradient permeabilily
testing of fine-grained marine sediments, submitted to the American Soc. for
Testing and Materials.



199

Silva, A. J., Geotechnical properties of deep sea clays - a brief discussion,
IsL Canadian Conf. on Marine Geotechnical Engineering, Calgary, Canada, 1979,

Skempton, A. W., The consolidation of clays by gravitational compaction, Q.
Ji. geol. Soc. Lond., 125, 373-411, 1970.

Terzaghi, K., The shearing resistance of saturated soils, Proc. Ist Int. Conf.
on Soil Mech., Harvard, 1, 54-56, 1936.

Wyckoff, R. 0. and H. C. Botset, The flow of gas-1iqﬁid mixtures through
unconsolidated sands, Physics, 7, 325-345, 1936.

Yuster, S. T., Theoretical considerations of multiphase flow in idealized
capillary systems, Third World Petroleum Congress, The Hague, Sec. 1I,
437-445, 1951.



200

CHAPTER 1V
Coﬁparison of Geocnemical and Geophysical Estimates
of Convective Flow Through Marine Sediments
by
John Crowe

Dept. of Earth and Planetary Sciences
Massachusetts Institute of Technology, Cambridge, MA 02139

Dept. of Geology and Geophysics
Woods Hole Oceanographic Institution, Woods Hole, MA 02543

and
Russell E. McDuff

Dept. of Earth and Planetary Sciences
Massachusetts Institute of Technology, Cambridge, MA 02139



201

ABSTRACT:

Recent reports of geothermal observations in dezep sea rises and basins
that suggest the transport of heat by the mass movement of fluid through
sedimmts nave yet to be verified by independent experimentation. Profiles of,
temperature and pore water chemistry over a deptih of eleven meters were
comparcd at three sites in tne equatorial Pacific Ocean where thermal evidence
of hydrothermal circulation was present. Volume flux rates based on the
geotnermal data were between 6.3x10~7 and 2.43]0‘6 cm/sec, approximately
three orders of magnitude greater than those accomodated by the sulfate
profiles, 1.2 - 2.4x10°Y cm/sec. This difference is difficult to explain by
experimental uncertainty, and attempts to account for the observed geothermal
daca using purely conductive thermal mudels are unsuccessful. Mo.eling of
sulfate depletion by the oxidation of organically bound sulfur suggests
sulfate reduction rates of 1.1 to 2.5x10712 mM/sec, compatible with other

publisned results.

[MiROVUCTION:

Hyarothermal convection within the oceanic crust has been suggasted as an
important heat transport mechanism at botn spreading centers (Lister, 1970 and
19/72; Talwani et al., 1971) and in ar:as of older crust (Sclater et al., 1974;
Anderson et al., 1977). Tne hydrothermal circulation of seawater within the
oceanic crust at active ridge crests has been widely accepted as both the
major heat transport mechanism in newly formed crust and a site of chemical

transformations important in controlling the compositi i of seawater. Sclater
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et al. (1980) estimated 90% bf the total neat loss of the oceans to be due to
plate creation with 30% of this loss by advection near active sprea .ing
centers.  In older regions, much of the observed variability in heat Flow
médsurements has been associated with convectiun cells within the crust,
initiated at the spreading axis and migrating with the plate.

The existence of hydrothermal circulation has been verified at the
Galapagos Spreading Center (Williams et al., 1979; Corliss et al., 197Y) and
at the crest of the East Pacific Rise at 219N (Spiess et al., 1980).
Non-linear temperature gradient measurements made using the deep-submersibie
ALVIN soutn of the Galagagos Spreading Center were interpreted by Williams ot
al. (1979) using a one-dimensional model that assumad the transporkt of hedt by
polh conduction and convection through the sediment. Flows of up to 10-4
ci/sec were calculated.

In their study of the geothermal regime of the Indian Ocean, Anderson et
al. (1977) distinguished two thermal regimes within oceanic crust on the basis
of geothermal ooservations: (1) a convective region which includes both
spreading centers and ridge flanks where convection is dominant, (2) a
conductive region which includes the basins where conduction is the.dominant
heat transfer mechanism.  The nature of the transition between these two
regions is thought to be related to the hydraulic resistance or the overlying
sed nment layer offered to the convection system, eventually masking the
effects of and confining the circulation to the crust. This model was first
proposad by Sclater et al, (1974) and its application to the data of the
Pucific by Sclater ¢t al. (1976) was successful. A second model of the

transition zone, proposed by Anderson et al. (IB??), consisted of the sealing
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of the oceanic crust vy hydrothermal precipitation. They concluded from
conmpiled heat flow data that in the Indian Ocean the effects of convective
hecat exchange persists to crust of approximately 40 to 60 m.y.

Geothermal evidence of neat transport by the movement of seawater through
tne sediment cover in older crustal regions was reported by Anderson et al.
(1979); non-linear temperature gradients similar to those observed at the
Galapagos Spreading Center were observed in the Indian Ocean suggesting flows
on the order of magnitude of 1076 cm/sec. Oscillatory patterns of heat flow
observed in closely spaced measurements were interpreted as résu]ting from
cellular convection within the crust and sediment cover. They speculated that
the transport of heat by geothermal convection may occur over more than one
third of the entire surface of the ocean floor. Similar observations have
been made on old crust in the Brazil Basin (Langseth and Herman, in press);
the equatorial Pacific Ocean (Crowe et al., in preparation) and the Guatemala
Basin (Anderson, personal comnunication).

The existence of fluid convection through sediments at the velocities
predicted by the geothermal data would certainly alter our present concepts in
such fields as pore water geochemistry, pnysical properties of sediments and
tne diagenesis of sediments. Of prime importance are its implications on the
pruposed disposal of nuclear waste within the sedimentary environment.

There have yet to be observations other than geothermal data that suggest
tne movement of interstitial fluid through sediments at velocities of 1076 -
10-2 c/sec. To constrain thnis problem, we compared the fluid fluxes
prodicted by botin geothermal and geochemical data from three piston cores

collected in the equatorial Pacific Ocean (Figure 1). These corsas are
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Figure 1. Locations of the three piston core sites in the equatorial Pacific

Ocean used in this study.
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situated within the equatorial Pacific sediment bulge which is a thick
accumulation of biogenic ooze reaching at some points over 600 meters of
sediment. The sediment isopachs of Ewing et al. (1968) as well as the trends
of the major tectonic features are included in Figure 1. Cores 5 and € PC are
situated in over 200 meters of sediment that completely covers the oceanic
basement. Core 7PC is located in over 400 meters of sediment. Although the

7 to 3x10"6

permeability of these sediments is quite low, 6x10° cm/sec

(Crowe and Silva, in preparation), they are one to two orders of magnitude
more permeable than the red clays typical of the North Pacific. At velocities
of 10"6 - IO'5 cm/sec the distribution of major cations and anions within

Lthe sedimentary layer would be confro?led by advection. An exponentially
varying chemical gradient similar to the temperature profile would be
produced. Since the coefficient of chemical diffusivity is orders of
magnitude less than that of thermal diffusivity, the geochemical profile will
have a greatly reduced e-folding depth, allowing the velocities predicted by
geothermal data to be independently checked. Sulfate was used as the chemical

tracer. Velocitics suggested by these two independent data sets did not agree

and their variance is difficult to explain.

METHODS:

The interstitial water samples were obtained by squeezing sediment at
selected depths in the piston cores shortly after the core was brought aboard
the ship. The major cations and anions of scawater other than sulfate were
deltermined using the techniques summarized by Gieskes (1974), however, there

woere no resolvable gradients of these species. Sulfate was determined by
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precipitation of the sulfate as lead sulfate and determination of the excess
lead by pulse polarography (Luther and Meyerson, 1975).

The geothermal profiles were obtained by attaching temperature sensitive
proves to the piston core pipe at seven locations (Von Herzen and Anderson,
1972) and digitally recording the data to accuracies of a few thousanths of a _
degree. Thermal conductivity was measured on core samples shipboard usiné the
needle probe technique of Von Herzen and Maxwell (1959). The reduction of

this data is discussed in detail by Crowe et al. (in preparation).

DISCUSSION OF DATA AND INTERPRETATION OF RESULTS:

The geothermal data is presented in Figures 2a, b and c¢. Temperatures
witih error bars are plotted as a function of depth. To the right of these
profiles are the results of tne thermal conductivity measurements. Figures
3a, b and ¢ are the currespﬁnding sulfate concentrations versus depth. The
value at the sediment/seawater interface is taken as that of seawater of the
appropriate chlorinity, 28.75 mM.

For both data sets the governing equations are nearly identical,
differing only in boundary conditions and source/sink terms.

Sulfate is a suitable geochemical tracer for two reasons. First, there
are no "sgeezing effects”, chemical reactions that alter the sulfate
concentration upon removal from in-situ conditions of temperature and pressure
(Sayles and Manheim, 1975). Second, the only reaction important involving

sulfate is its reduction coupled to the oxidation of organic carbon:
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Figure 2. Temperature data (with error bars) and thermal conductivity as a
function of depth for (a) 5PC, (b) 6PC and (c) 7PC. The solid lines are tine
temperature profile defined by the best fit of the parameters to the observed
data. The dashed lines are the temperature profiles that would result from

the flow velocity suggested by the geochemical data.
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Figure 3. Concentration of sulfate versus depth at (a) 5PC, (b) 6PC and 7PC.
The solid lines are the sulfate profiles defined by the best fit of the
paramceters to the data. The dashed lines are representative of the sulfate
profiles that would result from the flow velocities suggested by the

geothermal data.
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o) . o
2CH,0 + 50,7 % 2HCO,” + HST 4 M (1)

leading to depletion with increasing depth. The depth distribution can be

modeled with the diffusion-advection-reaction equation. At steady state:

2
0=oi§+wg—°+a (2)
dz ’

where J is a chemical source/sink function (positive for a source), z is the
spatial coordinate (positive downward), D is the chemical diffusion
coefficient, ¢ is the concentration of sulfate and W is the advective velocity

(positive upwards), The solution to equation 2 is

c -cC y J zb

z
= f(z) + TEE“:—E;TW (f(z) - Eg) (3)

where f(z) = (exp(z/z*) - l)f(exp(zb/z*) - 1), z¥ = D/M, c, is the
concentration of sulfate at sediment/seawater interface and Cy is the
concentration of sulfate at depth Z,.

Similarly, the general steady-state equation of heat conservation for

transport in the vertical direction only is

0=E-g= -k ?—4‘“&3 (4)

where q is the vertical heat flux, z is vertical distance (positive
dowiwards), W is the vertical volume flux (positive upwards), k is thermal

diffusivity (= K/ pCpJ, p is fluid density, cp is fluid heat capacity and
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K is the thermal conductivity of the saturated bulk sediment. Subject to the
conditions T = 0 at z = 0 (the sediment/seawater boundary) and q constant

(qOJ everywhere, the solution to equation 4 is

(z) = p:—f’w (1 = e 2K, (s)
p
(Sleep and Wolery, 1978; Williams et al., 1979). The formulation of equation
5 incorporating the variation of thermal conductivity with depth and the
variation of the location of the temperature sensors relative to the
sediment/seawater interface is presented by Crowe et al. (in preparation).

To determine the best estimate and the range of model parameters from our
observed data, weignted least squares fits of equations 3 and 5 to the data
were obtained by means of stepwise Gauss-Newton iterations on the undetermined
parameters of the equations. Crowe et al. (in preparation) discuss the
formulation of this non-linear regression technique. From this method we
opbtain tne best fit parameters, the standard deviations and correlation
coefficients. The best fit of the parameters to each data set is shown in
Figures 2 and 3 py solid lines drawn through the data. Table 1 summarizes the
results of both the geothermal and geochemical results obtained in this
manner.

The individual sulfate analyses were considered to be of equal weight,
however, the temperature data were assigned weights according to assigned
errors. The diffusivity of suifate was estimated from the relationship D =

0,/F (= pD, in McDuff and Gieskes, 1976) where Dp is the solution

diffusion coefficient, p is porosity and F is the formation factor. Dp was



Table 1.

Flow Rates Derived From Geothermal And Geochemical Data

-

Geotnermal Geochemical
Core Latitude Longitude Deptn! Heat Flux2 Vo lume Flux3 Vo lume Flux3 Sink
(10-6 cm/sec) (10-9 cm/sec) (10-12 m4/sec)
5PC 4 00.0' -114 00.8* 3869 2.66 +/-0.11 0.6 +/-0.2 3.8 +/-0.9 4.1 +/-0.9
&ePC 4 00,7 -114 10,1 3934 1.21 +/-0.15 0.8 +/-0.5 1.9 +/-1.2 1.8 +/-1.2
7PC 1 45.0' -118 22.5' 4166 1.75 +/-0.06 2.4 +/-0.2 3.8 +/-1.2 3.0 +/-1.0
1 Dapth in corrected meters.
2 Heat flux in cal/cmé-sec x 105,
3 Volume flux {porosity x fluid velocity).

Y12
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b

taken as the tracer diffusion coefficient at 2°C (5.1 x 10° cm2/sec)

and F estimated from the porosity data and the F-p relation for similar

~1-81 (McDuff and E11is, 1979; McOuff, 1978). For the

6

carbonates, F = 1.07p
appropriate porosity range of 70 to 80%, 0 is 2.9 - 3.5x10° cm2/sec.

Because tne reaction leading to depletion is a sink, J<0, fits were made for
poth W = 0 and J = 0, with the J = 0 fit yielding the maximum upward velocity.
The detailed thermal conductivity measurements, accurate to about 10%

(Von Herzen and Maxwell, 1959), reflect the variation of both porosity and
mineral composition with depth. These sediments range in porosity from 65 to

90% and in composition from 1% $i0,, 90% CaCU3 to 30% 5102, 50% CaCO3

29
reflecting respectively tne glacial/interglacial sedimentation regimes
(Arrhenius, 1952). Since the glacial sedimentation rate greatly exceeds the
interglacial, the core is predominantly carbonate.

For the geothermal data there is some uncertainty as to the actual depth
of penetration. A linear fit to the temperature gradient results in a greater
depth of penetration for the piston core than that suggested by the results of
tne convection model. Corehead photographs taken during stations 5PC and 7PC

support tne best fit depth of penetration suggested by the convection model

supporting the observed non-linearity of the geothermal data.

DISCUSSION:

In order to reconcile the difference between the geothermal and
geochemical data we have examined the ranges of possible best fit parameters
that successfully describe the aobserved data. The ranges of these parameters

do not show any compatibility between the two data sets.
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The geochemical model seems relatively reliable. The lack of a sgueezing
effect is indicated by the agreement of the extrapolated interface values and
the water column concentration calculated from the water column chlorinity and
the seawater 504/Et ratio (Figures 3a, b and c¢). Though Sayles {13979) has
inferred some oxidation of organically bound S in sediments accumulating at
lower rates, it is clear from the magnitude of the depletion seen here that
reduction is occurring in these sediments, i.e. the J<0 assumptjon seems |
sound. Further, the gradients observed are similar to those calculated from
the gradient-sedimentation rate relation repaorted by Berner (1978).

Similarly, we can examine whether conductive heat transport theory is
adequate to explain the observed gcothermal data. Two simple conductive
models are considered-as alternatives to the proposed convective model. The
first is a study of the effects of hydrothermal circulation confined to within
the crust on the temperature structure al the seawater/sediment interface of
an impermcable sediment cover. The model is formulated as a impermeable layer
of sediment with upper and lower boundaries at z = 0 and z = L respectively.
The transport of heat within this layer is governed by the equation of heat

diffusion:

0= - kv (6)

whore k 1s the thermal diffusivity of this layer. Modeling the effect of a
convection cell to be that of an oscillatory temperature preturbation at the
lower boundary of the sediment layer, it can be show that the observed
non-linear temperature gradients cannot be explained by such a model. The

effect of a relative motion between the plate and the convection cell over a
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wide range of velocities was studied. If the wavelength of the cell is large,
5 km, (Ribando, et al., 1976; Green, 1980) compared to the thickness of the
sediment layer, 100-500 meters, the problem reduces to only the vertical
spatial component and the temporal variable t. The problem is now the one
dimensional neat diffusion problem with an oscillating temperature at its
lower boundary. For the initial conditions T=0and T = TL at z =0 and z

= L respectively, and a boundary condition T = TL + T0 sin(wt + €) at z = L
where To’ w and € are the amplitude, frequency and phase of the

disturbance, the temperature field within the sediment layer is given by

(Carslaw and Jaegar, 1959, p. 105)

TLz
Y(z,t) = . + T0 A sin(wt + € + ¢) +
® (7)
2nkT I n(-])"(knzw2 sine - w L2 oS €) . 0NZ A AP
W s1n(-r—) exp(-kn"m"t/L%)

n=1 k2n4v4 i m2L4

where A and ¢ are the magnitude and phase of the steady-state temperature

oscillation at the point
A = [sinh gz(l+i}
sinh EL(I+
< sinh Ez(1+i
g = arg {;inh ng|+i} }

m 1/2
E.= L)

~N

2nv
A
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where v is equal to the relative velocity between the sediment layer and the
convection cell within the cruﬁtal layer and X is the wavelength of the
convection cell.

The third term of equation 7 is the transient solution. This term dies
out quickly depending upon the thermal time constant of the layer, T = k/L2
( 7(200 meters) = 5000 years; T(400 meters) = 25,000 years). The
expression Azlexp(-nznztlr] as a function of t/r is plotted in Figure 4
demonstrating the short time necessary for steady state to be reached, about
one time constant.

The second term of equation 7 is the periodic steady-state solution. Of
interest is the range of w and L for which this term is significant. The
variation of A across the cross section of the slab for different values of EL
is shown in Figure 5. A is a maximum for EL < 1.0. From Figure 5, A = z/L
for EL < 1.0. If the curvature of equation 7 is compared to that observed in
our non-linear gradients, by comparing the respective second derivatives we

find that, for equation 7

T wA

T wh
[l = |2 cos(ut + €+ )] <2 (8)

if EL <1, then A = Amax = z/L. Therefore w < zk/LZ. Equation 8 is now

T wA 212
0 a9 (9)

k L

-

The smallest detectable value of dszdzz in the observed data (Crowe et
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oo

Figure 4. Non-dimensionalized plot of % exp(-knzﬂzt/Lz) versus time
n=1

(from equation 7).
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Figure 5. Variation of A, defined in equation 7, across the cross-section of

a slab, for a range of values for EL.



0.4 06
z/ L



223

al., in preparation) roughly corresponds to the parameters, Q = 0.5 HFU, W =
10—? cm/sec, and at a depth of 5 meters (the average depth of our data) is
of order of magnitude 10"8 0C/cmz. For a sediment thickness of over a
hundred meters, at a depth of 5 meters equation 9 is of order of magnitude

-11 o

710 C/enl.

0

A second possible model is the thermal effect of the venting of hydro-
tnermal fluids through outcropping porous basement. Sleep and Wolery (1978)
considered two variations of this model, a crack or fault model and a

cylindrical outcrop model. In both models a horizontal isotherm, TL’ is
imposed at depth L, which for our models will be considered the lower boundary
of the sediment layer. At the vertical contact between the outcrop and the
sediment, arbitrary temperature distribution can be imposed. This temperature
distribution is related to the rate at which fluid exits the outcrop and
introduces non-linearities in the steady state temperature field which decay
with distance from the contact. Of interest is the rate at which this
anomalous temperature field dissipates.

In the crack or fault model, the temperature distribution is governed by
Laplaces's equation

vr

0 (8)

For the boundary conditions T=0at z=0and T = TL at z = L, equation 8

is satisfied by a solution of the form

o bho g g SEa _nmx
T = = 4 § B, sin(=) exp(-7-) (9)

Imposing a general boundary condition at x = 0 equal to F(z) we have
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19
Bn g i

SN

F(z) sin(iL‘IZ) dz (10)

The second term in equation 9 is the effect of the anomalous temperature field
on the otherwise linear temperature versus depth relationship. The decay of
this term with distance from the fault is shown in Figure 6 which is a
non-dimensional plot ofnglexp(-nnx/L). This figure demonstrates the limited
range of effect of this model.

For the cylindrical outcrop model, Laplace's equation in cylindrical

coordinates is

(=}
=
Q.
N
—f

(1)

~
~N
+
|-
aja
+
et
-
]
o

The solution to this problem for a seawount of radius R is

( (E_i_l))

) 4 o K (nm

T(z,r) = -t— + I B, sin(2F) 2 (n"'ﬁ (12)
Re. 1

where K is a modified Bessel function (Abromowitz and Stegun, 1964), r is

radial distance from the seamount/sediment layer contact and Bn is

determined in the same manner as previously discussed for the crack model.
The distribution of the temperature field with increasing r decreases as the
ratio of two Bessel functions. Figure 7 shows the relationship of the sum of
this ratio as a function of r/L for several values of R/L. It is clear that
the anomalous temperature field in the cylindrical model falls off quickly as

r increases.
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. -]
Figure 6. Non-dimensionalized plot of £ exp(-nmx/L) versus distance x (from
n=1
equation 9).
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Figure 7. Plot of

o R+r an)
r K _(nm{ )} ' K. (—
Ay O L LA

versus r/L for several values of R/L.
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Non-steady state solutions to equations 2 and 4 are not able to resolve
the problem. If the onset of advection is recent, the approach to
steady-state would be dominated by the advection component of the response.
Both the thermal and chemical characteristics would show similar behavior. If
advection had recently ceased, the approach to steady-state would be dominated
by the diffusive component of the response. Since the thermal diffusivity is
greater, the temperature profile would not show advective behavior while the

chemical profile would.

CONCLUSIONS:

A three order of magnitude discrepancy in the estimated rate of fluid flux
resulted from the application of a convective/conductive transport model to
geothermal and geochemical profiles observed at three sites in the equatorial
Pacific Ocean. Rates predicted by geochemical profiles, order of magnitude
109 cm/sec, are not compatible with those predicted by the thermal
profiles, order of magnitude 10-6 cm/sec. Analysis of the effects of simple
conductive thermal models show that temperature distributions similar to those
observed dissipate over short distances from the source of the temperature
perturbation. Non-steady state solution of the convection/conduction
governing equations were also not able to resolve this incompatibility. At

present we cannot resolve the difference in these data sets.
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